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Abstract The ability to reduce selenite (SeO5>") ions with the
formation of selenium nanoparticles was demonstrated in
Azospirillum brasilense for the first time. The influence of
selenite ions on the growth of 4. brasilense Sp7 and Sp245,
two widely studied wild-type strains, was investigated.
Growth of cultures on both liquid and solid (2 % agar) media
in the presence of SeO5”~ was found to be accompanied by the
appearance of the typical red colouration. By means of trans-
mission electron microscopy (TEM), electron energy loss
spectroscopy (EELS) and X-ray fluorescence analysis
(XFA), intracellular accumulation of elementary selenium in
the form of nanoparticles (50 to 400 nm in diameter) was
demonstrated for both strains. The proposed mechanism of
selenite-to-selenium (0) reduction could involve SeO;” in the
denitrification process, which has been well studied in
azospirilla, rather than a selenite detoxification strategy. The
results obtained point to the possibility of using Azospirillum
strains as endophytic or rhizospheric bacteria to assist
phytoremediation of, and cereal cultivation on, selenium-
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contaminated soils. The ability of A. brasilense to synthesise
selenium nanoparticles may be of interest to
nanobiotechnology for “green synthesis” of bioavailable
amorphous red selenium nanostructures.

Introduction

Selenium is a trace element essential in nature in small
amounts but toxic at high concentrations [28, 30, 32, 47,
51]. Its relatively well-soluble and, therefore, most toxic forms
are represented by the selenate (Se¥'0,%7) and selenite
(Se'V05*") oxyanions.

The ability to reduce selenates and selenites to elementary
selenium (Se’) is widespread in microorganisms. These in-
clude bacteria isolated from areas contaminated with various
pollutants, including selenium: Stenotrophomonas
maltophilia [12], Bacillus sp. [23], Ralstonia metallidurans
[44], Dechloromonas sp. and Thauera sp. [52]; anaerobes that
can utilise selenites and selenates in their respiratory chain as
electron acceptors, often along with sulphates and sulphites:
Desulfomicrobium sp. [17], Desulfurispirillum indicum [40],
and hyperthermophilic archaea [20]; as well as certain rhizo-
sphere microorganisms: Rhizobium [2, 21] and Pseudomonas
sp. [22]. All these microorganisms can transform the toxic
selenite and/or selenate anions to the insoluble (hence non-
toxic) elementary selenium [12, 21-23, 44, 49]. Most pub-
lished studies have reported the transformation of selenates or
selenites to the amorphous red modification, a form of ele-
mentary selenium.

Bacteria of the genus Azospirillum belong to the plant-
growth-promoting rhizobacteria that have received the most
study [3, 13]. They have positive effects on the development
of their plant hosts through phytohormone production, nitro-
gen fixation and several other processes [3, 4, 13]. Because
azospirilla, ubiquitous in virtually all climatic zones, inhabit
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the plant rhizosphere, they possess a high potential to adapt to
negative external influences, including salinity, aridity and a
dearth of nutrients. Compared to other rhizosphere microor-
ganisms, azospirilla exhibit fairly high resistance to heavy
metals [25, 27] and other stress factors [26]. Recent work
has shown that the use of rhizobacteria, including azospirilla,
can improve bioremediation (phytoremediation) and enable a
better extraction of harmful substances [4, 5, 8, 10, 19, 34].
However, there is still no information about the toxicity of
selenium compounds to azospirilla or about any effects of
selenium on them. In view of this, we sought in this study to
examine the effect of selenite (SeO5> ", a Se'¥ compound) on
two widely studied wild-type strains, Azospirillum brasilense
Sp7 and Sp245, which can occupy different ecological niches
in the rhizosphere [45] and have been reported to respond
differently to various stresses or behave differently under
similar conditions [3, 4, 25, 27, 36, 39]. The hypothesis tested
by this study is that the two wild-type strains of A. brasilense
might be capable of reducing SeOs>~ to red elementary sele-
nium (in the form of nanosized particles) as a result of their
cellular metabolic activity.

Material and Methods
Bacterial Strains and Growth Media

A. brasilense strains Sp245 and Sp7 (from The Collection of
Rhizosphere Microorganisms, [WDCM 1021] according to
the World Federation of Culture Collections (http://www.
wfcc.info/), Institute of Biochemistry and Physiology of
Plants and Microorganisms, Russian Academy of Sciences,
Saratov, Russia) were used in this work. These strains were
cultivated in a liquid or on a solid (2 % agar) modified malate
salt medium (MSM [7]) containing the following (grams per
litre): KoHPQOy, 3.0; KH,POy, 2.0; NH4CI, 0.5; NaCl, 0.1;
FeSO47H,0, 0.02 (added as chelate with nitrilotriacetic acid);
CaCl,, 0.02; MgS0O,47H,0, 0.2; Na,MoO4-2H,0, 0.002; and
sodium malate, 5.0 (obtained by mixing 3.76 g of malic acid
with 2.24 g NaOH per litre), pH 6.8-7.0. Inoculation cultures
were grown with shaking (180 rpm) at 31-32 °C for 18-22 h.
The culture volume was 100 or 25 ml in 250- or 50-ml
Erlenmeyer flasks, respectively. Cell growth was monitored
at ODgoo (Specol 221, Germany).

In selenite toxicity tests in the liquid medium, cultures of
A. brasilense Sp7 and Sp245 were grown for 18 h under
aerobic conditions (corresponding to the end of the logarith-
mic and the beginning of the stationary growth phase for
azospirilla in the MSM under these conditions) without
(control) or with Na,SeO;3 concentrations ranging from
0.005 to 10 mM (experiment). The initial culture density in
all variants was 2-107 cells ml™'. Growth inhibition was
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determined using optical density measurements. In each var-
iant, parallel experiments were repeated a minimum of five
times.

According to the literature, selenites and selenates may be
reduced in the stationary, not the logarithmic, phase of growth
[12, 44]. For this reason, the period of bacterial growth was
extended to 7 days. The Na,SeO; concentrations used were
0.2, 0.3 and 0.4 mM. After cultivation, the numbers of viable
cells (colony-forming units, CFU) were determined as fol-
lows. A series of consecutive tenfold dilutions of a bacterial
suspension was prepared using physiological saline solution
(0.87 % NaCl). CFU numbers were determined by spreading
100 pl of the corresponding diluted samples on agar plates
and incubating at 32 °C in a thermostat for 4-5 days.
For determining dry cell biomass, cells were collected
by centrifugation (7,000xg, 10 min) and dried at 105 °C
down to a constant weight. The pH of the medium was
also measured after cultivation (pH-meter Multitest IPL-301,
Russia).

For selenite toxicity tests during cultivation on the solid
medium, the strains were grown without selenite (control) and
in the presence of 0.3, 1.0 or 10 mM Na,SeOj; (experiment;
stock Na,SeOj5 solution was added to the final concentrations
after autoclaving the medium; the pre-culture had been grown
for 20 h on the liquid MSM up to (4.5-5.0)-10° CFU mlI ™).
CFU analyses were performed as described above, with a
minimum of three parallel dishes for each concentration.

For X-ray fluorescence analysis (XFA), transmission elec-
tron microscopy (TEM) and electron energy loss spectroscopy
(EELS), cells were grown for 7 days under static conditions
(without shaking) at 31 °C in the liquid MSM (control) and in
the presence of 0.3 mM Na,SeOs.

For location of the selenite-reducing enzymes, 4. brasilense
Sp7 and Sp245 were grown in the Na,SeOs-free MSM for
18 h under aerobic conditions (the onset of the stationary
phase under the given conditions for azospirilla). Both cul-
tures were grown up to an absorbance (A4gy) of 0.97 (1-cm
optical path cuvettes).

X-ray Fluorescence Analysis (XFA)

The cells (grown as described in “Bacterial Strains and
Growth Media”) were collected by centrifugation at 7,000xg
for 10 min and air-dried at room temperature. Elemental XFA
of the dried biomass samples was carried out using an energy-
dispersive X-ray spectrometer ED2000 (Oxford Instruments,
UK). The measurements were carried out under the following
conditions: range of detected elements from Na to U, X-ray
tube with a silver anode, voltage 35 kV (“Medium elements”),
a thin Ag filter for primary X-ray radiation, exposure 600 s
and air as the medium. The elements were detected using the
method of fundamental parameters implemented in the soft-
ware package provided with the instrument.
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Transmission Electron Microscopy (TEM) and Electron
Energy Loss Spectroscopy (EELS)

The cells were grown as described in “Bacterial Strains and
Growth Media”, collected by centrifugation, washed twice
with phosphate-buffered saline (PBS, pH 7) and finally
washed twice with purified distilled water. Next, the bacterial
cells were resuspended in a minimal volume of distilled water
and placed onto nickel grids coated with formvar (1 %
formvar in dichloroethane). For EELS, after drying the sam-
ple, the cells were contrasted with 1 % aqueous uranyl acetate.

Taking TEM photographs, selenium mapping in the elec-
tron spectroscopic imaging (ESI) mode and registering elec-
tron energy loss spectra for selenium were performed using a
Libra 120 electron microscope (Carl Zeiss, Germany) at
120 kV.

Location of the Selenite-Reducing Enzymes

The cells were grown as described in “Bacterial Strains and
Growth Media”. All further work was done under sterile
conditions. The grown cells (2 ml of suspension) were
sedimented by centrifugation at 7,000xg for 15 min, washed
three times with physiological saline solution (0.87 % NaCl)
and resuspended in the same volume of solution. After this
treatment, cells remain viable but become depleted of nutri-
ents. Na,SeO3 was added to the supernatant liquid and to the
cells in the physiological saline solution up to a final concen-
tration of 0.3 mM Na,SeOs. As a control (dead cells), the
culture was thermally treated at 95 °C for 5 min. The samples
were incubated in a thermostat at 31 °C for 7 days.

Results

Effect of Selenite on 4. brasilense

We first tested the sensitivity of 4. brasilense Sp7 and Sp245
to Na,SeOs, which was used at concentrations ranging from
0.005 to 10 mM. The cultures were grown for 18 h under
aerobic conditions, corresponding to the end of the logarith-
mic and the beginning of the stationary phase (for azospirilla
in the MSM under these conditions). Our efforts to determine
exactly the minimal growth-inhibiting concentration (i.e. that
at which the absorbance of the culture decreased as compared
with the control) failed. In various experiments, this concen-
tration varied from 0.08 to 0.3 mM. Neither could we observe
under these conditions any change in the medium’s colour in
the presence of selenite. The culture growth was completely
inhibited at 0.5 to 1 mM Na,SeOs.

The change in the colour of microbial colonies growing in
the presence of selenium-containing compounds to various

hues of pink and red is known to be the first sign of reduction
of these compounds to the red modification of Se” [22, 42]. As
mentioned above, selenites and selenates may be reduced to
Se” in the stationary, not the logarithmic, phase of growth [12,
44]. For this reason, the period of bacterial growth was ex-
tended. The Na,SeO5 concentrations used were at levels that
caused incomplete inhibition of bacterial growth after 18 h of
cultivation (0.2, 0.3 and 0.4 mM). After 42 h, growth was
observed in all flasks, and a weak red colouration of the
medium in the flasks appeared. After 66 h, active growth
was recorded for both strains at all selenite concentrations
used, and the colour of the growth medium changed to red.
On day 4 of growth of both strains, the intensity of the red
colouration of the growth medium increased with the selenite
concentration (Fig. 1, upper row; the data for strain
A. brasilense Sp245 are shown as an example). A similar
effect was observed when the strains were grown at selenite
concentrations of up to 1 mM, as well as in static conditions of
cultivation (data not shown). At 10 mM Na,SeOs, no growth
and no red colour were observed throughout the experiment
(up to 30 days).

The pH values of the cultivation culture after cell growth
were as follows: for 4. brasilense Sp7, in the control and in the
medium with 0.2 mM Na,SeO3;—9.3 and for higher selenite
concentrations (0.3 and 0.4 mM)—38.6. For A. brasilense
Sp245, the pH values were 9.4 in the control; for 0.2 mM
Na,SeOs, 9.1; and for 0.3 and 0.4 mM Na,SeOs;, 8.9. The
weight of dry biomass of the cultures grown in the presence of
selenite decreased as compared with that of the control by
11.7-28.6 % for strain A. brasilense Sp7 and by 23.0-34.4 %
for strain 4. brasilense Sp245. The CFU values for both
strains were found to be comparable in the controls and in
the presence of selenite: for 4. brasilense Sp7,
5.0-10% CFU ml™" (control) and (2.0-7.5)-108 CFU ml™" (with
selenite) and for A. brasilense Sp245, 5.1-10%° CFU ml ™!
(control) and 3.6:10° CFU ml ™" (with 0.2 mM selenite). For
higher selenite concentrations, the type and number of
A. brasilense Sp245 colonies changed, they became smaller
and their number significantly increased, which precluded
exact CFU calculations.

When the coloured cultures were sedimented by centrifu-
gation, the supernatant liquid remained uncoloured and the
bacterial cell biomasses were bright red. This also suggests
that the colouration of the growth medium was associated
predominantly with the cells.

We next cultured the strains in Petri dishes. With 0.3 mM
Na,SeOs, growth remained unchanged as compared with the
control; with 1 mM, it was somewhat inhibited; and with
10 mM, it was absent. With 0.3 mM, only some of the
colonies were red; with 1 mM, all the growing colonies were
red, and some of them increased in diameter (two- to threefold
as compared with those in the control). The colonies of both
strains were bright red, with no colouration of the adjacent
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Fig. 1 A. brasilense Sp245
culture grown for 4 days under
aerobic conditions in the liquid
MSM (upper row) without
selenite (control, /) and in the
presence of 0.2 mM (2), 0.3 mM
(3) and 0.4 mM Na,SeOs (4).
Bacterial colonies of strains

A. brasilense Sp7 (middle row)
and Sp245 (bottom row) grown
on solid MSM for 5 days. Control
without selenite (a, d), with

0.3 mM (b, e) and 1 mM
Na,SeOs (¢, f). For interpretation
of the references to colour in the
text, the reader is referred to the
web version of this article

areas. This result also indicates that the red colouration
was associated with the bacterial cells and that the
enzymes reducing Na,SeO; to elementary selenium were
possibly localised inside the cells (Fig. 1, middle and bottom
TOWS).

X-ray Fluorescence Analysis

XFA of the bacterial cells (Fig. 2) showed a considerable
accumulation of selenium in the biomass growing with
Na,SeOj3, which was reflected in the spectra as the appearance
of intense dominating emission lines corresponding to seleni-
um (Fig. 2b, d; note that this XFA methodology, besides the
qualitative detection of elements, is semiquantitative and only
allows significantly differing amounts of elements to be com-
pared). The presence of selenium was determined by its two
main lines, at 11.22 keV (K) and 12.49 keV (Kp). The spectra
taken for the control cultures showed only a very small
amount of selenium as a microcomponent (Fig. 2a, c), along
with a few lines (more or comparably intense) corresponding
to the following (from left to right): Ca (3.69 keV, K, and
4.01 keV, Kp), Fe (6.40 keV, K4y, and 7.06 keV, Kg), Cu
(8.04 keV, K1) and Zn (8.64 keV, K, and 9.57 keV, K) as
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main typical trace elements found in bacterial cells, in
particular, in 4. brasilense by means of analytical methods
[24, 25, 27].

Transmission Electron Microscopy (TEM) and Electron
Energy Loss Spectroscopy (EELS) Analysis

We performed TEM and EELS of 4. brasilense strains Sp245
and Sp7 grown under the same conditions in the presence of
0.3 mM Na,SeO;. As seen in Fig. 3c, the cells contained
spherical electron-dense formations, which were absent in
the control. Most of these formations were localised inside
the bacterial cells. The size of these particles ranged from 50 to
400 nm, with 200-nm-diameter particles being predominant.
Some isolated spherical particles could be observed outside
the cells.

A map of selenium distribution was obtained by ESI,
showing considerable accumulation of elementary selenium
inside the cells: the more intensive the red colour, the more
selenium is contained at the given spot (Fig. 3a—TEM,
Fig. 3b—the same sample in the ESI mode). The spectra
obtained for spherical particles by EELS demonstrated that
they consisted of selenium (Fig. 4).
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Fig. 2 X-ray fluorescence
analysis of dried bacterial cells of
A. brasilense strains Sp7 (a, b)
and Sp245 (¢, d) grown in liquid
MSM in the absence (control) (a,
¢) and in the presence of 0.3 mM
Na,SeO; (b, d) for 7 days under
static conditions. Emission lines
at 11.22 and 12.49 keV
correspond to selenium (K, and
K lines, respectively)

iwn|vis =80 cps

a

njvis =101 cps

C

Selenite Reduction to Elementary Selenium

Cursor:11.22 ke¥ 4 cps ipm|vfs =440 cps Cursor:11.22 keV 426 cps

b J

5 3 7 8 3 10 1

Cursor:11.22 keV 4 cps Cursor:11.22 ke¥ 761 cps

and the cells were incubated with 1 mM Na,SeO;
(experiment). After 18 h, the colouration of the cell samples

To unravel the mechanism responsible for the reduction of  changed from opaque to orange. Throughout the experiment
selenite to elementary selenium, both the supernatant liquid (7 days), we did not observe any changes in the colour of the

Zum[

By 2 | 1um

Fig. 3 Transmission electron microscopy (TEM) images of 4. brasilense The electron-dense precipitates generally inside the cell are reduced sele-
Sp245 (a, ¢) after reduction of selenite. Cells were grown on MSM for nium, including the electron-dense globules in the cytoplasm. Bars: a, b—
7 days in the presence 0.3 mM Na,SeOj. Electron energy loss spectroscopy 2 um; e—1 pm. For interpretation of the references to colour in the text and
(EELS) was used to create an elemental map of selenium (red colour) (b). in this caption, the reader is referred to the web version of this article
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Fig. 4 a Electron energy loss spectrum for a nanoparticle from
A. brasilense Sp245 (inset in a: TEM photograph; bar, 1 um). The
characteristic line M45 for Se is indicated in the spectrum. b Control
spectrum for Se (from the EELS atlas) presented for comparison

medium and, consequently, any reduction of Na,SeOs to red
elementary selenium in either the cell-free supernatant
liquid or the thermally treated cells. These results show
that the selenite transformation to elementary selenium
was associated with the activity of live bacterial cells,
not with the cell-free medium remaining after removing
the cells.
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Discussion

When the A. brasilense strains were grown aerobically for
18 h, corresponding to logarithmic and early stationary growth
for Azospirillum, their growth was partly inhibited at selenite
concentrations above 0.08—0.2 mM. Complete inhibition was
observed at 0.5 to 1 mM. (Under the latter conditions, the
growth medium did not change its colour.) Some microorgan-
isms have about the same resistance: Bacillus subtilis
(>1 mM), Rhodospirillum rubrum DSM 467 (>2 mM),
Wolinella succinogenes DSM 1740 (1 mM) and
R. metallidurans (6.0 mM), whereas others are much more
resistant: Pseudomonas sp. strain CA5 (>150 mM), Rhizobi-
um leguminosarum bv. viceae (25-200 mM) [22]. Note for
comparison that growth rates and biomass of natural freshwa-
ter phytoplankton cultures (dominated by an Ankistrodesmus
sp., a Dictyosphaerium sp. and an unidentified monad) were
found to be significantly reduced by selenate (SeO4>") at
concentrations as low as 0.32 uM (and higher), while they
were not affected by SeO5>" at concentrations of up to 2.5 uM
[41]; it was concluded that natural communities seemed to be
more sensitive to SeO4> than cultured algae.

The A. brasilense strains were able to reduce selenite
several days after beginning to grow in liquid culture, under
both aerobic and static growth conditions, as evidenced by a
colour change in the medium to red. Under aerobic conditions,
the colour intensity increased with the selenite concentration
in the medium (see Fig. 1, upper row). We note a considerable
alkalisation of the culture medium, caused by cell growth, in
the control and in the presence of 0.2 mM SeOs> up to
pH 9.1-9.4; in the presence of 0.3 and 0.4 mM Se05%", the
alkalisation was lower, up to pH 8.6-8.9.

Sedimentation of liquid cultures and Azospirillum growth
on solid medium indicated that the appearance of colouration
was associated with the cells, as shown also for
R. metallidurans [44] and R. rubrum [29]. In Pseudomonas
fluorescens and B. subtilis, elementary selenium was similarly
found to be deposited as granules throughout the cell and
between the cell wall and the plasma membrane, respectively
[16]. In other microorganisms, either extracellular or intracel-
lular selenite reduction followed by release to the outside was
described [33].

As mentioned above, the change in the colour in the
presence of selenium-containing compounds to various hues
of pink and red is the first sign of reduction of these com-
pounds to the red modification of Se”. Compounds of Se'¥ and
SeV! are not red (i.e. are colourless), and the presence of this
colour can be considered to be a clear evidence for selenite
reduction to the red modification of Se’. However, one cannot
rule out the possibility of parallel formation of any other Se
compounds, e.g. organoselenium compounds or Se in
(an)other oxidation state(s). This possibility was not examined
in the current study, but it may be of interest in future research.
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Elemental XFA showed considerable accumulation of Se
in the strains growing with selenite (see Fig. 2), while TEM
demonstrated the presence of round electron-dense particles,
most of which were found inside and some outside the cells
(see Fig. 3c). Most probably, the presence of such particles
outside the cells resulted from occasional cell lysis. The map
of Se distribution obtained by ESI analysis showed that Se
was localised inside the cells (the red colouration corresponds
to a high Se content, see Fig. 3b). The EEL spectra for the
nanoparticles confirmed that they consisted of Se (Fig. 4a).

The reduction of selenite (Se'), which has a low redox
potential [11], is a fairly easy process; accordingly, possible
mechanisms of this phenomenon may include both simple
chemical reduction, induced by specific medium components
[11, 28], and microbiological reduction, induced by the action
of enzymes (see below). To rule out the possibility that sele-
nite was reduced by the components of the growth medium,
we ran an additional control: a flask that contained the
azospirilla-free MSM with 0.3 mM Na,SeO;. The flask was
incubated at 31 °C for 30 days. After 30 days, the medium
with selenite did not change its colour and had the same
transparency as at the start of the experiment.

The experiment to locate the selenite-reducing en-
zymes (see “Results”, the subsection “Selenite Reduction to
Elementary Selenium”) showed that it was the cells, not the
supernatant liquid, which contained the factor(s) such as en-
zymes that were responsible for reducing selenite. After 18 h,
an intense red colouration was observed in treatments con-
taining washed cells. This conclusion was corroborated by the
results of TEM (see above, Fig. 3), showing that reduced Se
accumulated as nanospherical particles inside bacterial cells.
In addition, thermally treated cells were not capable of reduc-
ing selenite to Se”, which is consistent with the participation of
bacterial enzymes in this process. Thus, we have shown that in
A. brasilense, a biochemical reduction occurs that is directly
associated with the metabolism of the bacteria and that does
not depend on either the extracellular synthetic products or a
change in pH of the medium (as shown above, after 7 days of
cultivation, a considerable alkalisation of the medium was
observed).

Azospirilla can fix and assimilate nitrogen, and one of the
mechanisms by which these bacteria benefit plants is the
provision of nitrogen for them [4]. For azospirilla, genes
involved in nitrogen metabolism have been isolated and de-
scribed [4]. The relevant enzymes include nitrogenase, which
fixes atmospheric nitrogen, as well as nitrite and nitrate re-
ductases. On the other hand, several authors have shown the
possibility of selenite and selenate reduction under the effect
of nitrite and nitrate reductases. Specifically, the reduction of
selenite to elementary Se may involve nitrate reductase in
Escherichia coli [1] and nitrite reductase in Rhizobium sullae
[2] and in Thauera selenatis [9]. The ability to reduce sele-
nites, selenates and tellurites is often associated with

denitrification [43], which azospirilla are also able to perform.
The metabolism of Se in bacteria has been reviewed by Stolz
et al. [48], who analysed the genes and proteins responsible
for selenate and selenite reduction and showed that there is
some similarity between the selenate reductase of 7. selenatis
and respiratory nitrate reductases of E. coli, Aeropyrum pernix
and Thermus thermophilus.

In addition, it has to be mentioned that the nitrate ion
(NO;") is structurally similar to SeO;>", permitting the as-
sumption that the former gets replaced by the latter in the
biochemical process of denitrification by azospirilla. While
this is feasible, note that the structure of the selenate ion
(Se04%") is significantly different from that of the nitrate ion.
Indeed, we found that replacing selenite with selenate did not
give rise to a red colouration (data not shown), a finding that
serves as an indirect proof of the suggested mechanisms of
selenite reduction.

We suggest that in Azospirillum, selenite reduction most
probably occurs under the effect of either nitrite or nitrate
reductase. It should be noted that these enzymes are localised
inside the cell which is exactly where our research shows that
selenite reduction occurs.

In summary, one can speculate that selenite reduction by
azospirilla is more than just a protective mechanism serving to
detoxify selenite to less toxic insoluble Se: it may be the
inclusion of this toxic compound in the metabolic nitrogen
cycle, with its transformation occurring under the effect of the
enzyme(s) responsible for denitrification. However, other
mechanisms of selenite transformation (e.g. to some
organoselenium compounds) are also possible. To determine
exactly the mechanism responsible for the transformation of
Se' compounds in the bacteria of the genus Azospirillum is
an exciting subject for further study.

Our study is the first to have shown for bacteria of the
genus Azospirillum that A. brasilense can reduce selenite and
synthesise selenium nanoparticles. It should be pointed out
that, as reported in articles on the reduction of selenites and
selenates to elementary Se, not all microorganisms can reduce
selenium to a nanoparticulate form. A recent review on mi-
crobial nanoparticle synthesis [37] summarises what is cur-
rently known about microorganisms, including Gram-
negative bacteria, that can produce nanoparticles of gold,
silver, selenium and other elements. This ability of azospirilla
may be of nanobiotechnological interest and represent a di-
rection in nanoparticle synthesis that is called “green chemis-
try” [37], considering the specific properties of Se nanoparti-
cles [6] (as well as the recently reported ability of A. brasilense
to reduce gold(Ill) (JAuCly] ) with the formation of gold
nanoparticles [50]). Of particular importance is the document-
ed bioavailability of Se nanoparticles (in contrast to
micrometer-sized elementary selenium which is biologically
inert) accompanied by their lower toxicity as compared with
Se oxyanions (see, e.g. [15, 18, 31, 35, 38, 46] and references
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reported therein). In addition, azospirilla as plant-stimulating
rhizobacteria may be useful as micropartners to assist
phytoremediation of, and cereal cultivation on, selenium-
contaminated soils [47]. This is another fascinating direction
for further studies on the ecology and geomicrobiology of
these ubiquitous bacteria [14], including also their possible
role in selenium biogeochemistry.
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