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Abstract Mercury resistant bacteria play a critical

role in mercury biogeochemical cycling in that they

convert methylmercury (MeHg) and inorganic mer-

cury to elemental mercury, Hg(0). To date there are

very few studies on the effects of speciation and

bioavailability of MeHg in these organisms, and even

fewer studies on the role that binding to cellular

ligands plays on MeHg uptake. The objective of this

study was to investigate the effects of thiol complex-

ation on the uptake of MeHg by measuring the

intracellular demethylation-reduction (transforma-

tion) of MeHg to Hg(0) in Hg-resistant bacteria.

Short-term intracellular transformation of MeHg was

quantified by monitoring the loss of volatile Hg(0)

generated during incubations of bacteria containing

the complete mer operon (including genes from

putative mercury transporters) exposed to MeHg in

minimal media compared to negative controls with

non-mer or heat-killed cells. The results indicate that

the complexes MeHgOH, MeHg-cysteine, and MeHg-

glutathione are all bioavailable in these bacteria, and

without the mer operon there is very little biological

degradation of MeHg. In both Pseudomonas stutzeri

and Escherichia coli, there was a pool of MeHg that

was not transformed to elemental Hg(0), which was

likely rendered unavailable to Mer enzymes by non-

specific binding to cellular ligands. Since the rates of

MeHg accumulation and transformation varied more

between the two species of bacteria examined than

among MeHg complexes, microbial bioavailability,

and therefore microbial demethylation, of MeHg in

aquatic systems likely depends more on the species of

microorganism than on the types and relative concen-

trations of thiols or other MeHg ligands present.
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Introduction

The amount of mercury (Hg) in the biosphere has

increased since industrialization due to human activ-

ities, and this increase has led to higher levels of

methylmercury (MeHg) in aquatic organisms
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consumed by humans (Driscoll et al. 2013). Con-

sumption of fish and other seafood is the major MeHg

exposure route for much of the human population

(Bjerregaard 1996; Aschner and Aschner 1990), and

there are substantial human health concerns related to

this exposure (Ask et al. 2002; Harada 1978; Bakir

et al. 1980). While much of the MeHg formed in

aquatic systems is due to microbial processes, the

amount of MeHg in aquatic ecosystems is controlled

by its production and demethylation by both biological

and abiotic processes (Morel et al. 1998). The largest

bioconcentration step for aquatic food chains is

between water and the base of the food web (Watras

and Bloom 1992), and studies have shown that the

bioconcentration factor varies widely across ecosys-

tems. The most important factor influencing the

accumulation of MeHg by microorganisms (bacteria

and phytoplankton) has been shown to be the aqueous

speciation of MeHg complexes (Ndu et al. 2012;

Luengen et al. 2012). MeHg? forms stable aqueous

complexes with several inorganic anions (OH-, Cl-,

HS-) and organic ligands, especially those containing

reduced sulfur groups (e.g. thiols) (Rabenstein 1978;

Berthon 1995). Thermodynamic modeling studies of

pore water of common wetland soils and sediments

indicate that organic thiols bind up to 50 % of

dissolved mercury (Skyllberg 2008). Lower molecular

weight thiols, like glutathione and cysteine, are a small

subset of these organic thiols. While neutrally charged

complexes of MeHg (e.g. MeHgCl and MeHgOH)

have been shown to accumulate in microorganisms by

passive diffusion (Mason et al. 1996; Benoit et al.

2001), the role of organic complexation, especially

low molecular weight compounds, on MeHg accumu-

lation is less clear.

Hg methylation rates in the anaerobic, Fe-reducing

bacterium Geobacter sulfurreducens were higher

when Hg2?was bound to cysteine rather than chloride,

but were lower in the presence of glutathione and

penicillamine (Schaefer and Morel 2009). In contrast,

it was found that thiols did not affect the accumulation

of Hg(II) by the sulfate-reducing Desulfovibrio desul-

furicans (Gilmour et al. 2011). It is not known whether

MeHg is taken up in a similar manner to inorganic Hg.

Using amer-lux bioreporter to evaluate bioavailability

of MeHg, it was reported that binding of cysteine with

MeHg resulted in increased bioavailability in aerobic

bacteria whereas increased binding with glutathione

reduced bioavailability of MeHg (Ndu et al. 2012). It

was also shown that higher molecular weight organic

matter like humic acids reduced the bioavailability of

MeHg when MeHg is bound to it. While these results

demonstrated an effect of thiols on MeHg accumula-

tion, they could not be used to determine the short-

term uptake kinetics by which various complexes of

MeHg are accumulated. The data presented in (Ndu

et al. 2012) represents uptake in cells that do not have

the Hg transporters and may not necessarily apply to

Hg-resistant cells which have Hg transporters.

Here we examine the short-term uptake of MeHg

into mercury-resistant bacteria to evaluate how speci-

ation impacts uptake in these organisms. Broad

spectrum Hg-resistant cells are able to transform

MeHg to methane and the divalent mercuric ion

(Hg2?), and subsequently reduce Hg2? to elemental

mercury (Hg(0)) (Barkay et al. 2003). The transfor-

mation from MeHg to Hg(0) results from the com-

bined activities of the enzymes MerB

(organomercurial lyase) and MerA (mercuric reduc-

tase). Broad spectrum Hg-resistant cells also possess

Hg transporters (MerT and MerE) in their cell

membranes which act in conjunction with the periplas-

mic bound protein MerP to import Hg(II) and MeHg

(Sone et al. 2010). With appropriate controls, the

intracellular transformation rates of MeHg can be

determined in broad spectrum, Hg-resistant bacteria

by measuring the conversion of MeHg to volatile

Hg(0) which can be purged from reaction vessels

(Chien et al. 2010). In this study, we examined the

effects of thiol complexation on the uptake of MeHg

by quantifying the intracellular demethylation and

reduction ofMeHg in two broad spectrumHg-resistant

strains (Escherichia coli and Pseudomonas Stutzeri

OX).

Materials and methods

Strains

In our assays, we used a strain of E. coli with broad

spectrum mercury resistance obtained from the study

of Chien et al. (2010). This strain contains two

plasmids pHYR1A and pET-MB1B1. The plasmid

pHYR1A was developed from the pHY300PLK

vector and includes the mer operon genes (E, P, T,

and A) from B. cereus RC607 under the control of the

mer promoter. Mer E, and Mer T are transport proteins
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while MerP is a perisplasmic binding protein that

assists in the transport of Hg species by binding and

bringing these species to the transporters which then

convey Hg into cells. The formation of a tri-coordinate

complex between Hg(II) and three cysteine residues in

the high affinity binding site of the regulatory protein

MerR is essential for the induction of the mer operon

by Hg(II) (Helmann et al. 1990; Summers 1992). The

pET-MB1B1 plasmid was developed from the PET-9a

vector and includes merB under the control of the lac

promoter. Thus in this strain, MerA is synthesized

after induction with Hg(II) while MerB is synthesized

upon induction by isopropyl b-D-1-thiogalactopyra-
noside (IPTG).

Pseudomonas Stutzeri OX was also used in our

study. P. stutzeri OX is a natural strain that has 2 mer

operons (a narrow spectrum mer operon and a broad

spectrum mer operon) located on the 80-kb plasmid,

pPB (Reniero et al. 1995, 1998). The plasmid pPB has

a functioning transport system which includes genes

for the transporters MerT and MerC, and the

perisplasmic binding protein MerP (Reniero et al.

1995, 1998).

Materials

A MeHg standard was obtained from Brooks Rand

Corporation. Luria–Bertani (LB) medium containing

kanamycin (50 lg mL-1) and ampicillin (100 lg
mL-1) was the growth medium. M63 and M9 minimal

media (Miller 1972) containing kanamycin

(25 lg mL-1) and ampicillin (50 lg mL-1) were

used in intracellular MeHg transformation experi-

ments. Since one of our objectives was to study the

effects of extracellular MeHg speciation on the

intracellular transformation of MeHg, it was necessary

to carry out experiments in a minimal medium where

the concentrations of anions and ligands are more

clearly defined. The M63 minimal medium consists of

KH2PO4 (100 mM), (NH4)2SO4 (15 mM), FeSO4.7-

H2O (1.7 lM), MgSO4 (1 mM), and glycerol (0.4 %)

while M9 consists of Na2HPO4 (42 mM), KH2PO4

(22 mM), NaCl (9 mM), MgSO4 (1 mM), NH4Cl

(18.7 mM), and glycerol (0.4 %). Vitamins and yeast

were not added in minimal media so as to simplify the

speciation of MeHg. Minimal media was not used for

growth because E. coli grows very slowly in these

media (Selifonova et al. 1993). Minimal media used

for E. coli cultures was further amended with IPTG

(0.1 mM) during the assay. The pH of both media was

7. Solutions of the thiols used in this study (cysteine

and glutathione), were prepared just before each

experiment by dissolution of these compounds in

water that had been deoxygenated by bubbling with

ultrapure nitrogen.

Mer assays

A single colony of the E. coli strain was grown

aerobically in LB medium containing the appropriate

antibiotics at 37 �C while shaking at 270 rpm over-

night (O/N). A portion of the O/N culture was added to

fresh LB medium and grown for 3 h with an IPTG

concentration of 0.1 mM. Cells were then repeatedly

washed with minimal medium (Ndu et al. 2012).

Pseudomonas stuzeri OX was grown aerobically at

30 �C in LBmedium. A portion of the O/N culture was

added to fresh LB medium and grown until mid-log

phase. The cells were then washed with M9 minimal

medium as described above.

To examine the effect of speciation on the trans-

formation of MeHg, the concentration of MeHg

(19 nM, 186.6 nM) was kept constant while the

concentration of the ligand (cysteine or glutathione)

was fixed at 80 nM or 1000 nM. As 80 nMwas shown

by equilibrium calculations with Mineql to be suffi-

cient to bind all MeHg (at 19 nM), short-term

intracellular transformation experiments were per-

formed with 80 nM thiol and 19 nM MeHg. MeHg

was mixed with each ligand in 0.5 mL of water before

the addition of cells with an optical density (660 nm)

of 0.1 in 2 mL minimal media. The final volume at the

start of the experiment was 2.5 mL and the optical

density was 0.073 which corresponds to a cell number

of 0.6 9 106 cells mL-1 obtained by direct counts. At

specific time intervals, cell suspensions were bubbled

with ultrapure nitrogen to remove Hg(0) and then

preserved with bromine chloride (BrCl) solution

(0.2 N) (Lawson and Mason 1998; EPA 2002).

Following a 24 h digestion with BrCl, samples were

treated with hydroxylamine, and analyzed for total

mercury using the Hydra AA Automated Mercury

Analysis System. The loss of mercury was calculated

by subtracting the amount of mercury remaining from

what was added, and is reported as percentage Hg loss.

Assays were done in triplicate and the standard error is

reported. A blank experiment and a negative control
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using an E. coli strain that does not have any

component of the mer operon were performed in like

manner. For assays involving P. stutzeri, a negative

control experiment was performed by using heat killed

cells. Statistical analysis was performed by using a

t test (P\ 0.05) to compare means at equivalent time

points.

Heat killed cells assay

In order to evaluate the role of non-specific binding of

MeHg to cell membranes in the bioavailability of

MeHg, intracellular MeHg transformation was mea-

sured in assays of live P. stutzeri cells incubated with

variable amounts of heat killed cells. P. stutzeri cells

from a moderately dilute culture (O.D.660 = 0.1) were

killed by incubating at 80 �C for 30 min. In these

assays, a fixed amount of live cells (2 ml at

O.D.660 = 0.1) was added to a variable amount of

dead cells (0, 1, 2, 3 mL at O.D.660 = 0.1) before

exposure to 19 nM MeHg in M9 media.

Results and discussion

Effect of speciation

The Hg-resistant strain of E. coliwas able to transform

most of the MeHgOH, MeHg-cysteine (MeHgCYS)

and MeHg-glutathione (MeHgGSH) into purgeable

Hg(0) over 12 h (Fig. 1) indicating that all three forms

of MeHg were bioavailable to this bacterium. The loss

of Hg represents the minimum amount of MeHg that

entered the cells. Although MeHgOH and MeHgCYS

displayed higher bioavailabilities than MeHgGSH

(Fig. 1), the differences were not statistically signif-

icant. These results are consistent with those of Ndu

et al. (2012) who, using a mer-promoter-linked

bioluminescent (mer-lux) bio-reporter, showed that

MeHgCl, MeHgOH, MeHgCYS and MeHgGSH were

all bioavailable. Whereas Ndu et al. (2012) found that

MeHgCYS was more bioavailable than MeHgOH and

MeHgCl, the present study could not distinguish

between the bioavailabilities of MeHgCYS and

MeHgOH. A key difference between the strains used

in this study and Ndu et al. (2012) is that the strains

used in this study have Mer transporters (Mer E, T and

C) and the perisplasmic protein (MerP) which might

affect the nature ofMeHg uptake into cells. A negative

control experiment and a blank experiment showed

that the loss of Hg in Hg-resistant bacteria is due to the

activities of MerB and MerA (Fig. 2a, b), and without

these enzymes there is very little MeHg transforma-

tion. When compared to other approaches used to

examine uptake across the membrane (Schaefer and

Morel 2009; Deng et al. 2013), the experimental

approach used in this study offers the advantage of

providing an estimate of MeHg uptake without a cell-

surface wash.

Our subsequent short-term uptake experiments

showed that the loss of MeHgOH was faster than that

of MeHgCYS in P. stutzeri (Fig. 2a). Similarly, in

E. coli slightly more MeHgOH was transformed in 1 h

than MeHgCYS (Fig. 2b). It would appear that P.

stutzeri transforms MeHg much faster than the E. coli

strain given that P. stutzeri attained a maximum extent

of transformation at about 1 h or less after exposure to

MeHg while in E. coli, it took about 6 h to reach the

maximum extent of transformation. Thus, P. stutzeri

may be a better candidate for use inMeHg remediation

bioreactors.

The differences in the transformation rates are

consistent with our understanding of the uptake of

MeHg by mercury-resistant microbes. If the rate of

transfer of the MeHg from the ligand complex in

solution to the transporter on the cell surface is the rate

limiting step, or occurs at a similar rate to the
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Fig. 1 Bioavailable fractions (portion converted to purgeable

Hg(0)) of MeHgOH, MeHgCYS and MeHgGSH in a Hg-

resistant strain of E. coli. Cells (O.D. = 0.07, cell num-

ber = 0.6 9 106 cells mL-1) were exposed to 186 nM of

MeHg in the absence of an organic ligand (MeHgOH) or in the

presence of 1000 nM of cysteine or glutathione in M63 minimal

medium for 12 h. MeHgOH, MeHgCYS and MeHgGSH

represent methylmercury-hydroxide complex, methylmercury-

cysteine complex and methylmercury-glutathione complex

respectively. Equilibrium calculations show that all of the

added MeHg was bound to thiol ligands in the presence of

1000 nM cysteine or glutathione
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internalization reaction, then the speciation in the

solution would have an impact on the transformation

rate. Additionally, it would be expected that inorganic

complexes would be transformed more rapidly than

organic complexes. This is exactly what we found. If

the internalization reaction was the rate limiting step,

then the complexation in solution and the rate of

transfer of the MeHg to the surface site on the

transporter would occur at a more rapid rate, regard-

less of the speciation in solution. The observed

differences strongly indicate that the transfer of the

MeHg from the solution complexes to the transporter

occur at a rate slower than or comparable to the rate of

uptake and internal demethylation.

Evaluation of the biosensor approach

As previously described in Ndu et al. (2015), for

proper interpretation of the results of the assays based

on Hg(0) production, other processes that could

produce Hg(0) from the added MeHg within the

medium or at the surface/within cells must be taken

into account as such processes would influence the net

amount of Hg(0) in the medium. Examination of the

negative controls shown in Fig. 2a, b, which are

suspensions of cells without the mer operon or dead

cells, indicates that there is some loss of MeHg

occurring that is independent of the activities of Mer

enzymes, with a maximum amount of 10–18 %.

Abiotic (photochemical) demethylation is likely pro-

ducing this Hg(0) as any inorganic Hg(II) produced by

demethylation would likely be further reduced to

Hg(0). This abiotic degradation is significantly lower

than values obtained from other assays indicating that

the majority of the Hg(0) mercury is formed as a result

of the activities of MerB and MerA.

There is also the possibility for the transformation

of Hg(0), primarily through oxidation to Hg(II), which

would lead to an underestimate in the degree of

transformation. Hg(0) has been shown to oxidize to

Hg(II) through biotic and abiotic pathways (Gu et al.

2011; Zheng et al. 2012, 2013; Yamamoto et al. 1995).

If there was net oxidation in the medium then

estimates of bioavailability could be higher than

derived from the assays reported here. However,

Smith et al. (1998) compared Hg(0) oxidation rates in

aerobic bacteria to Mer induced reduction rates in the

same bacteria and found that Hg(0) oxidation rates

were more than an order of magnitude lower than rates

of Hg(II) reduction catalyzed by Mer enzymes.

Furthermore, estimates from another previous study

(Yamamoto et al. 1995) indicated that under oxic
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Pseudomonas stuzeri Escherichia  coliA B

Fig. 2 a Transformation rates of MeHgOH, MeHgCYS and

MeHgGSH into purgeable Hg(0) by Hg-resistant Pseudomonas

stuzeri (O.D. = 0.07, cell number = 0.6 9 106 cells mL-1)

exposed to 19 nM of MeHg with or without 80 nM of cysteine

or glutathione in minimal medium. The negative control

experiment was performed under the same experimental

conditions but with heat killed P. stutzeri cells. MeHgOH,

MeHgCYS and MeHgGSH represent methylmercury hydroxide

complex, methylmercury-cysteine complex and methylmer-

cury-glutathione complex, respectively. b Transformation rates

of MeHgOH, and MeHgCYS into purgeable Hg(0) by Hg-

resistant Escherichia coli suspensions (O.D. = 0.07, cell

number = 0.6 9 106 cells mL-1) exposed to 19 nM of MeHg

with or without 80 nM of cysteine or glutathione in minimal

medium. The negative control experiment was performed under

the same experimental conditions but with an E. coli strain that

lacked the mer operon. MeHgOH, and MeHgCYS represent

methylmercury hydroxide complex, and methylmercury-cys-

teine complex respectively
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conditions, the rate of abiotic oxidation of Hg(0) in the

presence of cysteine was about 0.23 % after 10 h, or

0.02 %/h which will have little or no impact on the

results of this study. Hence, for these reasons, Hg(0)

oxidation is not thought to affect the validity of the

results obtained in this study.

Effect of membranes

A portion of theMeHg added to all incubations, and/or

the inorganic Hg(II) formed by the demethylation of

MeHg, was subsequently not reduced to Hg(0) by the

Hg-resistant bacteria used in this study (Figs. 1, 2).

This pool of MeHg and/or inorganic Hg(II) was likely

rendered unavailable to Mer enzymes by binding to

cellular ligands within the bacteria (Schaefer and

Morel 2009). To examine the importance of binding to

cellular sites in limiting the overall extent of Hg(0)

formation, an experiment with Hg-resistant P. stutzeri

was conducted in which varying amounts of heat

killed cells (80 �C for 30 min) were added to a fixed

amount of live cells. If non-specific binding of MeHg

and Hg(II) was an important sink for Hg besides its

conversion to Hg(0), then the initial rate of loss of

MeHg from the medium, and the formation of Hg(0),

would be slower in the presence compared to the

absence of dead cells. This is what we found (Fig. 3).

This suggests that a portion of MeHg is bound to

surfaces which render it not readily bioavailable, and

therefore it is not converted to Hg(0) by themer genes.

This conclusion is in agreement with past studies

(Rasmussen et al. 1997) which found that increasing

cell density reduced mer-lux bioassay sensitivity to

Hg(II). It has also been reported that live phytoplank-

ton cells accumulated more MeHg than in dead cells

(Luengen et al. 2012), indicating that uptake into

phytoplankton was dominated by active processes.

However, there was a gradual increase in the

demethylation-reduction rate of MeHg with time in

the medium containing heat killed cells which would

suggest that the pool of mercury attached to dead cells

increasingly becomes available for transformation as

the dead cells degrade. Thus, binding with the surfaces

of dead cells is not irreversible and these surfaces can

act as a reservoir of MeHg in these incubations. We

suggest that as more MeHg is taken up into live cells

depleting the medium concentration, MeHg bound to

dead cells is released into solution.

Environmental relevance

Our study demonstrates that MeHg-thiol complexes are

acceptable substrates for MeHg transformation in Hg-

resistant bacteria. MeHgCYS and MeHgGSH com-

plexes are environmentally important because in

organic matter-rich systems, these complexes are pre-

sent at sufficient concentrations that they could be the

dominant complexes delivering MeHg and Hg to

microbes (Schaefer and Morel 2009; Schartup et al.

2013). For example, MeHg-thiol complexes were

reported to be the dominant MeHg complexes in a

eutrophic fluvial wetland located in Baie St. Francois,

Canada (Zhang et al. 2004). The present results suggest

that the microbial bioavailability of MeHg in such

systems will depend on the types and relative concen-

trations of the thiols and other reduced sulfur ligands

present. The rates of MeHg accumulation and transfor-

mation varied more between the two species of bacteria

examined than between MeHg complexes. Thus, the

present results also suggest that the microbial bioavail-

ability ofMeHg, and therefore microbial demethylation

rates in aquatic systems depends more on the species of

microorganism than on the types and relative concen-

trations of thiols or other MeHg ligands present.

Furthermore, our results suggest that even if MeHg

is taken up by facilitated or active processes, as is the

case with the bacteria examined here, the speciation of

MeHg in the aquatic solution is still important, and
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Fig. 3 MeHg transformation to purgeable Hg(0) by Hg-

resistant Pseudomonas stuzeri OX exposed to 19 nM of MeHg

in the presence or absence of heat-killed cells in M9 minimal

medium. MeHgOH is methylmercury-hydroxide complex. The

number of live cells is 0.6 9 106 cells
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uptake will not just be dependent on the uptake

pathway and the organism involved, but will also

depend on the solution speciation. This is an important

finding as such a conclusionmay not be apparent given

that inorganic Hg has a very high water exchange

constant. Clearly, even for active uptake of MeHg,

solution speciation needs to be considered, as the

differences examined here between uptake and trans-

formation of MeHg bound to inorganic complexes and

low molecular weight thiols was measurable (Fig. 2a)

and the differences would be even more marked if

MeHg was bound to high molecular weight dissolved

natural organic compounds.

Hg-resistant bacteria play a critical role in MeHg

cycling. MeHg is formed at the hypoxic-anoxic

interface (Fitzgerald et al. 2007) in sediments by

some anaerobic microorganisms such as sulfate

reducing bacteria (Compeau and Bartha 1985), iron

reducing bacteria (Fleming et al. 2006) and methano-

gens (Yu et al. 2013). Some of this MeHg is adsorbed

to sediments (Feyte et al. 2010), demethylated and

reduced to Hg(0) by aerobic Hg-resistant bacteria, or

accumulated in cells that do not have broad spectrum

mercury resistance. The Hg(0) formed by Hg-resistant

bacteria can be released to the atmosphere, or oxidized

back to Hg(II) by abiotic (Gu et al. 2011) or

biologically-facilitated processes (Colombo et al.

2013, 2014). The rates of these transformations are

therefore important because they control the amount

of MeHg that may be accumulated in aquatic food

chains and pose significant health risks to humans.
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