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Tungsten (W) has industrial and economic importance, and is in the European Union list of metals with a
high supply risk. It is used by living organisms, which transport it into the cell, in the form of tungstate ion
(WO0427), using three different ABC-type transporters from the specific W-uptake system coded by tupABC

Accepted 25 June 2017 gene cluster. In this study, strains from a collection recovered from deep-sea hydrothermal sediments

were selected according to their ability to tolerate metals and to possess the tup genetic determinants.

IT(ey Wotrds' Three multimetal-tolerant strains, Sulfitobacter dubius NA4, As(V)4 and Sb5, were chosen. The strains were
ungsten

able to grow in the presence of high tungsten concentrations and their growth was unaffected by 1 mM
tungsten. Moreover, strain Sb5 was able to accumulate up to 52 g W mg~! protein. Their tup genes were
shown to be organized as tupBCA, which is not the most usual gene arrangement. All three strains had the

W-tolerance
W-accumulation

TupABC
classical TupA conserved motif TTTS, comprising a first Thr replaced by a Val, which seems to be acommon
feature of the genus Sulfitobacter. This study was an important first step in the exploration of new
biological strategies for recovering tungsten from natural or anthropogenic W-impacted environments.
© 2017 Elsevier GmbH. All rights reserved.
Introduction Tungsten is the chemical element with the highest atomic num-

Tungsten (W) has the highest melting point of all metals in its
pure form, and is considered to be a critical metal [28]. Tungsten is
one of the most important metals used in many key industries and
has been included in a group of 14 of the 41 materials identified
with a high supply risk and high economic importance [9]. Many of
the world’s technologies based on high-tech economy LCD panels,
TV tubes, laser printers and window heating wires are under threat,
due to tungsten’s looming scarcity and soaring prices, together with
other critical metals essential for their production [9]. It is antici-
pated that the global demand for tungsten will continue to increase
in the future because of a growing global population. Therefore,
the development of more effective and environmentally friendly
technologies for the recovery of tungsten is essential for ensuring
a sustainable supply of this heavy metal.

7 Nucleotide sequences: Sequences of tup gene clusters from Sulfitobacter dubius
strains Sb5 (BankIt1938735 tupABC_Sb5), As(V)4 (BankIt1938735 tupABC_As(V)4)
and NA4 (BankIt1938735 tupABC_NA4) were deposited in Genebank database under
accession numbers KX809894, KX809895 and KX809896, respectively.
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ber used by living organisms, which means it is the only element in
the third transition row that exhibits biological activity in enzymes
[6,17]. For some microorganisms belonging to the Bacteria and
Archaea domains, it plays an essential biological role in their life
process and has therefore been reported to be an essential trace
element [2,6,31]. Tungsten shows biological activity after incor-
poration into cofactors, designated as tungstopterins [2], which
serve as an anchor providing efficient control of the redox prop-
erties of the metal [30]. Such cofactors are observed in enzymes
catalyzing oxygen atom transfer reactions, such as formate
dehydrogenases (FDH), aldehyde:ferrodoxin-oxydoreductases
(AOR), formaldehyde:ferrodoxin-oxydoreductases and acetylene
hydratases [3,5,6,21,30]. Therefore, bacteria carrying enzymes
dependent on tungsten for biological functions need to incor-
porate tungsten into their cells. In general, the cellular uptake
of metals from the environment can occur by: (i) a selective
substrate-specific uptake system that consumes high energy
(ATP), and (ii) a substrate-non-specific uptake system that uses
the chemiosmotic gradient [32]. Intracellular accumulation (i.e.
bioaccumulation) is an energy-driven process dependent on active
metabolism that normally occurs when a portion of a respective
metal is retained by an organism [4]. On the other hand, biosorp-
tion is a rapid phenomenon of passive metal sequestration by
the non-growing biomass/adsorbents. The uptake of metal ions
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from the environment, through binding of the adsorbent to the
adsorbate, occurs until the solid-bound adsorbate species and
the portion remaining in the solution reach an equilibrium [1]. In
fact, many studies have shown relevant microbial biosorption of
several metal ions, including tungsten. However, biosorption is not
as selective a process as bioaccumulation and, in specific cases, the
selective recovery of tungsten from multicomponent metal ions in
an aqueous solution is essential.

Tungsten forms compounds that have valence states from 2 to
6. However, the dilute aqueous speciation of tungsten in water is
presumed to be completely dominated by the oxyanion tungstate
(WO0427), the most stable oxidation state in aqueous environments
[12,17,31]. This metal is found in hydrothermal vents at approx-
imately 1000 times the level found in seawater (0.1 wgL~1) [30].
Therefore, it is predictable that tungsten-dependent bacteria will
be found in hydrothermal environments due to its availability in
high concentrations.

Moreover, tungsten is known to be transported into the bacterial
cells in the tungstate ion form (WO,42-). Tungsten can be taken up
by three different ABC-type transporters, including the tungstate
uptake protein (TupABC) that is highly specific for W042~ [22], the
W-transport protein (WtpABC) that transports both W042~ and
molybdate (MoO42~), [6] and the molybdate transporter (ModABC)
that is highly specific for MoO42-, although it can also carry W0,42~
[2].

The specific W-uptake system results from the tupABC gene
cluster that includes the genetic determinants coding for proteins
involved in W-binding and membrane W-transport into the cell.
The tupA gene codes for a protein responsible for binding W0,42~
highly specifically. TupB forms the transmembrane pore that allows
W-transport, which is facilitated by the ATP hydrolyzing activity of
TupC on the inner surface of the membrane.

The first objective of this current study was to find and char-
acterize bacterial strains from deep-sea hydrothermal sediments
that shared the ability to tolerate several metals and also possessed
the tup genetic determinants. From among the most promising
bacteria, three strains were chosen according to their low metal
susceptibility abilities in order to determine their tungsten accu-
mulation capacities and to compare their TupABC systems. This
study was essential for exploring the use of these strains or their tup
genetic determinants as a strategy to recover the highly valuable
tungsten metal from natural W-rich or anthropogenic W-impacted
environments.

Materials and methods
Bacterial strain collection

Sediment samples were collected from the Lucky Strike vent
field (37°18.5N, 32°16.5W), located 600 km south of the Azores.
The Lucky Strike vent field is one of the largest hydrothermal
areas known to date with twenty-one active chimney sites dis-
tributed over approximately 150.000 km? at an approximate depth
of 17700 m.

In order to create a collection of aerobic heterotrophic bacte-
rial strains from the Lucky Strike vent site, aliquots of sediment
samples were inoculated on Reasoner’s 2A (R2A) agar (Merck),
prepared with a seawater filtrate (SWF) collected from coastal sea-
water. Each dilution was incubated at 15°C for up to 1 month.
During incubation, all the colonies that successively appeared
with different colony morphologies were selected, purified by
repeated streaking, and preserved at —80°C in Luria-Bertani (LB)
medium (10gL-! tryptone, 5gL-! yeast extract and 5gL~1 NaCl)
containing 15% glycerol. Isolates were also recovered from the
same media with SWF in the presence of the following metals:

5mM AsO42-, 0.5mM NaSb(OH),, 1mM CuSOg4, 0.5 mM Na,CrO4
and 1mM ZnSO4 (Sigma-Aldrich, USA), as well as the antibi-
otics 12 wgmL-! tetracycline, 20 pg mL~! ampicillin G, 20 pg mL~!
kanamycin, 24 pgmL~! nalidixic acid and 16 ugmL~! gentam-
icin. The heavy metal resistance determination of the isolates for
copper(ll), arsenic(V), arsenic(Ill), cobalt(Il), uranium(IV), zinc(II),
chromium(VI) and cadmium(Il), and antibiotic resistance testing
was performed as described previously [10].

The present study included 23 selected isolates from the strain
collection created. The bacteria were selected based on multi-
ple metal, metalloid and antibiotic pattern resistances, with the
strains being resistant to at least three inhibitory agents. The study
included three strains already characterized for their resistance to
arsenic and antimonite [ 10]: Sulfitobacter dubius As(V)4, Dockdonia
donghaensis As(111)6 and S. dubius Sb5.

Minimum inhibitory concentration (MIC) assay for tungsten

All bacterial strains were tested for tungsten tolerance on solid
media. First, 0.1 mL cell suspensions with an optical density of
600 nm (ODggonm) were diluted in NaCl (0.9%). Second, 5 pL of
each cell suspension were plated onto solid LB medium with 3%
NaCl and increasing concentrations of tungsten (0.5mM, 1 mM,
10 mM and 20 mM) added as Na;WO4.2H, 0 (Sigma-Aldrich). Bac-
terial growth was subsequently evaluated after 5 days incubation
at 22°C. The MIC was defined as the lowest concentration of tung-
sten that inhibited the growth of bacteria on the solid medium after
three experiments.

Screening for tup genetic determinants

All 23 strains were screened for the presence of tupA and
tupB genes from the tupABC gene cluster. The bacterial DNA was
extracted [24] from cells grown at 22 °C for 48 hin R2A medium pre-
pared with SWF. Screening for tupA and tupB genes was performed
by PCRusing degenerate primers (Macrogen Inc.). The primers were
designed based on the alignment of sequences (in amino acids)
obtained from: (1) a previous sequencing study of two Sulfitobac-
ter strains isolated by our group (S. dubius As(V)4 and S. dubius
NA4); (2) several tup sequences deposited in the National Center for
Biotechnology Information public database [(NCBI), Bethesda, MD,
USA] from strains related more to the isolates studied in this study
(i.e. marine bacteria). The primers 5'GCGGTSACCACSTCSTTCAAC
and 5’ATATTGGTTGAACAYKACRGGATCGCC were used for tupA,
with a starting position 79 nucleotides downstream from
ATG (tupA sequence in KX809895.1) and a PCR product
length of 547bp. Amplicons were conducted in 30 L reac-
tions with 1.5UpL~! Tag DNA Polymerase in 1.7mM MgCl,,
0.6mM dNTPs, 10puM tup primers and 4ng of template.
The PCR condition protocol was as follows: initial denatura-
tion at 94°C for 45s, followed by 30 cycles of 94°C (45s),
48°C (1min) and 72°C (35s) and a final extension phase at
72°C for 5min. The primers 5ATGGGCTTGCCGCCSGTCGTG and
5'GCGGCCAAAGCCRGCCAG were used for the tupB gene, starting
with the initial ATG of the gene (tupB sequence in KX809895.1)
that resulted in a PCR product length of 274 bp. Amplicons were
also conducted in 30 pL reactions using the same conditions above.
The PCR conditions followed the touchdown protocol: initial denat-
uration at 94 °C for 45 s, followed by 10 cycles of 94°C (45s), 55°C
(1 min) minus 0.5 °C per cycle, 72 °C (15 s), followed by 20 cycles of
94°C(455),50°C (1 min), 72°C(15s)and a final extension phase at
72 °C for 5min. The PCR products obtained were analyzed by elec-
trophoresis, then they were purified (E.Z.N.A.® Gel Extraction Kit,
VWR) and sequenced with the Sanger sequencing method (Stab-
Vida).
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Bacterial growth in liquid medium containing tungsten

Three strains able to tolerate tungsten that carried tupA and
tupB genes, Sulfitobacter dubius Sb5, NA4 and As(V)4, were selected
for further studies. Strains were grown in liquid medium spiked
with increasing concentrations of tungsten (1-20 mM), added in
the form of Na;W04.2H,0 (Sigma-Aldrich). The growth of the S.
dubius strains was performed in LB medium with 3% NaCl at 22 °C.
Bacterial growth was evaluated by optical density (ODgggnm) for
24 h (strain Sb5) or 48 h (strains As(V)4 and NA4). The growth rates
of each strain at each concentration were calculated for the expo-
nential growth phase using triplicates.

Tungsten cell accumulation assay

From the growth curve of each strain of Sulfitobacter dubius,
bacterial accumulation of tungsten was followed by measuring
the amount of tungsten in the cells during batch growth in lig-
uid media (LB with 3% NaCl), in the presence of different tungsten
concentrations (the same as above). Cells were removed from each
culture at three different times during bacterial growth: the begin-
ning, middle and end of the exponential growth phase. Cells were
collected and centrifuged at 4000 rpm for 20 min at 4 °C. The resul-
tant bacterial pellet was resuspended in 2 mL phosphate buffered
saline solution (PBS)(8 gL~ NaCl,0.2 gL~ 1 KCl, 1.44 gL~ NayHPOy4,
0.24 gL-1 KH,POy, pH 7.4) and centrifuged. This washing procedure
was repeated three times. Suspensions were digested by adding
2mL 10% HNO3, incubation in a water bath at 50 °C for 30 min and
then centrifuged at 4000 rpm for 20 min at 4 °C. The resultant pellet
was resuspended with 2 mL PBS and transferred to sample sup-
ports, previously prepared with a Mylar thin-film (3.6 wm) filter.
Tungsten measurements were performed by placing each support
on an Energy Dispersive X-Ray Fluorescence (EDXRF) spectrometer
(Epilson 3XE) and measuring for 60s with a current of 80 A at a
voltage of 50kV. Total protein was determined using the Bradford
assay [7].

To determine the maximum tungsten accumulation by each
strain, bacteria were grown in the same conditions as described
above in the presence of increasing tungsten concentrations (1,
10 and 20 mM) but, in this case, cells were only recovered in the
growth phase period that had previously shown the highest tung-
sten accumulation. The experiments for tungsten measurement
were performed in triplicate.

Genetic organization of the tup gene cluster

In a previous study [10], a plasmid from Sulfitobacter dubius
As(V)4 was isolated and sequenced as described. The plasmid
content of the highly metal and antibiotic resistant S. dubius
strain NA4 was also determined at the same time, and both plas-
mids were sequenced as described by Farias et al. [10], although
the results were not published. The analysis of the plasmids
showed the presence of the tupABC genes related to tungsten
resistance in both strains. In the present study, in order to com-
plete these previous sequencing results and to reveal the gene
organization of the tup gene cluster in strain S. dubius Sb5,
two sets of primers were designed. The first set was designed
to obtain an amplicon by PCR that included the tupBC frag-
ment using forward primer 5 CCGCGAGATGGTCGATAT and reverse
primer 5’ GCGCCGATCATCCAATGT. The forward primer started 7
nucleotides upstream of the initial tupB gene (tupB sequence in
KX809895.1) and the reverse primer at 19 nucleotides down-
stream of the stop codon of the tupC gene (tupC sequence in
KX809895.1), and had a length of 1441bp. The PCR conditions
followed the protocol: initial extension at 94°C for 45s, fol-
lowed by 30 cycles of 94°C (45s), 49°C (1 min), 72°C (2 min)

and a final extension phase at 72°C for 10min. The second
primer set was designed to obtain an amplicon of the tupCA
genes using forward primer 5 CGGTGGTGACGCAACTT and reverse
primer 5 GCGCGGATGGTCTCTAAC. The forward primer started
5 nucleotides upstream of the tupC gene (tupC sequence in
KX809895.1) and the reverse primer at 23 nucleotides downstream
from the tupA stop codon (tupA sequence in KX809895.1),and had a
length of 1,551 bp. The PCR conditions followed the protocol: initial
extension at 94°C for 5 min, followed by 30 cycles at 94°C (455s),
51°C (1 min), 72°C (2min), and a final extension phase at 72°C
for 10 min. Amplicons from both primer sets were conducted in
30 L reactions, as mentioned above. The PCR products obtained
were analyzed by electrophoresis, then they were purified and
sequenced by the Sanger sequencing method.

Results
Heterotrophic aerobic bacteria isolated from the deep-sea site

A total of 23 bacterial strains able to grow in the presence of
heavy metals and antibiotics were obtained from deep-sea sam-
ples at the Lucky Strike site. The majority of the isolates belonged
to Alphaproteobacteria (60.8%), and the rest belonged to Flavobac-
teria (26%). The genus Sulfitobacter included the majority of the
isolates, with seven strains from the species S. dubius [arsenic(V),
chromium(VI), nalidixic acid and gentamicin resistant strains],
one strain identified as S. litoralis [copper(ll) resistant strain] and
one strain identified as S. pontiacus [ampicillin resistant strain]
(Table 1).

Tungsten-tolerant isolates

The 23 bacterial strains selected were able to grow in LB medium
containing 3% NaCl with the exception of Sulfitobacter dubius Gm5,
Dokdonia donghaensis As(lll)6, and Erythrobacter citreus strains
Kan3, Gm3, Gm6 and NA16. Consequently, since these strains did
not grow, they were not included in the MIC assay, although they
were used for tupA and tupB gene screening.

The highest levels of tolerance (20 mM) were observed for S.
dubius strains Cr2, Sb5, NA4 and As(V)4, Aurantimonas litoralis
As(V)2, Halomonas meridian Cr1, Staphylococcus saprophyticus Cu4
and E. citreus NA6. High tolerance of up to 10 mM tungsten was also
obtained for S. pontiacus Amp1, and Mezoflavibacter zeaxanthinifa-
ciens strains Te13 and Gm11. The remaining six strains were only
able to grow at between 0.5-1 mM tungsten (Table 1).

tupA and tupB gene screening

All 23 selected strains were screened for the presence of the tupA
and tupB genes. Amplification of the tupA fragment was obtained for
six bacteria (Table 1): Sulfitobacter dubius strains NA4, As(V)4 and
Sb5, Erythrobacter citreus NA16, Dokdonia donghaensis As(111)6 and
S. litoralis Cu7. The identification of the amplified fragments using
Blastx (NCBI) showed they all had greater than 77% similarity for
extracellular tungsten binding protein/ABC tungstate transporter
permease, substrate-binding protein. All strains screened for tupA
were also screened for the presence of the genetic determinant
tupB, which codes for the membrane transport permease. All strains
containing the tupA gene, except S. litoralis Cu7, showed the pres-
ence of the tupB genetic determinant (Table 1).

The strains of S. dubius NA4, As(V)4 and Sb5, which revealed
high tungsten tolerance and positive identification for tupA and
tupB genes, were selected for further experiments.
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Table 1
Phenotypic and genotypic screening of strains isolated from the Lucky Strike Mid-Atlantic Ridge hydrothermal vent field. Tungsten resistance on LB solid medium and
screening for the presence of tungsten uptake related genetic determinants (tupA, tupB).

Bacterial strains Heavy metal resistance W tolerance (mM) Genetic determinants
0.5 1 10 20 tupA tupB
Aurantimonas litoralis As(V)2 Zn, Cu? + + + + - -
Halomonas meridiana (@] Cr,U + + + + - -
Tel4 Cr,U + (+) - — _ _
Staphylococcus saprophyticus Cud Cr, U, Cu, Sb, Cd + + + + _ _
Sulfitobacter dubius Cr2 Cr, Cu, Sb, Cd + + + + - -
Sb5 Cr, Cu, Sb, Cd + + + + + +
As(V)4 Cr, Cu, Sb, Cd? + + + +) + +
NA4 As(V), Cr, Cu, Sb, Cd + + + +) + +
Sulfitobacter pontiacus Amp1 As(V), Cu, Sb, Cd + + + - _ _
Sulfitobacter litoralis Cu7 Cu, Sb, Cd + + - - -
Maribacter dokdonensis Te2 As(V), Zn, Cu + + - - - -
Mesoflavibacter Tel3 Zn, Cu, Sb, Cd + + + - - -
zeaxanthinifaciens Gm11 Zn, Cu, Sb, Cd + (+) (+) - - -
Kan1 Zn, Cu, Sb, Cd + (+) - - - -
Maribacter forsetti Te4 As(V), Cu + - - - -
Dokdonia donghaensis As(1I16 Zn, Cu, Sb, Cd*? NG NG NG NG +
Erythrobacter citreus NAG6 As(V), Zn, Cd + + + + _ _
Zn1 As(V), Cd (+) (+) - - - -
NA16 - NG NG NG NG + +

Minimum growth inhibition and the concentration: Arsenate — As(V) (5 mM); Chromate - Cr(VI) (0.5mM); Uranium - U(IV) (1 mM); Zinc - Zn(Il) (1 mM); Cobalt - Co(II)
(0.5mM); Copper - Cu(Il) (1 mM); Antimonite — Sb(III) (0.5 mM); Cadmium - Cd(II) (0.2 M). Strains Gm5, Kan3, Gm3, Gm6 did not grow in LB and they tested negative for
tupA and tupB genes.
+, positive result; (+), weakly positive result; —, negative result; NG, no growth.

2 Data from Farias et al. [10].
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Fig. 1. Growth curves of Sulfitobacter dubius strains As(V)4 (A), NA4 (B) and Sb5 (C). Strains were grown in LB with 3% NaCl and different concentrations of tungsten (0 mM,
1mM and 20 mM).



392 C. Coimbra et al. / Systematic and Applied Microbiology 40 (2017) 388-395

504

304

|

ng W/mg of protein
>
I

B S. dubius As(V)4
S. dubius NA4
S. dubius Sb5

0.54

0.0-—.

T T T
N KN o

W] (mM)

Fig. 2. Maximum uptake of tungsten by Sulfitobacter dubius strains. Strains were
exposed to 1 mM, 10mM and 20 mM tungsten. Data shown are the mean values
(+standard deviations) obtained from three independent experiments.

Growth rates and tungsten accumulation

Sulfitobacter dubius strains As(V)4, NA4 and Sb5 were tested for
their growth in the presence of increasing concentrations of tung-
sten. When comparing the growth rates of each strain, they were
not affected greatly by the presence of up to 20 mM tungsten in
the growth medium (Fig. 1). The growth rates at tungsten concen-
trations of 0, 1 and 20 mM for S. dubius As(V)4 were 0.19+0.01,
0.15+0.01 and 0.17+0.010Dh~! and for strain NA4 they were
0.10+0.01,0.12+0.01 and 0.13 +0.01 OD h~!, respectively. These
growth rates were significantly different from those of strain Sb5
(0.484+0.03, 0.45+0.02 and 0.33 +0.02 0D h~1) for the same con-
centrations. Independently of the presence of tungsten in the
growth medium, S. dubius strains Sb5 and NA4 were able to achieve
the maximum OD under these growth conditions, although S.
dubius NA4 showed a delayed exponential phase.

Tungsten accumulation for each S. dubius strain tested was
first evaluated at the early exponential, mid exponential and early
stationary growth phases (Table 2). All S. dubius strains tested accu-
mulated lower amounts of tungsten at low medium concentrations
than at high concentrations. While both S. dubius strains As(V)4 and
NA4 showed a maximum accumulation capacity at the end of the
exponential growth phase, strain S. dubius Sb5 accumulated more
tungsten in the middle of the exponential growth phase. The point
corresponding to the maximum accumulation by each strain was
used to determine the maximum accumulation for each concentra-
tion of tungsten (Fig. 2).

S. dubius As(V)4 exhibited a very similar accumulation pattern
to S. dubius NA4 but S. dubius As(V)4 accumulated a lower amount
of tungsten in all assays. In both strains, the tungsten accumula-
tion rose with increasing concentrations of tungsten in the growth
media. Moreover, at 1mM tungsten, S. dubius Sb5 accumulated
only 0.28 pugWmg~! protein, while S. dubius NA4 accumulated
1.18 wug W mg~! protein, which was the highest tungsten accumu-
lation compared to the other strains at this tungsten concentration.
On the other hand, at the other concentrations tested, S. dubius

Sb5 accumulated five times more at 10 mM (37.44 g W mg~! pro-
tein) and three times more at 20mM tungsten (51.99 wg W mg~!
protein) than the other strains.

Sequencing of the tup gene cluster

The information from sequenced plasmids of S. dubius strains
NA4 and As(V)4, together with degenerate oligonucleotide primers,
was used to reveal the sequence of the gene cluster related to the
tungsten uptake system in unsequenced strain Sb5. Blast analysis
of tup systems revealed that they were composed of three open
reading frames (ORFs) encoding the proteins TupA, TupB and TupC
previously determined to be involved in tungsten transport. Using
the primers mentioned above, the organization of the genes in
the operon was shown to be tupBCA. The first gene of the cluster,
tupB, codes for a transmembrane protein of 234 amino acids (TupB)
referred to as a permease responsible for translocation of tungstate
across the membrane. The TMHMM server v.2 and TopPred 1.10
software [15] predicted similar protein topology for the three TupB
analyzed, with five transmembrane helices, the N-terminal to the
outside and the C-terminal to the inside. Analysis of TupB proteins
from other reported organisms, such as Geobacter sulfurreducens,
Campylobacter jejuni and Eubacterium acidaminophilum, using the
TMHMM server v.2 and TopPred software also revealed a similar
structure and predicted the protein topology among the TupB pro-
teins of these organisms and our S. dubius strains. The second gene,
tupC, was identified as encoding an ABC transporter ATP-binding
protein comprising 236, 238 and 238 amino acids for strains Sb5,
As(V)4 and NA4, respectively. These three TupC sequences, as well
as the reported ATPase component of the tungstate ABC transporter
of E. acidaminophilum, showed the same conserved signatures, such
as the ATP binding site and ABC transporter signature motif. The
third gene of the cluster, tupA, encodes a secretory protein, with
266, 270 and 271 amino acids in strains NA4, As(V)4 and Sb5,
respectively, and they shared high homology with the bacterial
TupA responsible for binding tungstate, as well as high homology
(99%) with the sulfate ABC transporter substrate-binding protein in
Oceanibulbus and Sulfitobacter species. The SignalP prediction soft-
ware [29] predicted a similar cleavage site located between Ala20
and Ala21 for both S. dubius strains As(V)4 and Sb5, but in the
case of strain NA4 the cleavage site was identified between Ala19
and Glu20. Despite the general high homology among the protein
sequences of these three S. dubius strains, the sequence alignments
revealed that all Tup protein sequences of strain As(V)4 had higher
identity to Sb5 than to NA4 (Table 3).

Alignments of the TupA sequences from S. dubius, together
with four more TupA sequences already reported in other stud-
ies, revealed conserved residues (Fig. 3). All three TupA from the S.
dubius strains, as well as the others, had Arg158 and Thr165, two
putative residues involved in the coordination of tungstate. The
alignment identified a motif comprising a VTTS sequence, although
this motif showed an unusual first residue valine in place of the tra-
ditional threonine found in the signature tungstate binding motif
on the TupA of other organisms [27]. The presence of this valine
instead of threonine was not exclusive to the TupA from S. dubius
strains, since it was also common to similar proteins in different
species, such as S. pontiacus or O. indolifex (Fig. 3).

Discussion

In this study, previous isolates from the Lucky Strike hydrother-
mal vent field were studied in order to find the best organisms
able to tolerate and accumulate tungsten. The original niche of
these strains represents an environment that has a salinity of up
to 3.2% NaCl [11] with temperatures varying from 30°C to 300°C
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Table 2

Accumulation of tungsten during growth of Sulfitobacter dubius strains As(V)4, NA4 and Sb5 at three different times for the exponential phase (beginning, middle and end)

in the presence of different concentrations of tungsten and the corresponding ODggonm.

W concentration

1mM 10mM 20mM
S. dubius strain Time (h) oD wgWmg-! protein oD rgWmg-! protein oD rgWmg-! protein
As(V)4 3 0.07 0.00-+£0.00 0.07 4.124+0.04 0.10 8.96+0.14
7 0.58 0.24+£0.05 0.47 5.06+0.01 0.54 9.62+0.08
11 1.61 0.25+0.02 1.25 8.49+0.46 1.44 17.09+0.05
NA4 3 0.11 0.56+1.57 0.10 3.55+1.23 0.09 22.52+0.76
7 0.49 0.15+1.44 0.40 12.00 +3.56 0.27 32.45+0.51
11 1.09 1.14+£2.66 0.96 15.25+5.03 1.00 40.06 +0.08
Sb5 4 0.39 0.10+1.44 037 7.32+9.13 0.37 11.46+0.19
8 1.78 0.27+£0.25 1.70 37.43+5.50 1.33 49.99+£0.15
11 2.90 0.20+0.19 2.98 31.72+1.41 2.89 23.21+149
Table 3
Closest relationship (similarity and identity) of the Tup products between each Sulfitobacter dubius strain tested.
Relationship between strains Identity (%) Similarity (%)
TupA S. dubius As(V)4 - S. dubius NA4 74 83
S. dubius As(V)4 - S. dubius Sb5 91 94
S. dubius NA4 - S. dubius Sb5 72 80
TupB S. dubius As(V)4 - S. dubius NA4 74 85
S. dubius As(V)4 - S. dubius Sb5 97 98
S. dubius NA4 - S. dubius Sb5 77 86
TupC S. dubius As(V)4 - S. dubius NA4 58 72
S. dubius As(V)4 - S. dubius Sb5 90 95
S. dubius NA4 - S. dubius Sb5 57 73

The identity and similarity values are based on amino acid sequence data.

[8], which, depending on geological events, can be close to 0°C
for long non-eventful periods, in addition to enrichment with high
quantities of dissolved material, namely hydrogen sulfide (H,S),
various sulfide minerals, CO,, methane and several metals [23].
Temperatures of the Lucky Strike field study site vary from 170°C
to 324 °C, which decrease with increasing distance from the vent
crater because of the mixture of hot seawater and cold fluids char-
acteristic of these depths (close to 4°C) [10]. Among the metals
present in marine water samples, tungsten exists naturally in trace
amounts, generally at levels below 1ngkg~! [20]. However, the
tungsten content for deep hydrothermal vents and marine sed-
iments has been reported as several orders of magnitude above
this standard value [19]. Therefore, there is a high probability of
recovering strains that are almost certainly well adapted to a par-
ticular marine environment containing tungsten. In fact, most of
the strains tested showed low susceptibility to tungstate, and were
even able to grow at higher concentrations than the tungstate con-
centration limit (1840 mgL-1) reported for growth of Bacillus sp.
GT-83, which is one of the most characterized bacteria [12].

From the group of isolates tested, we focused on three strains
of Sulfitobacter dubius, NA4, As(V)4 and Sb5. S. dubius is character-
ized as having a requirement for Na* or seawater for growth, and
can grow in media containing 1-12% NaCl [18]. To our knowledge,
the tolerance of S. dubius species to tungsten has never been eval-
uated. However, this study showed that all three strains were able
to grow in the presence of high concentrations of tungsten and
their growth rates were not affected by the addition of 1mM of
this metal, since they were able to achieve the same OD as the non-
metal growth control. A decrease in the bacterial growth of S. dubius
Sb5 was visible only for the very high metal concentration (20 mM).
These results were remarkable since experiments using Bacillus
subtilis and Pseudomonas fluorescens ATCC 13525 exhibited a signif-
icant decrease of microbial biomass for increasing concentrations
of tungsten, with a biomass production reduction of 15% and 38% for
bacterial growth in the presence of only 137 and 486 LM tungstate,
respectively [34].

The capacity of organisms to recover metals by accumulation
and the importance of tolerance are certainly very relevant in this
context. The three strains belonging to the species S. dubius exhib-
ited an excellent ability to accumulate tungsten in their cells. From
all strains tested, S. dubius Sb5 was the strain capable of accumulat-
ing the highest tungsten concentration in cells, up to 52 g W mg !
protein, which was higher than Campylobacter jejuni NCTC 11168
wild-type cells that accumulated approximately 3.3 wgWmg™!
protein [33]. Although there is very limited work concerning the
interaction of this metal with bacteria, the S. dubius Sb5 strain
was many orders of magnitude ( 10x) more efficient at internal-
izing tungsten from an aqueous medium. Studies with Bacillus sp.
GT-83 and Escherichia coli evaluated the biosorption of tungstate
by cells, which showed levels as high as 194.5 ugWmg~! pro-
teinand 183 wg W mg~! protein, respectively [ 12,26]. Despite these
high values, biosorption of metals compared with bioaccumulation
cannot be considered as a very selective process. However, this
selectivity is essential when application of these microorganism
is foreseen in the recovery of W from complex chemical mixtures
[25].

It is well established that bacteria can acquire tungsten ions by
three different transport systems, Mod, Wtp and Tup, as reviewed
by Aguilar-Barajas et al. [2]. The Tup system is considered the most
specific for tungstate and, therefore, its presence was determined
in the isolates used in this study. The tupA and tupB genes were
found in several strains, however, the work was mainly focused
on the analysis of genetic determinants of the most tolerant and
W-accumulator S. dubius strains NA4, As(V)4 and Sb5.

The studied strains of S. dubius had the tup genes organized
as tupBCA, which was a different order when compared with the
well-characterized tupABC of Eubacterium acidaminophilum [22].
However, it is not clear whether this difference could have rele-
vant implications in cellular tungsten uptake. Nevertheless, a large
number of sequences of similar tup genes deposited in the available
databases show different genetic organizations (tupABC, tupBCA
or tupACB) but tupABC is only reported in a few studies and its
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Fig. 3. Alignment of TupA proteins from different organisms. Amino acid sequences (obtained from NCBI) were aligned via CLUSTAL W [13]. Highly conserved residues
in TupA homologues (black shading), similar residues in TupA homologues (grey shading) and the putative conserved motif and residues involved in tungsten binding (in
the box) are depicted. The additional strains are Campylobacter jejuni, ALF94174.1; Eubacterium acidaminophilum, Q93KD6.1; Geobacter sulfurreducens PCA, NC_002939.5;
Desulfovibrio alaskensis, WP_011366386.1; Oceanibulbus indolifex, HEL-45, EDQ03330; Sulfitobacter pontiacus, WP_037965326.

gene products examined [25,38]. This study showed that similar
strains belonging to the same species, carrying the same tup genetic
organization and also having high homology among their genes,
exhibited distinct profiles and efficiencies for W-uptake. This find-
ing could not be easily explained because the general W-uptake
mechanism is not completely understood and there is not enough
information concerning this bacterial species. However, uptake of
toxic metals can be controlled and modulated by siderophores pro-
duced by resistant bacteria that can, by complexing tungsten in
specific situations, allow bacterial growth in the presence of a high
concentration of tungstate [36].

One study has described the overexpression of the TupA pro-
tein of E. acidaminophilum in E. coli, demonstrating the specificity
of tungstate-binding by TupA [22], and more recently this selec-
tivity was confirmed by the study of TupA in C jejuni [35]. The
sequence analysis of TupA from S. dubius strains suggested that the
proteins were able to bind tungstate ions. The multiple sequence
alignments showed that S. dubius proteins contained a motif at the
N-terminal region that is a typical signature indicating selective
binding of tungstate. The classical conserved motif consists of a
TTTS amino acid arrangement, where the second threonine and
the serine have been shown to form hydrogen bonds with oxyan-
ions [14]. In the case of TupA from S. dubius, both residues were
also present but the first Thr was replaced by Val. This finding is a
common feature of the genus Sulfitobacter, as revealed by the TupA
amino acid sequence alignment of the different species. Tungstate-

protein binding in the three strains also seemed to be supported
by the presence of conserved Thr165 and the positively charged
Arg158, which have been proposed as important residues in metal
coordination [14,27].

In summary, the three S. dubius strains tested were highly
adapted for survival in environments contaminated with tungsten.
However, as they could grow easily in the absence of tungsten,
their enzymes had no obligatory requirement for this metal, which
meant that they were not dependent on its presence. Despite the
fact that tungsten was non-essential, all three strains carried the
complete tup gene cluster, which may be the system responsible for
bacterial tungsten uptake. The data from this study could openup a
new avenue in the development of an alternative strategy for recov-
ering tungsten from natural or anthropogenic tungsten-impacted
environments.
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