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Abstract
The telluriumoxyanion, tellurite, is extremely noxious tomost living organisms. Its toxicity has beenmainly related to the generation
of reactive oxygenspecies (ROS) aswell as to anunbalancingof the thiol:redoxbuffering system.Nevertheless, a fewbacteria are capable
of thriving at high tellurite concentrations. Onemechanism of resistance is the enzymatic and non-enzymatic reduction of tellurite to the
less toxic elemental tellurium. This reduction generates nano- to micrometric tellurium crystals that display different shapes and sizes.

To date, a very limited number of highly tellurite-resistant and tellurite-reducing bacterial species are available from international
culture collections. In this work, we decided to look for tellurite-reducing bacteria from an extreme environment, Antarctica. This
environment exhibits a combination of several extreme factors such as high UV-radiation and desiccation and freezing conditions that
impact directly on the local biodiversity. Since, as does, all these factors induce ROS formation, we hypothesized that Antarctic bacteria
could also exhibit tellurite-resistance. In this context, we isolated 123 tellurite-resistant bacteria, and characterized six new tellurite-
resistant and tellurite-reducing bacterial strains from samples collected in Antarctica. These strains were identified according to
their 16S rRNA gene sequence as Staphylococcus hameolyticus, Staphylococcus sciuri, Acinetobacter haemolyticus, Pseudomonas
lini, and two strains of Psychrobacter immobilis.

The isolates display tellurite-resistance about 35- to 500-fold higher than Escherichia coli (Te-sensitive organism), and a high level
of tellurite reduction which might be interesting for an application in the field of bioremediation or nanoparticle biosynthesis.
� 2014 Elsevier B.V. and NIPR. All rights reserved.

Keywords: Tellurite reduction; Tellurite resistance; Antarctic strains; Tellurium nanostructures; Metalloids
* Corresponding author. Departamento de Biologı́a, Facultad de Quı́mica y Biologı́a, Universidad de Santiago de Chile, Santiago, Chile.

Tel.: þ56 2 2718 1117.

E-mail address: claudio.vasquez@usach.cl (C.C. Vásquez).
1 These two authors contributed equally to this work.

1873-9652/$ - see front matter � 2014 Elsevier B.V. and NIPR. All rights reserved.

http://dx.doi.org/10.1016/j.polar.2014.01.001

mailto:claudio.vasquez@usach.cl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polar.2014.01.001&domain=pdf
http://dx.doi.org/10.1016/j.polar.2014.01.001
www.sciencedirect.com/science/journal/18739652
http://dx.doi.org/10.1016/j.polar.2014.01.001
http://dx.doi.org/10.1016/j.polar.2014.01.001
http://ees.elsevier.com/polar


41F.A. Arenas et al. / Polar Science 8 (2014) 40e52
1. Introduction

Tellurium (Te) is a metalloid belonging to the group
16 of the Periodic Table along with oxygen, sulfur,
selenium, and polonium. Although this group includes
essential biochemical elements such as O, S and Se, no
biological role has been assigned to tellurium to date
(Ba et al., 2010). Although rare in the Earth’s crust, Te
exhibits a combination of several useful properties
such as photoconductivity, nonlinear optical response
and thermoelectric properties that have attracted much
attention, in particular in the field of nanotechnology
(Mayers and Xia, 2002).

Tellurium can exist in various redox states: telluride
[Te(-II); Te2�], elemental tellurium [Te(0); Te0], tel-
lurite [Te(IV); TeO3

2�] and tellurate [Te(VI); TeO4
2�].

Although the real toxicity of the elemental form has
not been defined, most studies have focused on
unveiling the toxicity exhibited by the most soluble
and toxic Te oxyanion, tellurite. Although little is
known about tellurite toxicity in humans (Ba et al.,
2010), the bactericidal activity of this toxicant was
recognized prior to the use of antibiotics (Fleming,
1932).

The molecular basis underlying tellurite toxicity is
still not fully understood. It has been suggested that Te
could replace S in some amino acids, thus generating
non-functional proteins with catastrophic conse-
quences (Taylor, 1999). Another hypothesis is that
tellurite toxicity would result from its ability to
strongly oxidize a number of cellular components
(Summers and Jacoby, 1977). In this context, it has
been demonstrated that the reduced cellular thiol pool,
especially that of glutathione (GSH), is an important
tellurite target. This pool is oxidized in the presence of
the toxicant (Turner et al., 1999, 2001). When reacting
with reduced thiols (RSH), tellurite is reduced and this
process is accompanied by the generation of superox-
ide (Calderón et al., 2006; Pérez et al., 2007; Tremaroli
et al., 2007). Upon TeO3

2� exposure, various bacteria
such as Escherichia coli (Tantaleán et al., 2003),
Pseudomonas pseudoalcaligenes (Tremaroli et al.,
2007, 2009) and Rhodobacter capsulatus (Borsetti
et al., 2005) display an oxidative stress status, with
increased reactive oxygen species (ROS) levels (Pérez
et al., 2007; Tremaroli et al., 2007, 2009). In turn,
oxygen radicals can affect a number of macromole-
cules and/or metabolic pathways (Imlay, 2003).

With some limited exceptions (for instance, see
Rathgeber et al., 2002), few bacteria have been re-
ported to thrive at high tellurite concentrations and the
existence of a number of tellurite resistance
mechanisms has been proposed. One of them is the
enzymatic or non-enzymatic reduction of tellurite to
elemental tellurium (Chasteen et al., 2009). This
reduction process generates nanometric tellurium
crystals referred to as nanostructures, exhibiting
different shapes and sizes depending upon the syn-
thesis conditions. From a biotechnological point of
view, this microbial/enzymatic tellurite reduction ap-
pears to be highly valuable since nowadays the gen-
eration of Te nanostructures is almost exclusively
conducted using harmful chemical procedures.

One of the current limitations to understand tellurite
resistance and toxicity resides in the limited number of
well characterized tellurite-resistant and tellurite-
reducing bacterial species that are available from in-
ternational culture collections. Bioprospecting for new
tellurite-resistant and tellurite-reducing bacterial strains
appears to be an initial and essential step to reach this
goal. We decided to look for tellurite-reducing bacteria
in an extreme environment, Antarctica, since it exhibits
a combination of several extreme factors and is
considered the coldest and driest place on earth. Inter-
estingly, both low temperatures and drought conditions
are factors inducing bacterial ROS generation
(D’Amico et al., 2006; Potts, 1994). In addition and
because of springtime ozone depletion, elevated levels
of UV radiation across Antarctica have been reported
(Madronich et al., 1998). UV radiation is known to
directly damage DNA (Rastogi et al., 2010) and is also
responsible for ROS formation (He and Häder, 2002).

Based on the observed tellurite-induced oxidative
stress mentioned above, it can therefore be hypothesized
that Antarctica, a cold, dry, and UV-rich environment,
may also contain tellurite-resistant bacteria. Finally, the
wide variety of ecological and geological niches of
Antarctica, coupled with the overall frozen conditions,
have led to the conservation of ancient and unique mi-
croorganisms containing precious information for the
understanding of life diversity and evolution.

2. Materials and methods

2.1. Isolation of Antarctic tellurite-resistant bacteria

Bacteria were isolated from Antarctica during the
Chilean Antarctic Expedition ECA-48 (sponsored by
INACH, Instituto Antártico de Chile, January 2012).
About 100 environmental samples of soil, sediments,
ice and water were collected from King George,
Deception, Livingston and Greenwich Islands and the
Antarctic Peninsula. Samples collected at King George
Island (S62� 110 37.600; W58� 560 14.900 and S62� 110
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40.500; W58� 580 47.400) and Ardley peninsula (S62� 120

40.700; W58� 560 29.200) were enriched for tellurite-
resistant bacteria using a number of rich liquid cul-
ture media that included LuriaeBertani (1X or 0.1X,
Sambrook and Russell, 2001), R2A (Reasoner and
Geldreich, 1985), ATTC (Chiong et al., 1988) and
marine medium (1 g yeast extract, 10 g tryptone, 5 g
peptone in 1 L of fresh, sterilized sea water). After
supplementing with different K2TeO3 concentrations
(10e200 mg ml�1), the different media were incubated
at temperatures ranging from 8 to 50 �C. Pure cultures
were obtained after successive transfers onto appro-
priate solid media.

Once the optimal growth temperature was deter-
mined for each isolate, experiments of zone of growth
inhibition, minimal inhibitory concentrations (MIC)
and growth curves were performed essentially as
described previously (Fuentes et al., 2007).

2.2. Identification of Antarctic tellurite-resistant
bacteria

To identify the Antarctic isolates, amplification and
sequencing (Macrogen, Korea) of their 16S rRNA gene
was conducted using the following universal primers:
U515F, GC341F, 8F, U1492R, and 907R (Suzuki and
Giovannoni, 1996; Lane et al., 1985; Felske et al.,
1997). GeneBank accession numbers for the 16S rRNA
nucleotide sequences areKF701037 (BNF01),KF701038
(BNF05), KF701039 (BNF08), KF701040 (BNF15),
KF701041 (BNF20) and KF701042 (BNF22). Phyloge-
netic trees were constructed with MEGAv5.2.1 using the
neighbor-joining method (Saitou and Nei, 1987) and
distanceswere computed using theMaximumComposite
Likelihood method (Tamura et al., 2004).

2.3. Characterization of Antarctic tellurite-resistant
bacteria

Isolate morphology was determined using a low-
voltage electronic microscope (LVEM, see below).
Table 1

General characteristics of the BNF strains.

Strain Most closely related species (% similarity) Colony color Mo

BNF01 Staphylococcus haemolyticus (99%) White C

BNF05 S. sciuri (99%) Orange C

BNF08 Psychrobacter immobilis (99%) e R

BNF15 Acinetobacter haemolyticus (99%) e R

BNF20 P. immobilis (99%) e R

BNF22 Pseudomonas lini (99%) e R

E. coli e e R

C, cocci; R, rods.
Gram staining was performed using the Burke method
(Doetsch, 1981). Growth parameters such as tempera-
ture (range and optimal), and salinity range were
assessed by monitoring cultures of each strain in LB
medium (Sambrook and Russell, 2001) at 130 rpm
under aerobic conditions. Subsequent analyses were
carried out at the respective strain’s optimal growth
temperature.

Biochemical characteristics were determined under
aerobic conditions using the API ZYM and API 20E
systems (BioMérieux Inc., Durham, NC) at 25 or 37 �C
(see Table 1) for 6 or 24 h, respectively. After sus-
pending the cells in 0.85% NaCl all procedures were
carried out according to the manufacturer’s in-
structions. To test for catalase, the production of bub-
bles was followed upon addition of a 3% H2O2 solution
(Staphylococcus aureus ATCC 6538 was used as pos-
itive control). Oxidase activity was determined by
transferring cells to filter paper with freshly prepared
1% (w/v) n,n-dimethyl-p-phenylenediamine hydro-
chloride.

2.4. Tellurite-uptake assays

Overnight cultures were diluted 1:100 with fresh LB
medium and grown with shaking (130 rpm) to OD600

w0.4. Then, K2TeO3 (10, 50 or 100 mg ml�1) was
added and aliquots were taken at different time periods
over 74 h and centrifuged at 9000 � g for 5 min. Su-
pernatants were used to quantify the remaining extra-
cellular tellurite by the NaBH4-method described by
Molina et al. (2010).

2.5. Te quantification by inductively coupled plasma-
optical emission spectrometry (ICP-OES)

BNF strains were grown in LB to OD600 w0.5e0.6,
exposed to sublethal tellurite concentrations for
defined time intervals, centrifuged and stored frozen.
Bacterial sediments were suspended in 1 ml of 50 mM
MES-NaOH buffer pH 7.4 and 10% HNO3 was added
rphology Gram staining Optimal T (�C) Td (h) MIC (mg/ml)

þ 37 0.65 225

þ 37 0.51 525

e 25 1.65 275

e 25 1.95 200

e 25 1.69 575

e 25 1.34 35

e 37 0.58 1
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up to 10 ml to dissolve and oxidize all contained
tellurium. Samples were analyzed for Te content in a
Spectro CIROS Vision ICP-OES instrument using the
214 nm Te line. A calibration curve was constructed
using commercially available tellurium standards in
10% HNO3.

2.6. Electron microscopy

Bacterial cultures were centrifuged at 6000 � g and
after removing the supernatant, glutaraldehyde (0.5%
v/v) in 0.2 M potassium phosphate buffer pH 7.4 was
added. Cells were fixed for 2 h and dehydration was
accomplished by several ethanol (30e100% v/v) and
acetone (100%, v/v) washes. Samples were stained
with 0.5% (w/v) uranyl acetate for 5 min, washed and
air-dried. Finally samples were examined by scanning
electron microscopy (SEM) using a low-voltage elec-
tron microscope (Delong Instruments, LVEM5) with a
nominal operating voltage of 5 kV.
Fig. 1. Growth inhibition zones of the indicated strains in the presence of t

disk (6 mm) containing 10 ml of a 100,000 mg ml�1 potassium tellurite soluti

respective optimal growth temperatures. Bars represent the average of thre
2.7. In vitro and in situ tellurite reductase activity
(TR)

In vitro TR activity was determined in cell-free
extracts, prepared as described by Castro et al.
(2008), using 100 mg of protein in a buffer that con-
tained 50 mM TriseHCl pH 7.4, 250 mg ml�1 K2TeO3,
1 mM NAD(P)H and 1 mM 2-mercaptoethanol (TR
buffer). Incubations took place at 37 �C and tellurite
reduction was monitored at 500 nm. One unit of TR
activity was defined as the amount of enzyme causing
an increase in OD500 of 0.001 min�1 ml�1. The protein
nature of the activity was determined by heating and/or
treating crude extracts with protein denaturing agents
such as SDS (1%) or proteinase K (20 mg ml�1).

In situ TR activity was assessed by fractionating
crude extracts (200 mg protein) by non-denaturing
polyacrylamide (12%) gel electrophoresis (native-
PAGE) (Castro et al., 2008). After the run, the gel was
immersed in TR buffer and incubated at 37 �C for 1 h
ellurite. Cells were seeded in LB-agar plates on which a sterile filter

on was placed in the center. Plates were then incubated for 24 h at the

e independent trials � SD.
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to identify the black deposits that are indicative of TR
activity. Protein concentration was determined as
described by Bradford (1976) using bovine serum al-
bumin as standard.

2.8. ROS monitoring by flow cytometry

Cells grown to OD600w0.5 were exposed to tellurite
concentrations equivalent to ¼ of the respective MICs
for 75 min. After washing, centrifuging and suspending
in 500 ml of 25 mM phosphate buffer pH 7.0, cells were
incubated for 30 min in the dark with the oxidation-
sensitive probe 20,70-dichlorodihydrofluorescein diac-
etate (H2DCFDA, 0.02 mM). Total ROS were assessed
by flow cytometry by monitoring fluorescence intensity
(lex 428, lem 522) (Reinoso et al., 2012).

2.9. Data analysis

In general, results were expressed as the mean � the
standard deviation of 3 independent trials. Differences
between experimental groups were analyzed using
one-way ANOVA. P values less than 0.05 were
considered statistically significant.
Fig. 2. 16S rRNA gene sequence-based phylogenetic trees of the Antarctic s

described in Methods. Distances were computed using the Maximum Com

represent bootstrap percentages (1000 replicates).
3. Results

After enrichment and purification, 123 isolates were
obtained, of which 65, 44, and 24% exhibited good
growth in LB-agar (at 25 or 37 �C) in the presence of
100, 200 or 450 mg ml�1 K2TeO3, respectively. Based
on the observed tellurite resistance and the ability to
reduce the toxicant, 6 isolates (hereafter BNF strains)
were selected for further analysis (Table 1). Their
qualitative level of tellurite resistance was first
assessed by zone of growth inhibition assays. While E.
coli growth was almost completely inhibited in LB
plates containing filter disks, to which 10 ml of 0.4 M
tellurite had been previously added, all BNF strains
grew well and showed high levels of tellurite reduction
(Fig. 1). Similar results were observed when the min-
imal inhibitory concentration was determined. In fact,
all BNF strains tolerated high tellurite concentrations
(35e575 mg ml�1), with BNF05 and BNF20 being able
to thrive at concentrations w500 fold higher than E.
coli (Table 1).

BNF01 and BNF05 are Gram-positive cocci with
37 �C as their optimal growth temperature. BNF08,
BNF15, BNF20 and BNF22 represent Gram-negative
trains. The tree was constructed using the neighbor-joining method as

posite Likelihood method (Tamura et al., 2004). Numbers at nodes
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rods whose optimal growth temperature was 25 �C.
The 16S rRNA gene sequence of the BNF strains was
determined, compared with those deposited in the
NCBI database and used to construct phylogenetic
trees. The results showed that BNF strains were closely
related to genera Staphylococcus, Psychrobacter, Aci-
netobacter and Pseudomonas (Fig. 2). Basic features
under optimal growth conditions including generation
time, optimal growth temperature and tellurite toler-
ance of the BNF strains are shown in Table 1. Although
all strains came initially from low-temperature
ecological niches, most experiments reported here
were carried out under their determined, optimal
growth temperatures (25 or 37 �C, Table 1). Generation
times at lower temperatures, e.g., 4 or 10 �C, were so
long that these slow growth rates made it almost
impossible to characterize the Antarctic isolates.

Subsequently, morphological, physiological, and
biochemical characterizations of the BNF strains were
carried out. Cell morphology was assessed by scanning
electron microscopy (Fig. 3) and the general growth
characteristics of the isolates are indicated in Table 2.
Fig. 3. Scanning electron microscopy of the BNF Antarctic strains. Cells w

exposed cells.
While BNF01 and BNF05 were not able to grow at low
temperatures (i.e., 4 �C), BNF15 did not grow at 37 �C.
The ability to grow in the presence of different NaCl
concentrations was also analyzed. BNF01 and BNF05
grew in up to 15% NaCl, while the other isolates grew
only at salt concentrations below 10%. Table 3 sum-
marizes some biochemical characteristics of the BNF
strains. Owing to the lower growth rate of those iso-
lates, whose optimal growth temperature was 25 �C
(Table 1), the API 20E test was also carried out for
48 h and the results were identical. Almost all isolates
were positive for catalase and oxidase, except BNF01
and BNF15 which were only catalase positive and also
proficient in oxidizing sugars (Table 3). The presence
of sub-lethal TeO3

2� concentrations significantly
affected the growth of BNF strains other than BNF01
and BNF05, whose growth curves did not vary
significantly in the presence of the toxicant (Fig. 4).

To assess tellurite removal, the remaining tellurite in
culture supernatants was determined. Results showed
that after short exposure to the toxicant, tellurite removal
was quite low. However, after 74 h exposure, a decrease
ere prepared for SEM as described in Methods. Insets depict tellurite-



Table 2

Growth conditions of the BNF strains.

Growth conditions BNF01 BNF05 BNF08 BNF15 BNF20 BNF22

Temperature (�C)
4 e e þ þ þ þ
25 þ þ þ þ þ þ
37 þ þ þ e þ þ

Salinity (% NaCl)

0 þ þ þ/� þ þ/� þ
1 þ þ þ þ þ þ
5 þ þ þ e þ þ
10 þ þ þ e þ e
15 þ/� þ e e e e

Growth in

Yeast extract 0.5% þ þ þ/� þ þ/� þ
Tryptone 0.5% þ þ e þ e þ
PGA (solid Media) þ þ/� þ þ þ þ
TSA (solid Media) þ þ þ þ þ þ

Antibiotic sensitivity

Tetracycline þ/� þ þ þ þ þ
Oxacillin e e e e e e

Erythromycin þþ þþ þ þ þ e

Clindamycin þ/� þ þ/� þ/� þ/� e
Cefazolin þ þ þþ þ/� þ e

Penicillin e þþ þ þ/� þ e

Trimethoprim/sulfamethoxazole e þ þ þ þþ e

Cefuroxime þþ þþ þþ þ þþ e
Ceftazidime þ/� e þþ þ/� þþ e

Ampicillin/sulbactam þ þ þþ þþ þþ e

Cefalotin þþ þþ þ/� þ/� þ/� e

Ciprofloxacin þþ þ/� þþ þþ þþ þþ
Gentamicin þþ þþ þþ þþ þþ þþ
Amikacin þþ þ þþ þþ þþ þþ
Cefotaxime þ þ þþ þ þþ þ/�
Chloramphenicol þþ þþ þþ þþ þþ þ/�

Utilization of

Citrate e e e e e þ
Production of

H2S e e e e e e

Indole e e e e e e

Acetoin e e þ þ e e

NO2 þ þ þ e þ e
N2 e e e e e e
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of 91, 96 and 73% of the extracellular tellurite was
observed for BNF01, BNF05, and BNF22, respectively.
All other isolates decreased<50% of the initial tellurite
concentration in the medium (Fig. 5 AeB). Cell-free
supernatants showed no blackening (Te0 production),
suggesting that molecules secreted by the isolates are not
directly responsible for tellurite reduction. To quantify
incorporated tellurite and/or its reduction product (Te0),
intracellular Te content was determined by ICP-OES as
described above. Results showed that all BNF strains
incorporated more tellurium than E. coli, BNF05 being
the best -and fastest-tellurite collector (specific Te
accumulation rate 0.912 � 0.051 ppm Te mg protein�1,
Fig. 5CeD).
To evaluate whether the ability of BNF strains to
reduce tellurite was related to some cell protein
component, crude extracts were prepared and used to
assess tellurite reductase activity with pyrimidine nu-
cleotides NADH or NADPH as electron donors. Higher
NADH-dependent TR activity was observed in all BNF
strains e excepting BNF05 e when compared to that
observed in E. coli (Fig. 6A). Conversely, and with the
exception of BNF22, all BNF extracts showed lower
TR activity than those from E. coli in the presence of
NADPH (Fig. 6B). These results suggest that proteins
in crude extracts are most probably responsible for
TeO3

2� reduction. Another line of evidence came from
using non-denaturing polyacrylamide gels to reveal TR



Table 3

Biochemical characteristics of the BNF strains.

BNF01 BNF05 BNF08 BNF15 BNF20 BNF22

Test

Oxidase e þ þ e þ þ
Catalase þ þ þ þ þ þ

Presence of

Arginine dihydrolase þ e e e e þ
Lysine decarboxylase e e e e e e

Ornithine decarboxylase e e e e e e

Urease e e e e e e

Tryptophane deaminase e e e e e e
Gelatinase e þ e e e þ
Alkaline phosphatase e e e e e e

Esterase lipase (C8) þ þ/� þ þ þ/� þ/�
Lipase (C14) e e e e e e
Leucine arylamidase e þ þ þ þ þ
Valine arylamidase e e e e e þ
Cystine arylamidase e e e e e e
Trypsin e e e e e þ/�
a-chymotrypsin e e e e e e

Acid phosphatase þ þ/� e e e e

Naphthol-AS-BI-phosphohydrolase e þ þ/� e þ/� þ/�
a-galactosidase e e e e e e

b-galactosidase e e e e e e

b-glucuronidase þ e e e e e

a-glucosidase þ þ e e e e
b-glucosidase e þ e e e e

N-acetyl-b-glucosaminidase e e e e e e

a-mannosidase e e e e e e

a-fucosidase e e e e e e
b-galactosidase e e e e e e

Oxidation of

D-glucose þ þ e e e e
D-mannitol e þ e e e e

Inositol e þ e e e e

D-sorbitol e e e e e e

L-rhamnose e e e e e e
D-saccharose þ þ e e e e

D-melibiose e e e e e e

Amygdaline e þ e e e e

L-arabinose e e e e e e
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activity (Fig. 6C). To further confirm the proteinaceous
nature of the tellurite-reducing agent, reduction assays
were carried out using crude extracts previously treated
with heat, SDS or proteinase K. As expected, all these
treatments abolished TR activity (data not shown).
Interestingly, when looking for TR activity in the
BNF08 isolate, a band exhibiting in situ tellurite
reduction was only detected in extracts of cells previ-
ously exposed to the toxicant (Fig. 6D).

Finally, since superoxide is generated during tel-
lurite reduction (Pérez et al., 2007; Tremaroli et al.,
2007, 2009), the ROS level was assessed in BNF
strains to determine if it is related to the high tellurite
resistance and reduction observed in these Antarctic
BNF strains. As shown in Fig. 7, but with the exception
of BNF20, all isolates exhibited a higher level of total
ROS when exposed to tellurite. This was especially
evident in the case of BNF15, BNF22 and the reference
strain E. coli.

4. Discussion

The sluggish progress in characterizing new bacte-
rial tellurite resistance mechanisms has resulted in an
incremental advancement of knowledge regarding the
diversity of organisms tolerating high tellurite con-
centrations and vice versa.

Tellurite-resistant bacteria often reduce it to the less
toxic, elemental form (Te0), which accumulates as
black deposits. It has not been determined if tellurite



Fig. 4. Growth curves of the BNF strains. Cells were exposed to tellurite and the optical density at 600 nm was recorded at the indicated times.

Bars represent the average of three independent trials � SD.
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reduction actually represents a real tellurite resistance
mechanism. This is because tellurite-sensitive bacteria
are also able to reduce it when growing at sub-lethal
toxicant concentrations (Summers and Jacoby, 1977).
Thus, investigating the molecular mechanisms under-
lying this phenomenon is of great interest because of
its potential use in bioremediation and/or biotech-
nology such as the generation of tellurium nano-
structures (Ollivier et al., 2008; Soudi et al., 2009; Ba
et al., 2010; Lin et al., 2012; Turner et al., 2012).

Because of the limited number of tellurite-resistant
bacteria characterized so far, we decided to isolate and
characterize new bacteria from the Antarctic territory.
In spite of some concerns about contamination (Cowan
et al., 2011), Antarctica can still be considered an
almost pristine area and a place where evolutionary
processes have been distinct from all other places
around the planet. Direct human effects on Antarctica
are limited. Antarctica exhibits a combination of
several extreme factors, namely high UV radiation,
desiccation, and freezing conditions that in one way or
another can generate oxidative stress. Since tellurite
also induces this kind of stress, we inferred that
Antarctica may host tellurite-resistant bacteria. The
principal objective of this investigation was to isolate
and identify new tellurite-resistant bacteria from the
Antarctic continent.

The characterization and identification of the BNF
strains were required to understand their behavior in
the presence of tellurite. Based on 16S rRNA nucleo-
tide gene sequences, they were allocated to the genera
Staphylococcus, Psychrobacter, Acinetobacter and
Pseudomonas (Table 1, Fig. 2). Although BNF08 and
BNF20 were phylogenetically related, their tellurite



Fig. 5. Extra- and intracellular tellurium quantification. A-B, tellurite removal from culture supernatants by the indicated bacteria. Tellurite

concentration was determined as described in Methods. C, intracellular Te content in the indicated strains previously grown in the presence of sub-

lethal tellurite concentrations, as determined by ICP-OES. D, kinetics of intracellular Te accumulation in the indicated bacterial strains.
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tolerance was quite different. They also displayed
different levels of toxicant reduction (Fig. 1, Table 2).
Visually, BNF08 displayed a strong black color
whereas BNF20 looked brownish. Tellurite-tolerance
Fig. 6. Tellurite reductase activity. TR activity was assessed in crude extrac

donor. Bars represent the average of three independent trials � SD. C, in si

native PAGE. D, induction of TR activity in BNF08 by tellurite. Extracts w

assayed for in situ TR activity as described in Methods.
results were confirmed by MIC assays in liquid
media. Taken together, these results suggest that these
two isolates may exhibit different mechanisms of tel-
lurite reduction.
ts of the indicated strains using NADH (A) or NADPH (B) as electron

tu TR activity in extracts from the indicated strains as determined by

ere prepared from cells exposed (þ) or not (�) to the toxicant and



Fig. 7. Intracellular ROS determination. Cells exposed (black) or not

(white) to tellurite were assessed for total reactive oxygen species by

flow cytometry using the probe H2CFDA as described in Methods.

Bars represent the average of three independent trials � SD.
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Among the features determined by the phenotyp-
ical, morphological, and biochemical characterizations
of the BNF strains (Tables 1 and 2, Fig. 3), two deserve
special attention: their growth over a large range of
growth temperatures (4e37 �C) and salt concentrations
(0e10% NaCl, Table 2). In this context, it has been
shown that halotolerant microorganisms are good
candidates for bioremediation and biotransformation of
toxic metals and metalloids (Amoozegar et al., 2008).

High level tellurite resistance (>500 mg ml�1) was
observed for some of the isolates. It is important to
note that the tellurite MIC for a sensitive bacterium
like E. coli does not exceed 1 mg ml�1 (Walter and
Taylor, 1992). In this work, 6 of 123 tellurite-
resistant strains from the Antarctic e those that
showed the best tellurite-reducing ability but not
necessarily the highest tellurite-resistance e were
chosen for further characterization (Fig. 1, Table 1).
BNF05 and BNF20 were the most resistant isolates.
Nevertheless, these two strains are not among the most
tellurite-resistant microorganisms reported so far. For
instance, two non-sulfur purple bacteria, Rhodobacter
capsulatus and Rhodobacter sphaeroides, exhibit tel-
lurite MICs w800 mg ml�1 (Moore and Kaplan, 1992).
In spite of this, these BNF strains remain as interesting
candidates to investigate the molecular mechanisms
underlying bacterial tellurite resistance.

Tellurite removal was assessed indirectly by quan-
tifying the remaining tellurite in culture supernatants
of toxicant-exposed cells. Up to w90% of the tellurite
initially present in the culture medium was removed by
BNF01 and BNF05 (Fig. 5AeB). These results, which
were confirmed by ICP-OES (Fig. 5CeD), suggest that
any putative tellurite resistance mechanism in BNF
strains is not directly related with tellurite efflux, as
was previously shown for E. coli (Turner et al., 1995).

When exposed to a sub-lethal tellurite concentration
during the exponential phase, an important growth
delay was observed (except for BNF01 and BNF05)
which was overcome after 20 h post exposure. Some-
thing similar occurred with E. coli (Fig. 4). The mild
effect seen with BNF01 and BNF05 could be related to
their ability to rapidly internalize and reduce tellurite
(Figs. 1 and 5). This response to the toxicant suggests
that cells are able to activate defense and detoxification
mechanisms that allow continuous growth in the
presence of the oxyanion. Other results showed that
tellurite-exposed BNF strains apparently undergo
membrane alterations (Fig. 3). Also, cold-adapted mi-
croorganisms display higher levels of mono and
polyunsaturated fatty acids as a way to improve
membrane fluidity.

Next, we focused on the chemical nature of the
agents responsible for tellurite reduction. In this
context, it has been reported that a number of metabolic
enzymes can reduce tellurite to elemental tellurium.
These include nitrate reductases (Sabaty et al., 2001),
dihydrolipoamide dehydrogenase (Castro et al., 2008)
and catalase (Calderón et al., 2006; Chasteen et al.,
2009). It was observed that crude extracts of all BNF
strains reduced Te(IV) to Te0 via a NADH- or NADPH-
dependent reaction. Only BNF22 extracts used both
electron donors equally well (Fig. 6AeB) and so these
two were used to look for new proteins exhibiting high
TR activity. The tellurite-reducing activity was drasti-
cally affected by the presence of protein-denaturing
agents, suggesting that, at least in part, this class of
macromolecules are responsible for tellurite reduction.
On the other hand, reduction deposits were observed
upon fractionating crude extracts by native poly-
acrylamide gel electrophoresis (Fig. 6C). Interestingly,
a tellurite-reduction band was observed in BNF08 ex-
tracts only if the cells had been previously grown in the
presence of tellurite, i.e. it was absent in extracts pre-
pared from untreated cells (Fig. 6D). This suggests that
the selective pressure exerted during tellurite exposure
induced the expression of a gene encoding an enzyme
exhibiting TR activity.

Since the BNF strains were collected from niches
whose extreme environmental conditions result in ROS
generation, it was expected that these strains would
scavenge ROS efficiently. When total ROS were
analyzed, it was observed that, in the presence of tel-
lurite, most BNF strains produced less ROS than their
respective untreated controls or the tellurite-sensitive,
reference E. coli strain (Fig. 7). Future experiments
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will allow determination of whether this observed
result could be explained by the existence of more
efficient, better ROS-scavenging systems in the BNF
isolates. In this context, identifying new proteins
exhibiting TR activity would be of great help in
studying the molecular mechanism(s) underlying tel-
lurite resistance and reduction. It would also be very
interesting to evaluate in vivo tellurite reduction at
lower temperatures to determine if this process is
enhanced under these conditions. Investigating the
production e and purification e of TR activity-
exhibiting enzymes from these Antarctic strains
would help to determine the optimal parameters gov-
erning the in vitro process of toxicant reduction.

Finally, we have noticed that most BNF strains
contain extrachromosomal elements. Experiments to
determine if these plasmids carry tellurite resistance
genes are under way in our laboratory.

5. Conclusion

Six tellurite-resistant, tellurite-reducing bacterial
isolates were isolated from environmental samples
collected from Antarctica. The features of this inter-
esting collection of microorganisms could serve to
generate new knowledge regarding novel tellurite
resistance or reduction mechanisms, as well as interest
in their use in a number of biotechnological applica-
tions that include biosorption, bioremediation and
nanoparticle synthesis.
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