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INTRODUCTION

Abstract

Pollution by metalloids, e.g., tellurite and selenite, is of serious environmen-
tal concern and, therefore, there is an increasing interest in searching for
ecologically friendly solutions for their elimination. Some microorganisms
are able to reduce toxic tellurite/selenite into less toxic elemental tellurium
(Te) and selenium (Se). Here, we describe the use of the environmentally
relevant p-proteobacterium Aromatoleum sp. CIB as a platform for tellurite
elimination. Aromatoleum sp. CIB was shown to tolerate 0.2 and 0.5mM tel-
lurite at aerobic and anaerobic conditions, respectively. Furthermore, the CIB
strain was able to reduce tellurite into elemental Te producing rod-shaped
Te nanoparticles (TeNPs) of around 200nm length. A search in the genome
of Aromatoleum sp. CIB revealed the presence of a gene, AzCIB_0135,
which encodes a new methyliransferase that methylates tellurite and also
selenite. AzCIB_0135 orthologs are widely distributed in bacterial genomes.
The overexpression of the AzCIB_0135 gene both in Escherichia coli and
Aromatoleum sp. CIB speeds up tellurite and selenite removal, and it en-
hances the production of rod-shaped TeNPs and spherical Se nanoparticles
(SeNPs), respectively. Thus, the overexpression of a methylase becomes a
new genetic strategy to optimize bacterial catalysts for tellurite/selenite biore-
mediation and for the programmed biosynthesis of metallic nanoparticles of
biotechnological interest.

batteries, or biomedicine devices (Ba et al., 2010;
Johnson et al.,, 1999; Turner et al., 2012; Zannoni
et al., 2008) and also on cosmetics, packing, coating,
or biotechnology (Thakkar et al., 2010). Such an in-
crease in the demand for metalloids has raised the con-
cern about potential environmental and human health

The interest for metalloids, e.g., tellurium (Te) and sele-
nium (Se), has increased exponentially in the last years
due to their industrial utility, particularly in technological
disposals such as photovoltaic panels, rechargeable
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issues (Chasteen et al., 2009; Roy & Hardej, 2011;
Shie & Deeds, 1920; Taylor, 1996; Vij & Hardej, 2012;
Widy-Tyszkiewicz et al., 2002; Wiklund et al., 2018; Wu
et al., 2014). For example, while elemental tellurium [Te
(0)] is not very toxic, tellurite [Te (IV)] displays strong
oxidizing properties and can displace Se from the sele-
noproteins altering a high number of cellular functions
(Ba et al., 2010; Turner et al., 1998). Although selenite
[Se (IV)] is less toxic than tellurite, its release into the
environment may lead to a strong negative impact es-
pecially in aquatic ecosystems (Morlon et al., 2005). Te
and Se can also be part of methylated volatile com-
pounds, such as methyltellurides and methylselenides,
which are easily detected by their strong garlic acid
smell (Ranjard et al., 2002, 2003; Zannoni et al., 2008).

Most bacteria are sensitive to tellurite concentrations
as low as 10 pM, which is about 100 times lower than
that of other toxic elements, such as copper, chromium,
iron, or cadmium (Chasteen et al., 2009; Taylor, 1999).
Nevertheless, some bacteria have developed mecha-
nisms of resistance to tellurite. Although most of the
molecular mechanisms of resistance remain unknown,
there have been described some gene clusters as-
sociated with specific tellurite resistance (Chasteen
et al., 2009; Presentato et al., 2019), such as the kilA
operon (klaAklaBtelB) from the plasmid RK2 (Walter
et al., 1991), the tehAB operon that was first identified
in Escherichia coli K12 strains (Taylor et al., 1994) or
the well-studied terABCDEF cluster of E. coli O157:H7
(Taylor et al., 2002). Moreover, it is important to remark
the relevance of some thiopurine S-methyltransferases
(TPMT) in tellurite resistance (Honchel et al., 1993;
Prigent-Combaret et al.,, 2012). The TPMT proteins
are cytoplasmatic enzymes that catalyse the S-
adenosylmethionine (SAM)-dependent transmethyla-
tion of thiopurines rendering thiopurine S-methylethers
(Honchel et al., 1993). It has been demonstrated that
this enzyme might also use the SAM molecule to ca-
talyse the methylation of Te into dimethyl telluride and/
or dimethyl ditelluride (Bonificio & Clarke, 2014; Honchel
et al., 1993; Ollivier et al., 2011). In fact, well-studied
TPMT from Pseudomonas syringae is able to methylate
Te into volatile dimethyl telluride and dimethyl ditellu-
ride (Prigent-Combaret et al., 2012). Bacteria have also
developed mechanisms of resistance to selenite, some
of which involve the participation of uncharacterized
energy-dependent transporters (Fernandez-Llamosas
et al., 2016), or the methylation of inorganic and or-
ganic Se compounds into volatile dimethyl selenides
and dimethyl diselenides by TPMT enzymes (Moreno-
Martin et al., 2021; Ranjard et al., 2002; Ruiz-Fresneda
et al., 2020).

Many tellurite and selenite resistant bacteria use
the reduction of these metalloids to elemental and
insoluble Te (0) or Se (0) as another mechanism of
resistance, since these metallic forms are much less
toxic (Chasteen et al., 2009). Although the molecular

mechanisms underlying metalloid reduction are not
fully understood, they might involve the participation
of thiol-containing proteins, glutathione reductases
(Turner et al., 2012), nitrate/nitrite reductases (Sabaty
et al., 2001), and a vast variation of small molecules
and enzymatic activities, in different bacterial species
(Basaglia et al., 2007; Chen & Strous, 2013; Debieux
et al., 2011; Kessi & Hanselmann, 2004).

Interestingly, some bacteria are able to couple the
reduction of tellurite to Te (0) and/or selenite to Se (0)
for the production of Te nanoparticles (TeNPs) and/
or Se nanoparticles (SeNPs), which can accumulate
intracellularly, either in the cytoplasm or in the peri-
plasm (Baesman et al., 2009; Fernandez-Llamosas
et al., 2016, 2017; Ramos-Ruiz et al., 2016), or extracel-
lularly (Borghese et al., 2016; Ramos-Ruiz et al., 2016;
Turner et al., 2012; Zare et al., 2012). TeNPs have prac-
tical applications such as the construction of nanowires
(Chou et al., 2016; Presentato et al., 2018). In addition,
TeNPs display optoelectronic and semiconducting
properties that allow them to be used in microelectronic
circuits or solar cells (Presentato et al., 2018). The use
of bacteria as biocatalysts is an attractive, economical,
and green alternative to large scale synthesis of metal-
lic NPs. Whereas physicochemical synthesis of metal-
lic NPs has strong safety and environmental concerns
since it requires high temperatures and pressures, with
risk of explosions or spill events (Presentato et al., 2019),
biological methods offer efficient, economic, and sus-
tainable methods of production of metallic NPs homo-
geneous in size and with high thermodynamic stability.
Understanding the molecular mechanisms underlying
the bacterial production of metalloids nanostructures is
gaining increased interest in the field of nanotechnol-
ogy, with the potential for exploitation in bionanomate-
rial fabrication (Butler et al., 2012).

Aromatoleum sp. CIB (formerly Azoarcus sp. CIB)
is a denitrifying -Proteobacterium that has been con-
sidered as a model system to study several environ-
mental traits (Martin-Moldes et al., 2015). Thus, the
strain CIB is capable to degrade under aerobic and/or
anaerobic conditions a high number of aromatic com-
pounds, including some toxic hydrocarbons such as
toluene and m-xylene (Blazquez et al., 2018; Carmona
et al, 2009; Juarez et al., 2013; Lopez-Barragan
et al., 2004). The CIB strain is also able to colonize rice
roots as endophyte and preserve the plants from en-
vironmental stress (Fernandez-Llamosas et al., 2014,
2020). Furthermore, Aromatoleum sp. CIB resists a
good number of metals and metalloids including zinc,
nickel, cadmium (Martin-Moldes et al., 2015), selenite
(Fernandez-Llamosas et al., 2016), arsenite, and arse-
nate (Durante-Rodriguez et al., 2019) and produce Se
nanoparticles (Fernandez-Llamosas et al., 2016). In this
work, we have demonstrated that Aromatoleum sp. CIB
shows tellurite resistance, and we have identified the
AzCIB_0135 gene encoding a new methyltransferase
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that methylates tellurite and also selenite. The overex-
pression of the AzCIB_0135 gene both in E. coli and
Aromatoleum sp. CIB speeds up tellurite and selenite
removal, and it enhances the production of TeNPs and
SeNPs, respectively, hence revealing a new genetic
strategy to optimize bacterial catalysts for the biosyn-
thesis of such metallic nanoparticles that are of major
industrial interest.

EXPERIMENTAL PROCEDURES

Bacterial strains, plasmids and growth
conditions

Bacterial strains and plasmids used in this work are de-
tailedin Table 1. Aromatoleum sp. CIB (previously termed
Azoarcus sp. strain CIB) was deposited in the Spanish
Type Culture Collection (CECT #5669). Aromatoleum
cells were grown on MC medium (MA basal medium
plus trace elements and vitamins). MA basal medium
is composed of the following, per litre of distillated
water: (0.33g of KH,PO,, 1.2 g of Na,HPO,, 0.11g of
NH,CI, 0.1 g MgSO,x7H,0, 0.04g of CaCl, [pH 7.5])
supplemented with trace elements (stock solution 100x;
1.5 g of nitrilotriacetic acid, 3 g of MgSO,x7H,0, 0.5 g
of MnSO,x2H,0, 1 g of NaCl, 0.1 g of FeSO,x7H,0,
0.18g of CoSO,x7H,0, 0.1 g of CaCl,x2H,0, 0.18¢
of ZnSO,x7H,0, 0.01g of CuSO,x5H,0, 0.02g
of KAISO,),x12H,0, 0.01g of H,BO,, 0.01g of

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid

E. coli strains

DH10B F~ A(ara-leu)7697[A(rapA'-cra')] A(lac)X74[A('yahH-mhpE)] galK16
galE15 ¢80dlacZAM15 recAT relA1 endA1 Tn10.10 nupG

rpsL150(Str") rph* spoT1 A~

Relevant genotype and characteristic(s)

Na,MoO x2H,0, 0.025g of NiCl,x6H,0 and 0.3 mg of
Na,SeO,x5H,0 [pH 6.5] per litre of deionized water),
vitamin solution (stock 1000x; 20 mg of biotin, 20mg of
folic acid, 10 mg of pyridoxine-HCI, 50mg of thiamine-
HCIx2H,0, 50mg of riboflavin, 50mg of nicotinic acid,
50mg of calcium D-pantothenic acid, 50mg of vitamin
B12, and 50mg of p-aminobenzoic acid per litre of dis-
tilled water; Lopez-Barragan et al., 2004). For anaero-
bic growth, 15ml of MC medium was flushed with N,,
and the bottles were sealed with rubber stoppers and
aluminium crimp seals before being autoclaved, and
10 mM potassium nitrate was added as electron accep-
tor (Lépez-Barragan et al.,, 2004). As carbon source,
0.2% (w/v) pyruvate was added. For anaerobic growth
conditions, the carbon source and the bacterial inocu-
lum were injected through the stopper with a syringe. All
the cultures were incubated at 30°C. E. coli strains were
grown in lysogeny broth (LB) medium (Miller, 1972)
at 37°C. When required, gentamicin was added at
10 pug ml~". Growth was monitored by measuring the ab-
sorbance at 600nm (Ag,)-

The microbial growth and reduction of tellurite/sel-
enite was studied in Aromatoleum sp. CIB and E. coli
DH10B cells cultured aerobically or anaerobically in
MC medium with pyruvate 0.2% (w/v) or LB, respec-
tively, supplemented with the concentrations of po-
tassium tellurite or sodium selenite indicated in each
experiment. E. coli DH10B was selected because it
displays high tellurite sensitivity. The change in co-
lour of the cultures was monitored along the growth.

Reference or source

Casadaban and
Cohen (1980)

DH10B (plZ2) Gm', DH10B strain carrying the plZ2 plasmid This work
DH10B (plZz2-0135) Gm', DH10B strain carrying the plZ2-0135 plasmid This work
DH10B (plZ2-TPMTPS) Gm', DH10B strain carrying the plZ2-TPMTPS plasmid This work
S17-1\pir Tp' Sm' recA thi hsdRM* RP4::2-Tc::Mu::Km Apir phage lysogen De Lorenzo and

Aromatoleum strains

Timmis (1994)

Lépez-Barragan et al. (2004)

CiB Wild type strain

CIB (plz2) Gm'", CIB strain carrying the plZ2 plasmid

CIB (plZ2-0135) Gm', CIB strain carrying the plZ-0135 plasmid

Plasmids

plZ1016 Gm', pPBBR1MCS-5 derivative harbouring the Ptac promoter and the
lacl gene from pMM40

plz2 Gm', extended plZ1016 polylinker. EcoRl, Clal, Spel, Xval, Sall, Pstl
(Sbfl), Sphl, Hindlll and Sacl.

plZz2-0135 Gm', 684 bp AzCIB_0135 cloned in double-digested EcoRI/Hindlll plZ2
plasmid

plZ2-TPMTPS Gm', 657 bp P. syringae synthetic tpmt gene cloned in double-digested

Xbal/Hindlll plZ2 plasmid

This work

This work

Moreno-Ruiz et al. (2003)

Acedos et al. (2021)

This work

This work
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Serial dilutions of the cultures were plated on solid
MC medium with 0.2% pyruvate, and colony forming
units (CFU) were counted after 48h of incubation at
30°C.

Molecular biology techniques

Standard molecular biology techniques were per-
formed as previously described (Sambrook &
Rusell, 2001). DNA fragments were purified with
Gene-Turbo (BIO101 Systems). Plasmids and PCR
products were purified with a High Pure Plasmid and
PCR Product Purifications kits (Roche), respectively.
Oligonucleotides were supplied by Sigma Co., and
they were used for the construction of the plZ2-0135
plasmid. The oligonucleotides sequences for amplifi-
cation of the AzCIB_0135 gene from the CIB genome
and its further cloning into the plZ2-0135 plasmid are:
5’AzCIB_0135: 5-ATATATGAATTCTGACCTAAGGA
GGTAAATAATGGACGCCAACTTCTG-3' (a restric-
tion EcoRl site underlined) and 3'AzCIB_0135:
5- ATATATAAGCTTTCAGTCCTTCCTCAGCAGCC-3’
(a restriction Hindlll site underlined). A synthetic op-
timized codon usage sequence for E. coli of the tpmt
gene from P. syringae designed using the Geneious
program was supplied by GenScript® (Figure S1)
cloned in the plZ2 plasmid, as plasmid plZ2-TPMTPS.
All cloned inserts and DNA fragments were confirmed
by DNA sequencing with fluorescently labelled dide-
oxynucleotide terminators (Sanger et al., 1977) and
AmpliTag FS DNA polymerase (Applied Biosystems)
in an ABI Prism 377 automated DNA sequencer
(Applied Biosystems). Transformations of E. coli
cells was carried out by using the RbCl method or by
electroporation (Gene Pulser, Bio-Rad) (Sambrook
& Rusell, 2001). Plasmids were transferred from E.
coli S17-1ipir (donor strain) to Aromatoleum sp.
CIB (recipient strain) by biparental filter mating (De
Lorenzo & Timmis, 1994), and exconjugants strains
Aromatoleum sp. CIB (plZ2) and Aromatoleum sp. CIB
(plZ2-0135) were isolated aerobically on gentamicin-
containing MC agar plates harbouring 10 mM glutar-
ate as the sole carbon source for counter selection of
donor cells.

Characterization of TeNPs and SeNPs

For field emission Scanning Electron Microscopy
(SEM), the samples were filtered through 0.2 pm
pore-size filters and successively dehydrated with
acetone/water mixtures of 30, 50 and 70% acetone,
respectively, and stored overnight at 4°C in 90% ace-
tone. After critical-point drying, samples were coated
with graphite and gold and examined with a JEOL

JSM-6330F microscope. For Transmission Electron
Microscopy (TEM) analysis, the samples were pre-
pared by placing drops of the cell culture onto
carbon-coated copper grids and allowing the solvent
to evaporate. TEM observations were performed on
a JEOL model JEM-2100 instrument operated at an
accelerating voltage of 200kV. The chemical com-
position of the TeNPs observed was determined by
Energy-Dispersive X-ray spectroscopy (EDX) as pre-
viously described (Li et al., 2014). Size of metallic
nanoparticles was determined by using the Image J
software (Collins, 2007).

TeNPs purification

For the purification of the TeNPs, a previously pub-
lished protocol was followed (Bahrami et al., 2012).
This protocol is based on a separation by centrifu-
gation of the TeNPs produced by the bacteria in a
mixture composed by chloroform, ethyl alcohol, and
water (3:1:4).

Determination of the Te (0) and Se (0)
produced and tellurite and selenite
determination

To evaluate the production of Te (0) and Se (0), 9 ml
of cells cultured in the presence of tellurite or selenite,
respectively, were collected along the growth curve.
Cells were centrifuged 20min at 1800 g, pellets were
washed twice with saline solution and resuspended
in 500pl distilled water, and the cells were lysed by
sonication. The solution was immediately filtered using
MCE membrane filters of 0.025um (Millipore). The fil-
ter was rinsed in 9 ml H,0, 30% until complete oxida-
tion and dissolution of the metalloids deposited (4 h).
Tellurite and selenite concentrations were determined
by inductively coupled plasma optical emission spec-
trometry (ICP-OES; Perkin Elmer Optima 2100 DV;
Nawaz et al., 2015).

Sequence data analyses

Nucleotide sequence analyses were done at the
National Center for Biotechnology Information (NCBI)
server. Pairwise and multiple protein sequence
alignments were made with the ClustalW program
(Thompson et al.,, 1994) at the EMBL-EBI server.
Phylogenetic analysis was carried out according to the
Kimura two-parameter method (Kimura, 1980), and
a tree was reconstructed using the neighbour-joining
method (Saitou & Nei, 1987) of the PHYLIP program
(Felsenstein, 1993).
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3D-modelling of AzCIB_0135 protein

The three-dimensional model of AzCIB_0135 was
generated by using the Alphafold program (Jumper
et al., 2021), and it was visualized with the PyMol pro-
gram (http://pymol.sourceforge.net/).

RESULTS AND DISCUSSION
Tellurite resistance of Aromatoleum sp. CIB

To expand our knowledge about the abilities of
Aromatoleum sp. CIB in metal bioremediation, we ana-
lysed the level of resistance of the strain CIB to the met-
alloid tellurite. The sensibility of the strain CIB was tested
by growing cells, aerobically or anaerobically, in the pres-
ence of tellurite at concentrations ranging from 0 to 1 mM.
Whereas in aerobic conditions cells were able to grow in
the presence of up to 0.2mM, tellurite (Figure 1A), under
anaerobic conditions cells grew up to 0.5mM tellurite, al-
though a decrease of around one order of magnitude in
colony forming units was observed. (Figure 1B). In both
cases, tellurite induced cellular death during the first 24 h
of incubation as detected by the decrease in the number
of viable cells (Figure 1). This phenomenum has been
already described in other microorganisms (Borghese
et al., 2004), suggesting that tellurite causes serious
metabolic damages, most likely at the membrane level
(Kessi et al.,, 2022) and by inactivating thiolic groups
of cellular proteins (Muhoz-Diaz et al.,, 2022; Tucker
et al., 1962; Zannoni et al., 2008). In fact, phase contrast
microscopy showed that in the presence of tellurite the
Aromatoleum sp., CIB cells were less mobile and often
clustered in clots instead of being the highly motile indi-
vidual cells that were observed in cultures grown in the
absence of tellurite (Figure S2A,B). Electron microscopy
showed that cells grown in the presence of tellurite were
shorter and apparently with lower amounts of intracellular
polyhydroxyalkanoates (PHA) granules (Figure S2C,D).
This shorter size of the cells was also observed in SEM
(Figure S2E,F). All these observations indicated that
although the CIB strain was able to grow in the pres-
ence of tellurite, an important effect of this metalloid on

) Aromatoleum sp. CIB (+O,) (8)
9 9

cell morphology was detected, as previously reported in
other bacteria such as Rhodopseudomonas palustris
strain TX618 (Xie et al., 2018) or Pseudomonas putida
KT2440 (Montenegro et al., 2020).

The kinetics of cell growth and tellurite removal was
followed by cultivating Aromatoleum sp. CIB in the
presence of 0.1 mM tellurite (Figure 2). Under aerobic
conditions, around 40% of initial tellurite was removed
in 10days. However, under anaerobic conditions, up
to 60% of initial tellurite was removed after 10days
(Figure 2). Interestingly, in both cases, the removal of
tellurite was more efficient when the cells reached the
stationary phase of growth (Figure 2).

Most bacteria are sensitive to very low concentra-
tions of tellurite (in the micromolar range) (Avazéri
et al.,, 1997; Moore & Kaplan, 1992; Taylor, 1996,
1999), and resistant bacteria usually show minimum
inhibitory concentrations (MIC) of <2mM (Borghese
et al., 2004). Nevertheless, several bacterial strains
have been reported to grow in the presence of higher
tellurite concentrations (Table S1). Bacteria such as
Bacillus selenitireducens (Baesman et al., 2007) or
Raoultella sp. WYA (Nguyen et al., 2019) presented
similar tellurite reduction rates than that observed in
Aromatoleum sp. CIB; however, a good number of
bacteria are able to reduce tellurite at higher speed,
e.g., some strains of Shewanella (Valdivia-Gonzalez
etal., 2018) or Pseudomonas pseudoalcaligenes strain
Te (Forootanfar et al., 2015). Although Aromatoleum
sp. CIB cannot be considered as a hyperesistant
strain that removes quickly tellurite (Table S1), it is
able to tolerate significant concentrations of tellurite,
specially under anaerobic conditions. These results
are in agreement with the fact that tellurite acts as a
strong oxidizer able to generate reactive oxygen spe-
cies (ROS; Borsetti et al., 2005; Calderdn et al., 2006;
Pérez et al., 2007; Tantalean et al., 2003; Tremaroli
et al,, 2007), and they suggest that strain CIB has
evolved a mechanism(s) to bypass the lethal effect of
tellurite that might be similar to any of those previously
described in other bacteria (Baesman et al., 2009;
Basaglia et al., 2007; Chen & Strous, 2013; Debieux
et al, 2011; Kessi & Hanselmann, 2004; Prigent-
Combaret et al., 2012; Turner et al., 2012).

Aromatoleum sp. CIB (-0,)

FIGURE 1 Time course of the growth
of Aromatoleum sp. CIB in aerobic (A) or
anaerobic (B) conditions in MC medium
supplemented with pyruvate 0.2% (w/v)
and tellurite at concentrations of 0mM
(red), 0.2mM (blue), 0.5mM (black),

or 1mM (green). The means of three

Cell growth (log CFU ml)

—A— 0mM Te(IV)
=@ 0.2 mM Te(IV)
-~ 0.5 mM Te(IV)
-@- 1mM Te(IV)

Cell growth (log CFU ml")

independent experiments are represented
and error bars show the standard
deviation.

Time (days)

Time (days)
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FIGURE 2 Time course of growth and tellurite removal by Aromatoleum sp. CIB. CIB cells were grown aerobically (+O,) or
anaerobically (-O,) in MC medium supplemented with 0.2% pyruvate and containing 0.1 mM tellurite. Growth was measured as CFU ml™'
(red circles), and tellurite depletion (blue triangles) was determined by using ICP-OES as indicated in materials and methods. Tellurite
concentration in the absence of bacteria is also indicated (black rhombs). Error bars represent standard deviation of the values of at least

three independent experiments.

Bioproduction of Te nanoparticles by
Aromatoleum sp. CIB

Most microorganisms able to tolerate tellurite share
the ability to reduce this metalloid to the less toxic
elemental Te, generating the characteristic black de-
posits (Chasteen et al., 2009; Tucker et al., 1962).
Aromatoleum sp. CIB growing in medium contain-
ing 0.1mM tellurite also produced black deposits
(Figure S3) suggesting that tellurite removal was due
to its reduction to insoluble black elemental Te. We
then analysed whether the Te produced was depos-
ited in form of nanoparticles (TeNPs). Bacteria were
collected after 4 and 7days of aerobic or anaerobic
growth in the presence of tellurite, and they were ob-
served by using TEM and SEM. TEM confirmed the
presence of group of cylindrical electron-dense nano-
particles located inside the cells under both aerobic
(Figure 3) and anaerobic (Figure 4) conditions. Rods
presented sizes around 250 nm long in aerobic condi-
tions, and 100nm long in anaerobic conditions. The
length of the TeNPs increased slightly in cells grown
for longer incubation times (Figures 3 and 4), as it
has been already reported in other bacterial cultures
(Presentato et al., 2018). SEM preparations showed
lysed cells with the rods adhered to the cell debris
(Figure S4). TeNPs were purified, observed by TEM
(Figure 5A), and analysed by EDX (Figure 5B). The
rods were composed of metallic Te accompanied by
oxygen, nitrogen, phosphorous, and sulfur (Figure 5B).
The X-ray diffraction pattern indicates that tellurium
crystalizes in the hexagonal lattice P3121 space group
(JCPDS pattern 03-065-3370; inset Figure 5B). The

production of crystalline TeNPs represents an advan-
tage over the amorphous forms since they are more
thermodynamically stable (Presentato et al., 2019),
and their optical and electronic properties are useful
for application in optic, thermo and electronic devices
(Presentato et al., 2018). The peaks observed in EDX
analysis corresponding to N, P, and S had been pre-
viously reported in EDX analyses of other bacterial
TeNPs (Baesman et al., 2009) and could be correlated
with the presence of an organic coating during the for-
mation of the TeNPs that prevents their coalescence
and, somehow, guides their final structure (Bulgarini
et al.,, 2021; Piacenza, Presentato, & Turner, 2018;
Piacenza, Presentato, Zonaro, et al., 2018). Although
bacterial formation of spherical TeNPs has been de-
scribed (Zonaro et al., 2015), most studies report the
formation of intracellular (Baesman et al., 2007, 2009;
Zare et al., 2012), periplasmic (Trutko et al., 2000)
or extracellular (Borghese et al., 2016) stick-shaped
TeNPs (Ramos-Ruiz et al., 2016; Zare et al., 2012),
similar to those produced by Aromatoleum sp. CIB
(Table S1) and also to those synthesized by chemical
means (Kim & Park, 2012).

Many reports attributed the reduction of tellurite to an
unspecific mechanism of resistance to this metalloid,
as described in some strains of E. coli, Rhodobacter
sphaeroides, Staphylococcus aureus, or Pseudomonas
aeruginosa (Avazéri et al., 1997; Harrison et al., 2004;
Summers & Jacoby, 1977). Some of the enzymes pro-
posed to be involved on tellurite reduction, e.g., nitrate
reductases, terminal oxidases, dehydrogenases, meth-
yltransferases, etc. (Avazéri et al., 1997; Diaz-Vasquez
et al.,, 2014; Sabaty et al., 2001; Trutko et al., 2000),
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FIGURE 3 Microscopic observations and size distribution of Te nanoparticles (TeNPs) produced by Aromatoleum sp. CIB in aerobic
conditions. TeNPs were produced by Aromatoleum sp. CIB grown aerobically in MC medium supplemented with 0.1 mM tellurite for 4days
(A) or 7days (B). Transmission Electron Microscopy analysis shows nanoparticles inside the cells. Length distribution (in nm) of the TeNPs
produced at 4days (blue) and 7 days (red) is detailed in (C), where n represents the number of nanoparticles used for the size measurement.
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FIGURE 4 Microscopic observations and size distribution of Te nanoparticles (TeNPs) produced by Aromatoleum sp. CIB in anaerobic
conditions. TeNPs were produced by Aromatoleum sp. CIB grown anaerobically in MC medium supplemented with 0.1 mM tellurite for 4 days
(A) or 7days (B). Transmission Electron Microscopy analysis shows nanoparticles inside the cells. Length distribution (in nm) of the TeNPs
produced at 4days (blue) and 7 days (red) is detailed in (C), where n represents the number of nanoparticles used for the size measurement.

are connected with bacterial metabolism and they
are present in Aromatoleum sp. CIB (Martin-Moldes
et al., 2015). A deeper study to elucidate the participa-
tion of these enzymes in tellurite reduction and TeNPs
production in the CIB strain is underway.

The gene AzCIB_0135 from Aromatoleum
sp. CIB encodes a tellurite methylase

The search of specific mechanisms involved in resist-
ance to tellurite has a great interest since it has been
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FIGURE 5 Microscopic observation and analysis of purified Te nanoparticles (TeNPs). (A) Transmission Electron Microscopy
observation of the purified TeNPs produced by Aromatoleum sp. CIB showing their rod shape. (B) Energy-Dispersive X-ray spectroscopy
analysis of one TeNP of panel (A). In the inset are shown the diffuse rings in the SAED (selected area electron diffraction) pattern of one

TeNP.

observed that increasing the resistance to tellurite
might enhance tellurite elimination and, hence, lead to
higher yields of TeNPs production (Turner et al., 1994,
2012; Zannoni et al.,, 2008). As mentioned above,
Aromatoleum sp. CIB displays moderate resistance
to tellurite and needs more than 4days to eliminate
a significant amount of tellurite (Figure 2). Genome
mining revealed that Aromatoleum sp. CIB lacks the
well-characterized mechanisms of tellurite resistance
encoded by the ter, tehAB, or kilA clusters (Chasteen
etal., 2009; Taylor et al., 1994, 2002; Walter et al., 1991).
However, the genome search has identified a tomt gene
(AzCIB_0135) whose product displays 40% amino
acid sequence identity with the well-studied thiopurine
S-methyltransferase (TPMT) from P. syringae that is
able to methylate tellurite and increase bacterial resist-
ance to this metalloid (Prigent-Combaret et al., 2012;
Ranjard et al., 2002). A model of the tertiary structure
of AzCIB_0135 predicted the conserved residues R123
and L55, responsible for substrate binding and enzy-
matic activation, respectively, as well as the surfaces
involved in S-adenosylmethionine (SAM) recognition
(Scheuermann et al., 2003; Figure S5). Therefore, we
investigated whether AzC/B_0135 could encode an or-
tholog of TPMT from P. syringae in Aromatoleum sp.
CIB.

The AzCIB_0135 gene was cloned and expressed
under control of the lacl?/Ptac regulatory couple that
responds to the IPTG inducer in the broad-host range
vector plZ2, rendering plasmid plZ2-0135 (Table 1). A
synthetic tomt gene that encodes a protein identical
to TPMT from P. syringae (Figure S1) was also cloned
in plZ2 giving rise to plasmid plZ2-TPMTPS (Table 1).
Whereas E. coli DH10B (plZ2) is able to tolerate a max-
imum concentration of <10 uM of tellurite, the strain E.
coli DH10B (plZ2-TPMTPS) increased its resistance up
to 1mM tellurite (Figure S6A) when IPTG was added
to the cultures, which is in agreement with previous
results showing that TPMT protein from P. syringae

increased the tellurite resistance in E. coli MG1655
from 20 uM up to 1 mM (Prigent-Combaret et al., 2012).
Interestingly, the strain E. coli DH10B (plZ2-0135) that
expresses the AzCIB_0135 gene when IPTG is added
to the cultures was able to grow in the presence of
tellurite concentrations up to 3mM (Figures S6A and
S7B). Moreover, E. coli DH10B cells overproducing
AzCIB_0135 in the presence of tellurite produced a
strong garlic-like smell, which has been previously
linked to the formation of methylated forms of the met-
alloid such as volatile dimethytelluride and dimeth-
ylditelluride (Prigent-Combaret et al., 2012; Ranjard
et al., 2002). Therefore, all these results support the
assumption that AzCIB_0135 from Aromatoleum sp.
CIB is a methyltransferase involved in tellurite methyla-
tion, hence contributing to bacterial tellurite resistance.

Despite that described thiopurine S-methyltransferases
involved in tellurite methylation were restricted so far to
gamma-Proteobacteria (Prigent-Combaret et al., 2012),
we have shown here that they are also present in
Aromatoleum sp. CIB, a beta-Proteobacterium. We have
also identified AzCIB_0135 orthologs in the genomes of
other bacteria belonging to the Azoarcus/Aromatoleum
group such as Azoarcus sp. Aa7 (93.8% identity,
WP_191658506), Aromatoleum toluolicum (89.1% identity,
WP_169143455), Aromatoleum petrolei (88.2% identity,
WP_169207774), Aromatoleum tolulyticum (88.6% iden-
tity, WP_076602312), Aromatoleum toluvorans (81.4%
identity, WP_169254381), Azoarcus sp. DN11 (79.2%,
identity, WP_121426876), Aromatoleum toluclasticus
(78.2% identity, WP_018988698), Aromatoleum evansii
(78.6% identity, WP_169125277), Azoarcus sp. KH32C
(62.1% identity, WP_015452291), Aromatoleum diolicum
(66.35% identity, WP_169258614), Azoarcus halotoler-
ans (61% identity, WP_159687877), and Aromatoleum
bremense (67.3% identity, WP_169200935). Moreover,
a search in the extensive number of bacterial genome
sequences currently available in the databases re-
vealed that these enzymes show a wider distribution
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Pseudomonas syringae group (38%) [y-proteobacterium]

Pseudomonas syringae (40.4%) [y-proteobacterium]

Pseudomonas putida S16 (40.9%) [y-proteobacterium]

Pseudomonas stutzeri (48.2%) [y-proteobacterium]

Acetobacter tropicalis (55.2%) |o-proteobacterium]

Gluconacetobacter entanii (59.3%) [a-proteobacterium]
Acinetobacter venetianus (54%) [y-proteobacterium|

Xanthobacter autotrophicus (58.8%) [o-proteobacterium]

Pseudomonas hussainii (59.7%) [y-proteobacterium]

Pseudomonas alcaligenes (61.6%) [y-proteobacterium]

Campylobacterales bacterium (50.7%) [e-proteobacterium]
Shewanella woodyi (50.0%) [y-proteobacterium]

Methylobacter sp. (63%) [y-proteobacterium]

Aromatoleum sp. CIB [B-proteobacterium]
Hahella sp. CCB-MM4 (63.5%) [y-proteobacterium]
Nitrospira sp. ND1 (65.4%) [Nitrospira]
Propionivibrio sp. (63%) [B-proteobacterium]
Symploca sp. S102D2 (62.3%) [Cyanobacterium]
Leptospira kobayashii (67.5%) [Spirochaetia]
Pseudanabaena sp. BC1403 (63.7%) [Cyanobacterium]

Methylovulum psychrotolerans (63.7%) |y-proteobacterium]

Dechloromonas sp. H13 (62.7%) [pB-proteobacterium]

FIGURE 6 Phylogenetic tree of (putative) tellurite methyltransferase proteins. The clustering of each thiopurine methyltransferase

to their taxonomical group is indicated. Proteins codes are: Pseudomonas syringae group (WP_003342681), Pseudomonas syringae
(WP_122240818), Pseudomonas stutzeri (WP_041106389), Pseudomonas putida S16 (AEJ12082), Acetobacter tropicalis (WP_039904388),
Gluconacetobacter entanii (WP_110913243), Acinetobacter venetianus (WP_061518019), Xanthobacter autotrophicus (WP_138397932),
Pseudomonas hussainii (WP_074864070), Pseudomonas alcaligenes (WP_110682906), Campylobacterales bacterium (HHD75725),
Shewanella woodyi (WP_065188016), Methylobacter sp. (PPC90099), Aromatoleum sp. CIB (WP_050414122), Hahella sp. CCB-MM4
(WP_094709600), Nitrospira sp. ND1 (WP_080877783), Propionivibrio sp. (MBK9029597), Symploca sp. SIO2D2 (NEQ69687), Leptospira
kobayashii (WP_109022054), Pseudanabaena sp. BC1403 (WP_103669048), Methylovulum psychrotolerans (WP_088621629) and

Dechloromonas sp. H13 (WP_153147638).

in the bacterial kingdom, being present also in beta-
Proteobacteria other than Aromatoleum/Azoarcus group,
in alpha- and epsilon-Proteobacteria, and in members of
the Nitrospira, Spirochaetia and Cyanobacteria classes
(Figure 6). Thus, these observations suggest that tellur-
ite methylation can be more widespread than previously
thought.

Enhancing tellurite resistance and TeNPs
production by overexpressing AzCIB_0135
in Aromatoleum sp. CIB

Since the overexpression of AzCIB_0135 increased
tellurite resistance in E. coli cells, we checked whether
its heterologous expression in the native host, i.e.,
Aromatoleum sp. CIB, could also lead to a recom-
binant strain with improved tellurite resistance. To
this end, plasmid plZ2-0135 was transferred to strain
CIB, and we compared the anaerobic growth of the
Aromatoleum sp. CIB (plZ2) control strain with that

of Aromatoleum sp. CIB (plZ2-0135) in the presence
of increasing concentrations of tellurite (Figure S8).
It should be noted that the higher tellurite concen-
tration that allowed growth of the Aromatoleum sp.
CIB (plZ2) control strain (0.2mM; Figure S8) was
slightly lower that that observed for the wild-type CIB
strain (0.5mM; Figure 1B), suggesting that the gen-
tamicin needed for plasmid maintenance increases
the cell stress with negative impact on tellurite resist-
ance. Interestingly, when the Aromatoleum sp. CIB
contained plasmid plZ2-0135 expressing the IPTG-
inducible AzCIB_0135 gene, growth was observed
up to 0.75mM tellurite (Figure S8). Furthermore, the
strain overproducing the AzCIB_0135 protein grew
faster than the CIB strain in the presence of 0.1 mM
tellurite (Figure 7A). All these results demonstrate
that AzCIB_0135 protects from tellurite toxicity, thus
leading to a higher resistance to this metalloid in
Aromatoleum sp. CIB (plZ2-0135).

We also explored the kinetics of tellurite elimina-
tion in Aromatoleum sp. CIB (plZ2-0135) grown under
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FIGURE 7 Time course of growth, tellurite, and selenite reduction, and Te (0) and Se (0) production by Aromatoleum sp. CIB (plZ2)

and Aromatoleum sp. CIB (plZ2-0135) strains. (A) Kinetics of growth of CIB (plZ2) cells (red) and CIB (plZ2-0135) cells (blue). Cells were
grown anaerobically in MC medium supplemented with 0.2% pyruvate, 0.5mM IPTG and 0.1 mM tellurite, and the number of viable cells was
measured as CFUmI™". (B) Tellurite depletion (continuous lines) and Te production (discontinuous lines) were determined by using ICP-OES
as detailed in experimental procedures. (C) Kinetics of growth of CIB (plZ2) cells (red) and CIB (plZ2-0135) cells (blue). Cells were grown
anaerobically in MC medium supplemented with 0.2% pyruvate, 0.5mM IPTG and containing 1 mM selenite, and the number of cells was
measured as CFUmI™". (D) Selenite depletion (continuous lines) and Se production (discontinuous lines) were determined by ICP-OES as
detailed in experimental procedures. Error bars represent standard deviation of the values of at least three independent experiments.

anoxic conditions. Whereas the wild-type strain elimi-
nates only 25% of tellurite after 5days, the CIB strain
overproducing AzCIB_0135 was able to remove around
75% of tellurite present in the medium, reaching values
of 95% removal after 10days of growth (Figure 7B).
Therefore, the overproduction of AzCIB_0135 in strain
CIB speeds-up tellurite removal, hence suggesting that
the design of bacterial catalysts overexpressing a tellur-
ite methylase constitutes a rational strategy to enhance
tellurite elimination from environmental samples.

As indicated above, E. coli cells overproducing
AzCIB_0135increased tellurite resistance by more than
2 orders of magnitude, and a black colour correspond-
ing to Te (0) deposits was observed in the bacterial cul-
tures (Figure S6A). Similarly, cultures of Aromatoleum
sp. CIB overproducing AzCIB_0135 also showed in-
creased tellurite resistance and produced deposits
darker than those of the wild type strain (Figure S6B).
The analysis of the black deposits by TEM showed

rod-shaped TeNPs of sizes compatible with those ob-
served previously in the CIB strain (Figure S8A). The
elemental analysis using EDX showed the electron-
dense particles with specific Te absorption peaks
(Figure 8B). The SAED pattern suggested that Te was
also present in its crystalline form (Figure 8B, inset),
which corresponds with crystallinity that characterizes
the TeNPs produced by Aromatoleum sp. CIB.

The kinetics of Te (0) production in the wild-type CIB
strain and the CIB strain overproducing AzCIB_0135 was
compared (Figure 7B). After 5days of growth, the produc-
tion of Te (0) is around six times higher in the CIB strain
overproducing AzCIB_0135 (6 pmolh™ L) than in the
CIB strain (35pmolh™ L™"; Figure 7B), which suggests
that the tellurite methylase speeds-up the production of
Te (0), in agreement with the higher tellurite tolerance and
enhanced growth of this recombinant strain (Figure 7A).

All these results taken together revealed that
AzCIB_0135 represents an interesting genetic tool to
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FIGURE 8 Electron microscopic observations of Te nanoparticles (TeNPs) and Se nanoparticles (SeNPs) produced by Aromatoleum
sp. CIB (plZ2-0135). (A) TeNPs were produced by cells grown anaerobically for 7days in MC medium supplemented with 0.2% pyruvate,
0.5mM IPTG and 0.1 mM tellurite (B) Energy-Dispersive X-ray spectroscopy (EDX) analysis of one TeNP. In the inset are shown the diffuse
rings in the SAED (selected area electron diffraction) pattern of one TeNP. (C) SeNPs were produced by CIB (plZ2-0135) cells grown
anaerobically for 4days in MC medium supplemented with 0.2 pyruvate, 0.5mM IPTG, and 1 mM selenite. (D) EDX analysis of one SeNP. In
the inset are shown the diffuse rings in the SAED (selected area electron diffraction) pattern of one SeNP.

increase bacterial resistance to tellurite, accelerating
tellurite removal and the production of TeNPs in recom-
binant cells that overexpress this tellurite methylase.

The overexpression of AzCIB_0135
enhances also selenite elimination and
Se nanoparticles (SeNPs) production in
bacterial catalysts

It has been reported that E. coli cells expressing the
P. syringae thiopurine methyliransferase (TPMT)
also methylate selenite into dimethylselenide and

dimethyldiselenide, which are 500-700 times less
toxic than other derivatives (Ranjard et al., 2002, 2003).
Moreover, it has been reported that Se biomethylation
leads to detoxification and removal of Se from contam-
inated sites (Ranjard et al., 2003). Accordingly, E. coli
DH10B (plZ2-0135) strain overproducing AzCIB_0135
protein was able to tolerate higher concentrations of
selenite (20 mM) than the DH10B (plZ2) (10 mM) con-
trol strain (Figures S7C,D and S9A), and an orange
colour appeared in the culture medium in the presence
of selenite indicating the biological reduction from sel-
enite to Se. In addition, a strong garlic smell appeared
in the culture of DH10B overproducing AzCIB_0135
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when selenite was present in the medium, suggest-
ing the production of methylated selenite derivatives.
These results show that AzCIB_0135 was able to pro-
tect the DH10B cells from the selenite toxicity most
probably through the production of (methyl)selenides.

Previous results obtained in our laboratory demon-
strated that Aromatoleum sp. CIB tolerates up to
5mM selenite in anaerobic conditions (Fernandez-
Llamosas et al., 2016). Here, we show that the CIB
strain harbouring the plZ2 plasmid was not able to
tolerate selenite concentrations higher than 2.5mM
(Figure S9B) suggesting that the gentamicin used to
maintain the plasmid enhanced the stress produced
by the metalloid. In any case, the overproduction of
the AzCIB_0135 protein also increased moderately
the tolerance of the strain to selenite (up to 5mM,
Figure S9B), although this recombinant strain did not
grow faster than the wild-type strain in the presence
of 1mM selenite (Figure 7C).

Despite the overproduction of the AzCIB_0135
protein did not increase significantly the resistance
to selenite, when we analysed the kinetics of sele-
nite removal it was observed that whereas the wild-
type strain eliminated only 15% selenite in 4days of
growth, the CIB strain overproducing AzCIB_0135 re-
moved around 55% selenite after 4 days of cell growth
(Figure 7D), and the kinetics of selenite elimination
was significantly faster in the recombinant strain
overexpressing AzCIB_0135 (Figure 7D). Therefore,
recombinant strains overexexpressing AzCIB_0135
might be of biotechnological interest to eliminate sel-
enite from environmental samples. In natural environ-
ments, the transformation of selenite to Se is linked
to the decrease of toxicity, for example, the formation
of the less toxic and mobile elemental Se from the re-
duction of selenite has importance in aquatic systems
(Pettine et al., 2013). Moreover, orange deposits were
clearly observed in cells overexpressing AzC/B_0135
(Figure S9B), suggesting that a significant amount
of selenite was reduced to Se (0). When the orange
deposits were analysed by TEM, spherical SeNPs of
around 100nm diameter were observed (Figure 8C),
and elemental analysis using EDX showed that the
electron-dense particles presented the specific Se
absorption peak (Figure 8D). The diffuse ring in the
SAED pattern suggested that Se is present in its amor-
phous form (Figure 8D, inset), which corresponds
to the size, morphology, and crystallinity that char-
acterizes the SeNPs produced by Aromatoleum sp.
CIB (Fernandez-Llamosas et al., 2016). Interestingly,
the overproduction of AzCIB_0135 caused a signif-
icant increase in the amount of Se (0) produced by
the recombinant CIB cells, reaching about 50% of the
selenite added to the culture medium after 2days of
growth (7.3 pmolh™" L™"), which contrasts with the al-
most no Se (0) production by the wild-type CIB cells at
the same incubation time (0.1 pmolh~" L™"; Figure 7D).

In summary, all these results revealed that over-
production AzCIB_0135 constitutes a feasible genetic
strategy to accelerate selenite elimination and the pro-
duction of SeNPs in the recombinant bacterial cells.
The increase of production of crystalline Te/Se in strains
overproducing TPMT seems contradictory, since TPMT
should increase the methylated forms and thus, de-
crease the amount of tellurite susceptible to be trans-
formed in NPs. Nevertheless, it has been observed that
in highly resistant bacteria able to methylate tellurite,
still is possible to detect the production of significant
amounts of Te as a product of their metabolism (Ollivier
et al., 2011). A possible explanation might reside in the
synergistic role of TPMT and reductases that partici-
pate in Te/Se production (Molina-Quiroz et al., 2014)
in the decrease of stress produced by metalloids. As
a consequence of this synergistic effect, an increased
metalloid resistance is observed leading to higher rates
of cell growth and, hence, to higher amounts of Te/Se
accumulated. In any case, this apparent paradox needs
to be solved experimentally.

CONCLUSIONS

The overexpression of molecular determinants respon-
sible of metal and metalloid resistance was known to
increase bacterial tolerance to such metal/metalloids
and, in some cases, to enhance removal of such pol-
lutans by their transformation into added value prod-
ucts such as metallic nanoparticles (Choi et al., 2018;
Edmundson & Horsfall, 2015). Here, we have reported
a new methyltransferase, the AzCIB_0135 protein from
Aromatoleum sp. CIB, responsible for tellurite/selenite
methylation. For the first time, we have shown that the
overexpression of a methyltransferase speeds up the
elimination of tellurite and selenite and enhances the
production of TeNPs and SeNPs, respectively, which
are both of high industrial interest. The fact that strain
CIB also colonizes rice as an endophyte (Fernandez-
Llamosas et al., 2014) opens the prospect to use this
microorganism to promote rice cultivation on metalloid
contaminated soils.
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