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The contamination of polar regions due to the global distribution of anthropogenic pollutants is of great
concern because it leads to the bioaccumulation of toxic substances, methylmercury among them, in Arctic food
chains. Here we present the first evidence that microbes in the high Arctic possess and express diverse merA
genes, which specify the reduction of ionic mercury [Hg(II)] to the volatile elemental form [Hg(0)]. The
sampled microbial biomass, collected from microbial mats in a coastal lagoon and from the surface of marine
macroalgae, was comprised of bacteria that were most closely related to psychrophiles that had previously been
described in polar environments. We used a kinetic redox model, taking into consideration photoredox
reactions as well as mer-mediated reduction, to assess if the potential for Hg(II) reduction by Arctic microbes
can affect the toxicity and environmental mobility of mercury in the high Arctic. Results suggested that
mer-mediated Hg(II) reduction could account for most of the Hg(0) that is produced in high Arctic waters. At
the surface, with only 5% metabolically active cells, up to 68% of the mercury pool was resolved by the model
as biogenic Hg(0). At a greater depth, because of incident light attenuation, the significance of photoredox
transformations declined and merA-mediated activity could account for up to 90% of Hg(0) production. These
findings highlight the importance of microbial redox transformations in the biogeochemical cycling, and thus
the toxicity and mobility, of mercury in polar regions.

The contamination of polar regions by pollutants that are
formed at lower latitudes and are subject to global transport is
an important issue. In temperate zones, microbial activities
impact the toxicity and mobility of these environmental con-
taminants (8, 37), but their role in the transformations of
pollutants at high latitudes remains largely unexplored. Re-
search to date has focused on the biodegradation of petroleum
products (20, 45), with little attention to the importance of
polar microbes in the degradation of other types of organic
contaminants (39, 62) or the transformations of metals. This
lack of information may become critical since high-latitude
ecosystems are currently undergoing major alteration due to
environmental changes, which in turn may greatly affect the
cycling of contaminants (38).

A growing body of literature documents increases in mer-
cury contamination of the Arctic food chain (42) and increased
levels of mercury exposure in indigenous populations (59). The
accumulation of mercury in Arctic biota, as in temperate
zones, is mostly in the form of the potent neurotoxic substance
methylmercury (16). Because mercury enters the Arctic bio-
sphere in its inorganic form, bioaccumulation depends on in
situ synthesis of methylmercury and its subsequent uptake by

the microbes and phytoplankton that occupy the base of the
Arctic food web. Hence, processes that either directly or indi-
rectly affect methylmercury production modulate the impact of
mercury contamination in the Arctic. The source of this mer-
cury is atmospheric deposition. Modeling studies have esti-
mated that 325 tons of mercury are deposited throughout the
Arctic over a 1-year cycle (3), with much of it occurring during
polar sunrise (24, 36, 55), leading in some cases to 1,000-fold
increases in mercury levels relative to that of background con-
centration (23). Mercury deposition is thought to be due to the
oxidation of atmospheric elemental mercury, Hg(0), the form
in which mercury is globally distributed, by reactive halogen
radicals from sea salt aerosols (4, 36). Thus, marine and coastal
environments in polar regions are more susceptible to mercury
deposition than inland areas, and there is a need to better
understand the postdepositional fate of mercury in these en-
vironments.

Along with photochemical processes (2, 56), the bacterial
mercuric reductase enzyme (MerA) affects mercury mobility
and bioavailability by converting water-soluble inorganic mer-
cury and methylmercury to the volatile elemental form. This is
a detoxification process as evidenced by the resumption of
microbial growth after the removal of the gaseous form of
Hg(0) (8). Mercury resistance is widespread among microor-
ganisms from diverse environments (44), including extreme
environments such as hydrothermal vents (60) and permafrost
(41). In temperate regions, microbial reduction of mercury
affects the production of dissolved gaseous mercury (DGM) in
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pristine and in contaminated aquatic systems (6, 7, 9, 57) as
well as the degradation of methylmercury in contaminated
aquatic systems (52). To date, the role of mercury-resistant
microbes in redox cycling of mercury in polar regions has not
been examined. Here, we report that merA genes were present
and expressed by microbes from remote polar areas. Further-
more, we used a kinetic redox model to assess the importance
of microbial mercury reduction in the production of DGM and,
thus, its role in mercury biogeochemistry in Arctic coastal
waters.

MATERIALS AND METHODS

Sampling sites and sample collection. Samples were taken from the western
shoreline of Cornwallis Island, Nunavut, Canada (75°N, 95°W), during the sum-
mer of 2005. Two different types of samples were collected: (i) water and
macroalgae, identified as Fucus sp. and Desmarestia sp., present in seawater in
gaps between melting sea ice; and (ii) thick photosynthetic microbial mats from
coastal lagoons on the seashore, which are fed daily by tides. In both cases, solid
(biomass) and liquid (water) samples were collected and immediately frozen
until further processing of the biomass. All containers used for sampling were
cleaned and rinsed following trace metal protocols and were sterile. Nonpow-
dered gloves were worn at all times during sampling and further handling of the
samples.

Mercury analysis. Total mercury (THg) concentrations in water were quanti-
fied using U.S. EPA method 1631 and an automated mercury fluorescence
detector (model 2600; Tekran). DGM in water was measured following the
protocol described in reference 48. THg concentration in the sampled biomass
was measured by thermal decomposition at 750°C using a direct mercury ana-
lyzer (DMA 80; Milestone, MLS). Briefly, prior to analyses, samples were freeze-
dried. Prior to combustion, 0.05-g samples were further dried in an oxygen
stream passing through a quartz tube located inside a controlled heating coil.
The combustion gases were further decomposed on a catalytic column at 750°C.
Mercury vapor was collected on a gold amalgamation trap and subsequently
desorbed for quantification by atomic absorption spectrometry at 254 nm. The
working detection limit of this method was previously calculated to be 0.01 ng of
mercury or three times the standard deviation of 10 procedural blanks.

Modeling of mercury redox transformations in coastal Arctic waters. The
relative importance of Hg(0) production by photochemical or biological reac-
tions as well as its destruction by photochemical reactions was modeled using
ACUCHEM modeling software (12) and a custom-designed kinetic code. Model
parameters are presented in Table 1. We performed sensitivity studies at the
initial concentration ranges of THg and DGM as measured in the field in the
Cornwallis Island area. We also performed sensitivity studies of the numbers of
metabolically active bacteria capable of mercury reduction. The model runs were
performed over a period of 10 days to ensure that the concentrations of mercury
species, i.e., Hg(II), Hg(0) from the photoreduction of Hg(II), and Hg(0) from
the bioreduction of Hg(II), became independent of the initial concentrations
used. Additional, shorter-run models were performed and they did not alter the
general conclusions.

(i) Biological reduction. Biological mercury reduction in Arctic seawater was
estimated using a merA-mediated reduction rate of 10 nmol Hg(II) min�1 mg
protein�1 (�10%) (46), corrected for the protein content of bacterial cells (65)
and calculated at the surface and at depths of 5 and 10 m. To take into consid-
eration the harsh arctic conditions, several scenarios were tested. Based on
observations indicating that 0.5 to 5% of cells in melted sea ice respire (30), we
considered that only 1 and 5% of the cells were active at the surface and 10% at
5- and 10-m depths. Since the reported Hg(II) reduction rate was obtained at an
optimal growth temperature (46), we reduced this rate by 99% to account for the
effect of temperature on microbial activities as observed for many reactions in
cold environments (49). Finally, not all cells in a given environment carry mer
operon genes. Using direct cell counts, Liebert and Barkay (35) found that
between 1 and 10% of all cells in temperate coastal or marine environments were
mercury resistant; to be conservative, we estimated that only 1% of the viable
cells expressed mercury resistance in our system.

(ii) Photochemical reactions. Photochemical rates of reduction and oxidation
were based on previously published data for temperate coastal marine systems
and ranged from 0.1 h�1 to 1.4 h�1 for photooxidation (33, 34, 63) and from 0.4
h�1 to 1.58 h�1 for photoreduction (1, 63). UV energy attenuation was calcu-
lated using an empirical model based on dissolved organic carbon concentrations
used for Arctic ocean waters (25). Dissolved organic carbon concentrations for

Arctic water ranged from 43 to 225 �mol liter�1, as observed for the central
Arctic Ocean (10).

DNA extraction and PCR amplification of merA sequences. Total DNA was
extracted from biomass samples and from the concentrated water wash of these
biomass samples, using a PowerSoil DNA isolation kit (MoBio, Carlsbad, CA)
according to the manufacturer’s guidelines. The water used for the wash was
collected with the solid samples at the sampling sites. Biomass in the washed
suspensions was concentrated by centrifugation (10,000 rpm for 10 min at 4°C)
prior to DNA extraction as described above. The presence of merA genes in
DNA extracts was detected using a nested PCR approach using primers specific
for merA genes, among all gram-negative bacteria (43). First, a 1,250-bp frag-
ment was amplified using the forward primer A2-n.F (5�-CCA TCG GCG GCW
CYT GCG TSA A-3�) and the reverse primer A5-n.R (5�-ACC ATC GTC AGR
TAR GGR AAVA-3�) and the following reaction conditions: final volume of 15
to 50 �l containing 1� buffer, 1.5 mM MgCl2, 0.2 mM of each deoxynucleoside
triphosphate (dNTP), 0.4 �M of each forward and reverse primer, and 1 U Taq
polymerase (Fisher). Amplification conditions were as follows: 45 cycles of 10 s
at 94°C, 30 to 60 s at 54°C, and 30 s at 72°C. The products of these reactions were
separated by electrophoresis on a 1% agarose gel. Numerous bands were ob-
served for most Arctic biomass samples. Amplicons of the predicted size (1,250
bp) were excised from the gel and purified using a QIAGEN DNA gel extraction
kit (QIAGEN, Valencia, CA) and used as templates for a second PCR, which
amplified a 291-bp fragment internal to the 1,250-bp template. PCR conditions
were as described above, with the following changes: a concentration of 0.8 �M
was used for both forward primer A7s-n.F (5�-CGA TCC GCA AGT GGC IAC
BGT-3�) and reverse primer A5-n.R (5�-ACC ATC GTC AGR TAR GGR
AAVA-3�). Attempts to directly amplify the 291-bp fragment from Arctic bio-
mass DNA extracts were unsuccessful.

In order to assess the diversity of microbes present, the 16S rRNA gene was
amplified using the forward primer 27F (5�-AGAGTTTGATCMTGGCTCAG-
3�) and the reverse primer 907R (5�-CCGTCAATTCATTTGAG-3�) in 25-�l
reaction mixtures containing 1� buffer, 1.5 mM MgCl2, 0.2 mM of each dNTP,
0.4 �M of each primer, and 1 U Taq polymerase (Fisher). Amplification condi-
tions were as follows: 5 min at 95°C, followed by 35 cycles of 10 s at 94°C, 30 s
at 55°C, and 90 s at 72°C, followed by a final extension of 12 min at 72°C.

RNA extraction and cDNA synthesis. Total RNA was extracted from microbial
biomass using an UltraClean microbial RNA kit (MoBio, Carlsbad, CA), fol-
lowing the manufacturer’s guidelines. To eliminate contaminating DNA, extracts
were treated with RQ1 RNase-free DNase (Promega, Madison, WI), according
to the manufacturer’s instructions. Reverse transcription was carried out using

TABLE 1. Parameters used in simulations of mercury redox state
in high Arctic seawater

Model parameters Valuea Reference(s)

Bacterial cell count (cells
ml�1) at a depth ofa:

Surface 9.49 � 105 � 1.75 � 105 This study
5 m 5.53 � 105 � 1.15 � 105

10 m 4.93 � 105 � 1.7 � 104

MerA-mediated reduction
rates [nmol Hg(II) min�1

mg protein�1]

10 46

Protein content of bacteria (mg
protein · cell�1)

24 65

Correction factor for cells
containing merA in a given
environment

1% 35

Correction factor for the effect
of cold temperatures on
bacterial activity

1% 49

Photoreduction rate (h�1) 0.43–1.58b This study; 1
Photooxidation rate (h�1) 0.1–1.4b 34, 63
UVA attenuation (m�1) 0.24–4.02c 10, 25
UVB attenuation (m�1) 0.05–2.7c

Total mercury (ng · liter�1) 0.5 This study
Elemental mercury

(ng · liter�1)
0.03c This study; 1,

19

a Sensitivity studies were performed on 100%, 50%, 10%, 5%, and 1% cell
viability.

b The values of 0.5 and 0.6 h�1 were used in the base run. Additional sensitivity
studies were performed for lower and upper estimations.

c Mean values were employed in the base run.
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SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA), according to
the manufacturer’s instructions, and random hexamers as primers. cDNA was
then used as the template in PCR to detect merA transcripts as described above.

Cloning and sequencing of merA and 16S rRNA gene PCR products. PCR
products used for cloning were separated by gel electrophoresis (2% agarose).
The 291-bp merA amplicon was extracted and purified from the gel, as described
above, and cloned into the vector pCR4-TOPO, using a TOPO-TA cloning kit
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Four
libraries were created: (i) sea ice merA genes (SId), (ii) sea ice merA transcripts
(SIr), (iii) lagoon merA genes (LGd), and (iv) lagoon merA transcripts (LGr).
Plasmid DNA was isolated from 96 clones from each library using a PureLink96
plasmid kit (Invitrogen) and the plasmids screened for inserts of the correct size
by restriction digestion with PvuII or by amplification of the cloned region
following the PCR protocol described above. Clones containing the 291-bp insert
were sequenced using the M13r primer and ABI dye terminator chemistry
(BigDye, v.3.1; Applied Biosystems, Foster City, CA) on an ABI 3100 genetic
analyzer. The same protocol was used to clone 16S rRNA gene PCR products
from sea ice and lagoon DNA.

ARDRA. For amplified ribosomal DNA restriction analysis (ARDRA), 50
randomly picked colonies per 16S rRNA gene library were each grown overnight
at 37°C in LB containing antibiotics. Plasmid DNA extraction was performed
using a PureLink 96-well kit (Invitrogen) and the insert amplified using primers
27F and 907R. Ten microliters of each amplicon was digested for 3 h at 37°C with
2.5 U of HaeIII and 2.5 U of EcoRI in 20-�l reaction mixtures. Restriction
patterns were separated on 3% NuSieve agarose gels and stained with SYBR
green I DNA stain. Each different restriction pattern was defined as an opera-
tional taxonomic unit (OTU). The distribution of OTUs in each library was
determined. Two representatives of each OTU were sequenced using primers
M13f and M13r and compared to those in the GenBank database, using BlastN.
The efficiency of our sampling effort was assessed using EstimateS (version 7.5;
http://purl.oclc.org/estimates). Sample-based rarefaction curves and richness
estimations and the coverage percentage of clone libraries were computed.

merA clone library diversity analysis. A distance matrix of aligned merA
sequences was generated with model F84 for nucleotide substitution using the
DNADIST program in PHYLIP (version 3.6; Department of Genomic Sciences,
University of Washington, Seattle, WA; http://evolution.genetics.washington.edu
/phylip.html). This distance matrix was then used to calculate sample coverage
and richness estimates with DOTUR (54). Phylotypes were assigned using the
furthest-neighbor-clustering algorithms. merA phylotypes were assigned based on
a nucleotide sequence identity of 97%. Several tests were then applied to the
merA clone libraries to estimate sampling efficiency by rarefaction analysis (29)
and to calculate nonparametric richness estimates with abundance-based cover-
age estimator (ACE) (18) and Chao1 (17) as a function of sampling effort from
rarefaction curves following 1,000 randomizations.

Phylogenetic analysis. The merA nucleotide sequences were trimmed and
assembled using SeqMan (DNAStar, Madison, WI). DNA sequences were then
translated into amino acids and aligned with reference MerA sequences using the
ClustalW function in MegAlign (DNAStar). The alignment was exported to
MEGA 3.1, and a neighbor-joining tree was built with 1,000 bootstrap replicates.
16S rRNA nucleotide sequences were trimmed and assembled in a similar
manner and the nearest relatives to each OTU determined using BlastN.

Nucleotide sequence accession numbers. The nucleotide sequences reported
in this study were deposited in the GenBank database with the following acces-
sion numbers: DQ408728 to DQ408744 and EF379214 to EF379240.

RESULTS

Amplification and cloning of merA from Arctic DNA and
RNA samples. Previously described primers for merA (43)
were used to amplify the merA gene from DNA and RNA
extracts of microbial biomass samples collected from a benthic
biofilm in a coastal lagoon and from a biofilm associated with
macroalgae that were retrieved from seawater between blocks
of coastal sea ice (Fig. 1). Four merA clone libraries were
constructed using the PCR products of the lagoon and sea ice
communities. Seventeen unique MerA phylotypes were ob-
tained which encompassed the known diversity of MerA
among bacteria (Fig. 2). Over 29% of these phylotypes, all
from the lagoon gene library, were related to a putative locus
in Sphingopyxis alaskensis, a psychrophilic bacterium that had

been isolated from Alaskan waters. These MerA phylotypes
formed a distinct cluster most closely related to the MerA
phylotypes from gram-positive bacteria (Fig. 2). A further 18%
of the phylotypes observed clustered with a putative MerA
from the genome sequence of Polaromonas sp. strain JS666, an
organism that is closely related to the Antarctic bacterium
Polaromonas vacuolata. The remaining merA phylotypes, which
included the majority of the clones, were closely related to the
genetically and biochemically characterized MerA phylotypes
from Tn21, Tn501, and pDU1358 (Fig. 2).

Diversity analysis of merA. Rarefaction curves were con-
structed for each merA library to assess our sampling effort
(Fig. 3). Both sea ice merA libraries were sampled adequately
as the rarefaction curves approached a plateau. Furthermore,
ACE and Chao1 estimates indicated that in both libraries, we
captured approximately 80% of the predicted phylotypes (Ta-
ble 2). While the distribution of phylotypes in the sea ice RNA
library was more even than that in the sea ice DNA library
(Fig. 3), the richness (Chao1 and ACE) and diversity (H�)
estimates were the same within the sampling error (Table 2).
The sea ice DNA library was dominated by Arct74, which was
most closely related to the MerA of Tn21 (Fig. 2 and 4). Arct74
was not detected in the sea ice RNA library. This library was
dominated by the second most abundant clone from the DNA
library, Arct75 (Fig. 4). With the exception of Arct75, there
was no overlap between the sea ice DNA and RNA merA
libraries.

The lagoon DNA library was the most diverse, with an H� of
1.84, while the lagoon RNA library was the least diverse, with

FIG. 1. merA genes and transcripts in microbial biomass. (Top) Gel
shows 291-bp merA PCR products obtained with sea ice (SI) and
lagoon (LG) DNA extracts as templates. SI1 and LG, DNA obtained
by extracting biomass with its associated microbes; SI2, extract of a
fraction obtained by washing alga with site water; (�) pPB20, positive
control consisting of merA from Pseudomonas stutzeri OX (50); PCR
blank lane (�) and DNA size markers (in bp). (Bottom) Gel shows
merA PCR products following reverse transcriptase reactions (�RT)
of RNA extracted from sea ice and lagoon biomass. (�RT), no RT
controls; (�) PCR blank lane; a 291-bp PCR fragment is shown.
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an H� of 0, corresponding to the presence of a single phylotype,
Arct76 (Table 2). ACE- and Chao1-based coverage estimates
indicated that our sequencing effort captured 75% of the pre-
dicted phylotypes from the lagoon DNA library. The single
phylotype in the lagoon RNA library was most closely related
to MerA of Tn21. Arct76 comprised about one-third of the
lagoon DNA library (Fig. 4). A Tn21-like MerA locus was
previously described in a bacterium obtained from 8,000-year-
old permafrost (31), and thus, this MerA phylotype may be
common in cold environments.

Bacterial community analysis. We constructed and analyzed
16S rRNA gene clone libraries to examine whether microbes
that are commonly found in polar regions were present in the
sampled lagoon and sea ice biomass. This was confirmed by

FIG. 3. merA phylotype accumulation curves showing the number
of clones sampled versus the number of merA phylotypes observed.

FIG. 2. Phylogenetic distribution of merA phylotypes. The dendrogram was constructed from a ClustalW alignment of the trimmed amino acid
sequences by neighbor-joining analysis using MEGA 3.1. Bootstrap values greater than 50 are indicated. The number of clones in a particular phylotype
is indicated in parentheses. Phylotypes representing �25% of the clones in a library are highlighted in bold type. Phylotype designations that contain the
letters LG originated in the lagoon biomass and those that contain SI in the macroalgae; d and r indicate that the phylotype originated in DNA and RNA
clone libraries, respectively. Reference sequences from GenBank include the accession numbers.
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sequence analysis (Fig. 5) showing that Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, the Cytophaga-Fla-
vobacterium-Bacteroides (CFB) group, and Cyanobacteria dom-
inated the cloned 16S rRNA gene libraries. The sea ice com-
munity was dominated by Proteobacteria (55% of sequenced
clones), while the lagoon was dominated by Cyanobacteria
(45% of sequenced clones). The second most abundant phyla
were Proteobacteria (36%) and the CFB group (30%) for the
lagoon and the sea ice, respectively; BlastN analysis revealed
that the closest relatives to these dominant 16S phylotypes
were bacteria that are often found in polar coastal, marine, and
sympagic environments (14), such as Loktanella vestfoldensis or
uncultured Antarctic and Arctic Proteobacteria (Fig. 5). The
16S libraries were not sampled to exhaustion (data not shown).

Total mercury levels in water and microbial mats. Total
mercury concentrations from coastal waters at both the lagoon
and sea ice sites were between 9.4 and 11.5 pmol · liter�1,
corresponding to previously observed concentrations in Arctic
seawater (23). Modeling the inorganic speciation of mercury in
these samples using MINEQL� v.4.5 (53) showed the domi-
nance of negatively charged chlorocomplexes (e.g., HgCl4

2�).
To further assess the mercury levels to which the sampled
microbial communities were exposed, we measured THg in
Desmarestia sp. (sea ice sample) and in the microbial mats
(lagoon sample). The data showed the former and latter to
have concentrations of 52.5 � 0.9 ng · g�1 (dry weight) and
27.3 � 2.9 ng · g�1 (dry weight), respectively, which were 2
to 5 times lower than those reported at lower latitudes for
periphyton in boreal lakes (22).

Modeling of mercury speciation in seawater. To assess if
microbial reduction can constitute a major pathway for mer-
cury cycling in polar regions, we used a kinetic redox model
(13) in which photooxidation, photoreduction, and microbial
mercury reduction were considered. Mercury speciation was
modeled at the surface and at depths of 5 and 10 m (Fig. 6). It
should be noted that microbially mediated reduction rates
were corrected for Arctic conditions that accounted for cell
viability and metabolism alteration because of low tempera-
tures (see Materials and Methods). At the sea surface, the
steady-state pool of elemental mercury could represent 40 to
80% of the inorganic mercury pool, depending on the assumed
proportion of viable bacterial cells. When the model consid-
ered 1% of the cells active, �20% of the total pool of inorganic
mercury was biogenic Hg(0); and when 5% of the cells were
considered active, �55% of the inorganic mercury pool was
biogenic Hg(0) (Fig. 6A). At depths of 5 and 10 m, due to
UVA and UVB energy attenuation, the relative importance of

photochemical processes decreased, and microbial reduction
could account for up to 94% of the pool of elemental mercury
(Fig. 6B and C).

DISCUSSION

Here we report that merA genes and transcripts were de-
tected in high-Arctic microbial biomass that contained mi-
crobes previously described as inhabiting polar environments.
These results suggest that mercury-resistant organisms are
present and active in Arctic coastal environments where criti-
cal redox transformations of mercury occur and where meth-
ylmercury is accumulated in the marine food chain. Further-
more, modeling efforts suggested an important role for the
prokaryotic MerA in the production of Hg(0) in the high
Arctic.

The concentration of Hg(0) in natural waters results from
the balance between its production (reduction) and its destruc-
tion (oxidation). Because of the attenuation of UV radiation
with depth in the water column, both photoreduction and
photooxidation decline with increasing depth. Moreover, in
coastal and marine systems, because of the presence of chlo-
ride, photoreduction is hampered and, in the absence of an
alternative pathway for Hg(0) production, oxidation reactions
may be prevalent and likely more significant than evasion in
controlling the fate of Hg(0) (1, 3, 63). Microbial reduction can
account for a significant component of the mercury redox cy-
cling in coastal marine systems from temperate zones [up to
20% of the pool of Hg(0)] (51), although the mechanisms
involved remain unknown. Our model (Fig. 6) suggests that in
the high-Arctic coastal marine environment, the activity of the
prokaryotic MerA is an important source of Hg(0) and, as it is
not dependent on light, can occur at any depth or under sea ice
during the winter. These predictions for the role of MerA in
Hg(0) production are supported by recent data showing that
during wintertime, the pool of total mercury in surface seawa-
ter beneath sea ice is comprised of up to 50% elemental mer-
cury and can reach a concentration of ca. 0.6 pmol · liter�1 (V.
St. Louis, personal communication), 5- to 10-fold higher than

FIG. 4. Relative abundance of merA phylotypes within the four
clone libraries. A threshold of 97% nucleotide identity was used to
define each merA phylotype. SI, sea ice; LG, lagoon. Different shading
patterns indicate different phylotypes, and sections with similar pat-
terns in each bar denote similar phylotypes that were present in more
than one library. Phylotype numbers, provided for those phylotypes
that represent at least 10% of a library, correspond to those used as
phylotype designations shown in Fig. 2.

TABLE 2. Diversity analysis of the merA gene fragment librariesa

Library N n
Sampling efficiency tests

Chao1 ACE H�

SId 28 5 5.5 (5.0–13.2) 6.7 (5.2–21.5) 0.88 (0.47–1.28)
Sir 30 6 7.3 (7.0–13) 8.1 (7.3–11.5) 1.41 (1.03–1.79)
LGd 34 9 12 (9.4–32) 13.4 (9.7–35.7) 1.84 (1.56–2.12)
LGr 16 1 1 (1–1.1) ND 0 (�0.087–0.087)

a N, number of clones sequenced; n, number of merA phylotypes observed;
Chao1, Chao1 nonparametric richness estimate; ACE, abundance-based cover-
age estimator; H�, Shannon-Weaver diversity index. Numbers in parentheses
represent 95% confidence intervals; ND, not determined.
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that observed in coastal seawater during the ice-free season.
Although very few data exist as to the metabolic activity of
microbes under sea ice during polar winter, it is possible that
they further increase the pool of reduced mercury at a time of
the year when photooxidation processes are greatly reduced.
Moreover, because mer operon functions also degrade MeHg,
bacteria may decrease the pool of methylmercury available for
uptake by Arctic food webs. In this regard, it is important to
note that macroalgae such as Desmarestia sp. were reported to
produce both monomethylmercury and dimethylmercury in
polar seawater (47). The importance of mercury-resistant mi-
crobes that are associated with this macroalgae-to-mercury
cycling is critical to the understanding of contamination path-
ways in the Arctic.

The discovery of merA transcripts in Arctic microbial bio-
mass was unexpected. The expression of merA is tightly con-
trolled by intracellular concentrations of divalent mercury (15),
and merA induction requires exposure concentrations in the
nmol · liter�1 range in both pure cultures (64) and aquatic
microbial communities (52). The mercury concentrations we
present here and those reported for late spring and summer in
meltwater, lakes, and seawater are in the pmol · liter�1 range
(36, 58), typical of pristine environments. Furthermore, this
mercury was present mostly as negatively charged chlorocom-
plexes, which are poorly bioavailable to microbes (5, 27).
Therefore, not only was mercury concentration low in the
coastal environments sampled here, but its bioavailability was
likely also limited by high concentrations of Cl�. The induction

FIG. 5. 16S rRNA-based phylogeny of Arctic microbial biomass. The dendrogram was constructed from a ClustalW alignment of the trimmed
nucleotide sequences by neighbor-joining analysis using MEgA 3.1. Bootstrap values greater than 50 are indicated. }, phylotypes represented in
the sea ice library; F, lagoon library.
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of merA observed in our study may reflect (i) the existence of
environmental conditions that enhance mercury bioavailability
or (ii) the presence of microniches with high mercury concen-
trations within the sampled biomass. Our analysis of mercury
concentrations involved homogenization steps and would miss
such niches.

To understand why merA was expressed in the high Arctic,
an understanding of both the processes that control mercury
bioavailability and how these processes are impacted by the
uniqueness of the microbial habitats in high latitudes is
needed. These are not well understood beyond the passive
diffusion of Hg-sulfide complexes (11) and the facilitated trans-
port of inorganic and organic mercury complexes (26). Niches
with high concentrations of mercury can occur in the high
Arctic, possibly in association with the complex and heteroge-
neous nature of sea ice (21). One of the biomass samples
described here (SI) was obtained from waters with sea ice, and
considering the slow degradation of RNA in frozen environ-
ments (61), a sea ice origin for the merA transcripts detected in
this sample may be plausible. This proposition is supported by
the dominance of bacteria endemic to sympagic environments
in the sampled communities (Fig. 5). The conditions which
control the uptake of mercury are still unclear and may well be
as diverse as the environments studied. The occurrence of

merA expression in Arctic coastal and marine aquatic environ-
ments exhibiting low mercury levels underscores the gap in our
current knowledge of Hg-microbe interactions, and further
investigation of the biogeochemical cycling of mercury in polar
environments should elucidate some key aspects of the Arctic
mercury cycle.

Many of the MerA phylotypes reported here from Arctic
biomass are related to those from microbes that thrive at high
latitudes. Forty-eight percent were most closely related to pu-
tative mer loci from the complete genomes of Sphingopyxis
alaskensis and Polaromonas vacuolata, two microbes first iso-
lated from polar environments. This finding attests to the au-
thenticity of the MerA loci that were isolated here as repre-
sentative of those loci that are present and expressed in
microbial communities from polar regions. The remaining
MerA phylotypes, which constitute the majority of the clones
sequenced, were closely related to MerA phylotypes from
Tn21, Tn501, and pDU1358. A Tn21-related mercury resis-
tance transposon, Tn5060, has previously been described in an
8,000- to 10,000-year-old Siberian permafrost isolate of
Pseudomonas sp. (31).

Phylotypes related to Tn21 and Tn501 merA phylotypes
dominated in an anaerobic enrichment of mercury-contami-
nated sediment (43) as well as in the microbial biomass of an

FIG. 6. Results of modeling of the relative importance of photochemical reactions versus biologically mediated reduction in mercury redox
cycling in seawater in Arctic near-coastal environments. (A) Relative distribution of inorganic mercury species and proportion of Hg(0) formed
by photochemical and microbial processes at the sea surface. In this example, photoreduction and photooxidation rates were considered to be 0.5
and 0.6 h�1, respectively, and the proportion of active bacterial cells was assumed to be 1 or 5%. (B) Relative importance of photochemical versus
microbial contributions to the pool of Hg(0) at the surface and at depths of 5 and 10 m. (C) A proposed model for redox cycling of mercury in
the water column of Arctic near-coastal marine environments. Arrow width correlates with the relative quantitative contribution of the depicted
process to the total activity at each depth. Black, white, and dashed-line arrows represent microbially mediated reduction, photoreduction triggered
mostly by UVB, and photooxidation triggered mostly by UVA, respectively. The gray inverted triangle depicts the gradient of light penetration with
depth.
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acidic and sulfidic mercury-rich spring in Yellowstone National
Park (T. Barkay, unpublished data). These data suggest that
this merA locus, which represents the most recently evolved
MerA lineage (Fig. 2), is broadly distributed in many environ-
ments. The total number of merA phylotypes observed here
(Fig. 2) was low compared to that in the anaerobic enrichment
with its 39 merA phylotypes. Others have shown that selection
for the target genes may increase phylotype diversity (28),
while enhanced activities in environmental incubations were
associated with a reduced phylotype diversity (40). A more
rigorous examination of the relationship of merA diversity to
mercury resistance and reduction in environmental samples is
needed for a clear understanding of how phylotype diversities
is related to the potential for mercury transformations in var-
ious environments.

Two contrasting patterns were observed when the diversities
of the DNA and RNA clone libraries that were obtained from
the same community were examined: (i) a high diversity of
merA genes and a low diversity of transcripts in the lagoon and
(ii) a high diversity of both genes and transcripts in the sea ice
samples. At this point, we can only speculate on why the lagoon
and the sea ice communities showed such different patterns.
One possibility is that the high diversity of merA transcripts in
the sea ice reflects the heterogeneous nature of microbial
niches within sea ice (see above). Alternatively, it may be
related to the in situ temperature at the time of sampling.
While Arctic coastal seawater temperatures are usually slightly
below 0°C, the temperatures in coastal lagoons may reach a
mesophilic range (58), and the temperature at the lagoon at
sampling time was 7°C. Higher temperatures in the lagoon may
have accelerated the turnover rate of transcripts, while colder
conditions in open waters may have slowed mRNA degrada-
tion to the point that we detected a greater diversity of ex-
pressed merA genes in sea ice.

The diversity of expressed genes, not that of the genes that
are present in a community, is at the heart of what determines
ecosystem function as related to environmental conditions.
While experimental approaches to studying the expression of
biogeochemical functions have been widely used in the last
decade, few studies have compared the diversities of functional
genes and mRNA transcripts in microbial biomass. Knauth et
al. (32) used terminal restriction fragment length polymor-
phism analysis of both DNA and RNA extracted from micro-
bial biomass of the rice rhizosphere to examine how nitrogen
availability and plant host species affected the diversity of the
nitrogenase gene nifH. As in our study of merA, their results
showed significant differences between nifH DNA and mRNA
profiles, underscoring the importance of mRNA-based ap-
proaches to understanding functional gene diversity. The ob-
servation of different merA gene and transcript profiles pre-
sented here highlights the need to further develop an
understanding of how patterns of microbial gene expression
are affected by environmental parameters in heterogeneous
environments such as the Arctic.

Our discovery of merA expression and the results of the
model calculations that simulated redox transformations sug-
gest an active role for microbial activities in the cycling of
mercury in Arctic coastal and marine environments. Clearly,
microbial redox transformations have the potential to drive
mercury dynamics in cold environments, and Arctic microbes

that possess and express merA genes stand to be key players in
determining the environmental mobility and toxicity of mer-
cury in high-latitude polar regions.
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