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Methylmercury formation is the major concern of global mercury contamination. 1 

Accurate prediction of methylmercury production remains elusive due in part to the 2 

lack of mechanistic understanding of microbial methylation potential of particulate-3 

phase mercury. Here we show that the methylation potential of nanoparticulate 4 

metacinnabar, which is formed during the early stage of mercury mineralization 5 

and is ubiquitous in contaminated soils and sediments, is determined by its exposed 6 

facets. Nanoparticulate metacinnabar with higher (111) content exhibits significantly 7 

greater affinity to the methylating bacterium Desulfovibrio desulfuricans ND132, 8 

leading to higher methylmercury production. This is likely attributable to the 9 

favored binding between the (111) facet and the protein transporter responsible for 10 

mercury cellular uptake prior to methylation. The (111) facet of metacinnabar tends 11 

to diminish during nanocrystal growth, but natural ligands alleviate this process by 12 

preferentially adsorbing to the (111) facet (verified with adsorption experiments 13 

using facet-engineered model materials coupled with theoretical calculations). This 14 

facet evolution of metacinnabar and its subsequent effect on mercury bioavailability 15 

explain the intriguing observation that methylation potential of nanoparticulate 16 

mercury is surface-area-independent. Our discovery provides new mechanistic 17 

insights for interfacial processes involved in nanoparticle−microorganism 18 

interactions that have important implications for understanding the environmental 19 

behavior of mercury and other nutrient or toxic elements associated with widely 20 

present crystalline nanoparticles.  21 
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Methylmercury (MeHg) production is primarily mediated by anaerobic microorganisms 22 

in natural aquatic environment1 and largely determined by the bioavailability of inorganic 23 

mercury to microbial methylators2. A variety of different mercury species, including 24 

elemental mercury3,4, dissolved mercury complexes5 and mercury sulfide (HgS) 25 

nanoparticles6, have been demonstrated to be available for methylation. In recent years, a 26 

growing body of evidence has revealed that MeHg production cannot be accurately 27 

predicted by the aqueous speciation of mercury alone, pointing to the essential role of 28 

particulate phase in controlling mercury methylation7-10. In fact, nanoparticulate mercury 29 

has been detected in various environmental matrices, such as soils, marshes and estuarine 30 

and marine water and sediments, which are natural ‘hotspots’ of MeHg production and 31 

accumulation11-15. Due to the kinetically-hindered mineralization processes in the 32 

presence of the ubiquitous natural organic matter (NOM) and sulfide16-18, mercury-33 

containing nanoparticles are expected to be prevalent in anaerobic environments. 34 

Moreover, recently proposed biological and photochemical pathways of the formation of 35 

mercury sulfide nanoparticles have extended the known occurrence of nanoparticulate 36 

mercury to ‘new’ natural settings (e.g., non-sulfidic condition, oxygenated 37 

environment)19-22. Hence, elucidating the mechanisms of and factors affecting the 38 

microbial methylation potential of mercury sulfide nanoparticles is critical for 39 

establishing risk assessment models of mercury pollution and understanding global 40 

biogeochemical cycling of mercury. 41 

It is well known that nanoparticles are widely present in all environmental 42 

compartments due to natural and anthropogenic processes, and that they often exhibit 43 

environmental behaviors that are different from their bulk-scale counterparts because of 44 
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unique physicochemical properties at the nano-scale23-26. Indeed, nanoparticulate 45 

metacinnabar (i.e., a crystalline phase of HgS) appears to be significantly more available 46 

for microbial methylation compared to the bulk-scale metacinnabar6,8; however, the 47 

methylation potential of this particulate mercury phase drastically decreases during aging 48 

while remaining as nanoparticles6. Here, we demonstrate that the aging-induced changes 49 

in the bioavailability of nanoparticulate mercury for methylation is independent of the 50 

surface area or size of the nanoparticles; rather, it is dictated by the exposed facet, an 51 

intrinsic property of crystalline nanoparticles that define nano-specific interfacial 52 

reactions. 53 

 54 

Aging-induced decrease in methylation potential of HgS nanoparticles is 55 

independent of surface area. Mercury sulfide nanoparticles remained bioavailable for 56 

methylation during the entire aging period in this research (i.e., 0-21 days), and the 57 

methylation potential of nanoparticulate mercury was altered by aging in a manner 58 

independent of surface area (Fig. 1). Ionic mercury and sulfide were precipitated in the 59 

presence of naturally-occurring ligands that often co-exist with mercury in environmental 60 

matrices, including Suwannee River humic acid (SRHA), Suwannee River fulvic acid 61 

(SRFA), and glutathione (GSH), and the precipitation products were immediately formed 62 

and left to age in anaerobic water for up to 21 days. The dominant products were 63 

nanoparticulate metacinnabar with particle diameter of 4.8-7.4 nm. These nanoparticles 64 

appeared to be relatively stable in size, surface area and aggregation status during aging 65 

(Fig. 1e-f; Supplementary Fig. 1-3; Supplementary Table 1), which corroborates previous 66 

studies that demonstrated the persistent occurrence of nanoparticulate mercury in aquatic 67 
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environment11-16,18,27. 68 

After aging for different time periods, the HgS nanoparticles were exposed to sulfate 69 

reducing bacteria (i.e., Desulfovibrio desulfuricans ND132), a major microbial group that 70 

drives mercury methylation in the environment1,28. The total mercury addition and 71 

microbial growth were consistent among all treatments receiving HgS aged for different 72 

time periods (Supplementary Fig. 4-5). The control group of HgS that precipitated 73 

without ligands exhibited minimal methylation potential (Fig. 1a). MeHg production 74 

from HgS nanoparticles formed in the presence of natural ligands diminished as the aging 75 

period prolonged (Fig. 1b-d), which cannot be explained by the aging-induced changes in 76 

the geometric diameter, surface area, crystallite diameter, hydrodynamic diameter or zeta 77 

potential of the nanoparticles (Fig. 1e-f; Supplementary Table 1). For instance, during 78 

aging from 1 to 21 d, the methylation potential of SRHA−HgS and SRFA−HgS 79 

nanoparticles (i.e., nanoparticles formed from precipitation of HgS with SRHA or SRFA) 80 

decreased by 65.0% and 62.0%, respectively (Fig. 1b-c), whereas differences in the size, 81 

surface area and charge of these particles were statistically insignificant (Fig. 1e-f; 82 

Supplementary Table 1). In general, nanoparticles tend to be highly reactive because of 83 

the large specific surface area23-26. However, in the case of microbial methylation of 84 

nanoparticulate mercury, structural surface properties other than surface area determined 85 

the reactivity of these nanoparticles. 86 

 87 

Methylation potential of HgS nanoparticles depends on exposed facets. The exposed 88 

crystal facets of nanoparticulate metacinnabar changed during aging and strongly 89 

influenced the bioavailability and methylation potential of HgS nanoparticles (Fig. 1; 90 
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Supplementary Fig. 4-6). The dominant exposed facet of HgS precipitated with or 91 

without natural ligands was the (111) facet of metacinnabar according to the 92 

corresponding characteristic peak on the X-ray diffraction (XRD) spectra (Supplementary 93 

Fig. 6) and the lattice spacing on the high-resolution transmission electron microscopy 94 

(HR-TEM) images (Supplementary Fig. 1-3). The relative intensity of the (111) peak 95 

versus (220) peak in the XRD spectra was used to estimate the relative content of these 96 

facets29. The relative content of the (111) facet of metacinnabar generally decreased 97 

during aging (Fig. 1g), indicating a fast crystal growth along this dominant facet30. More 98 

importantly, this trend of changing exposed facets coincides with the trend of reducing 99 

methylation potential of HgS during aging (Fig. 1a-d), which underscores the potential 100 

role of the (111) facet in supplying bioavailable mercury for methylation. When mercury 101 

sulfide was co-precipitated with natural ligands, SRHA, SRFA and GSH, a markedly 102 

larger content of metacinnabar (111) facet was detected from the precipitation products 103 

(i.e., HgS nanoparticles), particularly during the early stage of mineralization (0-1 day), 104 

relative to the HgS precipitated without ligands (Fig. 1g). These results may, at least 105 

partially, explain the promoting effect of NOM and low-molecular-weight thiol ligands 106 

on mercury methylation reported in previous field and laboratory investigations9,31,32. 107 

To further discern the role of exposed facet in modulating microbial methylation of 108 

nanoparticulate mercury, two model materials of metacinnabar with relatively high (111) 109 

content (model material I) and low (111) content (model material II) were synthesized 110 

and examined in microbial methylation experiments (Supplementary Fig. 7-8; 111 

Supplementary Table 2). These model materials were synthesized to be nano-scale 112 

particles that exhibited similar size and morphology (Supplementary Fig. 7; 113 
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Supplementary Table 2). After incubation with the methylating bacteria D. desulfuricans 114 

ND132, MeHg production from material I was significantly greater compared with 115 

material II, while the total mercury concentrations and cell numbers were rather similar in 116 

all test cultures (Supplementary Fig. 8). Taken together, our results reveal that nano-scale 117 

metacinnabar that occurs during the early mercury mineralization stage likely represents 118 

the bioavailable particulate-phase precursors for MeHg production, and the exposed facet 119 

is a crucial parameter for determining the methylation potential of nano-metacinnabar. 120 

 121 

Bacterial association with HgS nanoparticles depends on exposed facets. Our 122 

previous research on microbial methylation of HgS nanoparticles presumed the potential 123 

correlation between MeHg production and the release of dissolved mercury species (<20 124 

nm) from particulate phase, which explained the variation in the bioavailability of 125 

nanoparticulate versus bulk-particulate mercury6. Nevertheless, recent mercury 126 

methylation studies revealed that bioavailability of particulate mercury cannot be 127 

accurately assessed by its leaching potential of inorganic mercury species into bulk 128 

solution8,33. In fact, bacteria−mineral association has been shown to be important for bio-129 

transformation of goethite nanoparticles34, and inorganic mercury appeared to strongly 130 

associate with bacterial cells through thiol-containing ligands3,35,36, which apparently 131 

influenced the subsequent cellular uptake and methylation of mercury10,37,38. In this study, 132 

aging remarkably decreased the binding affinity and subsequent availability of nano-HgS 133 

for methylating bacteria, likely through altering the exposed facets of metacinnabar 134 

nanoparticles (Fig. 2-3).  135 
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We first conducted transmission electron microscopy coupled with energy dispersive 136 

spectroscopy (TEM−EDX) analysis of the thin sections of D. desulfuricans ND132 after 137 

nano-HgS exposure, and observed that metacinnabar nanoparticles formed with natural 138 

ligands and aged for different time periods were all abundantly associated with bacterial 139 

cells (Fig. 2; Supplementary Fig. 9). TEM images illustrated that nano-HgS attached to 140 

the inner and outer membranes as well as penetrated into the periplasm and cytosol, with 141 

the total number of cell-associated nanoparticles substantially decreasing upon aging 142 

from 1 to 21 d (Fig. 2; Supplementary Fig. 9). Facet-engineered model materials were 143 

used to connect this aging-reduced cell association with the exposed facets of 144 

metacinnabar. After separating the cell-bound nanoparticles from the freely suspended 145 

nanoparticles using density gradient centrifugation, the extent of nanoparticle−cell 146 

binding was quantified and appeared to be significantly larger in the treatment of model 147 

material I versus II (Supplementary Fig. 8b). These data suggest that nanoparticle−cell 148 

association is facet-dependent and that the (111) facet of metacinnabar has the highest 149 

affinity to the methylating bacteria. 150 

Multiple lines of evidence have pointed to the essential role of periplasmic divalent 151 

metal transporters in dictating cellular transport of inorganic mercury across the bacterial 152 

cell membrane before intracellular methylation38-43. Here we show that addition of 153 

divalent zinc, Zn(II), to cultures of D. desulfuricans ND132 considerably inhibited 154 

microbial methylation of nano-HgS (Fig. 3a; Supplementary Fig. 10). This suggests the 155 

relevance of the zinc transport system of D. desulfuricans ND132 to investigate the facet-156 

dependent binding and intracellular transport of nanoparticulate metacinnabar. 157 

Accordingly, binding between different exposed facets of nanoparticulate metacinnabar 158 
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and a periplasmic substrate-binding protein of the zinc transport system of D. 159 

desulfuricans ND132, ZnuA44, was assessed using molecular dynamics simulations (Fig. 160 

3b-k). Compared with the (220) and (311) facets, the (111) facet associated more 161 

sufficiently with ZnuA, as indicated by the larger facet−protein contact atom number and 162 

contact surface area (Fig. 3b-f). Within 1-nm interfacial distance, a greater number of 163 

amino acid residues bound to the (111) facet than the other facets, and both van der Waals 164 

force and electrostatic interaction (measured via the Van der Waals energy and Coulomb 165 

energy of the facet−protein systems) contributed to the facet-dependent transporter 166 

binding (Fig. 3g-k). The favored binding of metacinnabar (111) facet with metal 167 

transporters likely initiates uptake and methylation of mercury, which makes this facet 168 

relatively bioavailable. 169 

 170 

Aging-induced diminishing of bioavailable facet of HgS nanoparticles is alleviated 171 

by facet-dependent preferential adsorption to natural ligands. The (111) facet of 172 

metacinnabar that actively participated in microbial methylation was preserved during 173 

mineralization, due to its preferential adsorption to natural ligands (Fig. 4). It is worth 174 

noting that fast crystal growth along certain direction often results in shrinking or 175 

elimination of the corresponding facet, which may be stabilized via adsorption of surface 176 

modifiers to reduce surface energy30,45,46. During the early stage of HgS mineralization, 177 

three main facets, including (111), (220) and (311) of metacinnabar were immediately 178 

formed, while the (111) facet exhibited preferential adsorption with natural ligands, 179 

according to the experimental data of ligand adsorption onto facet-engineered model 180 

materials complemented with theoretical calculations using density functional theory 181 



10/30 

 

(Fig. 4). The adsorbed amount of SRHA, SRFA and GSH on model material I was 182 

consistently greater than that on model materials II and the difference appeared to be 2- to 183 

3-fold at the end of the adsorption experiments (Fig. 4a-c).  184 

The favorable adsorption process on the (111) facet was also supported by the lower 185 

adsorption energy and larger density of active binding sites of the (111) facet toward 186 

GSH, compared to the (220) and (311) facets (Fig. 4d-g). Particularly, all mercury on the 187 

(111) facet are unsaturated three-coordinated atoms, which are prone to forming inner-188 

sphere coordination bonds and inducing chemical adsorption of ligand-rich compounds 189 

(as indicated by the apparently negative adsorption energy, -1.33 eV). Indeed, both Hg 190 

4f7/2 and Hg 4f5/2 peaks on the X-ray photoelectron spectroscopy (XPS) spectra of nano-191 

HgS that formed with natural ligands prominently shifted to lower values of binding 192 

energy relative to the standard XPS spectrum of metacinnabar (Supplementary Fig. 11). 193 

These data confirm that the natural ligands strongly interacted with surficial mercury 194 

atoms of nanoparticulate metacinnabar via inner-sphere coordination. This chemical 195 

binding remained relatively stable during aging, as the binding energies of the mercury 196 

peaks were consistent among 1-d, 11-d and 21-d aged nano-HgS samples (Supplementary 197 

Fig. 11). The facet-dependent ligand adsorption not only explains the ‘protecting effect’ 198 

of natural ligands on the (111) facet of metacinnabar during HgS mineralization (Fig. 1g), 199 

but is also in line with the role of ligand-rich molecules (e.g., protein, peptide, surfactant, 200 

NOM) in modulating the crystalline faces of a diverse variety of pathological, engineered 201 

and naturally-occurring minerals30,45,47,48.  202 

 203 

Implications for metal biogeochemistry. Even though the ‘new’ mercury input may 204 
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only represent a small mercury fraction from a mass balance standpoint, it is the 205 

predominant source of MeHg that causes the environmental risks. Moreover, the vast 206 

majority of legacy mercury is susceptible to local and global scale perturbations, and can 207 

be ‘renewed’ by natural or anthropogenic processes (Fig. 5), such as global climate 208 

change, site remediation and altered landscape utilization49-51. In previous field studies, 209 

the methylation potential of the ‘newly’ deposited mercury appeared to be 1.5-2.8 times 210 

greater than that of the native mercury pool52,53. Similar magnitude of the aging-induced 211 

decreases in methylation potential was observed in our research on nanoparticulate 212 

mercury; i.e., newly formed nano-HgS was 1.6-4.9 times more available for microbial 213 

methylation than the aged nano-HgS during a 21-d time period, even though 214 

metacinnabar persistently remained at nano-scale. Considering that nanoparticulate 215 

mercury takes up a major fraction (12-93%) of the total mercury pool in natural aquatic 216 

systems14,15, our research offers a mechanistic understanding of the dynamic changes in 217 

the methylation potential of the ‘new’ mercury inputs, and has paved the way toward 218 

incorporating particulate phases and interfacial processes into predictive models of MeHg 219 

production (Fig. 5). This knowledge is needed for assessing the time scales of 220 

biogeochemical processes leading to MeHg accumulation and subsequently informing 221 

remedial practice and management of mercury-impacted ecosystems with response time. 222 

Preferential binding between ligand-rich molecules with fast-formed crystal faces 223 

may be nature’s tool for tailoring the crystal structure and tuning the bioavailability of 224 

reactive mineral phases. The ligand-modulated facet evolution of nanoparticles during 225 

mineralization should not be limited to mercury sulfide and could be extended to the 226 

prevalent occurrence of nanominerals containing nutrient (e.g., Fe, Mn, Zn, Cu) or toxic 227 
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elements (e.g., Cd, Pb). These nanominerals likely represent the particulate phase that 228 

remains bioavailable for a widely variable time period and play vital roles in the 229 

biogeochemical cycling of the corresponding elements, leading to beneficial or 230 

detrimental environmental consequences. Hence, it is of utmost environmental 231 

significance to identify bioavailable mineral surfaces and understand structure-property 232 

relationships for bioavailability. Such interactions at mineral surfaces are particularly 233 

relevant for shaping the microbial ecology of mineral-dwelling communities54,55 that 234 

substantially contribute to the earth’s energy and biomass production (e.g., 235 

chemosynthesis driven by metal sulfides56 and extracellular electron transfer driven by 236 

metal oxides57,58), as well as the biogeochemical cycles of essential elements (e.g., C and 237 

N)59. 238 
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Figure 1 Methylation potential and exposed facets of mercury sulfide nanoparticles, 
formed in the presence of natural ligands, significantly change during aging while 
particle size and surface area remain similar. a-d, Methylmercury (MeHg) production 
by Desulfovibrio desulfuricans ND132 normalized to the total mercury concentrations 
after exposure to 10 nM HgS formed in the absence of natural ligands (a) and HgS 
nanoparticles co-precipitated with Suwannee River humic acid (SRHA, b), Suwannee 
River fulvic acid (SRFA, c) or glutathione (GSH, d), and aged for 1 d, 11 d or 21 d. 
Values that are statistically different (p <0.05) among treatments with different aging time 
according to the one-way ANOVA are indicated by italic lowercase letters. Error bars 
represent ± 1 standard deviation (SD) of triplicate samples. e, The geometric diameters 
and geometric surface areas of HgS nanoparticles co-precipitated with SRHA, SRFA or 
GSH that aged for different time periods. Values that are statistically different (p <0.05) 
among treatments with different aging time according to the one-way ANOVA are 
indicated by italic lowercase letters. Error bars represent ± 1 SD of one hundred samples. 
f, The crystallite diameters and hydrodynamic diameters of HgS nanoparticles co-
precipitated with SRHA, SRFA or GSH that aged for different time periods. The 
crystallite diameters were calculated according to the Scherrer formula60 using the X-ray 
diffraction data (Supplementary Figure 6). Values that are statistically different (p <0.05) 
among treatments with different aging time according to the one-way ANOVA are 
indicated by italic lowercase letters. Error bars represent ± 1 SD of triplicate samples. g, 
Relative content of metacinnabar (111) facet in HgS formed in the presence or absence of 
natural ligands. 
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Figure 2 Association between methylating bacterial cells and mercury sulfide nanoparticles, formed in the presence of natural 
ligands, significantly decreases during aging. a,b,d,e,g,h, Transmission electron microscopy (TEM) images of D. desulfuricans 
ND132 after exposure to HgS nanoparticles co-precipitated with SRHA (a,b), SRFA (d,e), or GSH (g,h) and aged for 1 d (a,d,g) or 21 
d (b,e,h). c,f,i, Nanoparticulate mercury counts per cell section of D. desulfuricans ND132 after exposure to HgS nanoparticles co-
precipitated with SRHA (c), SRFA (f), or GSH (i). The bottom and top of the boxes show the first and third quartiles, respectively, the 
bar in the middle shows the median, the black solid dot shows the average value and the whiskers show the minimum and maximum 
values of ten replicate samples. Values that are statistically different (p <0.05) between treatments with different aging time according 
to the independent t-test are indicated by italic lowercase letters. 
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Figure 3 The (111) facet of nanoparticulate metacinnabar exhibits higher affinity for the divalent metal transporter of D. 
desulfuricans ND132, relative to the other exposed facets. a, MeHg production by D. desulfuricans ND132 normalized to the total 
mercury concentrations after exposure to Zn(II) and 10 nM HgS nanoparticles co-precipitated with GSH and aged for 1 d. Values that 
are statistically different (p <0.05) among treatments with different concentrations of Zn(II) according to the one-way ANOVA are 
indicated by italic lowercase letters. Error bars represent ± 1 SD of triplicate samples. b-d, Binding conformation of periplasmic 
solute-binding protein of zinc transport system of D. desulfuricans ND132, ZnuA, on facets (111) (b), (220) (c) and (311) (d) at 100 ns 
of molecular dynamics (MD) simulations. e, Time-dependent total contact atom number of an individual ZnuA within 1 nm from 
different facets of metacinnabar during MD simulations. f, Time-dependent contact surface area of an individual ZnuA on different 
facets of metacinnabar during MD simulations. g,h, Time-dependent van der Waals energy (g) and Coulomb energy (h) of ZnuA on 
different facets of metacinnabar during MD simulations. i-k, Binding energy of key amino acid residues (binding energy >10 kJ/mol) 
associated with facets (111) (i), (220) (j) and (311) (k) within 1 nm at the last 5 ns of MD simulations. 
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Figure 4 The (111) facet of nanoparticulate metacinnabar preferentially adsorbs 
with natural ligands. a-c, Adsorption of SRHA (a), SRFA (b) and GSH (c) to model 
HgS nanoparticle I vs. II. Error bars represent ± 1 SD of triplicate samples. d, Adsorption 
energy (Eads) and active site density (ASD) of different crystal facets of metacinnabar 
adsorbed with GSH according to density function theory calculations. e-g, Three-
dimensional views of GSH molecules adsorbed to facets (111) (e), (220) (f) and (311) (g) 
of metacinnabar. 
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Figure 5 Conceptual illustration of aging-induced decrease in bioavailability and methylation potential of nanoparticulate 
metacinnabar due to facet evolution. The (111) facet of nanoparticulate metacinnabar decreases during aging and this process is 
mitigated by the preferential adsorption of natural ligands to (111), relative to the other exposed facets of metacinnabar. 
Nanoparticulate metacinnabar with large content of (111) facet strongly associate with divalent metal transporters of methylating 
bacteria, which enhances cellular uptake and methylation of nanoparticulate mercury. These findings explain the greater 
methylmercury production from the ‘new’ mercury input compared to the ‘old’ environmental mercury pool, which may be ‘renewed’ 
by various natural and anthropogenic processes. 
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Figure 1

Methylation potential and exposed facets of mercury sul�de nanoparticles, formed in the presence of
natural ligands, signi�cantly change during aging while particle size and surface area remain similar. a-d,
Methylmercury (MeHg) production by Desulfovibrio desulfuricans ND132 normalized to the total mercury



concentrations after exposure to 10 nM HgS formed in the absence of natural ligands (a) and HgS
nanoparticles co-precipitated with Suwannee River humic acid (SRHA, b), Suwannee River fulvic acid
(SRFA, c) or glutathione (GSH, d), and aged for 1 d, 11 d or 21 d. Values that are statistically different (p
<0.05) among treatments with different aging time according to the one-way ANOVA are indicated by
italic lowercase letters. Error bars represent ± 1 standard deviation (SD) of triplicate samples. e, The
geometric diameters and geometric surface areas of HgS nanoparticles co-precipitated with SRHA, SRFA
or GSH that aged for different time periods. Values that are statistically different (p <0.05) among
treatments with different aging time according to the one-way ANOVA are indicated by italic lowercase
letters. Error bars represent ± 1 SD of one hundred samples. f, The crystallite diameters and
hydrodynamic diameters of HgS nanoparticles co-precipitated with SRHA, SRFA or GSH that aged for
different time periods. The crystallite diameters were calculated according to the Scherrer formula60
using the X-ray diffraction data (Supplementary Figure 6). Values that are statistically different (p <0.05)
among treatments with different aging time according to the one-way ANOVA are indicated by italic
lowercase letters. Error bars represent ± 1 SD of triplicate samples. g, Relative content of metacinnabar
(111) facet in HgS formed in the presence or absence of natural ligands.

Figure 2



Association between methylating bacterial cells and mercury sul�de nanoparticles, formed in the
presence of natural ligands, signi�cantly decreases during aging. a,b,d,e,g,h, Transmission electron
microscopy (TEM) images of D. desulfuricans ND132 after exposure to HgS nanoparticles co-precipitated
with SRHA (a,b), SRFA (d,e), or GSH (g,h) and aged for 1 d (a,d,g) or 21 d (b,e,h). c,f,i, Nanoparticulate
mercury counts per cell section of D. desulfuricans ND132 after exposure to HgS nanoparticles co-
precipitated with SRHA (c), SRFA (f), or GSH (i). The bottom and top of the boxes show the �rst and third
quartiles, respectively, the bar in the middle shows the median, the black solid dot shows the average
value and the whiskers show the minimum and maximum values of ten replicate samples. Values that
are statistically different (p <0.05) between treatments with different aging time according to the
independent t-test are indicated by italic lowercase letters.

Figure 3

The (111) facet of nanoparticulate metacinnabar exhibits higher a�nity for the divalent metal transporter
of D. desulfuricans ND132, relative to the other exposed facets. a, MeHg production by D. desulfuricans
ND132 normalized to the total mercury concentrations after exposure to Zn(II) and 10 nM HgS
nanoparticles co-precipitated with GSH and aged for 1 d. Values that are statistically different (p <0.05)
among treatments with different concentrations of Zn(II) according to the one-way ANOVA are indicated
by italic lowercase letters. Error bars represent ± 1 SD of triplicate samples. b-d, Binding conformation of
periplasmic solute-binding protein of zinc transport system of D. desulfuricans ND132, ZnuA, on facets



(111) (b), (220) (c) and (311) (d) at 100 ns of molecular dynamics (MD) simulations. e, Time-dependent
total contact atom number of an individual ZnuA within 1 nm from different facets of metacinnabar
during MD simulations. f, Time-dependent contact surface area of an individual ZnuA on different facets
of metacinnabar during MD simulations. g,h, Time-dependent van der Waals energy (g) and Coulomb
energy (h) of ZnuA on different facets of metacinnabar during MD simulations. i-k, Binding energy of key
amino acid residues (binding energy >10 kJ/mol) associated with facets (111) (i), (220) (j) and (311) (k)
within 1 nm at the last 5 ns of MD simulations.



Figure 4

The (111) facet of nanoparticulate metacinnabar preferentially adsorbs with natural ligands. a-c,
Adsorption of SRHA (a), SRFA (b) and GSH (c) to model HgS nanoparticle I vs. II. Error bars represent ± 1
SD of triplicate samples. d, Adsorption energy (Eads) and active site density (ASD) of different crystal
facets of metacinnabar adsorbed with GSH according to density function theory calculations. e-g, Three-
dimensional views of GSH molecules adsorbed to facets (111) (e), (220) (f) and (311) (g) of
metacinnabar.

Figure 5

Conceptual illustration of aging-induced decrease in bioavailability and methylation potential of
nanoparticulate metacinnabar due to facet evolution. The (111) facet of nanoparticulate metacinnabar
decreases during aging and this process is mitigated by the preferential adsorption of natural ligands to



(111), relative to the other exposed facets of metacinnabar. Nanoparticulate metacinnabar with large
content of (111) facet strongly associate with divalent metal transporters of methylating bacteria, which
enhances cellular uptake and methylation of nanoparticulate mercury. These �ndings explain the greater
methylmercury production from the ‘new’ mercury input compared to the ‘old’ environmental mercury
pool, which may be ‘renewed’ by various natural and anthropogenic processes.
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