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Abstract The newly discovered strain CM-3, a Gram-
negative, rod-shaped bacterium from gold mine tailings
of the Central Mine in Nopiming Provincial Park, Canada,
is capable of dissimilatory anaerobic reduction of tellur-
ite, tellurate, and selenite. CM-3 possesses very high level
resistance to these oxides, both aerobically and anaerobi-
cally. During aerobic growth, tellurite and tellurate resist-
ance was up to 1500 and 1000 pg/ml, respectively. In the
presence of selenite, growth occurred at the highest con-
centration tested, 7000 pg/ml. Under anaerobic conditions,
resistance was decreased to 800 ug/ml for the Te oxides;
however, much like under aerobic conditions, growth with
selenite still took place at 7000 pg/ml. In the absence of
oxygen, CM-3 couples oxide reduction to an increase in
biomass. Following an initial drop in viable cells, due to
switching from aerobic to anaerobic conditions, there was
an increase in CFU/ml greater than one order of magni-
tude in the presence of tellurite (6.6 x 10°-8.6 x 10* CFU/
ml), tellurate (4.6 x 10°-1.4 x 10° CFU/ml), and selenite
(2.7 x 10°=5.6 x 10° CFU/ml). A control culture without
metalloid oxides showed a steady decrease in CFU/ml with
no recovery. ATP production was also increased in the pres-
ence of each oxide, further indicating anaerobic respiration.
Partial 16S rRNA gene sequencing revealed a 99.0 % simi-
larity of CM-3 to Pseudomonas reactans.
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Introduction

Extreme environments have provided insight into how
microorganisms can adapt to survive and thrive under the
harshest of conditions. Microorganisms have been found in
many environments where they are least expected such as
arid deserts and hydrothermal vents (Csotonyi et al. 2006,
2010). Bacteria have evolved unique abilities that allow
them to inhabit ecological niches that would be considered
to be extreme for most forms of life. Some of the localities
have elevated concentrations of highly toxic oxides (Knott
et al. 1995; Cooper 1971) of tellurium (Te) and selenium
(Se), leading to the evolution of microbes capable of toler-
ating the increased presence of toxins (Yurkov and Csoto-
nyi 2003).

Te is a metalloid element related to oxygen and sulfur
in group 16 of the periodic table. It possesses stable oxi-
dation states of VI (tellurate), IV (tellurite), O (elemental
tellurium), and II (telluride). Tellurate is most common in
the hydrosphere, while in the lithosphere it is found as tel-
lurides of gold and silver (Cooper 1971). Overall, Te has a
very low global abundance (1072~10~% ppm) and its distri-
bution is not homogenous (Yurkov and Csotonyi 2003). For
example, in gold mines it can be significantly concentrated
(14.8 ppm) (Wray 1998). Oxides of Te are highly toxic to
microorganisms at levels as low as 1 pg/ml (Yurkov et al.
1996), but through aerobic reduction, certain species can
resist levels as high as 2500-4000 pg/ml (Yurkov et al.
1999; Pearion and Jablonski 1999). The majority of tel-
lurite and tellurate resistance is found under aerobic con-
ditions, although there are some exceptions. Rhodobacter
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sphaeroides can reduce up to 600 pug/ml tellurite during
anaerobic photosynthesis to dispose of excess reducing
equivalents (Moore and Kaplan 1994). In the case of Des-
ulfovibrio desulfuricans, resting cells can couple the reduc-
tion of tellurite to the oxidation of formate, but no energy is
conserved (Lloyd et al. 2001).

Se parallels Te in many instances. It is also a group 16
element related to sulfur and oxygen with the same oxida-
tion states of VI (selenate), IV (selenite), 0 (elemental sele-
nium), and II (selenide). However, the toxicity of Se oxides
is lower than that of Te, resulting in microbial resistance
in excess of 7000 pg/ml (Rathgerber et al. 2006). Global
abundance of Se, while very low, is still much higher than
that of Te, around 0.05 ppm (Krauskopf 1982) and like Te,
it can be locally concentrated. Sulfide ores of iron, nickel,
copper, zinc and lead result in increased Se levels in mine
tailings, and natural Se abundance in bedrock can lead to
increased levels in soils (Haug et al. 2007). Selenite and
selenate are the most prevalent forms found, sometimes
at levels so high that their toxic effect can be observed in
animals inhabiting those areas in the form of selenosis
(Tinggi 2005). Much like Te, aerobic microbial resistance
and reduction is more commonly reported than anaerobic
resistance and reduction.

Dissimilatory electron transport (anaerobic respiration)
to tellurite, tellurate, and selenite is a rare ability. To date,
there are only seven examples of bacteria that have been
confirmed to utilize these oxides as terminal electron accep-
tors during anaerobic growth. The first report of dissimila-
tory anaerobic use of tellurate was first published for the
taxonomically unclassified strain ER-Te-48 (Csotonyi et al.
2006). Both Bacillus selenitireducens and B. beveridgei
are the only known bacteria able to respire anaerobically
using all three oxides (Baseman et al. 2007, 2009). Sul-
furospirillum barnesii can undergo respiration while grow-
ing on tellurite and tellurate (Baseman et al. 2007). Lastly,
there are three isolates (Desulfospirillium indicum, strain
HGMK1, and HGMK3), which can use selenite for respira-
tion (Rauschenbach et al. 2011; Takai et al. 2002). Some
other bacteria are suspected to have this capability (Klo-
nowska et al. 2005; Etezad et al. 2009), but none have been
confirmed. The use of metalloid oxides as terminal elec-
tron acceptors in respiratory pathways is consistent with
our current knowledge of energetics. The redox couple of
TeO5* /Te (0.827 V), TeO,* /Te (1.719 V), and SeO5>"/Se
(0.875 V) are more favorable for anaerobic respiration than
the SO?~/HS ™ redox couple (—0.217 V) utilized by sulfate
reducers (Bouroushian 2010). Further supporting this line
of logic, reduction of selenite to Se [AG;°> = —132.4 kJ
(mol electrons)™!] (Blum et al. 1998) and tellurite to Te
[AG = —T71.3 kJ (mol electrons) '] coupled to the oxida-
tion of lactate is highly exergonic (Baseman et al. 2009),
providing more than enough energy for growth. Likely
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factors contributing to the infrequent use for respiration is
the low global abundance and high toxicity. Nevertheless,
respiration on other toxic oxides is known (Lovley 1993),
indicating toxicity does not always prevent inclusion in
metabolism. Until recently, Te has been considered a bio-
logically unimportant element. However, the discovery of
respiration based on tellurite and tellurate revealed newly
discovered biological relevance (Csotonyi et al. 2006).
Much like Se, which was considered biologically insignifi-
cant for many years, it is now understood that Se is essen-
tial for some forms of life (Haug et al. 2007), and Te may
follow a path similar to Se as future research focuses on the
metalloid.

The goal of this work was to identify bacteria possess-
ing very high levels of aerobic and anaerobic resistance to
metal(loid) oxides, as well as the ability to perform anaero-
bic respiration, isolated from tailings of the Central Mine
in Nopiming Provincial Park, Manitoba, Canada. This gold
mine opened in 1927 and closed in 1937 (Sherriff et al.
2007). Since then, the site has been virtually untouched,
providing ideal conditions for resident bacteria to establish
a stable community. We describe a novel bacterium, strain
CM-3, capable of very high level aerobic and anaerobic
resistance to tellurite, tellurate, and selenite and of anaero-
bic respiration.

Materials and methods
Isolation and metalloid oxide resistance

Samples from the tailings of the Central Mine in Nopi-
ming Provincial Park, Manitoba, Canada, were obtained
in August of 2011. A 1 cm® sample was resuspended in
sterile water (10 ml) and used to directly inoculate Balch
tubes containing Minimal Salts (MS) medium (Yurkov
et al. 1996) supplemented with 1 g/l lactate and 25 pg/
ml K,TeO; for enrichment of anaerobic tellurite-resist-
ant bacteria. Tubes were incubated at 28 °C in the dark
and observed for visual blackening due to reduction of
tellurite to elemental Te (Yurkov et al. 1996) as well as
monitoring of tellurite concentration in the medium by
the NaBH, method (Molina et al. 2010). A sample was
taken from tubes showing reduction and used to inocu-
late rich organic (RO) (Yurkov et al. 1996) plates con-
taining 25 ug/ml K,TeO;, which were incubated at 28 °C
in the dark in an anaerobic chamber. Resulting colonies
were selected and replated on RO plates and incubated
with the same conditions as previously for both aerobic
and anaerobic conditions. Phase contrast microscopy was
performed using a Ziess Axioskope 2 microscope on the
selected strains and a representative was chosen for all
further testing.
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A 5 % inoculum of an overnight culture of aerobically
grown cells was used to determine resistance to tellurite,
tellurate, selenite, and selenate. Aerobic resistance was
tested in RO liquid medium containing 100 pg/ml of one
of these four oxides. Cultures were incubated at 28 °C in
the dark on an incubator shaker at 200 rpm. Resistance and
reduction were monitored visually in terms of blackening
(tellurite and tellurate) or reddening (selenite, selenate)
of the culture indicating the appearance of elemental Te
and Se, respectively (Rathgerber et al. 2006). The level of
resistance was examined using 250, 500, 750, 1000, 1500,
2000 pg/ml for tellurite and tellurate and 1000, 2000, 3000,
4000, 5000, 6000, and 7000 ug/ml for selenite. Balch tubes
containing liquid anaerobic metalloid respiration (AMR)
medium [in g/l: KH,PO,, NH,CI, (0.5); CaCl,, (0.1); yeast
extract, lactate (1); MgSO,, (trace); vitamins and trace
metals solution (2 ml/l) (Drews 1983)] and 100 pg/ml of
one of K,TeO;, K,TeO,, Na,SeO; or Na,SeO, were used
to investigate anaerobic resistance. Tubes were incubated
at 28 °C in the dark. Level of resistance anaerobically was
monitored using (in pg/ml) 200, 400, 600, 800, and 1000
for the Te oxides and 500, 1000, 1500, 2000, 3000, 4000,
5000, 6000 and 7000 for selenite. All experiments were
performed in triplicate.

Kinetics experiments

Aerobically grown cells of CM-3 were injected into 120-
ml crimp-sealed bottles containing 75 ml of AMR medium
amended with tellurate, tellurite, or selenite at 50 pg/ml
under a headspace of N,. Samples were taken every 24 h
for CFU/ml and ATP counts. CFU/ml was monitored as
an assay for growth by serial dilution to 10> followed by
plating on RO plates incubated at 28 °C. Colonies were
counted after 7 days. ATP was measured using an ATP Bio-
luminescence Kit from Sigma—Aldrich.

Phylogenetic analysis

Isolation of genomic DNA was performed as described
(Chen and Kuo 1993). Partial sequencing of the 16S rRNA
gene was performed by PCR utilizing bacterial primers Ul
and UIR (James 2010). Amplifications were performed in
50 pl reaction volumes containing 25 ul DreamTaq PCR
Master Mix, 0.25 pM of each primer, and between 10 and
50 ng of DNA in a thermal cycler with the following condi-
tions: initial denaturing at 95 °C for 5 min, then denaturing
at 95 °C for 30 s, annealing at 46 °C for 30 s, extension at
72 °C for 1.5 min for 35 cycles with a final extension at
72 °C for 10 min ending with a 7 °C hold. Preparation and
sequencing of the PCR product, nucleotide sequence edit-
ing was carried out as published (Fontaine et al. 2012). An
NCBI Blast search was performed to determine the nearest

relative and a Maximum Likelihood phylogenetic tree cre-
ated using MEGA 6.0 (Tamura et al. 2013). Bootstrap anal-
yses were performed with 1000 replicates.

Nucleotide sequence accession number

The 16S rRNA gene sequence determined in this study for
CM-3 was deposited in GenBank under the accession num-
ber KR150623.

Results and discussion
Strain isolation and metalloid oxide resistance analysis

Extreme environments have provided us with numerous
isolates capable of resistance to and reduction of metal-
loid oxides (Yurkov et al. 1999; Yurkov and Csotonyi 2003;
Csotonyi et al. 2006; Rathgeber et al. 2006; Baseman et al.
2007, 2009). The same is true for the microbial commu-
nity inhabiting the tailings of the Central Mine, which are
spread out over a wide area (Fig. 1a). Sites chosen for sam-
pling were representative of the environmental conditions
found throughout the location. Site 1 (Fig. 1b), referred to
as the Blue Pond, was a transient pond, with water levels
dependent on precipitation. This location experienced fluc-
tuating humidity, temperature, and pH. Oxide concentra-
tions also varied through dilution (when water is present)
and concentration (when dry). At the time of sampling, the
Blue Pond was virtually dry due to lack of rain, with a pH
of 4.1 at the moist bottom. Site 2 (Fig. 1c) was at the for-
mer mine drainage system and today where precipitation
runs off from the mine site proper. The site was arid above
and below the surface, with a pH of 3.9. Site 3 (Fig. 1d)
was similar to Site 2 except while dry on the surface, there
was still moisture below, resulting in a pH of 7.0. Lastly,
Site 4 (Fig. le) was at a location called the Green Pond,
which unlike the Blue Pond, was permanent and at the time
of sampling contained water and had a pH of 6.9.

Upon observation of Balch tubes with tellurite contain-
ing medium and inoculated with an environmental sample
from each of the four sites, we noted blackening of the
culture only at Site 3. To confirm formation of the elemen-
tal Te as a result of anaerobic tellurite reduction, levels of
TeO,*~ in the growth medium were monitored over time
(Fig. 2). Tellurite was decreasing in conjunction with vis-
ible darkening, confirming anaerobic reduction. To iden-
tify the microorganism(s) responsible, samples taken
from an actively reducing enriched Balch tube were trans-
ferred onto plates. After 7 days, several small black colo-
nies appeared and they were selected for further analysis.
All isolates were facultative anaerobes growing under
both aerobic and anaerobic conditions, forming small,
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Fig. 1 a Schematic map of mine tailings from the Central Mine in Nopiming Provincial Park, Manitoba, Canada, showing location of sampling;
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Fig. 2 Change in concentration of tellurite (ug/mL) in the growth
medium over time (days) by CM-3 samples taken from Site 3

circular colonies 1-2 mm in diameter and microscopically
cells were similar (Fig. 3). One strain, CM-3, was further
investigated for its resistance to Te and Se oxides in both
aerobic and anaerobic conditions. This rod-shaped bacte-
rium is 1.8-2.6 um in length, Gram negative, and motile.
During aerobic growth, CM-3 possesses very high level
resistance to tellurite (1500 pg/ml), tellurate (1000 pg/ml),
and selenite (>7000 pg/ml). No resistance to or reduction
of selenate was observed. The range of oxide resistance
was comparable under anaerobic conditions (Fig. 4), with

@ Springer

Fig. 3 Phase contrast micrograph of strain CM-3 isolated from site 3
showing rod-shaped bacteria

level of resistance decreased, but still remaining very high
(800 pg/ml for tellurite and tellurate and 7000 pg/ml for
selenite). Hence, strain CM-3 can reduce and resist extreme
levels of tellurite, tellurate, and selenite under both aerobic
and anaerobic conditions.

Kinetics of growth and ATP production
Reduction of an oxide under anaerobic conditions does not

automatically confirm respiration. For evidence, we moni-
tored growth (CFU/ml) in AMR medium containing one of
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Tellurite Tellurate Selenite
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Fig. 4 Results of the test for anaerobic resistance and reduction of
100 pg/ml tellurite, tellurate and selenite by CM-3. The color change
to black is due to reduction of tellurite/tellurate to elemental Te and
reddening is due to reduction of selenite to elemental Se. — no oxide
present, + oxide present

tellurite, tellurate, or selenite as the only possible terminal
electron acceptor. Growth and reduction in such conditions
would indicate anaerobic respiration. An increase in CFU/
ml of greater than an order of magnitude was detected for
all three oxides. Initially there was a significant drop in
CFU/ml for the Te oxides, which can be attributed to CM-3
adapting to anaerobic growth as well as to the initial toxic
shock from newly introduced tellurite or tellurate. How-
ever, shortly after, CFU/ml increased from 6.6 x 10° to
8.6 x 10* in the presence of tellurite over 5 days (Fig. 5a)
and 4.6 x 10°-1.4 x 10° with tellurate over 7 days
(Fig. 5b). In the case of the anaerobic selenite experiment,
the initial drop in CFU/ml was not as significant as it might
be less toxic to cells than the Te oxides and recovery was
faster. The CFU/ml increased from 2.7 x 10° to 5.6 x 10°
over 3 days (Fig. 5c). During the same time, the number of

cells in control tubes without an oxide immediately began
to decline without recovery.

The previous data showed anaerobic growth, with
oxides as terminal electron acceptors. Next, ATP levels in
the presence and absence of metalloid oxides were moni-
tored to further confirm anaerobic respiration. As expected,
ATP production per CFU/ml was much higher during log
phase (Fig. 6a—c). Growth coupled to increased ATP pro-
duction, along with cell death in the absence of an oxide,
strongly confirms that CM-3 is performing dissimilatory
reduction of tellurite, tellurate, and selenite under anaero-
bic conditions.

Phylogenetic analysis

Partial sequencing of the 16S rRNA gene (726 bp) revealed
CM-3 is a member of the genus Pseudomonas and most
closely related to Pseudomonas reactans (99.0 %) (Fig. 7).
Some members of this genus are capable of aerobic Te and
Se oxide resistance and reduction (Lortie et al. 1992; Malik
and Jaiswal 2000; Rajwade and Paknikar 2003; Hunter and
Manter 2009); however, the reported resistance [e.g., tellur-
ite MIC of 150 pg/ml (Zanaroli et al. 2002)] is extremely
low when compared to CM-3. Pseudomonas stutzeri pnl
is able to anaerobically respire on selenate (Narasingarao
and Haggblom 2007), while P. isachenkovii and P. vanadi-
umreductans can use metavanadate (Yurkova and Lyalikova
1990). However, there are no reports of either selenite or Te
oxide respiration, and strain CM-3 makes the first example.

Summary

This work identified CM-3, a novel bacterium related to
Pseudomonas reactans (99.0 %), which possesses very
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Fig. 5 Changes in growth of CM-3 (CFU/mL) over time (days) with added oxides as the sole terminal electron acceptor. a K,TeOs, b K,TeO,, ¢

Na,SeOj;. Error bars represent one standard deviation
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Fig. 6 Change in ATP production (ATP/CFU/ml) over time (days) by cells of CM-3 during anaerobic growth in the presence of metalloid
oxides. a K,TeO3, b K,TeO,, ¢ Na,SeOs. Error bars represent one standard deviation

Fig. 7 Maximum likelihood
phylogenetic tree of strain
CM-3 showing its position
among species of the genus
Pseudomonas. (Bar represents
0.02 %)
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Pseudomonas gessardii
Pseudomonas fluorescens
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|— CM-3
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high levels of aerobic and anaerobic resistance to tellurite,
tellurate, and selenite, as well as the ability to use oxides
for dissimilatory anaerobic respiration. CM-3 is only the
fourth reported case of a tellurite respiring microbe and
fifth for tellurate and selenite. Also, other than B. selenitire-
ducens and B. beveridgei, this is the only other isolate ever
found capable of utilizing all three oxides and is the only
Gram-negative representative. Our discovery provides evi-
dence that Pseudomonas species possess the rare ability to
anaerobically respire on tellurite, tellurate, and selenite as
well as a wider range and greater level of metalloid resist-
ance than previously thought.

With the search for more environmentally friendly
methods for cleanup of locations contaminated by oxides,
microbes, such as CM-3, show great potential. The use
of bacteria for bioremediation might provide a more eco-
logically responsible method for removal of contaminants.
As well, the ability to transform oxides to pure elemental
forms may be useful in bacterial recycling and recovery of
metal(loid)s, such as Te, for industrial purposes with the
least amount of negative impact on the environment.
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