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ABSTRACT

The use of silver nanoparticles (AgNPs) in agriculture and many consumer products has led to
significant release of Ag in the environment. Although Ag toxicity in terrestrial organisms has been studied
extensively, very little is known about the accumulation capacity and coping mechanisms of organisms in Ag-
contaminated soil. In this context, we exposed Eisenia fetida earthworms to artificial OECD soil spiked with a
range of concentrations of Ag (AgNPs or AgNO3). The main aims were to (1) identify the location and form of
accumulation of Ag in the exposed earthworms and (2) better understand the physiological mechanisms involved
in Ag detoxification. The results showed that similar doses of AgNPs or AgNO; did not have the same effect on
E. fetida survival. The two forms of Ag added to soil exhibited substantial differences in speciation at the end of
exposure, but the Ag speciation and content of Ag in earthworms were similar, suggesting that biotransformation
of Ag occurred. Finally, 3D images of intact earthworms obtained by X-ray micro-computed tomography
revealed that Ag accumulated preferentially in the chloragogen tissue, coelomocytes and nephridial epithelium.
Thus, E. fetida bioaccumulates Ag, but a regulation mechanism limit its impact in a very efficient manner. The
location of Ag in the organism, the competition between Ag and Cu, and the speciation of internal Ag suggest a
link between Ag and the thiol-rich proteins that are widely present in these tissues, most probably

metallothioneins, which are key proteins in the sequestration and detoxification of metals.

Keywords
Silver, nanomaterials, earthworm, accumulation, speciation, X-ray absorption spectroscopy, X-ray micro-

computed tomography
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1. INTRODUCTION

Due to advances in nanotechnology and the increasing use of nanomaterials, metallic silver
nanoparticles (AgNPs) are an emerging contaminant in the terrestrial environment (McGillicuddy et al., 2017).
The incorporation of AgNPs in consumer products is increasing due to their unique properties, particularly their
antimicrobial effects (Vance et al., 2015). Most silver (Ag) release occurs in municipal wastewater, and
wastewater treatment plants allow efficient sequestration of Ag in sewage sludge (Kaegi et al., 2011). However,
the Ag species trapped in these biosolids are subsequently spread on agricultural soil when sludge is recycled as
fertilizer (Usman et al., 2012). A number of studies have shown that metallic Ag is transformed mostly into
silver sulfide (Kaegi et al., 2013; Ma et al., 2014) and silver bound to thiols in the sewage system. This
transformation strongly affects the behavior of Ag in the environment (Levard et al., 2012; Pradas del Real et al.,
2017).

Another potential environmental exposure scenario in terrestrial ecosystems is the use of Ag as a
nanopesticide or nanofertilizer via the direct application of metallic Ag to agricultural soils. Ag has bactericidal,
fungicidal, insecticidal and herbicidal properties, and AgNPs have high inhibitory activity against crop
pathogens (Chhipa, 2019; Khan and Rizvi, 2017). Moreover, AgNPs positively impact root elongation and the
general growth of cultivated plants (Chhipa, 2019) when applied at concentrations between 1 and 200 ppm,
depending on the plant species. However, at these concentrations, AgNPs are toxic to a variety of organisms.

The toxicological effects of AgNPs are quite well documented and include numerous impacts on soil
microflora, flora and soil invertebrates (Courtois et al., 2019). The potential transfer of Ag in plants has received
more attention (Yan and Chen, 2019) than transfer of Ag in animals. Most studies in animals have focused on
life traits and protein changes in exposed animals (Yu et al., 2013). Although accumulation of Ag could be an
important vector of the transfer of this metal in the trophic chain, studies of the underlying mechanisms are
scarce.

In soil ecotoxicology, earthworms are widely studied based on their key role in most continental
ecosystems and importance in the soil macrofauna. Earthworms participate in the maintenance of soil structure
and fertility. In addition to enriching the soil with organic matter available for plants, they aerate the soil and
promote water penetration by forming galleries during their burrowing activity (Bernard et al., 2010; Carbonell
et al., 2009). Earthworms are highly consumed by birds, snakes, insectivorous mammals and rodents, especially

during tillage. Consequently, accumulated contaminants can quickly move to upper trophic levels.



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Studying Ag accumulation/defense mechanisms requires comprehensive knowledge of Ag distribution
and speciation. In the present study, we investigated the accumulation, localization, and speciation of Ag
(presented as NM-300K AgNPs or AgNQs) in earthworms using several X-ray techniques. The main objective
was to better understand how earthworms cope with Ag soil contamination in the context of silver
pesticide/fertilizer use. For this purpose, Eisenia fetida earthworms were exposed to artificial OECD soil
contaminated with a range of AgNP concentrations for 4 weeks. The effect of ionic Ag (AgNO3) was
investigated as a positive control. Biomass and mortality were followed, and Ag accumulation, speciation and

localization in earthworms were measured. Finally, the accumulation mechanisms are discussed.

2. MATERIALS AND METHODS
2.1 Test species

Genetically identified Eisenia fetida earthworms (Homa et al., 2015) from the laboratory breeding
facility (LGCgE, University of Lille) were fed cow manure ad libitum. Adult earthworms, clitellated or not, were
randomly selected and introduced into the microcosms after being weighed individually. The earthworms

weighed 296 mg on average (min: 104 mg, max: 751 mg, mean standard deviation: 95 mg).

2.2. Soil

Artificial soil was prepared for this experiment according to OECD guideline n° 207 (OECD, 1984) and
contained 10% sphagnum peat moss, 20% kaolin clay and 70% quartz sand. The soil pH was adjusted with
calcium carbonate to 6 + 0.5. Five weeks before adding the contaminant, 16.5 kg of soil was moistened with 6
liters of demineralized water. When the earthworms were added to the soil, water represented 27% of the weight

of the wet soil.

2.3. Silver species

The standard reference material Ag-NM300K from the European Commission Joint Research Centre
(JRC) was used as the AgNP source and was fully characterized in a previous work (Klein et al., 2011).
Commercial NM300K-NPs were kindly provided by the Fraunhofer Institute for Molecular Biology and Applied
Ecology IME. Each bottle contained 2 g of NM300K diluted in dispersant with a volume of 2 mL. These
metallic nanoparticles (NPs) were spherical and not coated and were dispersed in polyoxyethylene glycerol

trioleate and polyoxyethylene sorbitan mono-laurate (dispersant) with a nominal silver content of 10.2% by
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weight. Ninety-nine percent of the particles had a nominal size below 20 nm. Transmission electron microscopy
indicated a mean size of 17 = 8 nm. Smaller NPs of approximately 5 nm were also present (Mendes et al., 2015).

AgNO; solution was also prepared for comparison with exposure to Ag in ionic form. Silver nitrate salt
(AgNO3) was dissolved in sterile distilled water. The AgNPs and AgNOj; solution were diluted with ultrapure

water to obtain a final Ag concentration of 2 mg mL™.

2.4. Experimental scheme (earthworm exposure)

Earthworms in microcosms (with OECD artificial soil) were exposed to a range of Ag forms and
concentrations. Four types of soil mixtures corresponding to 2 controls and 2 exposed conditions were prepared:
control (soil only), dispersant (soil spiked with dispersant solution), AgNPs (soil spiked with AgNP solution) and
AgNO; (soil spiked with AgNO; solution) (see Sup. Inf 1). Four different Ag concentrations, C1, C2, C3 and
C4, were used for the AgNP and AgNO; microcosms: 30 (+ 20), 70 (+ 10), 120 (+ 15) and 280 (+ 40) mg kg™
(dry matter), respectively (these concentrations were chosen based on mortality rates reported in Garcia-Velasco
et al. (2016) and Gomes et al. (2015)). Four different volumes of NM300K dispersant were used in the dispersant
microcosms, which served as controls. These volumes were named D1, D2, D3 and D4 and corresponded to the
dispersant volumes added in the AgNP microcosms for C1, C2, C3 and C4, respectively. Thus, a total of 13
microcosm conditions were established in triplicate. Ten earthworms were introduced in each microcosm, with a

total of 390 earthworms. The exposure lasted 4 weeks. No food was added to the initial soil or during exposure.

2.5. Analyses
Life traits. Survival and biomass were measured. Biomass was followed by comparing the masses of the

groups of organisms before and after exposure, and the results were expressed as the percentage loss.

Metal concentrations in soils and accumulation in earthworms. Immediately before exposure (T0),
unexposed earthworms from the breeding facility were sacrificed to measure the metal concentrations present in
the organisms. After exposure, earthworms were collected from each microcosm and placed in 1% agar for 24
hours for depuration (i.e. to remove the gut content). Then, the earthworms were sacrificed by freezing for at
least 48 hours and freeze-dried. The organisms were reduced to powder using liquid nitrogen and mineralized by
digestion in acid medium (using HNOs, H,SO, and HCI, in a ratio of 10:2:3) as described by Bernard et al.

(2010).
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Soil samples were collected at the beginning (T0) and at the end of exposure (T = 4 weeks). These samples were
freeze-dried and ground with a mortar and a pestle. For mineralization, 300 mg of sample was digested in 7 mL
of concentrated HNO; using a Berghof microwave digestion system (speed wave MWS-2 microwave pressure
digestion). The solutions obtained (mineralized earthworms and soils) were analyzed by ICP-OES (inductively
coupled plasma-optical emission spectrometry) (Varian 720-ES, USA). The following classically studied metals
were quantified: arsenic (As), chromium (Cr), cadmium (Cd), copper (Cu), nickel (Ni), lead (Pb), zinc (Zn) and

Ag.

Localization of silver in exposed earthworms using X-ray 3D imaging
Two earthworms were imaged in 3D using X-ray micro-computed tomography (micro-CT): one non-exposed
sample and one sample exposed to AgNPs (AgNP-C3) collected after 4 weeks in the dispersant and AgNP
microcosms, respectively.
Sample preparation. After 24 hours of depuration in 1% agar, the earthworms were first anesthetized on ice and
fixed for 16 hours in ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer. They were then dehydrated by
soaking in a graded series of ethanol solutions (from 30% vol to 100% vol.) and subjected to supercritical point
drying (Leica EM CPD300°). In this drying process, ethanol is replaced with liquid CO,, which avoids the
creation of damaging surface tension forces associated with drying by bringing the liquid in the sample to the gas
phase without crossing the liquid-gas phase boundary. The dried samples were finally placed in polyimide tubing
(Kapton).
3D image acquisition. 3D imaging of the earthworms was performed with a microXCT-400 X-ray microscope
(Zeiss). High-resolution scans were acquired at 40 kV and 250 pA. A total of 2501 projections were collected
through 360° rotation with an exposure time of 20 s per projection. A 20x magnification optical objective was
selected to achieved an isotropic voxel of 0.9 pm and a field-of-view (FOV) of 0.9x0.9x0.9 mm?. The FOV was
centered at the lower end of the earthworm (rings 9 and 10 for the control and exposed earthworms, respectively)
and included the coelomic cavity and the nephridia epithelium. The position of the FOV was selected from pre-
visualization scans of the entire earthworm with lower spatial resolution (Supporting information 2). Volume
reconstruction was performed with XMReconstructed-Parallel Beam-9.0.6445 software using a filtered back
projection algorithm.
3D image analysis. Avizo 8.0 software (Hillsboro, OR, USA) was used for the visualization, processing, and

analysis of the reconstructed dataset. The procedure developed in Chaurand et al. (2018) to isolate metal-based
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NPs was followed. Briefly, images of exposed and non-exposed (control) samples were compared after
histogram x-axis normalization (i.e. colormap normalization). The histogram represents the X-ray attenuation in
each voxel (expressed as an arbitrary gray scale value, GSV) of the analyzed volume as a function of the number
of voxels for each GSV (intensity). The histogram x-axis was normalized using air as an internal standard. After
the normalization step, the brilliant voxels in the image of the exposed sample that were not identified in the

image of the control sample were attributed to the presence of Ag by thresholding (Supporting information 3).

Speciation of silver in soils and earthworms. Silver speciation in soil and earthworms was determined
by X-ray absorption near-edge structure (XANES) spectroscopy, which permits the determination of the local
atomic environment (speciation) of targeted atoms present in complex media. Silver K-edge (25.51 keV)
XANES spectra were acquired at the European Synchrotron Radiation Facility (ESRF, France) on the FAME
beamline (BM30b) with Si(220) monochromator crystals (Proux et al., 2005). Prior to analysis, the earthworm
samples were lyophilized, ground and pressed into 5-mm pellets. Spectral acquisition was performed at liquid
helium temperature to avoid sample evolution under the beam. Measurements were carried out in fluorescence
mode using a 30-element Canberra Ge solid-state detector. Each spectrum was the sum of at least three scans. A
set of model compounds including metallic AgNPs, AgNO3, Ag,S, AgClI, Ag-thiocarbamate (Ag-thio), and Ag-
humic acid (Ag-HA) was run in transmission mode. Normalization data reduction and linear combination fitting
(LCF) were performed according to standard methods using Athena software (Ravel and Newville, 2005). The
residual factor of LCF was calculated according to the formula R = Y (exp — fit)¥/Y (exp)?, where the sums are
over the data points in the fitting region. At each step of the fitting, an additional reference spectrum was added
if the following two conditions were true: the R factor decreased by 20% or more and the additional reference

had a contribution equal to or higher than 10% among Ag species.

2.6. Statistical analysis

For biomass, mortality and metal content in earthworms, the majority of the data did not follow a
normal distribution, and the variances were not homogeneous (Shapiro, Liliefors and Bartlett tests). Thus,
Sheirer-Ray-Hare non-parametric tests and post-hoc tests based on ranks were used. For data following a normal
distribution with homogeneous variances, ANOVA tests and Tuckey post-hoc tests were used. Correlation
matrices (based on the Kendall method) were constructed. Tests were performed using the R package (R Core

Team, 2018).
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3. RESULTS

Metal quantities in soil. At the initial time point, the concentrations of As, Cr, Cu, Ni, Pb and Zn were
1.08 (standard deviation 0.34), 1.05 (s.d. 0.30), 5.31 (s.d. 1.22), 0.62 (s.d. 0.38), 10.13 (s.d. 2.11) and 5.16 (s.d.
0.66) mg kg, respectively. The concentration of Cd was below the detection limit. The Ag concentrations in the
microcosms are shown in Table 1. As expected, there was no significant difference in Ag doses between the
AgNP and AgNO; microcosms at each concentration (C1, C2, C3 and C4). Only very low concentrations of Ag
were detected in the control and dispersant microcosms. One control microcosm appeared to have been very
slightly contaminated by accident, but its Ag concentration remained negligible compared with the exposure
conditions.
The concentrations of other metals were very low compared with Ag, which suggests that these metals would not

hinder the accumulation of Ag by earthworms.

Life traits. A survival rate of 100% was observed in all of the control, dispersant and AgNP microcosms
(Fig. 1). In the AgNO; microcosms, dose-dependent mortality was observed, with 6.7% mortality at the lowest
concentration and 100% mortality at the highest concentration. During the 4 weeks of exposure, the earthworms
lost weight in all microcosms, including the controls. Thus, the loss of weight cannot be linked to Ag

contamination. Biomass data for earthworms in the AgNO3-C4 microcosm are absent due to total mortality.

Metals bioaccumulation: silver. At the end of exposure, the Ag content in earthworms varied among the
different treatments (Fig. 2). Silver was not detected in organisms in the control microcosms. In the presence of
Ag, earthworms accumulated between 2.8 and 9.9 mg kg™ (average 5 mg kg™ of dry matter). The accumulation
of Ag in the earthworms exposed to Ag was independent of the form of Ag (NPs or ionic) or the Ag dose in the
microcosm. Data for earthworms in the AgNO3-C3 and AgNO3-C4 microcosms are absent because the

insufficient quantity of material available for analysis due to significant mortality.

Metals bioaccumulation: other metals. No significant variations of metal quantities in earthworm bodies
were observed for Cd, Cr, Ni, Pb and Zn compared with the corresponding control. A single significant
difference in As concentration was observed between the AgNO;-C2 microcosm and its control (Supporting

information 2). The Cu concentration in earthworms was similar in all treatments without Ag (Fig. 3). In the



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247
248

249

250

251

252

253

254

255

256

257

258

259

260

261

AgNO;-C2 microcosm (no results were obtained for the AgNO;-C3 and AgNO;-C4 microcosms because of
earthworm mortality), there was a decrease in the Cu concentration, but this difference was not significant
compared with the control. However, in the AgNP microcosms, earthworms accumulated significantly less Cu
(approximately two times less) compared with the controls.

In summary, Ag was the only metal present in greater concentrations in earthworms exposed to AgNPs

conditions than in those under control conditions.

Localization of Ag in earthworms: Brilliant voxels (i.e. voxels exhibiting high X-ray absorption) were
observed in the micro-CT volume of exposed earthworms (AgNP-C3, with 109.57 (+ 8.05) mg kg™ of AgNPs).

Although this imaging technique cannot identify the source of these brilliant voxels, they were not observed in
the non-exposed earthworm volume (Dis-D3, in dispersant) and can therefore be attributed to Ag accumulation
areas by thresholding (Fig. 4) due to the absence of differences in bioaccumulation for other elements with high
densities (metals). Thresholding provides the distribution of these areas of brilliant voxels (colored in red) in the
whole scanned volume. Ag accumulation areas/spots were observed around the digestive tract, in the coelomic

cavity, in free cells in the coelomic cavity (coelomocytes) and in the nephridial epithelium (Fig. 4).

Speciation of silver. Ag speciation in OECD soil after 4 weeks of incubation depended on the initial
form (NPs or ionic). Ag initially spiked as AgNPs remained mainly metallic, but approximately 15% became
complexed with natural organic thiols (Fig. 5). Ag initially spiked as AgNO; was linked with humic acid (52%)
and organic thiols (33%), and approximately 15% was in metallic form. Regardless of the exposure scenario
(AgNPs or AgNO3), the speciation of Ag accumulated in earthworms was similar and consisted of Ag bound to

thiols (Fig. 5).

4. DISCUSSION

OECD soil is a simplified matrix for evaluating the effects of medium- and long-term exposure in a soil
naturally deprived of many metals and other contaminants. In the present study, the use of OECD soil allowed
the effects of added Ag and the underlying mechanisms to be explored under simplified experimental conditions.

To prevent the possible ingestion of additional metals, no food was added to the medium. Use of this medium
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was therefore appropriate for the main objective of our work, which was to locate the sites of Ag accumulation
by micro-CT.

High AgNP concentrations did not affect the life traits of E. fetida earthworms. The weight loss
observed in the AgNPs microcosms was similar to that observed under control conditions and was due to a lack
of food. OECD soil is poor in organic matter and nutrients, and food was not provided during the experiment. By
contrast, dose-dependent toxicity of AgNO; resulting in weight loss and mortality was observed. Thus, the
toxicity of Ag" was stronger than that of AgNPs, consistent with previous observations of E. fetida in both
artificial (Diez-Ortiz et al., 2015a; Gomes et al., 2015; Heckmann et al., 2011) and natural soils (Novo et al.,
2015). Higher toxicity of ionic Ag compared with AgNPs has been reported for many plants and animal species
(Courtois et al., 2019), and there is a consensus that the toxicity of Ag is mainly due to its ionic form. We
recognize that the starvation of the earthworms may have interfered with the results presented here. In the
presence of optimal food, the effects of the two forms of Ag might be exacerbated or reduced.

Despite the differences in toxicity observed between the treatments, in all conditions with Ag (ionic or
NPs), the mean bioaccumulation by earthworms in the body was 4 to 5 mg kg™ (dry matter). Thus, the form of
Ag (NPs or ionic) had no influence on the amount of Ag bioaccumulation. In earthworms, metal accumulation is
related not only to food intake but also to dermal absorption of dissolved ions (Vijver et al., 2003). Because of
the differences in Ag speciation in soil, one might expect Ag linked to organic matter (humic acids) to be
metabolized more readily than thiolated Ag. When combined with the dermal absorption of Ag® ions, this
increased metabolism could explain the higher toxicity of AgNO3;. However, (Diez-Ortiz et al., 2015b; Garcia-
Velasco et al., 2016) showed that Ag is mainly internalized by soil ingestion. Our bioaccumulation results show
that Ag can enter the earthworm body. Ag may also pass though the epidermis as dissolved Ag” ions. Unrine et
al. (2008) demonstrated that dermal absorption of Au nanoparticles occurs in earthworms. However, as
mentioned previously, dermal absorption is not the main route of metal internalization.

Contradictory results were reported by Shoults-Wilson et al. (2010) and Bourdineaud et al. (2019), who
showed that E. fetida in artificial soil accumulated two to fifteen times more silver when exposed to AgNO;
compared with AgNPs. Interestingly, these authors used AgNPs that were two to three times larger (between 50
and 60 nm) than the NM-300K AgNPs used in this study, which may have hindered the dermal absorption and
metabolism of AgNPs. Supporting this hypothesis, Unrine et al. (2008) showed that the internalization of

metallic NPs (Zn and Au) in E. fetida decreased with increasing NP size.
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The Ag concentration in the soil did not influence Ag bioaccumulation by earthworms, which suggests
that a very efficient regulation mechanism limits the internal content of Ag even when the environmental
concentration is very high. A similar phenomenon (plateau and regulation) was reported by Coutris et al. (2011),
who observed rapid Ag excretion from E. fetida after the end of exposure.

Regardless of the original form of Ag in the microcosms, the bioaccumulated Ag in earthworms was
always bound to organic thiols. However, in OECD soil, even after 4 weeks of incubation, Ag speciation differed
greatly between the AgNP and AgNQO; microcosms, indicating biotransformation of Ag by earthworms. Since a
regulation/excretion mechanism limits the Ag content in the body, it is likely that earthworms release Ag after
biotransformation. Thus, soil organisms like earthworms might change the speciation of Ag in the environment
and, consequently, its availability.

3D images of entire earthworms obtained by micro-CT showed that Ag (originating from AgNPs) was
stored and/or transiting in chloragogenous tissue, coelomocytes and the nephridial epithelium. A similar result
was obtained by Diez-Ortiz et al. (2015b) by X-ray chemical analysis (micro-XRF) of the internal distribution in
transverse sections: Ag was observed in the gut wall, liver-like chloragogenous tissue and nephridia. These cells
and organs are related to immunity and detoxification functions. Chloragogenous tissue covers the outer part of
the intestine and is considered to have a liver-like function. For instance, the chloragogenous tissue accumulates
wastes produced by digestion and can sequester metals (Lapied et al., 2010; Morgan and Morgan, 1993; Vijver
et al., 2004). Moreover, chloragogenous tissue plays a role in earthworm immunity (Fischer, 1993).
Coelomocytes are immune cells involved in the elimination of foreign bodies by phagocytosis and encapsulation
(Garcia-Velasco et al., 2017), and at least some coelomocytes are derived from chloragocytes (Hamed et al.,
2002). Nephridia are organs involved in osmoregulation and excretion (Davidson et al., 2013).

In the present study, accumulation of Ag was concomitant with a decrease in Cu accumulation. Cu is an
essential metal that is specifically stored by metallothioneins (MTs). MTs, stress proteins that bind essential and
non-essential metals through thiolated bonds, participate in the homeostasis of essential metals such as Zn and
Cu as well as non-essential metals such as Cd or mercury (Hg) (Demuynck et al., 2006; Vijver et al., 2004).
Interestingly, in earthworms, MTs are preferentially but not exclusively localized in the epithelial cells of the
intestine, chloragogenous tissue, coelomocytes and nephridia (Morgan et al.,, 2004). According to the
localization of Ag observed by micro-CT, its internal speciation (linked to a thiolated molecule), and competition
with Cu, Ag is probably bound by MTs in earthworms. The same hypothesis was proposed by Baccaro et al.

(2018), who also observed that bioaccumulated Ag was related to sulfur. Furthermore, in mice, Ag can bind to
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MT with higher affinity than Cu (Sugawara and Sugawara, 1984). Consequently, Ag probably displaces Cu from
MT. Moreover, Hayashi et al. (2013) and Curieses Silvana et al. (2017) observed changes in the expression of
genes encoding MTs in E. fetida exposed to AgNPs and AgNO; (in natural and OECD soil, respectively).
Therefore, it seems that MTs have a role in the detoxification mechanisms of Ag. Taken together, these results
suggest a pathway for the absorption, detoxification and excretion of Ag.

In summary, Ag is probably mainly taken up by ingestion, absorbed by the gut and at least temporarily
stored in chloragogenous tissue before detoxification. For excretion, Ag must be transferred from chloragocytes
to the nephridia. Two mechanisms can be proposed. First, MT-metal complexes are discharged from the
coelomic cavity and then excreted by the nephridia. This mechanism is supported by the work of Nordberg
(1989) and Morgan et al. (2004), who described the capacity of MTs linked to metals to enter excretory organs in
mammals and earthworms. Second, Ag could be transferred to coelomocytes in the coelomic cavity and stored,
inducing the gene encoding MTII (Brulle et al., 2008). Transfer of Ag into coelomocytes can occur via two
pathways: transformation of chloragocytes that have stored Ag into free coelomocyte cells or release of metal-
bound MT into the coelomic cavity by chloragocytes and subsequent uptake by coelomocytes. In the event of
excessive ingestion of Ag that can be not managed conventionally by storage in proteins and excretion, another
mechanism might help limit the levels of Ag in the body. For example, Roubalova et al. (2018) showed that
when earthworms are confronted by aggression, earthworms can expel coelomic fluid with coelomocytes via the
dorsal pores. This mechanism would quickly remove from the body a large amount of metals trapped in the

coelomocytes.
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Legends of table, figures and supplementary information

Table 1: Silver content in the microcosms at the initial time point (mean in mg kg™ of dry matter). The results

were obtained by ICP analysis. Standard deviations are in parentheses.

Figure 1: A. Mean percentage of weight loss of the earthworm groups in the microcosms between the beginning
and end of the experiment. B. Mean percentage of earthworm survival in the microcosms between the beginning
and end of the experiment. The concentrations C1, C2, C3 and C4 correspond to mean concentrations of AGQNO;
and AgNPs of 33 (+ 16), 71 (+ 8), 117 (+ 11) and 277 (+ 24) mg kg™ (dry matter) (the values were not
significantly different between the two Ag sources). Asterisks (*) indicate statistically important differences
between the Ag treatment and control. Lowercase letters in green indicate significant differences in biomass
between the 4 doses of Ag (for one form of Ag). Lowercase letters in blue indicate significant differences in
survival between the 4 doses of Ag (for one form of Ag). Uppercase letters in yellow indicate significant
differences in biomass between the two forms of Ag (NPs or ionic), taking into account all concentrations. ‘NA’

indicates that biomass data were not available due to total mortality.

Figure 2: Ag content in earthworm bodies (mg kg™). “AgNPs” corresponds to microcosms with silver
nanoparticles. “AgNO3” corresponds to microcosms with silver nitrate. The concentrations Cl, C2, C3 and C4
correspond to 33 (+ 16), 71 (+ 8), 117 (+ 11) and 277 (+ 24) mg kg™ (dry matter) (the mean concentrations of
AgNO; and AgNPs were not significantly different). Stars (*) indicate significant differences from the associated
control without silver. Lowercase letters in orange indicate significant differences in metal content between the 4
concentrations (C1, C2, C3 and C4) of Ag (AgNPs and AgNO; were not compared). Uppercase letters in yellow
indicate significant differences in Ag content between the 2 forms of Ag (NPs or ionic), taking into account all

concentrations. ‘NA’ indicates that data were not available due 10 significant mortality.

Figure 3: Cu contents in earthworm bodies (mg kg?). “AgNPs” corresponds to microcosms with silver
nanoparticles. “AgNO3” corresponds to microcosms with silver nitrate. The concentrations Cl, C2, C3 and C4
correspond to 33 (+ 16), 71 (+ 8), 117 (+ 11) and 277 (+ 24) mg kg™ (dry matter) (mean concentrations of
AgNO; and AgNPs, which were not significantly different). Stars (*) indicate significant differences from the
associated control without Ag. Lowercase letters in purple indicate significant differences in metal contents
among the 4 doses of Ag (for one form of Ag). Uppercase letters in yellow indicate significant differences in Cu

content between the 2 forms of Ag (NPs or ionic), taking into account all concentrations. Lowercase letters in
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black indicate significant differences in Cu content between the 2 forms of Ag at one given concentration. ‘NA’

indicates that data were not available due to significant mortality.

Figure 4: Examples of 2D orthoslices extracted from the reconstructed volume of (A) non-exposed earthworms
(Dis-D3) and (B, C, D) exposed earthworms (AgNP-C3). The digestive tract (d), free cells in the coelomic cavity
(coelomocytes) (c) and the nephridial epithelium (n) are indicated. The pixels colored in red in (B, C, D) in
dotted circles are brilliant voxels isolated by thresholding and associated with Ag. These brilliant pixels are not

observed in (A). 1 px = 0.9 pum.

Figure 5: A. Linear combination fitting (LCF) of the XANES spectra of the samples collected at different time
points (dotted lines) and experimental spectra (solid lines) of soil and earthworms after 4 weeks of exposure to
AgNPs and AgNOs. The curves for the samples are colored as follows: dark green, soil spiked with AQNO5; dark
blue, soil spiked with AgNPs; light green, earthworms exposed to AgNOs; light blue, earthworms exposed to
AgNPs. B. XANES spectra of the model compounds used for LCF. Ag-HA (in yellow) was used as a proxy for Ag
complexed to natural organic matter (humic acids). AgNPs (in grey) corresponds to the initial NM300K AgNPs
used for the experiment. Ag-thiol (in purple) was used as a proxy for Ag bound to an organic thiol. Ag,S (in

orange) corresponds to silver sulfide (acanthite mineral).

Sup. Inf. 1: Scheme of the experimental design. “Control” corresponds to the microcosm without any inputs.
“AgNPs” corresponds to silver nanoparticles. “Dis” corresponds to dispersant. “AgNQOs” corresponds to silver
nitrate. The concentrations C1, C2, C3 and C4 correspond to 33 (+ 16), 71 (£ 8), 117 (x 11) and 277 (+ 24) mg
kg™t of Ag (dry matter) (the mean concentrations of AgNO5; and AgNPs were not significantly different). The
volumes D1, D2, D3 and D4 correspond to the volumes of dispersant added to the microcosms. Dispersant was
added in the same amount as in the corresponding AgNPs microcosms, that is, 1.599, 2.666, 5.331 and 10.662

mL.
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Sup. Inf. 2: Metal contents in earthworms (mean in mg kg™). The results were obtained by ICP analysis.
“Control” corresponds to the microcosm without silver addition. “AgNPs” corresponds to silver nanoparticles.
“Dis” corresponds to dispersant. “AgNO3” corresponds to silver nitrate. The concentrations C1, C2, C3 and C4
correspond to 33 (+ 20), 71 (+ 10), 117 (+ 15) and 277 (+ 45) mg kg™ (dry matter) (the mean concentrations of
AgNO; and AgNPs were not significantly different). Stars (*) indicate significant differences between the

condition with Ag and the associated control without Ag. Standard deviations are in parentheses.

Sup. Inf. 3: 3D imaging of an earthworm by micro-CT. (top) Selection of FOV for high-resolution micro-CT
scan. (bottom) 3D image analysis procedure for isolating Ag accumulation areas (normalization and

thresholding step).

Concentration Control microcosms Dispersant AgNPs AgNO;
C1 (or D1) 0.69 (0.97) 26.33 (10.63) 39.53 (20.66)
C2 (or D2) 1.95 (1.23) 0.61 (1.06) 70.50 (8.15) 71.03 (8.71)
C3 (or D3) 0.18 (0.31) 109.57 (8.05) 124.30 (7.59)
C4 (or D4) 0.00 (0.00) 262.93 (27.87) 290.90 (10.81)
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