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Abstract Mercury rich geothermal springs are likely

environments where mercury resistance is critical to

microbial life and where microbe-mercury interac-

tions may have evolved. Eleven facultative thermo-

philic and chemolithoautotrophic, thiosulfate

oxidizing bacteria were isolated from thiosulfate

enrichments of biofilms from mercury rich hot sulfidic

springs in Mount Amiata, Italy. Some strains were

highly resistant to mercury (‡200 lM HgCl2) regard-

less of its presence or absence during primary

enrichments, and three reduced ionic mercury to its

elemental form. The gene encoding for the mercuric

reductase enzyme (MerA), was amplified by PCR

from seven strains. However, one highly resistant

strain did not reduce mercury nor carried merA,

suggesting an alternative resistance mechanism. All

strains were members of the order Bacillales and

were most closely related to previously described

thermophiles belonging to the Firmicutes. Phyloge-

netic analyses clustered the MerA of the isolates in

two supported novel nodes within the Firmicutes

lineage and a comparison with the 16S rRNA gene

tree suggested at least one case of horizontal gene

transfer. Overall, the results show that the thermo-

philic thiosulfate oxidizing isolates were adapted to

life in presence of mercury mostly, but not exclu-

sively, by possessing MerA. These findings suggest

that reduction of mercury by chemolithotrophic

thermophilic bacteria may mobilize mercury from

sulfur and iron deposits in geothermal environments.
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Introduction

Microorganisms have evolved a variety of mechanisms

that enable life in the presence of toxic concentrations

of metals (Silver and Phung 2005). These include efflux

of toxic metals that enter cells via essential metal

transporters, the intra- or extra-cellular precipitation of

metals, and enzymatic transformations that decrease

metal toxicity (Nies 1999). Understanding of these

processes has arisen from a large body of research that

was initiated by concerns for public and environmental

health as they are impacted by environmental con-

tamination. The ubiquitous presence and diversity of

metal resistant microbes in many environments clearly

implies that evolution of metal resistance began prior

to the spread of metal contaminants by human activi-

ties. Environments where geological processes result in

the formation of metal rich deposits are ecological

niches where microbial evolution in the presence of

high concentrations of toxic metals has been taking

place since the evolution of life on earth. In such

environments, microbes that obtain energy by the

oxidation of reduced sulfur and iron compounds are
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exposed to toxic levels of metals as these are released

during solubilization of sulfur and iron rich deposits

(Ben-David et al. 2004; Craw 2005; Sand and Gehrke

2006). This notion is supported by the documentation

of high tolerance to metals among chemolithoauto-

trophic acidophilic bacteria and archaea and the pres-

ence of metal resistance genes in their genomes

(summarized in Dopson et al. 2003). To examine how

microbes in pristine environments that are naturally

enriched with mercury adapt to this metal, we have

isolated thermophilic chemolithotrophic bacteria from

mercury rich geothermal springs and performed an

initial characterization of their interactions with inor-

ganic mercury, Hg(II).

Resistance to Hg(II) is attributed to the activity of

the enzyme mercuric reductase (MerA), NAD(P)H-

dependent flavin oxidoreductase, that produces ele-

mental Hg (Hg[0]), a form with low aqueous solubility

and high vapor pressure, that partitions to the gaseous

phase. The gene encoding MerA, merA, is a part of

mercury resistance (mer) operons that also encode for

Hg(II) transport and regulatory functions and that is

broadly distributed among bacteria (Barkay et al.

2003) and archaea (Simbahan et al. 2005). This system,

consisting of merA and a Hg(II) transporter encoded

by merC and the merR regulator, has been known for a

long time in acidophilic Fe(II) oxidizing strains of

Acidithiobacillus ferroxidans (Inoue et al. 1989). These

bacteria produced Hg(0) from cinnabar when grown on

pyrite (Baldi and Olson 1987) suggesting that this

process may enhance dissolution of mercury in acidic

environments. Another Hg(II) resistance mechanism

among acidophilic thiobacilli is the Fe(II)-dependent

reduction of Hg(II) to Hg(0), but thiobacilli expressing

this resistance mechanism were 10–100 times less

resistant than those that carried functional mer operons

(Takeuchi et al. 1999). Reduction was stimulated by

Fe(II) and rusticyanian but inhibited by cyanide, sug-

gesting that Hg(II) was reduced at the end of a respi-

ratory chain that otherwise transferred electrons from

Fe(II) to oxygen (Sugio et al. 2003). Thus, acidophilic

chemolithoautotrophic bacteria employ at least two

mechanisms, both resulting in the reduction of Hg(II)

to Hg(0), to survive in presence of high mercury con-

centrations. To the best of our knowledge, the inter-

actions of neutrophilic chemolithoautotrophs, which

are broadly distributed in soils and in marine and

freshwater sediments (Robertson and Kuenen 1999),

with mercury and other metals has not been examined

to date. Here we show that neutrophilic thermophilic

chemolithotrophic bacteria from hot springs with

neutral to slightly alkaline pH are highly resistant to

Hg(II) and employ a variety of mercury resistance

mechanisms, among which the MerA mediated

reduction to Hg(0) dominates.

Materials and methods

Study site and sampling

Samples were collected from hot springs naturally en-

riched with mercury of geological origin (Loppi 2001)

in Bagni di Filippo on the foothills of Mount Amiata,

Tuscany, Italy, in June 2002. Two samples of biofilm

and spring water were collected, one from a natural

spring, Faccia Bianca (FB) and the other, designated as

high temperature (HT), from a cement channel that

diverted spring water from its natural creek in the

vicinity of the spa. Both the bottom of the FB site and

the cement walls of HT were covered with thick white

biofilm. Pieces of these biofilms were aseptically cut off

with a spatula and placed in sterile 50 ml Falcon tubes,

and the tubes were filled with about 25 ml of water

from the site. Temperature and pH were measured at

the time of sampling using a hand held thermometer

and Litmus paper, respectively. Samples were stored in

a cooler for a few days until they were delivered to

Rutgers University where they were kept at 4�C until

enrichments were prepared.

Growth media

Thiosulfate medium for sulfur oxidizing bacteria

(TMSOB), was formulated to enrich for chemolitho-

autotrophic and chemolithoheterotrophic bacteria. Its

composition and preparation were as follows: 639 mg

Na2HPO4 and 386 mg NaH2PO4 were dissolved in

840 ml distilled water (diH2O), the pH was adjusted to

7.0, and 2 ml of a 0.5% phenol red (Mallinckrodt

Chemical Works, St. Louis, MO) solution in water was

added prior to sterilization by autoclaving. For solid

medium, 7 g of PhytagelTM (Sigma-Aldrich Co., St.

Louis, MO) were added to the medium prior to ster-

ilization. To constitute the fully supplemented

medium, the following additions of previously filter

sterilized solutions were made: 10 ml of 100X

concentrated salt solution (final concentrations per L

of medium: 3 mg [NH4]2SO4, 0.3 mg KCl, 4.5 mg

MgCl2�6H2O, 0.5 mg MgSO4�7H2O, 0.25 mg

CaCl2�2H2O, 0.2 mg NaHCO3, 100 ml of a 5 g/L Na2-

S2O3�5H2O, 1 ml of a filtered sterilized mixed vitamin

solution (per 100 ml stock: 4 mg 4-aminobenzoic acid,

1 mg D(+)-biotin, 10 mg nicotinic acid, 5 mg Ca-D(+)-

pantothenate, 15 mg pyridoxine�2HCl, and 10 mg thi-

amine�2HCl), 1 ml of a trace element solution (Widdel
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et al. 1983), and 1 ml of a filter sterilized vitamin B12

solution (5 mg cobalamine/100 ml). Medium for the

isolation of chemolithoheterotrophs also contained

10 mM NaCH3COOH added from a 100 mM filter

sterilized stock solution. In this case the phosphate

buffer/phenol red solution was prepared in a final

volume of 740 ml instead of 840 ml. When enrichments

were carried out in presence of Hg(II), 10 lM HgCl2
was added to the medium from a 10 mM HgCl2 (in

0.1 N HCl) filter sterilized stock solution. Luria Ber-

tani (LB) medium consisted of (per L) 10 g tryptone,

5 g yeast extract (both Becton Dickinson Co. Sparks,

MD) and 10 g NaCl. Twenty grams of Bacto agar was

added per L to prepare solid LB medium.

Mercury speciation in TMSOB

The speciation of mercury in TMSOB was modeled by

entering the concentrations and thermodynamic con-

stants for all the ingredients of the medium into the

chemical speciation software MINEQL+ (Version

3.01) (Schecher and McAvoy 1994). Thermodynamic

data was obtained from the National Institute of

Standard and Technology (NIST) reference database

(Martell et al. 1998).

Enrichment cultures and isolation of pure cultures

Enrichments of Mount Amiata FB and HT samples

were set up in TMSOB medium with and without

acetate and each of these were prepared in the pres-

ence and absence of Hg(II). Thus, eight different

enrichment conditions were employed. Samples

(0.1 ml) were inoculated in TMSOB liquid medium

and enrichments were incubated at 55�C without

shaking until growth was apparent by either turbidity

or change in the color of the phenol red indicator in the

medium, to either yellow indicating a drop in pH, or

purple indicating an increase in pH. Samples were

streaked from positive enrichment tubes on solid

TMSOB plates that contained the same supplements as

the corresponding enrichment broth. Isolated colonies

were transferred three consecutive times onto fresh

plates for purification. Pure cultures were preserved by

mixing stationary phase cultures (850 ll) with sterile

glycerol (150 ll) in cryogenic vials (Corning Inc.

Corning, NY) and stored at –80�C.

16S rRNA sequence analysis

DNA was extracted from cell pellets of 2 ml of cultures

grown in TMSOB using the MoBio Ultra Clean

Microbial DNA kit (Mo Bio Laboratories, Inc. Carls-

bad, CA) as instructed by the manufacturer and stored

at –20�C. The 16S rRNA gene was amplified from

genomic DNA by PCR (Applied Biosystems Gene-

Amp PCR System 2700 [PE Applied Biosystems,

Foster City, California]) in a final volume of 50 ll

consisting of 5 ll of 10x PCR buffer, 1 ll of Red Taq

genomic DNA polymerase (Sigma-Aldrich), 1 ll of

10 mM dNTPs, 2 ll of a 1:50 dilution of the template

DNA, 0.5 ll of 50 pmol/ll each of primers fD1 and rP2

(Weisburg et al. 1991) (Promega, Fisher Sci Inc.,

Pittsburg, PA), and 40 ll of diH2O. Amplifications

were carried out at 94�C for 5 min, 35 cycles at 94�C

for 30 s, 50�C for 30 s, and 72�C for 30 s, and final

extension for 7 min at 72�C. The 1509 bp PCR product

was purified using the protocol of the QIAquick-PCR

Purification kit (QIAGEN Inc., Valencia, CA) and

eluted into 50 ll of sterile diH2O. Sequencing reactions

were carried out with 3 ng of the purified PCR product,

1 ll termination reaction mix and 1.5 ll 5x buffer (PE

Applied Biosystems, Foster City, CA), 1 ll of 3.2 pmol

sequencing primer, and diH2O to a final reaction vol-

ume of 10 ll. Primers fD1 and rP2 and internal primers

p515F (Lane 1991) and p907R (Amann et al. 1992)

were used in sequencing reactions to obtain the full

sequence of both strands of the 16S rRNA gene. The

16S rRNA genes were sequenced utilizing a 310 Avant

Genetic Analyzer (Applied Biosystems, Foster City,

CA, USA) according to the manufacturer’s specifica-

tions. Sequences were deposited in GenBank under

accession numbers DQ452015-DQ452025.

The sequences of the 16S rRNA genes from each

isolate were used as query to determine the genus and

species of its closest prokaryotic relative using

BLASTN (Altschul et al. 1990). Sequences were

aligned using ClustalX (Version 1.83) (Thompson et al.

1994). Tree topologies were evaluated using the

neighbor-joining method and PHYLO_WIN was uti-

lized to plot the tree topologies (Galtier et al. 1996).

Bootstrap analysis (500 resamplings) was used to pro-

vide confidence estimates for phylogenetic tree topol-

ogies (Voordeckers et al. 2005). Reference 16S rRNA

sequences of thermophiles from major bacterial clus-

ters that were obtained from GenBank were included

in the phylogenetic analysis.

Determination of optimum growth temperature

Overnight cultures in LB were diluted 1:50 into 5 ml of

fresh medium and duplicate cultures were incubated at

45, 55, 60 and 70�C. To measure growth, optical density

readings at 660 nm (A660) were taken, using a Spec-

tronic� 20, GENESYSTM (Spectronic Analytical
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Instruments, Rochester, NY) spectrophotometer, at

inoculation and 24 h later.

Minimum inhibitory concentrations of Hg(II)

A hundred ll of overnight cultures in LB were trans-

ferred to a series of test tubes each containing 5 ml of

fresh medium and supplemented with HgCl2 at con-

centrations ranging from 0 to 1 mM. The cultures were

incubated at 60�C and A660 were measured at inocu-

lation and every 24 h afterward up to 5 days. Minimal

inhibitory concentration (MIC) was the minimum

Hg(II) concentration that inhibited growth, i.e., no

increase in A660 in 5 days.

Mercury reduction assays

The assay of Nakamura and Nakahara (1988), which is

based on the darkening of an X-ray film when Hg(0)

that is produced when resting cell suspensions form

amalgam with the silver in the film, was followed with

minor modifications to determine if bacterial isolates

reduced Hg(II) to Hg(0). Microtiter plates containing

cell suspensions of thermophilic bacteria were covered

with a 13 · 18 cm X-ray film (KODAK Scientific

Imaging, Ready Pack, Rochester, NY) and incubated

at 60�C for 1.5 h in the dark. An Escherichia coli

DU1040 carrying the mer plasmid R831 (Schottel et al.

1974) was used as a positive control. Negative controls

consisted of assay buffer with and without HgCl2.

The loss of Hg(II) from inoculated TMSOB medium

was measured to quantitatively follow Hg(II) volatili-

zation and to relate this activity to cellular growth.

Overnight culture of the test organism in TMSOB con-

taining acetate (10 mM) and Hg(II) (10 lM) was diluted

1:20 into triplicate flasks each containing 50 ml of fresh

medium. Flasks with uninoculated TMSOB medium

served as negative controls. The flasks were incubated in

a 60�C water bath with shaking. Samples for direct cell

counts (0.5 ml) and for Hg(II) analysis (1 ml) were ta-

ken at the beginning of the experiment and from then on

every 3 h for 33 h. For direct counts, 25 ll of 25% glu-

taraldehyde (Fisher Scientific, Inc. Pittsburgh, PA) were

immediately added to fix cell suspensions. 200 ll of 0.1%

acridine orange (Sigma) were added to the fixed cells

that were then filtered through a 0.2 lm polycarbonate

black filter (Osmonics, Inc. Minnetonka, Minnesota).

Cells were counted using an Olympus B201 microscope

(Olympus, Melville, NY) equipped with an oil immer-

sion objective (UplanF1 100/1.3).

All glassware used during Hg(II) analyses was

soaked overnight in 8N HNO3 and rinsed several times

in MilliQ water prior to use. Ten ll of concentrated

nitric acid were added to 1 ml samples that were then

stored at 4�C. Analysis was initiated by the addition of

500 ll each of concentrated HNO3 and H2SO4 and

followed by 2 h incubation at 70�C to fully digest the

samples. 250 ll of 5% (w/v) KMnO4 were added to

convert all mercury to Hg(II) in the digested samples

followed by an overnight incubation at room temper-

ature. Excess KMnO4 was reduced by the addition of

100 ll 12% (w/v) NH2OH, prepared in a solution of

12% NaCl. Samples were diluted in 15 ml of 2% con-

centrated HCl and analyzed by HYDRA AA Auto-

mated Mercury Analyzer (Leeman Labs, Hudson,

NH). Each sample was analyzed in triplicate and the

concentration of Hg(II) was determined against a 6

points standard curve that was created using 1 ml

aliquots of the growth medium containing increasing

concentrations, 0–12.5 lM, of HgCl2. Standard curves

were prepared using a 1 mM HgCl2 stock solution in

TMSOB that was freshly prepared from a primary

stock of 25 mM HgCl2.

Amplification of merA by PCR

Attempts to detect the presence of merA genes in

genomic DNA from representative isolates, prepared

as described above for the amplification of 16S rRNA

genes, were carried out using two primer sets. The first

primer set, A1s-n.F (5¢-TCCGCAAGTNGCVACB

GTNGG-3¢)/merA5R (5¢-CGCYGCRAGCTTYAAY

CYYTCRRCCATYGT-3¢), was designed for the

merA gene from Proteobacteria and the Firmicutes and

the expected length of the resulting amplicon, located

at the 3¢ end of merA (nucleotides 1329–1638 of the

merA gene of Tn501), is 309 bp. The following PCR

conditions were used: 94�C for 5 min, 35 cycles of 94�C

for 1 min, 62�C for 30 s, and 72�C for 30 s, and a final

extension for 7 min at 72�C. Primers UmerA-F and

UmerA-R, designed to amplify merA from Firmicutes

(Stapleton et al. 2004), were also used to amplify the

merA gene. Due to a variable number of the 70 amino

acids domain at the N terminus of MerA (NmerA),

whereby MerA of B. cereus RC607 has two repeats and

that of the S. aureus plasmid pI258 has one repeat

(Barkay et al. 2003), amplification products of two

possible sizes, 1556 and 1792 bp, may be produced

(Stapleton et al. 2004). The recommended amplifica-

tion conditions (Stapleton et al. 2004) were modified to

include 2.5 mM MgCl2. All PCR reactions were carried

out in a Bio-Rad iCycler iQTM (Version 2.039, Bio-Rad

Laboratories Inc. Hercules, CA) and products

were separated on 1% (w/v) agarose gel (Fisher

Scientific) and observed using a Geldoc 2000 system

(Bio-Rad).
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merA Cloning, sequencing, and phylogenetic

analysis

Amplification products with the expected size were

cloned using the TA cloning kit as described by the

manufacturer (Invitrogen Life Technologies, Carlsbad,

CA) and sequenced as described for 16S rRNA prod-

ucts, except that primers UmerA-F, UmerA-R, A1s-

n.F, and merA5R were used. All merA sequences were

translated into amino acid sequences, aligned with the

MerA sequences of reference strains, and the dataset

was used to generate a phylogenetic tree as described

above for the 16S rRNA genes. The MerA sequences

were deposited in GenBank under accession numbers

DQ835531–DQ835536 and DQ460032.

Results

Enrichment and characterization of bacteria

from mercury rich geothermal springs

Two samples were used as a source for thermophilic

chemolithotrophic prokaryotes from hot sulfidic

springs that are naturally enriched with mercury.

Loppi (2001) reported elevated concentrations of

mercury in lichens isolated proximal to geothermal

sources in the Mount Amiata area reflecting an

enrichment of mercury in gaseous emissions. Tem-

perature and pH measurements during sampling sug-

gested that the site water was at neutral to slightly

alkaline pH, with HT at pH 7.6 and FB at pH of 7.0,

and with temperatures of 47.3 and 43.1�C for HT and

FB, respectively.

Enrichment cultures were obtained in TMSOB with

or without the addition of acetate and Hg(II). MIN-

EQL+ modeling indicated that in this medium 99.9%

of the added Hg(II) was complexed with thiosulfate as

negatively charged Hg(S2O3)2
=. In this form, the bio-

availability of Hg(II) to bacteria is reduced by 55%

relative to its availability as Hg(OH)2 (Crespo-Medina

et al., in preparation) as shown by mer-lux bioreporter

assays (Barkay et al. 1998). Eleven thermophilic thio-

sulfate oxidizing bacterial strains were obtained from

enrichments of hot sulfidic water samples that were

collected in Mount Amiata, Italy (Table 1). A total of

five strains were isolated from the FB natural spring on

acetate as a carbon source. All of the FB strains were

isolated from enrichments that contained 10 lM

Hg(II). Six isolates were obtained from HT, and five of

them were enriched on acetate while one was a

chemolithoautotroph. Three of the HT strains,

including the single chemolithoautotroph, strain HT14,

were enriched in the presence of 10 lM Hg(II) (Ta-

ble 1). Enrichment cultures showed slight acidification

of the medium (yellow color) but none of the isolates

lowered the pH of the medium below 6.5.

Strain HT14 was transferred to LB and TMSOB

with 10 mM acetate to test its ability to use organic

sources of carbon. Growth in both media identified this

strain as a facultative autotroph. Likewise, the ten

strains that were enriched in the presence of acetate

were all found to grow autotrophically in TMSOB

lacking acetate, identifying them as facultative

chemolithoautotrophs.

Analyses of the 16S rRNA genes indicated that all

isolates belonged to the Firmicutes phylum (Table 1)

and were grouped in four sub-clusters together with

Table 1 Chemolithoautotrophic and thermophilic bacterial strains from Mount Amiata, Italy

Isolatea Closest relative
(16S rRNA gene similarity)

Enrichment conditionsb Minimal inhibitory
concentration
(lM Hg[II])Acetate Hg(II)

FB2 Brevibacillus thermoruber (99%) + – 50
FB5 Anoxybacillus contaminans (96%) + + 200
FB6 Anoxybacillus contaminans (99%) + + 100
FB7 Anoxybacillus contaminans (98%) + + >1,000
FB9 Anoxybacillus contaminans (98%) + + 200
HT1 Brevibacillus thermoruber (99%) + – 200
HT3 Brevibacillus thermoruber (96%) + – 75
HT4 Bacillus sp. (97%) + + 150
HT8 Anoxybacillus contaminans (98%) + – >1,000
HT10 Geobacillus caldoxylosilyticus (99%) + + 275
HT14 Anoxybacillus flavithermus (99%) – + 1,000

a Strains with the prefix FB were isolated from Faccia Bianca and those with the prefix HT from the high temperature channel
b Enrichments were carried out in TMSOB with (+) or without (–) 10 mM acetate and in the presence (+) or absence (–) of 10 lM
Hg(II) as HgCl2
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previously described thermophilic bacteria (Fig. 1). Six

of 11 isolates clustered with Anoxybacillus contamin-

ans and A. flavithermus, previously described among

isolates from contaminated gelatin batches (de Clerck

et al. 2004) and geothermal environments (Yavuz et al.

2004), respectively. Strain HT10 sub-clustered with

thermophilic Geobacillus spp. (Takami et al. 1997).

Isolate HT4 was most closely related to Bacillus ther-

moalkalophilus (97% similarity) and 3 isolates clus-

tered with Brevibacillus thermoruber, which was

isolated from compost (Manachini et al. 1985). The

bacterial isolates were all thermophiles as their optimal

growth temperature was between 55 and 60�C. All

strains with the exception of HT10 were totally inhib-

ited at 70�C and showed little if any growth at 45�C.

A high level of resistance to Hg(II) was noted with

all strains able to grow in the presence of at least

40 lM Hg(II), and those most resistant grew in the

presence of 1 mM Hg(II) (Table 1). Relationships

between the level of resistance to Hg(II) and whether

or not the bacteria were isolated from primary

enrichments that contained Hg(II) were not apparent.

For example, the two most resistant strains FB7 and

HT8, which grew with 1 mM, originated in enrich-

ments with and without Hg(II), respectively. However,

the two most sensitive strains, FB2 and HT3, that were

inhibited by 50 lM Hg(II) and 75 lM Hg(II), respec-

tively (Table 1), were obtained from enrichments

without Hg(II). Since determination of resistance level

was performed during growth in LB, a comparison with

levels of resistance documented for related organisms

that express mer functions is possible. This comparison

indicates that the MIC in LB for Bacillus cereus

RC607, the archetypical Gram positive resistant strain,

was 300 lM, and that the MIC values for two ther-

mophilic compost Firmicutes were 400 and 150 lM

(Glendinning et al. 2005), all within the range that is

described here for the sulfidic springs isolates.

Fig. 1 Phylogenetic
affiliation of 11 thermophilic
and facultative
chemolithoautotrophic
bacteria from mercury rich
sulfidic hot springs. A
neighbor-joining tree was
constructed using a 1.3 kb
fragment of the 16S rRNA
genes from the spring isolates
and reference thermophilic
bacteria. Bootstrap values
(500 replicate analyses) are
shown at branching points
and the bar represents
distances that correspond to
0.02 substitutions per
position. 16S rRNA genes of
two early lineages of
hyperthermophilic bacteria
were used as an outgroup
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Reduction of Hg(II) and volatilization of Hg(0)

We first determined whether or not the hot springs

strains reduced Hg(II) by a qualitative assay (Nakam-

ura and Nakahara 1988). Since results of this assay were

sometimes rather ambiguous when incubations were

carried out at 60�C (Fig. 2), as indicated by the small

difference between signals of positive and negative

controls, only those strains that produced a clear and

strong signal were considered positive. In two inde-

pendent experiments such signals were obtained for

isolates HT1, FB7, and FB9, indicative of Hg(0) pro-

duction. These strains were among the most Hg(II)

resistant organisms in our collection with FB7 growing

in 1 mM and HT1 and FB9 in 175 lM Hg(II) (Table 1).

The remaining isolates were either clearly negative for

the production of Hg(0) (e.g., strain HT10) or produced

ambiguous results. The observation that strains with a

high level of resistance to Hg(II), such as HT8 and

HT10, were negative, was unexpected even though the

employed assay only served as an initial and rapid

survey for Hg(II) reduction.

To further investigate the ability of thermophilic

chemolithotrophic bacteria to reduce Hg(II), we fol-

lowed loss of Hg(II) during growth of strains FB7 and

FB9 in TMSOB containing 10 mM acetate (Fig. 3a, b).

When strain FB7 was diluted into TMSOB with 10 lM

Hg(II), it showed a 3 h lag phase during which 56% of

the added Hg(II) was removed. The log phase of

growth commenced at 6 h, after the removal of 82%

of the Hg(II), and when mid-log phase was reached at

18 h only 13%, or 1.3 lM, Hg(II) remained in the

growth medium. When the stationary phase was

reached at 27 h only 6.1% of the original Hg(II) was

still present (Fig. 3a). Similar patterns were observed

with strain FB9 (Fig. 3b). During the 3 h lag phase of

growth about 18% of Hg(II) was removed from the

growth medium, followed by log phase at 9 h when

about 76% of the Hg(II) was removed. Unfortunately,

cellular growth and Hg(II) loss could not be followed

further because of the formation of cell aggregates

during later phases of growth. Thus, strains FB7 and

FB9 removed more than half of the added Hg(II) from

their growth medium prior to and at the initiation of

growth. This pattern had been previously observed

with bacteria that carry and express mer operons

(Barkay et al. 2003), suggesting a detoxification

mechanism. Furthermore, as MerA is located in the

cytoplasm of resistant bacteria (Barkay et al. 2003),

and 99.9% of the Hg(II) was complexed with thiosul-

fate, our results show that Hg(S2O3)2
= was transported

across the cell wall and thus was bioavailable to ex-

posed cells.

Controls showed no loss of Hg(II) in uninoculated

TMSOB during a 24 h incubation at 60�C, suggesting

no abiotic loss of Hg(II) from this medium (Fig. 3a).

This is in contrast to previous observations that indi-

cated an enhanced abiotic loss of Hg(II) from an or-

ganic rich marine growth medium with increased

temperatures (Vetriani et al. 2005).

Presence of merA genes in the genomes

of hot spring bacteria

Because several of the strains reduced Hg(II) to Hg(0)

(Fig. 2), and this activity is specified by MerA, we

HT1    FB2   HT3    HT4    FB5

FB6    FB7    HT8   FB9    HT10

+        - -

Fig. 2 Production of Hg(0) by resting cell suspensions of sulfidic
hot springs isolates. Dark spots on the X-ray film indicate
production of Hg(0). An X-ray film was placed on top of an open
microtiter plate containing cell suspensions of overnight grown
cultures that had been suspended in phosphate buffer supple-
mented with 250 lM Hg(II). Each spot is labeled by the
designation of the strain whose cell suspension was tested. (+)
Positive control (E. coli DU1040/R381); (–) Negative controls
consisting of assay medium without cells

Fig. 3 Removal of Hg(II) from TMSOB medium supplemented
with 10 mM acetate and 10 lM Hg(II) (filled square) during
growth (filled circle) of Anoxybacillus sp. FB7 (a) and Anoxy-
bacillus sp. FB9 (b) at 60�C. Uninoculated medium was used as a
control for abiotic loss (filled triangle )
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attempted to detect the merA genes in these organisms

by using degenerate PCR primers specific for con-

served regions of merA genes in Proteobacteria and

Firmicutes. Amplification products were obtained for 7

of the 11 strains that were tested; short merA ampli-

cons of 309 bp were amplified with primer set A1s-n.F

and merA5R from 6 of the strains (FB5, FB6, FB7,

FB9, HT1, and HT8) and DNA extracted from strain

HT14 was successfully amplified with UmerA-F/

UmerA-R producing an amplicon of 1,556 bp. In

addition to demonstrating the occurrence of merA,

these results indicate that MerA in strain HT14 likely

has a single NmerA domain similar to this enzyme in S.

aureus (Laddaga et al. 1987) and other bacilli (Sta-

pleton et al. 2004). However, merA could not be

amplified from four strains; two of these strains, FB2

and HT3, had the lowest level of resistance. The

remaining two, HT10 and HT4, were highly resistant to

Hg(II) (Table 1). As the latter two strains were found

to either not reduce Hg(II) (HT10), or to produce

ambiguous results (HT4) in the X-ray darkening assay

for Hg(II) reduction (Fig. 2), it is possible that (an)

alternative resistance mechanism(s) exist(s) in these

strains.

The merA PCR products were cloned and se-

quenced and a MerA phylogenetic tree was con-

structed with the deduced amino acid sequences

(Fig. 4). All sequences clustered in two supported

nodes that were clearly related to MerA of the Fir-

micutes. The first node did not contain any previously

sequenced MerA and included HT8, FB9, FB6, and

FB7, all most closely related (79–87% sequence iden-

tity) to MerA of B. cereus isolates (CAA70224 and

Y09024) (Bogdanova et al. 1998). Strain FB5, most

closely related, with 73% sequence identity, to the

MerA of an oral strain of Streptococcus mitis

(AJ582646) (Stapleton et al. 2004) was also a part of

this cluster. Of these strains, FB7 and FB9 also reduced

Hg(II) (Figs. 2, 3). The second node included the

Hg(II) reducing strain HT1 and strain HT14 which

were most closely related, with 89 and 90% identity,

respectively, to the MerA of Geobacillus kaustophilus

Fig. 4 MerA phylogeny of
Mount Amiata thermophilic
and chemolithotrophic
bacteria. A Neighbor-Joining
tree was constructed for the
bacteria using MerA of
Sulfolobus sulfataricus as an
outgroup. Bootstrap values of
500 replicate analyses are
shown. The bar represents
distances that correspond to
0.05 substitutions per position
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HTA426 (BAD77381), a thermophile that was isolated

from sediments of the deepest reaches of the Mariana

Trench (Takami et al. 1997; Takami 2004).

Discussion

To date studies on the interactions of microorganisms

with mercury have been mostly focused on contami-

nated environments and microbial transformations that

affect production of methylmercury, the form that is of

most concern to the public health of exposed human

populations (Clarkson 2002; Barkay and Wagner-

Döbler 2005). Little attention has been paid to

microbes and communities that inhabit environments

where long term evolution in the presence of mercury

has been taking place. Recently, Vetriani et al. (2005)

and Simbahan et al. (2005) have examined isolates and

communities from deep sea diffuse flow vents and hot

acidic terrestrial springs, respectively. However, these

studies focused on moderately thermophilic (Vetriani

et al. 2005) and acidophilic hyperthermophilic (Sim-

bahan et al. 2005) heterotrophs rather than on isolates

selected for their ability to reduce sulfur compounds,

which are common in sulfur rich geothermal environ-

ments (Robertson and Kuenen 1999). These microor-

ganisms might be exposed to high concentrations of

mercury in their native habitat if the mobilization of

Hg(II) from cinnabar deposits is enhanced during sul-

fur oxidation, as suggested by Hg(0) formation during

growth of T. ferroxidans on pyrite in presence of cin-

nabar (Baldi and Olson 1987). Thus, the Mount Ami-

ata strains that were isolated and characterized in this

study provide opportunities to examine how thermo-

philic chemolithotrophic microbes interact with

mercury.

The 11 strains studied here were all resistant to

Hg(II) (Table 1), three of the strains clearly reduced

Hg(II) to Hg(0) (Fig. 2), and merA genes were detected

in genomic DNA preparations of 7 of these strains

(Fig. 4). Little relationship was noted between resis-

tance to mercury and its presence during primary

enrichments. Together this data suggest that the ther-

mophilic sulfur oxidizing microbial communities of the

mercury rich sulfidic springs of Mount Amiata are

adapted to life in the presence of mercury. A high

proportion of resistant microbes is a characteristic of

microbial communities that are exposed to high mer-

cury concentrations (Barkay and Wagner-Döbler 2005).

All isolates belonged to the order Bacillales and

were neutrophilic facultative chemolithoautotrophs.

The ease with which most of these organisms were

isolated on TMSOB supplemented with acetate likely

reflected the fact that isolations were carried out from

biofilm samples where phototrophic organisms were

present, suggesting production of an organic source of

carbon and heterotrophic growth. A recent study on

the microbial community structure in a mercury rich

acidic hot spring showed dominance of bacterial strains

and 16S rRNA gene sequences with high similarity to

Alicyclobacillus sp. and Sulfobacillus sp. (Simbahan

et al. 2005) both acidophilic members of the Bacillales.

Furthermore, the bacterial compost isolates that were

studied by Glendinning et al. (2005), Bacillus pallidus

and Ureibacillus thermosphaericus also belong to this

order. Together with the collection of strains that is

described in this study, these observations suggest that

bacteria related to the Bacillales are common in mer-

cury rich acidic to slightly alkaline environments that

are characterized by high temperatures and geother-

mal sources of mercury.

Mercury reduction assays (Figs. 2 and 3) and the

presence of the merA gene (Fig. 4) suggest that the

mer-mediated Hg(II) reduction was the dominant

resistance mechanism among our strains. However,

strain HT10 might have an alternative resistance

mechanism, as it tolerated up to 250 lM Hg(II) during

growth but clearly did not reduce Hg(II) (Fig. 2) and

does not appear to encode for merA, as numerous at-

tempts to detect merA by PCR failed. It is unlikely that

Fe(II)-dependent Hg(II) (Sugio et al. 2003) accounted

for resistance because it has only been shown among

Fe(II) oxidizing mesophilic acidophiles and here

resistance was tested during heterotrophic rather than

chemolithotrophic growth. Future investigation on the

interactions of strain HT10 might reveal a novel

microbial interaction with mercury.

The seven sequenced merA genes from Mount

Amiata strains formed two well-supported unique

clusters in the bacterial MerA amino acid tree (Fig. 4).

Sequenced merA genes from environmental strains

(Vetriani et al. 2005) and clone libraries (Ni Chadhain

et al. 2006) often cluster together and separately from

database sequences, an indication of the enormous and

unexplored diversity of this locus. Examination of the

MerA tree (Fig. 4) in relationship to the 16S rRNA

gene tree (Fig. 1) shows one case of genetic incon-

gruence suggesting evolution by horizontal gene

transfer (HGT) of the merA gene in strain HT14.

Based on its 16S rRNA gene this strain is closely re-

lated to A. flavithermus (Fig. 1) while, in contrast, its

MerA is more closely related to that of G. kaustophilus

rather than to the MerA of the four isolates identified

as Anoxybacillus spp., FB6, FB7, FB9 and HT8

(Compare Figs. 1 and 4). Evolution of mer operons,

which are often carried on transposons and integrons
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(Liebert et al. 1999), by HGT is well documented

(Bogdanova et al. 1998; Barkay et al. 2003). In addi-

tion, HGT is stimulated in biofilms by cellular prox-

imity and the excretion of DNA (Sørensen et al. 2005).

Thus, it is not surprising that we find evidence for HGT

of MerA in a bacterium from biofilms that developed

in mercury rich springs, even though our collection of

resistant organisms was rather small.

Our initial characterization of Hg(II) reducing

thermophilic chemolithotrophic bacteria suggests a

possible role for these strains in mercury cycling in

geothermal environments. Mercury is emitted with

hydrothermal fluids as HgS complexes and as a water

soluble form of Hg(0) (Hg[0][aq]). In environments rich

with iron and sulfur a rapid precipitation of cinnabar

complexed with pyrite and hematite occurs. In the

presence of air, Hg[0][aq] is stripped to the vapor phase

and at low pH, or under strong oxidizing conditions, it

may be converted to Hg(II), which subsequently forms

HgS precipitates (Varekamp and Busecl 1984; Barnes

and Seward 1997). However, Hg[0][aq] under close to

saturating conditions may also form metallic Hg[0][aq]

beads that accumulate on top of underlying rocks or

sediments (Stoffers et al. 1999). Within this paradigm

the role played by Hg(II) reducing microbes would be

in the remobilization of Hg(II) that is deposited as HgS

in complexes with sulfidic and iron rich minerals.

Obviously, chemolithotrophic microbes, such as those

that were isolated and characterized in this study, are

likely exposed to the toxicity of mercury upon solubi-

lization of iron and sulfur minerals. Future work will

focus on the ability of these strains to reduce Hg(II)

that is associated with geological deposits in geother-

mal environments.
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