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ABSTRACT: Particle-bound mercury (HgP), ubiquitously present in aquatic
environments, can be methylated into highly toxic methylmercury, but it
remains challenging to assess its bioavailability. In this study, we developed an
Escherichia coli-based whole-cell biosensor to probe the microbial uptake of
inorganic Hg(II) and assess the bioavailability of HgP sorbed on natural and
model particles. This biosensor can quantitatively distinguish the
contribution of dissolved Hg(II) and HgP to intracellular Hg. Results
showed that the microbial uptake of HgP was ubiquitous in the environment,
as evidenced by the bioavailability of sorbed-Hg(II) onto particulate matter
and model particles (Fe2O3, Fe3O4, Al2O3, and SiO2). In both oxic and anoxic
environments, HgP was an important Hg(II) source for microbial uptake,
with enhanced bioavailability under anoxic conditions. The composition of
particles significantly affected the microbial uptake of HgP, with higher bioavailability being observed for Fe2O3 and lower for Al2O3
particles. The bioavailability of HgP varied also with the size of particles. In addition, coating with humic substances and model
organic compound (cysteine) on Fe2O3 particles decreased the bioavailability of HgP. Overall, our findings highlight the role of HgP
in Hg biogeochemical cycling and shed light on the enhanced Hg-methylation in settling particles and sediments in aquatic
environments.
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■ INTRODUCTION

Mercury (Hg) is a highly toxic pollutant with global
distribution.1 Of particular concern is methylmercury
(MeHg), which is a neurotoxin that can bioaccumulate and
biomagnify through food webs.2,3 In aquatic environments,
MeHg is primarily methylated from inorganic Hg(II) by
anaerobic microorganisms, such as, sulfate-reducing bacteria,
iron-reducing bacteria, and methanogens.4,5 The methylation
of Hg(II) is an intracellular process that is mainly affected by
Hg(II) bioavailability and microbial activity.6−8 In natural
environments, the microbial uptake of Hg(II) is governed by
its chemical speciation, which is largely affected by the
complexation of Hg(II) with dissolved organic ligands9,10 or its
sorption to particles.11,12 Therefore, knowledge regarding the
microbial uptake of different Hg(II) species is important to
predict the fate and ecological risks of Hg in aquatic
environments.
In natural waters, a large amount of total Hg (THg)

(approximately 20−95%) is bound with suspended particles,
including inorganic minerals and particulate organic mat-
ter.13−16 Traditionally, particles are considered as an important
sink of Hg in aquatic ecosystems, considering the generally
believed low bioavailability of particle-bound Hg(II)
(HgP).

13,17 Recently, however, growing evidence has shown

that HgP species are also available for microbial uptake and
methylation, accounting an important source for aqueous
MeHg in lakes and marine environments.18−23 For instance,
field studies have suggested that the Hg-methylation potential
of settling particles are comparable to24 or higher than20 those
of surface sediments and are probably mediated by anaerobic
methylators in the anoxic microzones of particles.25 Laboratory
simulations further confirmed that HgP species could be taken
up by Hg methylators, and methylation rates were significantly
higher than Hg sulfide and even dissolved Hg(II) (HgD).

12,18

Considering the large storage of HgP in aquatic environments
(e.g., in water column and sediment) and the rapid integration
of MeHg generated from HgP into food webs,26 clarifying the
bioavailability of HgP is of critical importance for under-
standing the environmental fate and ecological risks of Hg.
Despite recent efforts to elucidate the microbial methylation

of HgP,
27−31 the extent to which HgP species can be taken up
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by microorganisms is still largely unknown. This is because it is
challenging to quantify and distinguish the contribution of HgP
and HgD to bioavailable Hg pools. Conventionally, diffusive
gradient thin film (DGT),32 thiol-based extraction approach,28

and Hg-methylation rate12,18 were applied to assess the
bioavailability of Hg(II). Although these methods work well
in assessing Hg(II) bioavailability, the DGT method is not
indicative of how Hg(II) crosses cell membranes in live cells,
which may be subject to errors if macromolecular organic
ligands and nanoparticulate dominate Hg(II) species.33 The
latter two methods can efficiently probe the Hg uptake by cells,
but they are cumbersome and time-consuming in distinguish-
ing the intracellular, microbial adsorbed Hg, and HgP, as well
as in detecting Hg or MeHg. The whole-cell biosensor offers
several advantages over these traditional methods in probing
the transmembrane process and assessing the bioavailability of
Hg(II). It can detect intracellular Hg in living cells in real-time
without any pretreatment because it reflects bioavailable Hg
fraction as fluorescent signals.10,34−38 However, whether/how
the whole-cell biosensor can be applied to assess the
bioavailability of HgP remains unknown. In addition, it is
unclear how surrounding redox conditions (i.e., oxic or anoxic
niches) and the physicochemical properties of particles affect
the microbial uptake of HgP species.
The objective of this study was to evaluate the role of

particles in the microbial uptake of Hg(II). For this purpose, a
whole-cell biosensor-based technique was developed for
rapidly assessing the bioavailability of HgP under both oxic
and anoxic conditions using both pure culture systems and
filtered natural waters. We assayed the sorption of Hg(II) on
natural particulate matter (PM), and used a Hg(II)-inducible
and constitutive whole-cell biosensor to investigate the role of
PM in controlling microbial Hg(II) uptake. We also explored
how the physicochemical properties of particles affected HgP
bioavailability using various model particles, including the
composition, particle size, surface ligands, and particle
concentration, and investigated the role of oxygen levels on
HgP bioavailability by considering the transition from an oxic
to an anoxic environment in a water column.

■ MATERIALS AND METHODS
Chemicals and Reagents. Natural soil PM was extracted

from a peat soil from Changbai Mountain, China (42°9′51″N,
126°44′7″E), referred to Huang et al.,39 to obtain two original
PM (PMMCB1 and PMMCB2), demineralized PM (demineralized
PMMCB), and ash fractions (ash PMMCB). Natural aquatic PM
was collected from the Yellow River (PMYR, 113°33′48″ N,
34°57′3.6″ E) and Chaobai River, China (PMCBR,
116°40′56″N, 40°9′54″E) in June 2021. Detailed extraction
procedures and basic characteristics of PM are presented in the
Supporting Information (SI 1 and Tables S1−S3). Model
particles of various sizes, including Fe2O3 (17, 40, 95, and 166
nm), Fe3O4 (98, 189, and 227 nm), Al2O3 (14, 422, and 1065
nm), and SiO2 (16, 373, and 2703 nm) were purchased from
XiaoHuang Nano Technology (Shanghai, China). Their basic
characteristics are presented in the Supporting Information
(Figure S1 and Table S4).
Hg(II) standard solution [1000 mg Hg L−1 Hg(NO3)2, in

5% HNO3] was obtained from Agilent (Palo Alto, CA). Humic
acid (HA) and cysteine (Cys, 98%) were purchased from Alfa
Aesar (Shanghai, China) and Sigma-Aldrich (St. Louis, MO)
and were used as organic ligands to prepare organic matter-
coated particles. 2,3-Dimercapto-1-propanesulfonic acid

(DMPS, 95%), a strong Hg-chelating agent used to wash off
Hg(II) adsorbed on cell surfaces,28 was obtained from Aladdin
(Shanghai, China). 3-(N-morpholino) propanesulfonic acid
(MOPS, >99%), used to prepare the exposure buffer, was
obtained from Sigma-Aldrich (St. Louis, MO). Other reagents
used to prepare culture media were biochemical/analytical
grade or higher and were obtained from Fisher Scientific
(Waltham, MA) or Sinopharm Chemical Reagent (Shanghai,
China). The ultrapure water (18.3 Ω) was prepared by a Milli-
Q IQ700 system (Merck Millipore, Billerica, MA).

Construction and Cultivation of the Whole-Cell
Biosensor. The Hg(II)-inducible biosensor (Escherichia coli
PRL) that could probe intracellular Hg was designed based on
previous reports.34,37,40 The merR genes and pUC57 backbone
for plasmid construction were the same as the literature,34,37,40

but the fbfp reporter genes were replaced with the luxCDABE
luminescence reporter genes because the luminescence signals
of luxCDABE increased linearly with the increase in Hg(II)
concentration,41 and showed no significant difference under
anoxic and oxic conditions.42 Briefly, merR genes and a pUC57
backbone were commercially synthesized by Sangon Biotech
(Shanghai, China). The luxCDABE genes were cloned from
the pAKlux2 (P8513) plasmid (MiaolingBio, Wuhan, China).
They were fused as the recombinant pUC57merR-luxCDABE
plasmid, where the expression of luxCDABE genes occurred
under the direct control of merR and was quantitatively
induced by intracellular Hg(II).35,38,43 Then, the constructed
plasmid was transformed into E. coli DH5α (TransGen
Biotech, Beijing, China), with plasmid selected/maintained
by 100 μg mL−1 ampicillin (Amp) to obtain the biosensor
strain E. coli PRL. Besides, a constitutive biosensor E. coli PJL,
which contains a control plasmid (pUC57-J23106-luxCDABE)
with luminescence emission as Hg(II)-independent, was
developed to assess the effect of cell physiology on
luminescence emission during exposure. The components of
E. coli PJL were similar with those of E. coli PRL, but merR was
replaced by the constitutive promoter BBa_J23106.34 The
long-term culture stocks of the biosensor strains were
maintained in the LB medium with 100 μg mL−1 ampicillin
and 30% sterile glycerol at −80 °C.
To initiate a biosensor assay, the stock strain was activated in

anoxic/oxic LB broth at 30 °C overnight and then inoculated
in anoxic-/oxic-modified MOPS buffer (MMOPS) at a 1%
inoculation level at 30 °C. After growing to the mid-
logarithmic growth stage (OD600 ≈ 0.6), cells were harvested
by centrifugation (2350 g for 10 min) and then washed three
times with fresh MMOPS before subsequent experiments.
Ampicillin was added to a final concentration of 100 μg mL−1

in all media. For anoxic assays, fumarate (50 mM) was
optimized as a limiting electron acceptor for exposure, and all
handlings and incubations were conducted in an anaerobic
glove chamber under an atmosphere of 80% N2, 10% H2, and
10% CO2. For oxic assays, all handlings were conducted on a
clean bench, and incubations were conducted in a shaker at
220 rpm. The detailed components of the LB broth and
MMOPS buffer are supplied in the Supporting Information (SI
2).

Anoxic and Oxic Bioassays of Hg(II). The bioassay steps
are present in Figure S2. For anoxic assays, the washed Hg(II)-
inducible biosensor cells (E. coli PRL, OD600 = 0.4−0.5) were
suspended with deoxygenated MMOPS to a final volume of 9.9
mL in 12 mL borosilicate glass vials. After 15 min pre-
incubation, 0.1 mL of Hg(II) standards (100 times the final
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concentration), freshly prepared from a 1000 mg Hg L−1

Hg(NO3)2 stock solution using MMOPS, was spiked in
suspensions to initiate the bioassays. Samples were incubated
at 30 °C in an anaerobic glove chamber. In 30 min intervals,
200 μL of samples from each vial were transferred into a sterile
polystyrene 96-well microtiter plate (Costar, Corning
Incorporated, Corning, NY), and the luminescence intensity
in each well was analyzed using a Varioskan LUX microplate
reader (v6.0.2.3, Thermo Scientific, Waltham, MA). Prior to
luminescence analysis, samples in microplates were shaken at
240 rpm for 30 s to ensure the full aeration required for the
luminescent reaction.42,44 For oxic bioassays, sample prepara-
tion was conducted as described for the anoxic bioassays, but
the MMOPS media were not deoxygenated, and all handlings
were carried out on a clean bench. The integral time of
luminescence analysis was 300 ms for anoxic and oxic assays.
Simultaneously, the constitutive biosensorE. coliPJL was
applied to assess the effect of cell phylogy on luminescence
emissions. Three replicates were prepared for each treatment,
and cell suspension without adding Hg(II) was set as a control.
Meanwhile, the OD600 was monitored via a microplate reader
to evaluate cell growth throughout the bioassays.
Additionally, to characterize the relationship between

intracellular Hg(II) and luminescence intensity, Hg(II)-
inducible biosensor cells (E. coli PRL) were exposed to 0−
200 μg L−1 Hg(II) under anoxic conditions. Meanwhile, cells
exposed to 20 μg L−1 Hg(II) under oxic conditions were used
for comparison. After 3 h, an aliquot (200 μL) was used to
analyze the luminescence intensity (see above). The remaining
aliquot was centrifuged (2350 g for 10 min) to collect the cell
pellets, and the cell surface adsorbed Hg(II) was washed off
using 2 mL of 100 μM DMPS (100 rpm, 40 °C for 30 min).28

Then, the washed cell pellets were suspended in 10 mM
MMOPS for intracellular Hg analysis using a direct mercury
analyzer (DMA-80, Milestone, Italy).45

Bioavailability Assays of Hg(II) Sorbed onto Natural
Particulate Matter. The effect of natural particles on Hg(II)
bioavailability was studied using the isolated PM. Before batch
experiments, luminescence of the biosensor (E. coli PRL)
induced by 0−50 μg L−1 Hg(II) in filtered river water (from
CBR or YR) was measured to ensure that the biosensor could
operate under oligotrophic conditions. The experimental
conditions were similar to the oxic bioassays of dissolved
Hg(II), but the MMOPS exposure buffer was replaced with
unprocessed filtered river water (CBR or YR). The character-
istics of the filtered river water are present in Table S2.
To investigate the bioavailability of HgP, the natural PM

(Table S1) was initially suspended in corresponding filtered
river water with a particle concentration of 0.1 g L−1 in 12 mL
borosilicate glass vials. Due to the absence of soil PM (MCB)
corresponding water, filtered CBR water was used instead. An
aliquot of Hg(II) stock solution was added to each vial,
reaching a final Hg(II) concentration of 20 μg L−1. Then, the
mixtures were shaken at 200 rpm for 24 h to reach equilibrium,
obtaining the PM-Hg(II) suspensions. For each treatment, six
replicates were prepared to 1) characterize Hg(II) sorption
onto particles by analyzing the THg and HgD in suspensions,
and 2) determine the bioavailability of HgP using the above-
mentioned biosensor. The THg concentration of one aliquot
(200 μL) was analyzed using a direct mercury analyzer (DMA-
80, Milestone, Italy). The remaining aliquots were filtered
through a 0.22 μm filter or 3 kDa ultrafiltration tube, oxidized
with BrCl (5% v/v) overnight, and analyzed for HgD using

cold-vapor atomic fluorescence spectrometry (CVAFS, Poly-
tech, Beijing, China). Thus, the sorption amount was
calculated by the difference between THg and HgD (HgP =
THg − HgD). The experimental procedures and conditions
were similar to those of the oxic Hg(II) bioassays, except the
biosensor cells were exposed to the PM-Hg(II) suspensions.
Three control groups were used: (1) filtered river water
without Hg(II); (2) particle suspension without Hg(II); and
(3) filtered river water with 20 μg L−1 Hg(II) (particle-free
control). All vials were acid-washed, dried, and heated in a
furnace at 500 °C for 30 min to remove Hg prior to be used.

Evaluating Factors Affecting the Bioavailability of
Particle-Bound Hg(II). To explore the factors controlling the
microbial uptake of HgP, 13 model particles, including Fe2O3
(17, 40, 95, and 166 nm), Fe3O4 (98, 189, and 227 nm), Al2O3
(14, 422, and 1065 nm), and SiO2 (16, 373, and 2703 nm),
were used to test the effect of (1) oxygen, (2) particle
composition, (3) particle size, (4) coating of organic matter on
particles, and (5) particle concentration on the bioavailability
of HgP. These five experiments were carried out by pre-
equilibrating particles with Hg(II) for 24 h, analyzing Hg(II)
sorption onto particles, and assaying the bioavailability of HgP
using the Hg(II)-inducible biosensor E. coli PRL. The
experimental procedures were similar to those used for PM,
but the filtered river water was replaced by deoxygenated or
oxic MMOPS. Unless specified, the bioavailability of HgP was
studied at a particle concentration of 0.1 g L−1 and a Hg(II)
concentration of 20 μg L−1 under anoxic conditions.
For experiment 1 (effect of oxygen), 166 nm Fe2O3 particle

was taken as an example, and bioassays were conducted under
both oxic and anoxic conditions. For experiment 2 (effect of
particle composition), 166 nm Fe2O3, 189 nm Fe3O4, 422 nm
Al2O3, and 373 nm SiO2 were used. For experiment 3 (effect of
particle size), all the 13 model particles were included. For
experiment 4 (effect of coating with organic matter), two
organic matter (HA and Cys)-coated particles were synthe-
sized from 166 nm Fe2O3. Herein, HA and Cys were used as
models of natural organic matter and low-molecular-weight
ligands because they have been shown to play important roles
in regulating the microbial uptake of Hg(II), and sorption/
desorption behaviors of Hg(II) by particles.12,19,46,47 Briefly,
0.25 g L−1 HA or 10 mM Cys were mixed with 5 g L−1 Fe2O3
particles in 1 mM NaCl solution. After shaking for 24 h, the
mixtures were filtered through 0.45 μm membranes (Millipore,
MA). Then, the HA- or Cys-Fe2O3 were washed three times
with ultrapure water, gently scraped from the membranes, and
oven-dried at 45 °C to constant weight. Fourier-transform
infrared spectrometry demonstrated that HA48 and Cys (www.
chemicalbook.com: CAS_52-90-4) were coated onto the
surface of Fe2O3 (Figure S3). For experiment 5 (effect of
particle concentration), 166 nm Fe2O3 particle was used, and
the bioavailability of HgP was studied using 0, 0.1, or 1 g L−1

Fe2O3. The luminescence in these particle suspensions without
added Hg(II) was similar to the background signal (cells only)
when assessed by Hg(II)-inducible (E. coli PRL) (Figure S4)
and constitutive biosensor (E. coli PJL, Figure S5), suggesting
that elements in these particles would not interfere with the
subsequent Hg(II) bioavailability analysis.

Imaging the Interactions between Particles and
Cells. Cell interactions with particles (166 nm Fe2O3) were
directly visualized using field emission environmental scanning
electron microscopy (FESEM, Quattro, Thermo Scientific,
USA) coupled with an energy-dispersive X-ray spectroscopy
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(EDS). Biosensor cells (E. coli PRL, ∼108 cells mL−1) were
mixed with 0.1 g L−1 particles and incubated anaerobically at
30 °C and then transferred onto a silicon wafer after 3 h.
Immediately, the interactions between bacteria and particles
were imaged by FESEM, and chemical compositions were
analyzed using EDS. The acceleration voltage was set as 15
keV.
Calculation of Intracellular Hg. Although HgP is the

major species in particle-Hg(II) suspension, there is still a
small fraction of HgD. Therefore, we defined the intracellular
Hg (CellHgT) into two fractions according to its source: (1)
intracellular Hg from HgD (CellHgD) and (2) intracellular Hg
from HgP (CellHgP).
Assuming that the presence/absence of particles would not

affect the microbial uptake of HgD species in suspension,
CellHgD can be estimated from the linear relationship between
intracellular Hg and dissolved Hg(II) concentration, with the
slope (a1) and intercept (b1) obtained from the following
equation

a b
CellHg

OD

Hg

OD
D

600
1

D

600
1= × +

(1)

where HgD is the dissolved Hg content in suspension; CellHgD
is the intracellular Hg originated from HgD; and OD600 is the
absorbance value for cell suspension at 600 nm and stands for
the cell density.

CellHgT in the presence of particles was estimated from the
linear relationship between intracellular Hg and luminescence
intensity (RLU), with slope (a2) and intercept (b2) obtained
from the following equation

a b
RLU

OD

CellHg

OD600
2

T

600
2= × +

(2)

where RLU is the luminescence intensity of cells exposed to
Hg(II); CellHgT is the intracellular total Hg. The parameters
a1, a2, b1, and b2 were obtained from the Hg(II) bioassays in
culture media and filtered natural water. Then, CellHgP was
estimated as the difference between CellHgT and CellHgD.

CellHg CellHg CellHgP T D= − (3)

where CellHgP is the intracellular Hg originated from
particulate fraction (HgP).

Statistical Analysis. All statistical analyses were conducted
by SPSS 19.0 software. Differences in Hg(II) bioavailability in
the presence/absence of different particles throughout
exposure were determined by repeated measures ANOVA
(MANOVA) at a confidence interval of 95%.

■ RESULTS AND DISCUSSION
Biosensor Can Probe Intracellular Hg in Culture

Media and Filtered Natural Water under Anoxic and
Oxic Conditions. In culture media, the luminescence of the

Figure 1. (A) Intracellular Hg (CellHg) versus spiked Hg(II) (HgD) and (B) luminescence intensity (RLU) versus CellHg (μg L−1) of exposed to
0−200 μg L−1 Hg(II) in culture medium (MMOPS) under anoxic conditions. (C) CellHg versus HgD and (D) luminescence intensity versus
CellHg exposed to 0−50 μg L−1 Hg(II) in normoxic filtered river water (CBR). Hg(II)-inducible biosensor E. coli PRL was used in these batch
experiments. The exposure time was 3 h, and all values were normalized to OD600 (un-normalized raw data were present in Table S5). CellHgD can
be estimated from the linear relationship between CellHg and HgD, with the slope (a1) and intercept (b1) obtained from the equations in figure (A)
(MMOPS) and (C) (filtered river water). CellHgT in the presence of particles can be estimated from the linear relationship between CellHg and
RLU, with slope (a2) and intercept (b2) obtained from the equations in figure B (MMOPS) and D (filtered river water).
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biosensorE. coli PRL was rapidly induced by Hg(II), with
signals detectable within 0.5 h, even at 1 μg L−1 Hg(II) under
both anoxic and oxic conditions (Figure S6A,B). At each
selected time point, the luminescence intensities linearly
increased with Hg(II) concentration from 1 to 20 μg L−1

under both anoxic and oxic conditions (Figure S6C,D). These
results were further confirmed by the intracellular Hg variation
(t = 3 h) analyzed by DMPS washing and AFS detection
(Figure 1). The results showed that intracellular Hg was
linearly correlated with the spiked Hg(II) concentration (r2 =
0.999, Figure 1A) and also with the luminescence intensity (r2

= 0.968, Figure 1B). However, at higher Hg(II) concentration
(>50 μg L−1), the intracellular Hg was nonlinearly correlated
with luminescence intensity. This may be due to the “ultimate
threshold” effect of transcription activity of mer operon, which
leads to insufficient aldehyde reductase and luciferase enzymes,
limiting the luminescence emission of E. coli PRL.49−51 In
addition, using the constitutive biosensor E. coli PJL, it was
found that luminescence intensity varied little when exposed to
different leveled Hg(II) (0−200 μg L−1) under anoxic
conditions (t = 3 h, Figure S7), suggesting that the
enhanced/decreased luminescence in Hg(II)-inducible bio-
sensor E. coli PRL (Figures 1 and S6) was Hg(II)-dependent
but not a result of cell physiology variation.52

Similar trends were observed for the filtered natural water
under normoxic conditions, but with a lower luminescence
intensity compared to culture media (Figures 1C,D, and S8).
This is probably due to (1) the limited nutrients (e.g., carbon
source) in river water, as evidenced by the significantly lower
luminescence emitted by constitutive biosensor E. coli PJL in
river water (CBR and YR) than that in MMOPS (Figure S9);
(2) the higher levels of divalent cations in filtered river water
(Table S2), which might hamper Hg(II) entering into cells.
For instance, Zn(II) and Mn(II) may compete for binding
sites with Hg(II) at the cell surface;53−55 Ca(II) and Mg(II)
may decrease the outer membrane permeability of bacteria;53

and (3) alkaline pH52 of river water (Table S2), which affect
Hg(II) speciation,56−58 particle chemistry,59 and microbial
activities,52,60 thus controlling the Hg(II) sorption/desorption
behaviors on particles and the microbial uptake process of
Hg(II).
Bioavailable Hg(II), generally defined as the fraction that

can cross the cell membrane,61 induces luminescence of the
Hg(II)-inducible biosensor once in the cell. Our results

suggested that biosensor E. coli PRL can probe the bioavailable
Hg(II) at environmentally relevant levels under both anoxic
and oxic conditions. We found no differences in the
luminescence intensity (p = 0.505, Figure S10A) or intra-
cellular Hg (p = 0.685, Figure S10B) between anoxic and oxic
exposure using the culture media. This suggests that the
biosensor was effective for exploring the effect of oxygen levels
on Hg(II) bioavailability. In addition, it was found that the
luminescence emissions of the constitutive biosensor (E. coli
PJL) increased linearly with OD600 values (Figure S11).
Therefore, the OD600 was used as a proxy for bacterial viability,
and all the data were normalized to OD600 so as to establish the
quantitative relationship between luminescence intensity and
intracellular Hg.

Hg(II) Sorbed onto Natural PM is an Important
Fraction for Microbial Uptake. PM is ubiquitous in natural
environments and can sorb and affect the chemical speciation
of Hg(II). We first tested the bioavailability of HgP using a
variety of natural PM. After equilibrating the PM with Hg(II)
for 24 h, the THg concentrations in suspension ranged from
11.67 ± 0.72 to 19.27 ± 0.72 μg L−1, with recoveries from 58
± 3.6 to 96 ± 3.6% (Figure 2A). The loss of Hg(II) might be
attributed to its reduction to elemental Hg (probably caused
by the mineral-associated ferrous iron in particles)62−64 and/or
adsorption onto the container walls.65 This would not affect
the overall experiments because THg in the suspension was
used in the subsequent calculations and only a portion of
suspension was taken for the HgP bioavailability analysis.
HgP was the dominant Hg species in all suspensions, with

percentages of Hg sorbed on particles being 88 ± 5.0%
(PMMCB1), 89 ± 3.7% (demineralized PMMCB), 83 ± 3.2%
(PMMCB2), 81 ± 14% (ash PMMCB), 74 ± 11% (PMYR), and 96
± 0.3% (PMCBR), respectively (Figure 2A). The difference in
Hg(II) sorption might be attributed to the various elemental
compositions, organic matter content, or surface characteristics
of particles (Tables S1 and S3). For instance, ash PMMCB and
PMYR particles contained more inorganic minerals (e.g., Fe and
Mn) and less organic matter (Table S2), which probably
resulted in a lower Hg(II) sorption capacity (Figure 2A),
compared with other particles.12 These results also suggest that
organic matter may play an important role in Hg(II) sorption
onto particles.12,66

To test whether HgP was available for microbial uptake, the
biosensor was applied to assay the bioavailability of Hg(II)

Figure 2. (A) Percent Hg(II) sorption and THg in suspension after equilibrating 0.1 g L−1 of particles with 20 μg L−1 of Hg(II) for 24 h; (B) the
uptake ratio of Hg(II) (% of THg) by the Hg(II)-inducible biosensor E. coli PRL from HgP and HgD in suspensions. Uptake ratio of Hg = (CellHgP
+ CellHgD)/THg in suspension. Each point represents data obtained from 3−4 replicates. Error bars represent the standard deviation.
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equilibrated with different types of PM for 24 h. For all of the
Hg-free controls, the luminescence remained unchanged
during the whole exposure (Figure S12), suggesting that the
substances present in these PM did not interfere with the
subsequent analysis. For particle-Hg(II) suspensions, the
luminescence intensities were comparable to those of
particle-free controls (HgD), except for PMCBR (Figure S12).
Estimation of CellHgT from the luminescence intensities
showed that the percent uptake of Hg(II) (ratio of CellHgT to
suspension THg) at 3 h varied significantly, displaying a
descending trend as follows: ash PMMCB (40 ± 2.9%) ≈ PMYR
(38 ± 1.5%) > demineralized PMMCB (31 ± 2.4%) ≈ PMMCB1
(31 ± 1.3%) ≈ PMMCB2 (30 ± 1.0%) ≈ particle-free control
(30 ± 1.1%) > PMCBR (3.1 ± 0.0%) (repeated MANOVA,
Figure 2B). Among the bioavailable Hg, 81 ± 2.9% (PMMCB1),
82 ± 1.8% (demineralized PMMCB), 76 ± 1.0% (PMMCB2), 78
± 6.1% (ash PMMCB), and 73 ± 0.5% (PMYR) of CellHgT were
from the HgP fractions (Figure 2B), suggesting striking
bioavailability of HgP. The presence of PMCBR was in stark
contrast with the others, where essentially all CellHgT were
from HgD species in suspensions (Figure 2B), but again a very
low overall bioavailable Hg fraction (3.1 ± 0.0%) needed to be
noted for this type of particle. This phenomenon could be
explained by the higher contents of Zn and Mn in PMCBR than
others (Table S3), which compete for binding sites with
Hg(II) at the cell surface.53,54,67 Besides, differences in other
characteristics of PM, for example, the organic carbon
(ultimately thiols),66 may also contribute to the differences
in Hg(II) bioavailability in the presence of different PM.
Overall, the much higher intracellular Hg than the initial
dissolved Hg content in suspensions (except for PMCBR, Figure
2A) suggested that the HgP species were readily bioavailable;
thus, the microbial uptake of PM-bound Hg(II) might be
widespread in aquatic environments, with the uptake extent
dependent on the nature of particles. These unusual
observations suggest that the HgP plays a more important
role in Hg biogeochemical cycle than previously recognized.68

Hg(II) Sorbed on Model Particles are Bioavailable
under Both Oxic and Anoxic Conditions. Because the
oxygen levels in water column gradually change during the
settling of particles,20,69 we assessed how the bioavailability of
HgP was affected by oxic and anoxic conditions, taking 166 nm
Fe2O3 as a model particle. Prior to bioavailability assays (E. coli
PRL), Hg(II) and particles were pre-equilibrated for 24 h, so
that most Hg(II) in the suspension was present in its particle-
bound form (94 ± 1.3%, Figure S13A). Under oxic condition,
the bioavailability of Hg(II) in the presence of particles was
comparable to that of the particle-free controls (p > 0.05,
repeated MANOVA; Figure 3), suggesting that HgP can be
internalized by aerobes in oxic environments. Interestingly,
under anoxic condition, the Hg(II) bioavailability in the
presence of particles was significantly higher than those of
particle-free controls and under oxic conditions (p < 0.05,
repeated MANOVA; Figure 3). This suggests that the oxygen
level of the surrounding environment is a key factor that
controls the bioavailability of HgP. One explanation for the
effects of oxygen on the microbe uptake of Hg is that bacteria
may have a greater affinity for particles under anoxic condition
than oxic one, probably due to the different functions of outer
membrane and metal transport systems,51,70−72 leading to
stronger interactions between bacteria and HgP. This
phenomenon was consistent with the interaction between
Shewanella oneidensis and goethite.72 In addition, differences in

redox chemistry of particles in the presence/absence of oxygen
might also contribute to the different bioavailabilities of HgP.
The presence of particles could result in a higher local

Hg(II) concentration and bacterial density on the particle
surface. Therefore, bacteria were more likely to internalize HgP
via an enhanced ligand exchange pathway due to the bacterial
secretion of thiol molecules (107−108 thiols per cell).12,18 As
evidenced by the FESEM and EDS results, cells were more
aggregated and were attached to the particle surfaces in the
presence of Fe2O3 (Figure 4A−C). In contrast, cells were more

Figure 3. Bioavailability of HgP (166 nm Fe2O3) under anoxic (-O2,
red) and oxic (+O2, blue) conditions. Hg(II)-inducible biosensor E.
coli PRL was used in this batch experiment, and luminescence (RLU)
is used as a proxy for the amount of intracellular Hg. Initial Hg(II)
concentration was 20 μg L−1, and the particle concentration was 0.1 g
L−1. The luminescence intensities were normalized to OD600 (un-
normalized raw data are present in Table S6). Each data point
represents data obtained from 3−4 replicates. Error bars represent the
standard deviation.

Figure 4. FESEM and EDS images for 166 nm Fe2O3 particles (0.1 g
L−1) and E. coli RPL cells (∼108 cells mL−1) under the anoxic
condition. (A) FESEM images of cells in the presence of particles; (B)
EDS mapping images of C element representing the cells in figure
(A); (C) EDS mapping images of Fe element representing the
particles in figure (A); and (D) FESEM images of cells in the absence
of particles. The acceleration voltage was 15 keV. Samples were
prepared by dropping a drop of particle-cell or cell suspension onto a
silicon wafer.
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dispersed in the particle-free control (Figure S4D). At 3 h of
anoxic exposure, the estimated CellHgT for cells exposed to
Fe2O3-bound Hg(II) (0.1 g L−1 particle concentration) was
7.23 ± 0.16 μg L−1, equivalent to 36 ± 0.8% of THg in
suspension (Figures 5A and S14A), which was significantly
higher than the initial HgD percent (6.0 ± 1.3%) in suspension
(Figure S13). These results support the conclusion that
bacteria can internalize HgP directly from particles, rather than
from the solution after Hg(II) desorption.12 In addition, the
bioavailability of HgP decreased upon increasing the particle
concentration from 0.1 to 1 g L−1 (Figures 5A and S14A) at
fixed initial Hg(II) and bacterial concentrations. Thus, it is
reasonable to conclude that increasing the particle concen-
tration decreased the amount of adsorbed Hg(II) per particle,
which reduced interactions between cells and Hg(II).
Microbial Uptake of Particle-Bound Hg(II) is Ubiq-

uitous for Various Model Particles. The bioavailability of
HgP was further assayed using three model particles, including
Fe3O4 (189 nm), Al2O3 (422 nm), and SiO2 (373 nm). After
equilibrating for 24 h, 93 ± 0.2 to 96 ± 0.6% of Hg(II) in
suspensions were present in its particle-bound form (Figure
S13). Similar to Fe2O3, biosensor luminescence (E. coli PRL)
was significantly induced by HgP on Fe3O4, Al2O3, and SiO2

particles (Figure S14B). Because these particles are commonly
found in aquatic environments,73−75 these data further
supported the above observation that the microbial uptake of
HgP is widespread in natural aquatic environments.

Statistical analysis (repeated MANOVA) showed that the
bioavailability of HgP varied significantly among different
particles, displaying an trend of Fe2O3 (p < 0.05) > particle-
free control (p > 0.05) ≈ Fe3O4 (p > 0.05) ≈ SiO2 (p < 0.05)
> Al2O3. At 3 h, the CellHgT concentrations in the presence of
Fe2O3, Fe3O4, and SiO2 were 4.59 ± 0.17, 4.68 ± 0.07, and
4.59 ± 0.44 μg L−1, which were comparable to that of particle-
free control (4.65 ± 0.13 μg L−1) (Figure 5B); however, it was
significantly lower for Al2O3 (3.08 ± 0.13 μg L−1), possibly due
to the selective bacterial recognition of mineral surfaces. For
example, Fe2O3-coated glass adhered more bacterial cells
(including E. coli) than that of the Al2O3-coated glass;76,77 S.
oneidensis interacted more closely with goethite (α-FeOOH)
than diaspore (α-AlOOH), as evidenced by biological force
microscopy.78 This difference is reasonable considering that
bacteria have a greater affinity for particle that can provide
nutrition (e.g., Fe) for their growth.78,79 Generally, bacteria
produce siderophores, for example, anaerobic biosynthesis of
enterobactin in E. coli,80 to dissolve iron in iron oxide minerals,
which enhances the influx of iron nutrients.72,80,81 In addition,
differences in particle size, surface charge (Table S4), and
functional group on particle surfaces could also affect the
bioavailability of Hg(II) sorbed onto various particles. These
data also support the above observations that the HgP of ash
PMMCB and PMYR containing higher iron levels had a greater
bioavailability than other PM.

Hg(II) Sorbed on Different-Sized Particles are
Available for Microbial Uptake. We further assayed the

Figure 5. Factors affecting the microbial uptake of Hg(II) in the presence of various particles including (A) particle concentration (0, 0.1, and 1 g
L−1 166 nm Fe2O3); (B) particle type (Fe2O3, Fe3O4, Al2O3, and SiO2); (C) particle size (17, 40, 95, and 166 nm Fe2O3); and (D) organic coatings
(HA- and Cys-Fe2O3). Bare Fe2O3 is the uncoated 166 nm Fe2O3. CellHg (y-axis) is the total intracellular Hg concentration (μg L−1); CellHgP
(blue bars) and CellHgD (purple bars) are the intracellular Hg fractions originated from the particulate (HgP) and dissolved Hg(II) (HgD) in
suspension, respectively. Hg(II)-inducible biosensor E. coli PRL was used in these batch tests, and experiments were conducted under anoxic
conditions (t = 3 h). The initial Hg(II) concentration was 20 μg L−1. Unless specified, the particle concentration was 0.1 g L−1. Each point
represents data obtained from 3−4 replicates. Error bars represent the standard deviation.
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effects of particle size on the bioavailability of HgP using 17, 40,
95, and 166 nm Fe2O3. After pre-equilibrating for 24 h, 94 ±
1.3 to 99 ± 1.3% of Hg(II) in suspensions was present in its
particle-bound form (Figure S13). Similar to the 166 nm
Fe2O3 and particle-free control, biosensor luminescence (E. coli
PRL) was rapidly induced by HgP using 17, 40, and 95 nm
Fe2O3 under anoxic conditions (Figure S14C), while the
intensities were significantly lower, displaying a trend of 166
nm > particle-free control >17 > 40 > 95 nm (p < 0.05,
repeated MANOVA). CellHgT at 3 h in the presence of 166
nm Fe2O3 was 4.59 ± 0.17 μg L−1 (uptake ratio: 23 ± 0.8%),
which was 1.79, 2.24, and 2.63 times higher than that of 17
(2.59 ± 0.09 μg L−1), 40 (2.10 ± 0.15 μg L−1), and 95 nm
(1.81 ± 0.03 μg L−1) Fe2O3 (Figure 5C). Similarly, the HgP of
Fe3O4, Al2O3, and SiO2 with different particle sizes was also
available for microbial uptake, but it varied depending on the
particle size (Figure S15). These results suggest that HgP could
be internalized by microbes at all particle sizes tested although
the bioavailability of HgP was affected by the particle size. The
effect of particle size could be attributed to the different
interactions between bacteria and particles of different sizes.82

For instance, 17 nm Fe2O3 was in the range of 8.4−29.2 nm.
As previously suggested, particles smaller than 10 nm can
penetrate the outer cell wall of bacteria,82 acting as shuttles to
deliver sorbed Hg(II) into cells. For larger particles, however,
HgP could enter cells via ligand exchange as mentioned above.
In addition, the different specific surface areas of particles,
which affects its Hg(II) sorption behaviors,83,84 might also
contribute to the differences in HgP bioavailability with
different sizes. Further studies are needed to explore the
mechanisms involved in the interaction between bacteria and
different-sized particles to clarify the particle size-dependent
internalization of HgP in aquatic environments.
Coating with Organic Matter Reduces the Bioavail-

ability of Particle-Bound Hg(II). In natural environments,
particles are generally coated with organic matter, changing the
surface functional groups and, thus, affecting the sorption/
desorption behavior of Hg(II).10,12 To investigate how
coatings with organic matter on particles affect the microbial
uptake of HgP, we explored the bioavailability of HgP using the
synthesized HA- and Cys-Fe2O3 (166 nm) particles. Whether
coated with HA or Cys, the bioavailability of HgP was lower
than that of bare Fe2O3 (uncoated 166 nm Fe2O3) under
anoxic conditions (p < 0.05, repeated MANOVA; Figure
S14D). Nevertheless, the HgP of HA-Fe2O3 displayed
significantly higher bioavailability than that of the particle-
free control (p < 0.05, repeated MANOVA; Figure S14D).
Accordingly, at 3 h, CellHgT in the presence of bare Fe2O3 was
7.23 ± 0.16 μg L−1, which decreased to 6.61 ± 0.38 and 2.01 ±
0.06 μg L−1 for HA- and Cys-Fe2O3, respectively (Figure 5D).
Two mechanisms may be responsible for the decreased

bioavailability of HgP with coating of organic matter: (1)
organic coatings on particle surface enhanced the binding
strength of Hg(II) to particles, making it harder for bacteria to
compete for Hg(II) sorbed onto particles. This is partially
supported by the finding that Cys has stronger Hg(II)
complexation than HA,66,85 and thus, the microbial uptake of
Hg(II) from Cys-Fe2O3 was much lower than that from HA-
Fe2O3 (Figures 5D and S14D). In addition, the significantly
decreased bioavailability of Hg(II) sorbed on iron sulfide
nanoparticles, through chemisorption of Hg(II) or formation
of inert Hg sulfide, can also support this finding;86 (2) coatings
with HA or Cys limited the adhesion of bacteria onto particles,

due to the electrostatic repulsion-enhanced dispersion of
particles.87−89 This hypothesis was in line with the more
negative charge and the smaller hydrodynamic diameters of
HA- and Cys-Fe2O3 than the bare ones (Table S4). Overall,
these results suggested that organic coatings on particle surface
significantly affect the bioavailability of Hg(II), which can
partially explain the significantly lower bioavailability of HgP
for PMCBR than PMYR (Figures 2B and S12B).

Environmental Implications. We developed a new
approach based on a Hg(II)-inducible (E. coli PRL) and
constitutive (E. coli PJL) whole-cell biosensor to evaluate how
particles affect the Hg(II) bioavailability to bacteria. This
approach makes it possible to trace the contribution of
particle-bound Hg(II) to intracellular Hg in real-time without
tedious additional treatments [e.g., separation of microbes and
particles, and elution of microbial adsorbed Hg(II)]. Assaying
the HgP bioavailability of natural and model particles
demonstrated that the microbial uptake of HgP was ubiquitous
in aquatic environments. Because HgP was previously
recognized as an inert Hg species that could not be internalized
by microorganisms, this novel finding has a significant
implication on the bioavailability of Hg in the water column,
sediment, and soil. The bioavailability of HgP in the
environment can be controlled by a variety of particle
characteristics, including their composition, size, and surface
coating. In aquatic environment, PM has great spatial and
temporal heterogeneity, which will thus greatly affect the
bioavailability of Hg(II). In addition, we showed that HgP may
be an important Hg(II) source for microbes in both oxic and
anoxic environments, with enhanced bioavailability under
anoxic conditions. This observation is significant for the
probing Hg biogeochemical cycle in oxygen-gradient aquatic
environments, especially for stratified lakes, reservoirs, and
oceans. In oxic surface water, HgP could be internalized and
reduced to elemental Hg by aerobic Hg reducers (e.g., merA-
carrying microbes), decreasing Hg levels in aquatic systems;
however, upon the settlement of particles, HgP could be
internalized by the dominant anaerobes (including Hg
methylators) on the particles, increasing MeHg formation
and thus the risk of Hg to aquatic food webs. Overall, our
findings help explain why settling particles have an enhanced
Hg-methylation potential in aquatic systems. In addition, our
data shed light on the enhanced MeHg production in
sediments, where particle-bound Hg(II) is an important
Hg(II) species in anoxic porewater.
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