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Mercury-mediated cross-resistance to tellurite in
Pseudomonas spp. isolated from the Chilean
Antarctic territory†

F. Rodrı́guez-Rojas,a W. Dı́az-Vásquez,ab A. Undabarrena,c P. Muñoz-Dı́az,a

F. Arenasa and C. Vásquez*a

Mercury salts and tellurite are among the most toxic compounds for microorganisms on Earth. Bacterial

mercury resistance is established mainly via mercury reduction by the mer operon system. However,

specific mechanisms underlying tellurite resistance are unknown to date. To identify new mechanisms

for tellurite detoxification we demonstrate that mercury resistance mechanisms can trigger cross-

protection against tellurite to a group of Pseudomonads isolated from the Chilean Antarctic territory.

Sequencing of 16S rRNA of four isolated strains resulted in the identification of three Pseudomonads

(ATH-5, ATH-41 and ATH-43) and a Psychrobacter (ATH-62) bacteria species. Phylogenetic analysis

showed that ATH strains were related to other species previously isolated from cold aquatic and soil

environments. Furthermore, the identified merA genes were related to merA sequences belonging to

transposons commonly found in isolated bacteria from mercury contaminated sites. Pseudomonas ATH

isolates exhibited increased tellurite resistance only in the presence of mercury, especially ATH-43.

Determination of the growth curves, minimal inhibitory concentrations and growth inhibition zones

showed different tellurite cross-resistance of the ATH strains and suggested a correlation with the

presence of a mer operon. On the other hand, reactive oxygen species levels decreased while the thiol

content increased when the isolates were grown in the presence of both toxicants. Finally, qPCR

determinations of merA, merC and rpoS transcripts from ATH-43 showed a synergic expression pattern

upon combined tellurite and mercury treatments. Altogether, the results suggest that mercury could

trigger a cell response that confers mercury and tellurite resistance, and that the underlying mechanism

participates in protection against oxidative damage.

Introduction

Certain heavy metals and metalloids are harmful for most
microorganisms even at very small concentrations.1–3 Among
them, mercury(II) and tellurite exhibit very low minimal inhibitory
concentrations (MICs) for E. coli.4,5 Both toxicants generate cell
damage mainly by thiol depletion, enzyme inactivation and oxida-
tive stress.6–10 Bacterial mercury resistance lies mainly on the MerA
flavoenzyme, which transforms toxic Hg+2 to the volatile and less
toxic elemental mercury.11 On the other hand, specific mechanisms

for detoxifying tellurite have not been reported so far. However,
it has been shown that some metabolic flavoenzymes such as
dihydrolipoamide dehydrogenase, thioredoxin reductase and
glutathione reductase are able to reduce tellurite to the less-toxic
elemental tellurium.12–14 In addition, an enhanced response to
oxidative stress can confer tellurite resistance in some bacteria.15

Several studies have demonstrated that sites polluted with
heavy metals and/or metalloids contain bacterial species that
cope with the toxicity of most metals through different mole-
cular mechanisms, either by direct resistance or by conferring
cross-resistance to a wide variety of toxicants. In this line, some
naturally occurring examples are Pseudomonas putida SP1,16

Raoultella planticola17 and Cupriavidus metallidurans CH344,18,19

which are considered as multimetal-resistant bacteria. In this
context, it has been evidenced that common resistance mecha-
nisms to heavy metals have been developed during bacterial
evolution. Such is the case of the Czc system, which is used by
some bacteria for detoxifying cadmium, zinc and cobalt.20 Also,
previous studies demonstrated that the ars operon, involved in
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arsenate and arsenite resistance, increases up to 60-fold the MIC
of tellurite for E. coli.21 On the other hand, more recently it was
observed that the tellurite resistant determinant trgB, from the
trgAB operon, confers copper resistance in Rhodobacter capsulatus
by a still undetermined mechanism.22

In the last century and mainly because of the industrial
revolution, it became evident the dramatic increase of heavy
metal/metalloid-polluted sites across the Earth surface, including
pristine places such as Antarctica.23,24 The Antarctic continent
is constantly exposed to diverse abiotic stresses such as low
temperatures, high salinity, and UV radiation, among others,
which can cause oxidative stress in living organisms. Moreover,
mercury levels have increased in Antarctica mostly because of the
grasshopper effect and mercury depletion events (MDEs).25,26

Hence, the Antarctic continent has become an interesting place
for sampling and isolating bacterial strains that are resistant to
multiple stresses, including that produced by heavy metals.27 In
this context, mercury-resistant bacteria have been isolated from
several polar environmental samples.28 Furthermore, our labora-
tory identified and characterized, for the first time, highly tell-
urite resistant psychrotolerant bacteria from Antarctic samples.29

The understanding of the molecular mechanisms underlying
mercury and tellurite resistance, and the oxidative damage
associated with these psychrotolerant bacteria, could allow the
design of new bioremediation strategies for polluted places at low
temperatures. In this work, psychrotolerant bacteria from the
Chilean Antarctic territory showing resistance to mercury and
tellurite were analyzed. Some of them are resistant to tellurite
only in the presence of mercury, suggesting that this metal could
trigger a molecular response that confers cross-resistance to both
tellurite and mercury.

Experimental
Bacterial isolation

All samples were collected during the Chilean Antarctic Expedition
ECA-48, sponsored by Instituto Antártico Chileno (INACH), 2012.
Bacterial strain ATH-5 was isolated from the Collins Glacier
(731 410 S; 651 550 E), ATH-41 and ATH-43 from Greenwich Island
(621 300 S; 591 390 W), and ATH-62 from Deception Island (621 550

S; 601 370 W), all located in the Antarctic Peninsula. For bacterial
enrichment, volumes of 100 mL of each sample were suspended in
1 mL of LB media supplemented with amphotericin B 2.5 mg mL�1

to inhibit fungal proliferation, and incubated for 16 h at room
temperature. Then, 60 mL of each culture were spread on LB agar
plates containing 40 mM HgCl2 and 40 mM K2TeO3, and incubated
at 25 1C for 48 h. Pure isolates were obtained by repeated streaking
and preserved in 15% glycerol stocks at �80 1C. To determine the
optimal growth temperature, the isolates were grown individually
at 4, 25 and 37 1C.

16S rRNA sequencing and detection of merA in the Antarctic
strains

For 16S rRNA sequencing, colony PCR was carried out using
GoTaqsDNA Polymerase Master Mix (Promega) and universal

16S primers 8F7 and 1492R30 at 55 1C (annealing temperature).
PCR products were sequenced (Macrogens) and subjected to
nBLAST analysis against bacterial 16S rRNA sequences of the
National Center for Biotechnology Information (NCBI) database
to determine strain genus. The merA gene was identified in ATH
strains by PCR using purified genomic DNA as the template
and universal specific primers for the mer operon (Forward
P1: GGCTATCCGTCCAGCGTCAA, and Reverse A5: ACCATCGT
CAGGTAGGGGACCAA) as described by Felske et al.31 The PCR
consisted in 30 cycles that included a denaturation step at 95 1C
for 30 s, annealing at 60 1C for 30 s and extension at 72 1C for
2 min. PCR products were sequenced (Macrogens) and then
subjected to nBLAST. The sequenced products allowed deter-
mining the start codon of merA sequences to design forward
primers for all analyzed merA genes. For designing reverse
primers for merA encoding open reading frames, sequences of
the first hits of the nBLAST analysis were used. ATH-5, ATH-41
and ATH-43 merA cloning included start codons and excluded
stop codons in each case. Primer sequences for ATH-43 were:
forward 50-ATGACCGAACTGAAAATCATTG-3 0 and reverse 50-CC
CCCCTGCGCAGCA-3 0 (designed from Pseudomonas putida SP1,
accession No ADJ53344); for ATH-41: forward 50-ATGACTGAA
TTGCAAATCGTTGG-3 0 and reverse 5 0-GCCGGCGCAGCAGG
AAAG-3 0 (designed from Xanthomonas campestris, accession
No Y17691); for ATH-5: forward 5 0-ATGACTACTCTGCAAA
TCAGC-30 and reverse the same as for ATH-41. PCR was the
same as for P1-A5 primers, except the annealing temperature
was 55 1C. All PCR products were sequenced (Macrogens) to
obtain the complete open reading frames of each merA gene.

Phylogenetic trees

Almost complete sequences of 16S rRNA genes and merA ORFs
(translated sequence) were used to construct phylogenetic
trees. To obtain almost complete sequences of each 16S rRNA
gene, PCR products previously amplified were additionally
sequenced with universal primers 518F and 800R (Macrogens).
Sequence edition, alignment and contigs analysis were carried
out using the Vector NTI v10 software package (Invitrogen).
Contigs were evaluated by nBLAST against 16S ribosomal RNA
sequences of the Bacteria and Archaea databases to establish the
closest type strain match, and Nucleotide Collection Databases
(NCBI), to search for other phylogenetically related organisms.
Construction of phylogenetic trees was based on the V1-V9 region
of 16S rRNA gene sequences using the Neighbor Joining Algo-
rithm32 and for the merA tree Maximum-likelihood algorithm,
with bootstrap values of 1000 replications33 and MEGA software
version 6.0.34 The 16S rRNA and merA sequences of ATH strains
were deposited in GenBank under the following accession num-
bers: KR15900 (16S rRNA_ATH-5), KR15899 (16S rRNA_ATH-41),
KR15898 (16S rRNA_ATH-43), KR18929 (16S rRNA_ATH-62),
KR818931 (merA_ATH-5), KR827601 (merA_ATH-41), and
KR818930 (merA_ATH-43).

Antibiotic susceptibility and biochemical characterization

For antibiotic susceptibility analysis, cells were grown to the
exponential phase and spread onto Mueller-Hinton agar plates.
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Antibiotic displays for Gram (�) bacteria (Valteks) were used
and growth inhibition zone diameters were measured and
compared with the values from the Clinical and Laboratory
Standards Institute (CLSI) to determine susceptibility or resistance
to each tested antibiotic.

For biochemical characterization, analytical profile indexes
(APIs) were used according to manufacturer’s instructions.

Growth curves, growth inhibition zones and MIC
determinations

Minimal inhibitory concentrations (MICs) of K2TeO3 and HgCl2

were determined in LB media supplemented with increasing
concentrations of the respective toxicants. Cultures were
started with 1 : 100 dilutions of saturated cultures. To deter-
mine the MIC of K2TeO3 in the presence of HgCl2, all cultures
contained HgCl2 at a concentration equivalent to 1/4 of the MIC
(determined previously for each strain) and increasing concen-
trations of K2TeO3. For growth curve construction, cells were
inoculated in a LB broth using 1 : 100 dilutions of overnight
cultures and subjected to the following conditions: 1 MIC of
K2TeO3, 1/4 MIC of HgCl2, and both toxicants combined at the
same concentrations, at 25 1C for 15 h. Optical density at
600 nm was monitored using a microplate multireader Tecan
Infinites 200 PRO.

To determine growth inhibition zones, ATH cells grown to OD600

B 0.3 were seeded onto LB agar plates supplemented or not with
HgCl2 (1/4 MIC for the respective strain) and sterile circular paper
discs embedded with 10 mL of K2TeO3 400 mM were placed at the
centers of the plates. Plates were incubated at 25 1C for 48 h.

Reactive oxygen species and thiol quantification

Reactive oxygen species (ROS) were determined using the
oxidant-sensitive probe 20,70-dichlorodihydrofluorescein diace-
tate (H2DCFDA, Sigma-Aldrich) essentially as described by
Pérez et al.8 Briefly, cultures were grown to OD600 B 0.3 and
treated either with 1/4 MIC of HgCl2, 1/2 MIC of K2TeO3 or
simultaneously with both toxicants at the same concentration
at 25 1C for 30, 60 and 90 min. Measurements were carried out
after each treatment by exciting the probe at 490 nm and
measuring the fluorescence intensity at 519 nm using a micro-
plate multireader Tecan Infinites 200 PRO. Fluorescence inten-
sity values were normalized by OD600.

The thiol content was quantified by Ellman’s method using
5,50-dithiobis-(2-nitrobenzoic acid) (DTNB, Sigma-Aldrich), as

previously described by Turner et al.7 Experimental conditions
were the same as for ROS determination. TNB�2 absorbance
was measured spectrophotometrically at 412 nm (an extinction
coefficient of 13 600 M�1 cm�1). A standard curve of reduced
glutathione was constructed for assay calibration. Data values
were normalized by protein concentration as determined by the
Bradford method.35

All experiments were performed in triplicate and Student’s
t-test was applied for statistical analysis when required.

RNA purification and real time PCR

For RNA isolation, ATH-43 was grown to OD600 B 0.3 and
treated with mercury, tellurite or both toxicants for 10 min at
the same concentrations as for ROS and thiol quantification.
Briefly, cells were harvested and RNA was isolated using the
Favorprep tissue total RNA purification mini Kit (Favorgene).
RNA quantification was carried out by using a Quant-it Ribo-
green Kit (Invitrogen), following the manufacturer’s instruc-
tions. Quantitative PCR was conducted using a Light Cycler
1.5 thermocycler with the RNA MasterSYBR Green Kit (Roche
Applied Science). Real time PCR program involved reverse
transcription at 40 1C for 10 min, followed by 45 cycles of
denaturation at 95 1C for 30 s; annealing at 55 1C for 30 s, and
extension 72 1C, 30 s. Specific primers for merA amplification
(forward 50-GTTCCACCGATTCCAGGACTG-3 0; reverse 50-CAG
TACGAACTCGCCGTTGG-3 0), merC (forward 50-TTTCCCGCCC
TTGCTAGTCT-30; reverse 50-ATGAGCGGGCGACACGAGAT-3 0)
and rpoS (forward 5 0-TAAAGAAGTGCCGGAGTTTGACA-3 0;
reverse 5 0-TTGCTTTCGATCATGCGCTT-3 0) from ATH-43 were
used. The D-glyceraldehyde-3-phosphate dehydrogenase gene,
gapA (forward 5 0-CCAGTGTCTTGGTGAGTGGATTG-3 0; reverse
5 0-CCATTGCCTTCCTGCTTGA-3 0), and the 16S rRNA gene
(forward 50-GATTCCAACGGCTAGTTCACATC-3 0; reverse 50-GG
TGCAAGCGTTAATCGGAA-3 0) were used as reference genes for
normalization. All transcript levels were calculated using the
DDCt method.36

Results
Identification and characterization of mercury and tellurite-
resistant bacteria from Antarctica

Of nineteen Antarctic samples analyzed, four bacterial isolates
named ATH strains (Table 1) exhibiting simultaneous resis-
tance to mercury and tellurite were obtained. While ATH-5 was

Table 1 Geographical and phenotypic characteristics of the ATH strains

Strain Isolation site
Optimal growth
temperature (1C) Closest type strain (% identity)

Most closely related merA
(species, % identity)

ATH-5 Collins Glacier 20–25 Pseudomonas mandelii CIP 105273T

(99.65%)
Tn5044 (Xanthomonas campestris, 98.03%)

ATH-41 Prat base,
Greenwich Island

20–25 Pseudomonas mandelii CIP 105273T

(99.43%)
Tn5044 (Xanthomonas campestris, 86.96%)

ATH-43 Prat base,
Greenwich Island

20–37 Pseudomonas putida NBRC 14164T

(99.77%)
Tn5041 (Pseudomonas putida DLL-E4, 99.76%)

ATH-62 Péndulo cove,
Deception Island

20–25 Psychrobacter aquimaris SW-210T

(99.50%)
ND
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isolated from a sample collected at Glacier Collins (King George
Island), ATH-41 and ATH-43 were from soil samples at the
Chilean Prat military base (Greenwich Island). In turn, ATH-62
was obtained from Péndulo Cove, Deception Island, a location
that was devastated by a volcanic eruption in 1964. All strains
were Gram (�) and grew optimally between 20 and 25 1C, except
ATH-43, which grew between 20 and 37 1C. The 16S rRNA
sequence data revealed that ATH-5, ATH-41 and ATH-43 belonged
to the Pseudomonas genus, whereas ATH-62 was related to the
Psycrobacter genus. Further comparisons with 16S sequences
from NCBI showed that the closest type strains were Pseudomonas
mandelii CIP 105273T for ATH-5 and ATH-41, Pseudomonas putida
NBRC 14164T for ATH-43, and the halophilic bacteria Psychrobacter
aquimaris SW-210T 37 for ATH-62. Phylogenetic trees based on the
almost complete 16S rRNA gene sequences showed that ATH-5 and
ATH-41 were also related to Pseudomonas frederiksbergensis DSM
13022T 38 and to Pseudomonas sp. K10, while ATH-43 phylogeny was
related to various Pseudomonas putida species (Fig. 1A) and ATH-62
to Psychrobacter glacincola EastSeaG5-415 (Fig. 1B).

Antibiotic susceptibility tests for Gram (�) bacteria deter-
mined that while ATH-5, ATH-41 and ATH-43 were resistant to
almost all antibiotics (except for amikacin, gentamicin and
ciprofloxacin), ATH-62 was sensitive to all of them (Table S1,
ESI†). The biochemical characteristics of ATH-5, ATH-41 and
ATH-43 were very similar, unlike ATH-62, which used all the
tested carbon sources (Table S2, ESI†).

To identify mer operons, universal primers that amplify a
specific operon sequence including part of the 30 end of merP
and part of the 50 end of merA gene were used. The mer operon
was detected in ATH-5, ATH-41 and ATH-43 utilizing primers P1

and A5 (see the Experimental section) (Table 1). Even though
several sets of primers were utilized as described in ref. 31 the
mer operon was not found in ATH-62 (not shown). The P1-A5
sequences determined for ATH-5, ATH-41 and ATH-43 were
used to design specific primers to amplify complete merA
sequences. BLAST analysis showed that merA from ATH-5 and
ATH-41 was related to that of transposon Tn5044 found in
Xanthomonas campestris (Table 1). On the other hand, merA
from ATH-43 exhibited high identity with merA from Pseudomonas
putida DLL-E4 transposon Tn5044 (Table 1). A phylogenetic tree
constructed with merA sequences showed that merA genes from
ATH isolates were phylogenetically related mainly to sequences
found in transposable elements (Tn5041, Tn5044 and Tn5046)
from different Pseudomonas species isolated from several environ-
ments (Fig. 2).

Mercury enhances tellurite resistance in Pseudomonas spp.
isolated from Antarctica

Preliminary experiments carried out in our laboratory showed
that the ATH-43 isolate grew in the presence of tellurite up to
40 mM only if the cultures were supplemented with sublethal
mercury concentrations (B40 mM). This observation prompted
us to assess if mercury caused the same phenotype in other
isolates. While ATH-43 showed the highest and lowest MICs of
mercury (HgMIC) and tellurite (TeMIC), respectively, ATH-5
and ATH-41 exhibited almost similar sensitivity to both toxi-
cants. On the other hand, and although exhibiting a rather
similar HgMIC regarding the other strains, ATH-62 showed the
highest resistance to tellurite (Table 2). To assess if mercury can
induce resistance to tellurite in ATH strains, the TeMIC was

Fig. 1 Phylogenetic tree of the Antarctic isolates. Neighbor-joining tree of 16S rRNA gene sequences. Node numbers represent the percentage of
bootstrap replicates of 1000 resamplings (values below 50% are not shown). (A) Phylogenetic tree for isolates ATH-5, ATH-41 and ATH-43.
(B) Phylogenetic tree for ATH-62. Positions 28-1447 and 31-1452 of the gene sequence were considered according to the E. coli K12 16rRNA gene
sequence, for Pseudomonas and Psychrobacter trees, respectively. Scale bar represents 0.005 substitutions per nucleotide positions. Arrow points to the
outgroup E. coli K12 (AP012306). All accession numbers are in parentheses following the bacterial strain.
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determined in the presence of mercury. The results showed
that it increased 8.3-fold in ATH-43 when compared to the
tellurite treatment alone. TeMIC increased 1.5-fold in ATH-5,
while it remained unaltered in ATH-41. In contrast, it decreased
2.3-fold for ATH-62 in the presence of mercury (Table 2).

Then the growth curves were constructed under four different
conditions: no toxicant amended (controls), mercury, tellurite,
and combined mercury/tellurite treatments (Fig. 3). The growth
curves of ATH-5 and ATH-41 were similar for all treatments
(Fig. 3A and B). They grew as fast as the control in the presence
of mercury, but tellurite and mercury/tellurite treatments delayed
drastically the bacterial growth, with a slight increase of ATH-5
growth in the presence of mercury/tellurite (Fig. 3A). On the
other hand, mercury alone did not alter ATH-43 growth, and as
expected, tellurite amendment inhibited growth rapidly
(Fig. 3C). Interestingly, the combined mercury/tellurite treat-
ment almost did not affect ATH-43 growth, which was similar to
that observed in control and mercury-amended cultures. In
contrast to the results observed with the Pseudomonads isolates,
ATH-62 showed delayed growth with tellurite and a total growth
inhibition in the presence of both toxicants (Fig. 3D).

In a third approach to characterize the potentiation of tellurite
resistance phenotype by mercury, tellurite growth inhibition
zones were determined in the presence and absence of mercury

(Fig. 4). As shown before, ATH-43 exhibited the most evident
potentiation effect on tellurite resistance. In fact, the growth
inhibition zone decreased 2.5 fold in the presence of mercury
(Fig. 4A and D). In turn, ATH-5 and ATH-41 exhibited a slight but
significant growth decrease in mercury amended medium
(Fig. 4B and C). The opposite effect was observed with ATH-62,
i.e., the growth inhibition zone increased 2.19 fold in the
presence of mercury as compared to controls (Fig. 4E).

Fig. 2 Phylogenetic tree of merA from ATH-5, ATH-41 and ATH-43.
Maximum-likelihood tree of merA (translated nucleotide sequence); node
numbers represent the percentage of bootstrap replicates of 1000 resamplings
(values below 50% are not shown). The tree was rooted with the paralog
enzyme glutathione reductase (GOR) from three different species. Scale bar
represents 0.01 substitutions per nucleotide positions. All accession numbers
are shown in parentheses.

Table 2 Minimal inhibitory concentrations of mercury, tellurite and
tellurite in the presence of mercury

Strain Hg+2 (mM) TeO3
�2 (mM) TeO3

�2 (mM) w/Hg+2

ATH-5 100 80 120
ATH-41 100 120 120
ATH-43 200 24 200
ATH-62 80 700 300

Fig. 3 Growth curves of the Antarctic strains. ATH-5 (A), ATH-41 (B),
ATH-43 (C) and ATH-62 (D) growth was monitored at OD600nm for 15 h
under four different conditions for each one: control (black rhomboid),
mercury treatment (striped circle), tellurite treatment (grey square) and
mercury/tellurite treatment (white triangles). All curves are shown as the
mean � SD of three independent experiments.

Fig. 4 Determination of growth inhibition zones. The ATH strains were
grown in LB plates supplemented or not with mercury, and growth inhibition
zones were measured after 24 h at 25 1C around the central tellurite-
containing disc. (A) Halos in LB agar plates showing ATH-43 grown in the
presence (right) or absence (left) of mercury. The growth inhibition zones of
ATH-5 (B), ATH-41 (C), ATH-43 (D) and ATH-62 (E) are shown as the mean �
SD of three independent experiments. Asterisks represent p values o0.05.
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Altogether, these results suggest that mercury potentiates
tellurite resistance in the Antarctic Pseudomonads isolates,
especially ATH-43, but not in Psychrobacter sp. ATH-62.

ROS and the thiol content in Antarctic isolates exposed to
mercury and tellurite

It has been previously demonstrated that both, mercury and
tellurite, induce ROS production3,10 and that also show strong
affinity for sulfhydryl containing molecules.7,39 In this context,
ROS levels were quantified in terms of fluorescence intensity
under the same experimental conditions described above for
ATH strains (see the Experimental section for details) (Fig. 5).
ATH-5 and ATH-41 produced low and rather constant ROS in
the absence of toxicant amendment, while toxicant exposure
raised ROS levels significantly (Fig. 5A and B). Mercury and
mercury/tellurite treatments showed a trend to decrease ROS
levels after 30 min of toxicant exposure, increasing afterwards.
This was observed in tellurite-exposed ATH-41, but not in ATH-5,
where ROS levels exhibited a constant increase (Fig. 5A and B).
Interestingly, ATH-43 showed higher ROS levels with tellurite in
comparison to mercury and mercury/tellurite exposure (Fig. 5C).
Nevertheless, it showed a marked tendency to reduce ROS levels
in all metal treatments, almost reaching the ROS content observed
under the control conditions with mercury and mercury/tellurite
treatments (Fig. 5C). Conversely to Pseudomonas strain results,
ATH-62 behaved differently regarding ROS production (Fig. 5D).
Tellurite did not affect significantly ROS levels as compared to
control treatments. However, mercury and mercury/tellurite expo-
sure resulted in augmented ROS levels (Fig. 5D). These results
show that tellurite enhances ROS production in the Pseudomonas

isolates, but when combined with mercury a reduction of ROS
levels is observed, especially in ATH-43. In the case of ATH-62, a
distinct response was evidenced, where mercury did not favor a
ROS level decrease in the combined mercury/tellurite treatment.

Given the ability of tellurite and mercury to interact with
reduced thiols, the RSH content was analyzed (Fig. 6). The RSH
content decreased drastically in ATH-5 during all treatments
and did not recover the initial levels after 90 min (Fig. 6A).
Although there was also a decrease of RSH levels in ATH-41, a
general trend to recover them over time was observed (Fig. 6B).
ATH-43 also showed an initial reduction of thiol content that in
the case of the combined treatment recovered to that exhibited
by controls up to 90 min exposure (Fig. 6C). ATH-62 showed a
similar response to that observed for ATH-5 where the thiol
content decreased after the treatments and remained at low
concentrations.

Expression analysis in response to mercury and tellurite in
ATH-43

To shed light on the molecular mechanism(s) underlying the
mercury-triggered potentiation of tellurite resistance the
expression of three selected genes of ATH-43 was analyzed
(Fig. 7). The expression patterns of two genes belonging to
the mer operon, merA and merC, along with the general stress
response gene rpoS was evaluated after 10 min of toxicant
exposure. In general, all three genes were upregulated. The sole
exception was rpoS where its expression remained unaltered
when cells were grown in the presence of mercury. Taken
together, qPCR experiments suggest that the combination of
mercury and tellurite could generate a synergic effect over the

Fig. 5 Quantification of reactive oxygen species (ROS) in the Antarctic
strains. Cells grown to OD600nm B 0.3 were exposed to mercury (striped
circle), tellurite (grey square), and mercury/tellurite (white triangles).
Controls were not exposed to toxicants (black rhomboid). ROS content
in ATH-5 (A), ATH-41 (B), ATH-43 (C) and ATH-62 (D) was assessed
spectrophotometrically at 519 nm at 30, 60 and 90 min exposure. Plots
are shown as the mean � SD of three independent experiments, p o 0.05.

Fig. 6 Thiol content in the ATH Antarctic strains. Cells grown to OD600nm

B 0.3 were exposed to mercury (striped circle), tellurite (grey square), and
mercury/tellurite (white triangles). Controls were not exposed to the
toxicants (black rhomboid). Thiol quantification of ATH-5 (A), ATH-41 (B),
ATH-43 (C) and ATH-62 (D) was assessed spectrophotometrically at
412 nm at 30, 60 and 90 min exposure. Plots are shown as the mean �
SD of three independent experiments, p o 0.05.
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expression of mer genes, and probably other genes involved in
the general stress response.

Discussion

This work shows that mercury resistance mechanisms from
a group of psychrotolerant Antarctic bacteria are involved in
tellurite resistance. Four isolates (ATH-5, ATH-41, ATH-43 and
ATH-62) were characterized as mercury/tellurite resistant
bacteria (Table 1). ATH-5, ATH-41 and ATH-43 were related to
Pseudomonas species, while ATH-62 was to the Psychrobacter
genus. Phylogenetic trees showed that ATH-5 and ATH-41 were
related to psychrotrophic Pseudomonas mandelii CIP 105273T iso-
lated from mineral waters40 and to the arctic isolate Pseudomonas
sp. K10 (accession number JF313066) (Fig. 1A). On the other hand,
ATH-43 phylogeny was related to P. putida isolated from different
ecosystems including water and soil polluted sediments41 (Fig. 1A),
while ATH-62 was associated with Psycrobacter species isolated
from cold environments like permafrost,42 marine ice43 and
Antarctic water,44 among others (Fig. 1B).

The mer operon was detected only in the Pseudomonas strains.
Phylogenetic relationships among merA genes from ATH-5, ATH-41
and ATH-43 showed that they were related to merA genes found in
transposable elements ubiquitous in nature.45 Even though merA
from ATH-5 and ATH-41 were related to the merA sequence of
Tn5044 found in X. campestris, merA from ATH-41 formed a
distinct branch within the phylogenetic tree and could represent
a new type of MerA due its low sequence identity with other
sequenced merA genes (Fig. 2). Moreover, the mer operon from
ATH-5, and not that from ATH-41, contained the accessory gene
merC, suggesting that although they are related strains, they do not
share the same gene structure of mer operon. On the other hand,
merA from ATH-43 was phylogenetically related to merA genes
found in other P. putida strains that harbor transposon Tn5041,
including the multi-metal resistant strain P. putida SP1.16 Tn5041
and Tn5044 are mercury resistance transposons that are consid-
ered as dissemination vehicles of mercury resistance in bacterial
populations.46–48 Interestingly, the mer operon from Tn5044 is

expressed exclusively at temperatures below 30 1C.46,49 No mer
sequences were found in ATH-62, suggesting that this bacterium
harbors other molecular mechanism(s) to cope with mercury
toxicity. In this line, besides the mer system, other mercury
detoxification mechanisms have been described such as reduction
of mercury uptake and mercury ion biosorption by cell surface
proteins.45,50 Moreover, the mer operon-mediated mercury resis-
tance has been associated with antibiotic determinants since
genes encoding them are commonly found in mobile genetic
elements such as plasmids and transposons.51 Thus, we hypo-
thesize that the lack of antibiotic resistance observed in ATH-62
may be correlated with the absence of the mer operon. Further
studies should be performed to understand the molecular nature
of mercury resistance and the intrinsic high tellurite resistance
displayed by ATH-62.

Through several experimental approaches such as growth
curves, MICs, and growth inhibition zone determinations, it
was observed that when ATH-5, ATH-41 and ATH-43 were grown
in the presence of mercury, their tellurite resistance was increased
(Fig. 3 and 4 and Table 2). While ATH-5 and ATH-41 showed a
weak cross-resistance phenotype, ATH-43 exhibited a strong
potentiation of tellurite resistance in the presence of mercury.
Conversely, ATH-62 showed a totally opposite response, where the
presence of mercury did not favor this phenotype, suggesting that
the cross-resistance phenotype could be, at least in part, explained
by the presence of mer genes.

To date, defining tellurite resistance mechanisms has been
limited to some studies that establish involvement of a general-
ized oxidative stress response,7–9,52 cysteine metabolism,53–55

volatilization of alkylated tellurium compounds,56 and non-
enzymatic7,52 and enzymatic reduction. Some of the enzymes
exhibiting tellurite-reducing activity belong to the flavoprotein
family including glutathione reductase,13 thioredoxin reductase,12

dihydrolipoyl dehydrogenase,14 and alkylhydroperoxide reduc-
tase. In this context, preliminary results from our laboratory have
shown that MerA encoded in the environmental plasmid pTP657

exhibits tellurite reductase activity, suggesting that it could parti-
cipate in tellurite reduction (unpublished data). In support of this,
recently, Marteyn et al. observed that purified mercuric reductase
from Synechocystis PCC6803 can reduce uranyl cations thus breaking
the paradigmatic specificity of MerA for mercuric ions.58

To study the molecular response associated with the observed
potentiation phenomenon, the reactive oxygen species content
was analyzed. It was found that both tellurite and mercury
elicited ROS production in all Pseudomonas strains, but not in
ATH-62 (Fig. 5). It is well documented that tellurite induces
superoxide formation during its reduction to elemental tellurium
in several bacterial species.8,9,29 Since ATH-62 displayed the highest
tellurite MIC, it may harbor specific tellurite resistance deter-
minants that could be involved in controlling ROS production or
detoxification in toxicant-exposed cells. ATH-43 was the only strain
that reduced ROS levels up to those observed under control
conditions, suggesting that it may possess stronger molecular
mechanism(s) that can cope with oxidative stress which would be
induced solely in the presence of mercury. Proteomic analysis
carried out in E. coli and Corynebacterium glutamicum has shown

Fig. 7 Real time PCR for merA, merC and rpoS from ATH-43. Gene
expression of merA (rhomboids), merC (squares) and rpoS (triangles) was
determined by the DDCt method from RNA samples obtained from ATH-43
cultures treated with mercury, tellurite and mercury/tellurite. Plot is shown as
the mean � SD of three independent experiments, p o 0.05.
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that mercury triggers molecular responses against oxidative stress
such as over-production of superoxide dismutase, cysteine
synthase, thioredoxin reductase and glutathione reductase,
among others.10,59 Hence, ATH-43 may contain specialized mole-
cular determinants involved in the oxidative stress response
which would be strongly elicited by mercury. These mechanisms
could be complementary to the mer detoxification system, and as
a consequence, also useful for tellurite detoxification.

Both mercury and tellurite decreased the thiol content in all
ATH strains (Fig. 6). Hg+2 displays the highest affinity for
sulfhydryl groups in nature among heavy metals, and thus its
toxicity occurs principally due to oligodynamic effects that
causes enzymatic inactivation, thiol depletion and oxidative
stress.11,60 On the other hand, tellurite is recognized as a strong
oxidizing molecule that also produces rapid intracellular thiol
depletion in bacteria, especially of glutathione.7,39,52 Interest-
ingly, only ATH-43 showed thiol levels similar to control condi-
tions when treated with mercury/tellurite (Fig. 6A). This synergic
effect may be a consequence of a tellurite-induced activation
of still undefined mechanisms promoting thiol restoration. This
phenomenon was not observed when ATH-43 was exposed to
other thiol-depleting conditions such as cadmium, copper or
chromium. Mercury did not cause a rapid thiol depletion in
ATH-62 (Fig. 6D), which could suggest that the mercury resistance
phenotype in this strain might be related to a reduction of
mercury uptake, as occurring in lactic acid bacteria, Weissella
viridescens.50

Finally, tellurite induced the expression of merA and merC
(Fig. 7). It has been previously shown that heavy metals such as
cadmium and zinc can activate the expression of the mer
operon in Nitrosomonas europaea by a mechanism that does
not involve enzymatic reduction or detoxification of those heavy
metals.61,62 In this line, it has been suggested that mer genes
could be considered as putative ‘‘sentinel genes’’, since their
expression is highly upregulated in the presence of defined
heavy metals and the produced Mer proteins could act as heavy
metal chelators.61,62 Although tellurite induces mer genes
expression, this appears to be not enough to confer tellurite
resistance. Nevertheless, a synergic effect was again observed in
terms of merA and merC expression after mercury/tellurite
exposure. Up-regulation of merA could be associated with an
increased demand of mercury (and probably tellurite) reduction,
whereas the heavy metal transporter, merC, could be facilitating
the influx of both toxicants thus favoring rapid detoxification, as
occurring with cadmium in the transgenic, merC-expressing
S. cerevisiae.63 On the other hand, up-regulation of rpoS could
be a consequence of a multiple stress condition including oxida-
tive stress as evidenced in E. coli and P. aeruginosa,64,65 during the
so-named cross-protection phenotype.66

To date, cross-resistance responses to several toxics have been
documented for a number of organisms. Examples include the
cadmium-mediated adaptive response conferring cross-protection
against high concentrations of hydrogen peroxide and zinc in
X. campestris,67,68 as well as hydrogen peroxide confers cross-
resistance to cadmium, mercury and arsenite in Chinese Hamster
Ovary cells.69 On the other hand, evolutionary engineering

microorganisms have shown several cross-resistance pheno-
types. Some examples include the cobalt hyper-resistant
S. cerevisiae, also displaying high resistance to nickel, zinc
and manganese70 and the boron-resistant Bacillus boroniphilus,
exhibiting in addition resistance to copper, iron and salt
stress.71 Finally, it was communicated that low tellurite con-
centrations can induce an adaptive response that results in
increased tellurite resistance in Proteus mirabilis.72

Further experiments are being carried out in our laboratory
to better understand the molecular response that underlies the
cross-resistance to tellurite induced by mercury in the ATH-43
strain.

Conclusions

This work shows, for the first time, that the molecular mecha-
nisms underlying bacterial mercury resistance can participate
in cross-resistance to tellurite in a group of Pseudomonas
isolated from Antarctica. As enzymatic reduction is the most
familiar tellurite detoxification mechanism and preliminary
results from our laboratory suggest that the flavoprotein mer-
curic reductase (MerA) displays tellurite reduction activity, this
enzyme could be responsible for part of the observed tellurite
resistance in mercury-resistant bacteria.
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