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Abstract

Background: Many bacteria are capable of reducing selenium oxyanions, primarily selenite (SeO3
2−), in most cases forming sele-

nium(0) nanostructures. The mechanisms of these transformations may vary for different bacterial species and have so far not yet been
clarified in detail. Bacteria of the genus Azospirillum, including ubiquitous phytostimulating rhizobacteria, are widely studied and have
potential for agricultural biotechnology and bioremediation of excessively seleniferous soils, as they are able to reduce selenite ions.
Methods: Cultures of A.brasilense Sp7 and its derivatives (mutant strains) were grown on the modified liquid malate salt medium in
the presence or absence of selenite. The following methods were used: spectrophotometric monitoring of bacterial growth; inhibition of
glutathione (GSH) synthesis in bacteria by L-buthionine-sulfoximine (BSO); optical selenite and nitrite reduction assays; transmission
electron microscopy of cells grown with and without BSO and/or selenite. Results: In a set of separate comparative studies of nitrite and
selenite reduction by the wild-type strain A.brasilense Sp7 and its three specially selected derivatives (mutant strains) with different rates
of nitrite reduction, a direct correlation was found between their nitrite and selenite reduction rates for all the strains used in the study.
Moreover, for BSO it has been shown that its presence does not block selenite reduction in A.brasilense Sp7. Conclusions: Evidence
has been presented for the first time for bacteria of the genus Azospirillum that the denitrification pathway known to be inherent in these
bacteria, including nitrite reductase, is likely to be involved in selenite reduction. The results using BSO also imply that detoxification of
selenite through the GSH redox system (which is commonly considered as the primary mechanism of selenite reduction in many bacteria)
does not play a significant role in A.brasilense. The acquired knowledge on the mechanisms underlying biogenic transformations of in-
organic selenium in A.brasilense is a step forward both in understanding the biogeochemical selenium cycle and to a variety of potential
nano- and biotechnological applications.

Keywords: selenite reduction; denitrification; nitrite reductase; glutathione redox system; selenium nanoparticles; Azospirillum
brasilense

1. Introduction
Selenium is necessary for life and is present in organ-

isms in many different forms [1]; primarily it is incorpo-
rated into proteins in the form of the amino acid seleno-
cysteine. Moreover, selenium has long been known as an
‘essential toxin’ [2–4], as its toxic level of human consump-
tion (over 400 µg/day) differs from the level of deficiency
(under 40 µg/day) by merely one order of magnitude [5,6].
Replacing sulfur with a selenium atom (in the resulting se-
lenoproteins) often accelerates the enzymatic reactions in-
volving these enzymes [7]. Another consequence of such a
replacement is that a selenium-containing biomolecule re-
sists permanent oxidation more effectively [8], which is im-
portant for oxidative-stress-protecting enzymes. Themech-
anism of selenium toxicity is not yet fully elucidated [9].

Due to toxicity, selenium compounds represent a seri-
ous concern for ecosystems and living organisms [10]. As

is often the case, the toxicity of Se-containing compounds
depends on the chemical form of selenium [4,11–14] in the
environment.

Bacteria play a primary role in the biogeochemical cy-
cle of selenium [15–18]. Bacterial strategies of interaction
with selenite ions include different processes, among which
the main are: assimilation, where selenite ions can serve as
an inorganic source of selenium for its further incorpora-
tion into proteins [19]; detoxification, including methyla-
tion [20], reduction and dissimilation: there are a few re-
ports about putative selenite reductases [21,22] or associa-
tion of selenite reduction with different electron transport
pathways [23–26]. Bioreduction of soluble and therefore
potentially toxic selenite, SeIVO3

2− (in some cases also se-
lenate, SeVIO4

2−) to insoluble Se0 in the form of nanopar-
ticles (Se-NPs) by various microorganisms has long been
documented [15–17]. Utilisation of these processes is a

https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/j.fbl2910361
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-6017-4289
https://orcid.org/0000-0001-6677-8227


promising approach to selenium pollution control as well
as to a number of other industrial and nanobiotechnologi-
cal applications [27–33]. In particular, it is noteworthy that
the resulting biogenic selenium nano-sized particles signif-
icantly differ in their structural and other physical prop-
erties from Se-NPs produced by chemical methods [15].
Besides that, biogenic Se-NPs have been documented to
be capped by the bioorganic layers containing biomacro-
molecules produced by the organisms which reduce sele-
nium oxyanions [27,28].

Mechanisms of selenite reduction in bacteria include
a wide variety of biochemical reactions. One of the
most probable mechanisms of selenite reduction by bac-
teria refers to the so-called Painter-type reactions [11] in-
volving the glutathione (GSH) redox system [11,34] and
other thiol-containing microbial metabolites [35], bacil-
lithiol [36] or mycothiol [37]. Selenite reduction can also
be supported by various reductases, including fumarate re-
ductase [26,38], sulfite reductase [39–41], glutathione re-
ductase, thioredoxin reductase [42]. Importantly, such en-
zymes of denitrification pathways as nitrate reductase [43–
45] or nitrite reductase [46–50] have in a few cases been
reported to be involved in selenite reduction as well. It
has to be mentioned that in redox biotransformations, espe-
cially those catalysed by reductases, owing to specific struc-
tures of their active site [51–53], for an enzyme there might
be several substrate analogues, and this could be further
facilitated by structural similarities of different substrates,
particularly inorganic oxyanions to be biocatalytically re-
duced (cf., e.g., nitrate NO3

−, sulfite SO3
2− and selenite

SeO3
2−).
It has long been known that bacteria of the genus

Azospirillum are capable of denitrification; they produce
both nitrite and nitrate reductases [54]. Some species of
these bacteria are widely used in agriculture, as they are
able to colonise many different plant species and signifi-
cantly improve their growth, development and productivity
in the field [55–62]. It has been shown that bacteria of the
genus Azospirillum could be useful for bio- and phytore-
mediation, as well as for more complete removal of toxic
pollutants [54,62–67]. However, until now, since our first
publication [68], just a few original papers have been fo-
cused on studying the selenite reduction process in bacteria
of the genus Azospirillum [69,70], and the mechanisms of
this process are yet to be investigated in more detail.

The aim of this study was to elucidate some fea-
tures of the mechanism of selenite reduction by Azospir-
illum brasilense, which is one of the most studied and
commercially employed species [57,59,61,62,71,72] of as-
sociative (free-living) plant growth-promoting rhizobac-
teria (PGPR). Bacterial growth and selenite reduction
was tested during cultivation in the presence or absence
of L-buthionine-sulfoximine (BSO, an inhibitor of γ-
glutamylcysteine synthetase and glutathione (GSH) biosyn-
thesis) to test the role of the GSH-related pathway in selen-

ite reduction. The role of the denitrification system in the
process of selenite reduction in A.brasilensewas also tested
in this work using the wild-type strain A.brasilense Sp7 and
several mutant strains with significant differences in their
nitrite reduction rates, for which the selenite reduction rates
were also studied and compared.

2. Materials and Methods
2.1. Microorganisms and Cultivation Conditions

Strain A.brasilense Sp7 was obtained from The Col-
lection of Rhizosphere Microorganisms (DCM 1690, ac-
cording to the DSMZ-German Collection of Microorgan-
isms and Cell Cultures GmbH, Leibniz Institute, Braun-
schweig, Germany; https://www.dsmz.de/collection/catal
ogue/details/culture/DSM-1690) maintained at the Institute
of Biochemistry and Physiology of Plants and Microorgan-
isms – Subdivision of the Federal State Budgetary Research
Institution Saratov Federal Scientific Centre of the Rus-
sian Academy of Sciences (IBPPM RAS), Saratov, Rus-
sia. The mutants of A.brasilense Sp7 (A.brasilense Sp7.1,
A.brasilense Sp7.3 and A.brasilense Sp7.4) were obtained
in the Laboratory of Microbial Genetics of IBPPM RAS
[73,74]. These mutants have been shown to exhibit differ-
ences in the rate of nitrite reduction.

Bacterial cultures were cultivated in a modified liq-
uid malate salt medium (MSM) [75] which contained com-
monly used salts as reported elsewhere [70] and yeast ex-
tract (Sigma-Aldrich (St. Louis, MO, USA), CAS number
8013-01-2), 0.1 g·L−1; final pH 6.8–7.0. The preculture
(100 mL of MSM in 250 mL Erlenmeyer flasks) was grown
under aerobic conditions at 28 °C on a rotary shaker (200
rpm; Brunswick™, model Excella E24, New Brunswick,
NJ, USA) for 18–20 h. Optical density (OD; with an op-
tical path of 1 cm) values of cell suspensions at 595 nm
(Spekol 221, Carl Zeiss Industrielle Messtechnik GmbH,
Oberkochen, Germany) were about 0.9–1.2.

2.2 Transmission Electron Microscopy (TEM)
For TEM, 1–2 mL of bacterial cultures were collected

by centrifugation at 10,000g for 7–10 min, washed twice
in physiological saline (aqueous 0.9% NaCl) at the same
mode and resuspended in physiological saline. If the optical
densitywas too high, the samples were diluted to the desired
optical density in order to obtain individual bacterial cells
in TEM micrographs.

To perform TEM analyses, the samples were placed
on copper grids (SPI Supplies, Structure Probe, Inc.,
West Chester, PA, USA) coated with formvar (1% in 1,2-
dichloroethane). TEM images were obtained using a Libra-
120 transmission electron microscope (C. Zeiss, Jena, Ger-
many) at 120 kV.
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2.3 Reduction of Selenite under Inhibition of Glutathione
Synthesis

L-buthionine-sulfoximine (BSO, Sigma-Aldrich (St.
Louis, MO, USA); also known as S-n-butyl homocys-
teine sulfoximine), a potent and specific inhibitor of γ-
glutamylcysteine synthetase, a key enzyme in glutathione
(GSH) biosynthesis [76] (e.g., https://pubchem.ncbi.nlm.n
ih.gov/compound/l-Buthionine-sulfoximine), was used for
analysing the participation of the GSH redox system in se-
lenite reduction. The preculture was grown as described
previously. The final concentration of BSO used was 2 mM
[77,78].

The reduction of selenite (2 mM; Na2SeO3·5H2O;
Merck, Sigma S561-25G, Lot SLBN8073V (Darmstadt,
Germany)) in the presence of BSO was studied as follows.
The cultures were grown in 50 mL Erlenmeyer flasks (Min-
iMed Ltd., Suponevo, Bryansk Region, Russia) with 20 mL
of liquid MSM during 6 days. The optical density (OD) at
595 nm (OD595) of the suspensions was measured after 18,
42 and 66 h of growth. The cultures were examined with
TEMon the 6th day. There were the following treatments (3
replications in each): (1) control – cultivation without BSO
and Na2SeO3; (2) growth with 2 mMBSO; (3) growth with
2 mM BSO and 2 mM Na2SeO3; (4) growth with 2 mM
Na2SeO3.

2.4 Preparation of Bacteria for Selenite and Nitrite
Reduction Assays

The cultures of A.brasilense Sp7 and its derivatives
were grown as described previously, for up to 18 h, which
corresponds to the end of the logarithmic and the beginning
of the stationary growth phase for azospirilla in the MSM
under these conditions (18 h, with shaking, aerobic condi-
tions (180 rpm), 31–32 °C; the initial culture density was
2 × 107 cells·mL−1) [68]. The OD595 values of the re-
sulting cultures were about 0.9–1.2 (optical path 1 cm) and
were adjusted to 0.8 with sterile saline solution. In order
to minimise the influence of different cell concentrations,
the optical density of each sample was adjusted to the same
density in each individual experiment in the range 0.9–1.2
of OD595.

Bacterial cells were harvested by centrifugation in 50
mL Falcon flasks (AMS-Med Ltd., Moscow, Russia; 100
mL of culture total, Eppendorf centrifuge; 10 min, 7000g)
and washed 3 times with sterile saline solution to remove
the culture medium components. The resulting cell pel-
lets were resuspended in a quarter of the initial volume
(25 mL) of sterile saline solution (0.85 wt.% NaCl (JSC
“REAKHIM” Ltd., Moscow, Russia) in bidistilled water).

2.5 Nitrite and Selenite Reduction Assays

For nitrite reduction assay, sodium nitrite (NaNO2,
stock aqueous solution) was added up to a final concentra-
tion of NaNO2 of 1.5 mg·L−1 (NO2

− concentration 21.7

µM) to the concentrated cell culture suspensions (prepared
as described in section 2.4).

To evaluate the concentration of NO2
− ions in bac-

terial suspensions, after every 60 min a nitrite concentra-
tion test was performed. Bacterial cells were precipitated
by centrifugation and discarded. The supernatant was col-
lected, 100 µL of the supernatant liquid was placed in the
cell of 96-well polystyrene plate and 100 µL of Griess
reagent was added [79]. Optical density was then measured
at λ = 532 nm (Multiskan Ascent, Thermo Scientific, Mum-
bai, Maharashtra, India).

For selenite reduction assay, sodium selen-
ite (Na2SeO3·5H2O; Merck, Sigma S561-25G, Lot
SLBN8073V (Darmstadt, Germany), stock aqueous so-
lution) was added to the bacterial suspensions (prepared
as described in section 2.4) up to a final concentration of
5 mM. These suspensions were incubated for 24 h in a
thermostat at 32 °C.

2.6 Determination of the Concentration of Selenite Ions in
the Culture Liquid

The residual concentration of selenite ions in the cul-
ture liquid after incubation of bacteria with Na2SeO3 was
determined using a modified procedure of Li et al. [26],
2014. Briefly, bacterial cells and Se-NPs were precipitated
by centrifugation at 12,000g for 5 min; the resulting super-
natant was placed in the wells of a 96-well plate and mixed
at a 1:1 ratio with 1M ascorbic acid solution. Selenite in the
supernatant was reduced to Se-NPs, staining the suspension
in red. After incubation for 10 min, the colour intensity was
determined as described in [26].

3. Results
3.1 Glutathione Redox System Is Unlikely to Play a
Significant Role in Selenite Reduction in Azospirillum
brasilense

First of all, it was necessary to test whether the addi-
tion of BSO to the growth medium would have any effect
on the growth of A.brasilense Sp7 both under normal con-
ditions and in the presence of selenite (Fig. 1).

Virtually no differences were observed in the course of
A.brasilense Sp7 growth when bacteria were cultivated in
the presence of selenite only or of selenite plus BSO (it was
also confirmed that BSO in cell-free medium did not reduce
selenite). The growth of A.brasilense Sp7 in the presence
of 2 mM BSO (without selenite) was slightly retarded in
comparison with the growth of the control culture by no
more than ~10% after ~2 days.

Also, there were no significant differences in the pro-
cesses of growth and selenite reduction after 3–7 days. As
we have shown earlier [68], in the presence of selenite
the lag phase elongates, during which bacteria of strain
A.brasilense Sp7 adapt to the presence of 2 mM SeO3

2−

and switch to its reductive detoxification. A weak reddish
coloration of bacterial suspensions, indicating the start of
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Fig. 1. Impact of BSO on the growth of A.brasilense Sp7 culture in the absence and presence of Na2SeO3 within 3 days. Data
are presented as optical density (OD, at λ = 595 nm) ± standard error for bacterial cells: 1 - without Na2SeO3 and BSO (control); 2
- in the presence of 2 mM BSO; 3 - in the presence of 2 mM Na2SeO3; 4 - in the presence of 2 mM Na2SeO3 and 2 mM BSO. BSO,
buthionine-sulfoximine.

Fig. 2. Reduction of Na2SeO3 by A.brasilense Sp7 in the presence of BSO within 6 days. Bacterial cells: 1 - without Na2SeO3 and
BSO (control); 2 - in the presence of 2 mM BSO; 3 - in the presence of 2 mM Na2SeO3 and 2 mM BSO; 4 - in the presence of 2 mM
Na2SeO3.

selenite reduction to elementary selenium (Se0 NPs) [70],
appeared after 3 d of growth both in the absence of BSO and
in the presence of 2 mM BSO. After the reddish coloration
of the cultivation medium appears and grows in intensity
with time, this coloration starts contributing to and, accord-
ingly, enhancing the error of the measured optical density of
the culture suspension. Therefore, measuring the growth of
cultures by this optical method was further incorrect. That
is why the time scale in Fig. 1 is limited by 66 h.

Note that in our previous study [70], it has been proven
using Raman spectroscopy (which is sensitive to the type of
selenium(0) allotropic modifications) that the nanoparticles
synthesized by strain A.brasilense Sp7 under these condi-
tions consist of Se0 in its amorphous modification. The ad-
dition of BSO to the medium virtually did not influence the
bacterial reduction of selenite ions. The colour of bacterial
cultures containing selenite in the medium became intense
after 6 days and did not differ in cultures grown in the pres-
ence of BSO and without it (Fig. 2).

The residual concentration of selenite ions in the cul-
ture liquid appeared to be at a trace level (scarcely de-
tectable) in both cases, which also gives evidence that the
presence of BSO at least did not block the selenite reduc-
tion process in the wild-type strain A.brasilense Sp7. TEM
images of bacterial cells with added Na2SeO3 showed the
presence of Se-NPs formed in the course of selenite reduc-
tion both in the presence and in the absence of BSO (Fig. 3).

Thus it can be stated that the presence of BSO in the
medium does not noticeably affect the reduction of selenite
ions in A. brasiense Sp7, and therefore it can be concluded
that the glutathione redox system (which is inhibited in the
presence of BSO) in this bacterium evidently does not play
a significant role in this process.

Since no significant differences in culture growth and
in selenite reduction were observed in the presence and ab-
sence of BSO, the establishment of the degree of its influ-
ence, which is evidently low in this bacterium, requires ad-
ditional special experiments that could give a quantitative
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Fig. 3. Transmission Electron Microscopy (TEM) micrographs of A.brasilense Sp7 cells grown for 6 days. (A) control (bacterial
cells without Na2SeO3 and BSO); (B) in the presence of 2 mM Na2SeO3; (C) in the presence of 2 mM Na2SeO3 + 2 mM BSO; scale
bar: 1 µm.

assessment to evaluate the real contribution of the role of
the glutathione – glutathione reductase system in this strain
and other azospirilla in the selenite reduction processes.

3.2 The Denitrification System Is Likely to Take Part in the
Reduction of Selenite Ions in Azospirillum brasilense

To test the participation of the denitrification system
in the reduction of selenite ions in Azospirillum, we used
derivatives of strain A.brasilense Sp7 [73,74], which had
differences in nitrite reduction rates: A.brasilense Sp7.1
(maximum rate), A.brasilense Sp7.3 (minimum rate, com-
parable to that of A.brasilense Sp7) and A.brasilense Sp7.4
(intermediate rate; see also section 4 for a more detailed de-
scription of the derivatives).

As can be seen from Fig. 4 (Ref. [73,74]), the high-
est nitrite reduction rate is observed for the derivative
A.brasilense Sp7.1. The derivative A.brasilense Sp7.4 also
shows a higher reduction rate than that for A. brasilense
Sp7. The rate of reduction of nitrite ions for A.brasilense
Sp7.3 virtually coincided with that for A.brasilense Sp7.

The selenite reduction rates for the derivatives were
also found to be different; differences in the colour inten-
sity reflecting the reduction of selenite were observed dur-
ing the whole incubation time. For an accurate estimation
of the amount of reduced SeO3

2−, its residual concentration
in the culture liquid of the studied samples was determined
after 24 h of incubation (Fig. 5). Compared with the wild-
type strain A.brasilense Sp7, the derivative A.brasilense
Sp7.1 reduced two times more SeO3

2− (the concentration
of selenite ions for A.brasilense Sp7 decreased by 0.8 mM,
while for A.brasilense Sp7.1 it decreased by 1.6 mM), and
for A. brasilense Sp7.4 the decrease in the concentration of
SeO3

2− was 1.3 mM. Considering the residual concentra-
tions of SeO3

2− after 24 h of incubation, the selenite re-
duction rates for strain A.brasilense Sp7 and its derivative

A.brasilense Sp7.3 did not actually differ (Fig. 5), which
also corresponds to the same nitrite reduction rate for these
two strains (Fig. 4). The lowest residual selenite concentra-
tion, evidently corresponding to the fastest selenite reduc-
tion, was in the case of the derivative A.brasilense Sp7.1
(Fig. 5) which also exhibited the maximum nitrite reduc-
tion rate (Fig. 4), whereas the highest residual selenite con-
centration (corresponding to the minimal selenite reduction
rate) was observed for A. brasilense Sp7.3 with the mini-
mum nitrite reduction rate comparable to that of the wild-
type strain Sp7 (Figs. 4,5). The derivative A.brasilense
Sp7.4 showed intermediate rates of both nitrite and selenite
reduction (Figs. 4,5). Thus, for the studied wild-type strain
A.brasilense Sp7 and all its mutants, the reduction rates for
selenite and nitrite clearly correlated.

The results obtained indicate that the reduction of se-
lenite ions in Azospirillum brasilense is likely to occur with
the participation of the denitrification processes, which ev-
idently involves nitrite reductase (see also the relevant dis-
cussion in section 4). This phenomenon, which has for the
first time been identified in this work for the bacteria of the
genus Azospirillum, is of environmental importance and re-
quires further detailed investigation.

4. Discussion
The ability of bacteria of the genus Azospirillum to re-

duce selenite (but not selenate) to Se-NPs was observed for
the first time in 2014 [68]. The minimum growth-inhibitory
concentration of selenite was found to be in the range of
0.08–0.3 mM for strain A.brasilense Sp7. As is known also
for some other bacteria, selenite is reduced by azospirilla
not in the logarithmic but in the stationary phase of growth
(see [68] and references cited therein). Moreover, a signif-
icant extension of the lag phase of growth was observed for
azospirilla in the presence of selenite: only after 66 h, active
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Fig. 4. Nitrite concentration vs. time curves showing the course of reduction of nitrite ions by A.brasilense Sp7 and its derivatives
A.brasilense Sp7.1, A.brasilense Sp7.3 andA.brasilense Sp7.4 [73,74]. The experimental points show the mean± standard error (initial
NO2

− concentration 21.7 µM).

Fig. 5. Concentrations of selenite ions in supernatant liquid
after 24 h of incubation of A.brasilense Sp7 and its derivatives
A.brasilense Sp7.1, A.brasilense Sp7.3 and A.brasilense Sp7.4
in the presence of 5 mM of Na2SeO3. (Data are presented as the
mean± standard error; different letters correspond to statistically
significant differences with probability 0.95).

growth was observed with an appearing red coloration of
the culture (while at 10 mM selenite, no growth and no red
coloration was detected) [68]. Those observations are con-
sistent with the growth curves at 2 mM selenite presented
in Fig. 1.

Little is known about the first stage of selenium
metabolism, the transport of selenates and selenites into
the bacterial cell. The addition of carbonyl cyanide m-
chlorophenylhydrazone (CCCP, an efflux pump inhibitor)
to the culture medium also inhibited SeO3

2− transport
in the bacterium Selenomonas ruminantium [80]. In the
PGPR Rahnella aquatilis, it has recently been found [81]
that selenite uptake is only partly inhibited by both CCCP
and 2,4-dinitrophenol (2,4-DNP, another protonophore) in a
concentration-dependent manner (starting from some min-
imal selenite-uptake-inhibiting concentrations of CCCP or
2,4-DNP). As for Azospirillum brasilense, it was shown in
our previous work that the reduction of selenite by washed
cell suspensions treated with CCCP occurred with the for-
mation of intracellular crystals, while in suspensions not
treated with this inhibitor, the formation of extracellular
spherical Se-NPs was observed [70]. This fact indicates
that proton-dependent transport is not involved in the up-
take of selenite by Azospirillum cells; the systems involved
in the reduction of SeO3

2− are localised in the cytoplasm
or periplasm; the nuclei of Se-NPs are carried out of the
cell with the participation of proton-dependent transport,
and the assembly of Se-NPs proceeds extracellularly [70].

One of the main and widely distributed pathways of
intracellular bacterial reduction of selenite involves thiol
groups of proteins or peptides, which is known as Painter-
type reaction [11]. The range of bacteria capable of syn-
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thesising glutathione is limited to α-, β-, γ-proteobacteria
and cyanobacteria [82]. Bacteria of the genus Azospirillum
belong to α-proteobacteria and are capable of synthesising
glutathione (the amino acid sequence of glutathione syn-
thetase for A.brasilense Sp7 was deposited in the UniPro-
tKB/TrEMBL database under the code A0A0P0EKD6). To
determine the role of the glutathione redox system in the
reduction of SeO3

2− by Azospirillum, we compared the re-
duction of selenite ions by A.brasilense Sp7 without BSO
(control) and in the presence of BSO. This inhibitor is suc-
cessfully used to verify whether GSH is involved in cyto-
plasmic selenite reduction in bacteria. In such cases, BSO
concentrations in the range of 0.5–6 mM are commonly
used [44,77,78,83,84].

For example, it was shown that growth of
Stenotrophomonas maltophilia [77,78] and Rhodospirillum
rubrum [83] in the presence of selenite and BSO was
markedly inhibited compared with their growth with selen-
ite in the absence of BSO. This indicates the participation
of glutathione in these bacteria in the reduction of selenite,
allowing them to overcome its toxic effect. BSO depressed
selenite reduction capacity in two strains of Burkholderia
fungorum, but in one of its strains, selenite reduction
decreased more significantly [84]. Those authors consid-
ered it to be likely that multiple mechanisms functioned
in synergy for the reduction of selenite in both studied
Burkholderia strains. For the highly selenite-tolerant
bacterium Proteus penneri, the selenite reduction rate was
found to be decreased more than 2-fold in the presence of
BSO as compared to the control without BSO [44].

Basing on the data obtained in the present work dur-
ing the cultivation of strainA.brasilense Sp7 in the presence
and absence of BSO, it can be concluded that the involve-
ment of glutathione in the reduction of selenite ions cannot
be the main pathway of their detoxification in A.brasilense
Sp7, since there were no significant differences in bacte-
rial growth and selenite reduction under suppression of glu-
tathione synthesis by BSO.

Another potential pathway for the reduction of selen-
ite ions involves denitrification enzymes. That is possible
due to the chemical and structural similarity between se-
lenite ions and nitrate ions. For Aeromonas salmonicida in
aerobic culture it was shown that the reduction of selenite
ions in the presence of nitrate ions was retarded [43]. In
addition, a diminished ability to reduce nitrate to nitrous
oxide was shown for A.salmonicida mutants with a dimin-
ished ability to reduce selenite to Se0, which indicates the
possible participation of nitrate reductase in the reduction
of selenite ions in this bacterium. For Azospira oryzae it
was shown that the enzyme associated with the reduction
of SeO3

2− contained molybdenum [85]. It would seem
that this bacterium involved nitrate reductase in the pro-
cess of selenite detoxification. However, in Rhodobacter
sphaeroides a molybdoenzyme that was responsible for se-
lenite reduction was ruled out to be nitrate reductase, since

the mutant with an eliminated expression of nitrate reduc-
tase was capable of selenite reduction [86]. For Rhizobium
sullae and Rhizobium sp. strain B1, selenite reduction was
suggested to be mediated by the copper-containing nitrite
reductase [48,49]. In Rhizobium selenitireducens, at least
two enzymes are potentially involved in selenite reduction,
one of which is a nitrite reductase [50]. The ability of nitrite
reductase to participate in selenite reduction is also known
for other bacterial strains [46,47].

In the present study, selenite and nitrite reduction
tests carried out using A.brasilense Sp7 and its derivatives
(Figs. 4,5 and the corresponding results in section 3.2) re-
vealed a direct correlation between selenite and nitrite re-
duction rates in these bacterial strains. Therefore the in-
volvement of the denitrification pathway, and particularly
nitrite reductase, in the process of selenite reduction per-
formed by A.brasilense Sp7 may be supposed, considering
the following features of the strains used in this study.

The wild-type strainA.brasilense Sp7 contains the fol-
lowing plasmids: ~90 MDa (p90, pRhico) and ~115 MDa
(p115), as well as several plasmids, the apparent molecular
masses of which exceed 300 MDa [73]. Previously, clus-
ters of denitrification genes norCBQD and nirK-orf208-
orf181 were identified in the 85 MDa plasmid of the as-
sociative bacterial strain A.baldaniorum Sp245 (earlier re-
classified from A.brasilense Sp245 [87]). The norCBQD
cluster contains genes encoding heterodimeric NO reduc-
tase (norCB) as well as NorQ and NorD proteins that in-
fluence the synthesis and/or activation of NirK and/or NO
reductases (norQD), while the nirK-orf208-orf181 cluster
contains genes encoding copper-containing nitrite reduc-
tase (nirK), a putative NO sensor with two hemerythrin do-
mains (orf181) [88]. The 115 MDa plasmid of the type
strain A.brasilense Sp7 used in this work contains a re-
gion of homology to the gene cluster nirK–orf208–orf181
on the p85 plasmid of the strain A.baldaniorum Sp245, as
was proved by hybridisation with DNA fragments of these
genes [88].

In the derivatives of the A.brasilense Sp7 strain used
in this work (Sp7.1, Sp7.3 and Sp7.4), the p115 plasmidwas
eliminated and the apparent molecular weight of pRhico
changed. Based on the studies performed earlier, a conclu-
sionwasmade about intragenomic rearrangements and inte-
gration of p115 plasmid fragments into the pRhico plasmid
and/or into other replicons. Those rearrangements caused
a number of phenotypic changes, including changes in the
rate of nitrite reduction [73,74]. In addition, a compara-
tive analysis of total DNA using PCR with primers specific
to nirK-orf208, hdfR and hdfR-ccoN of p85 showed differ-
ences in the organisation of this denitrification gene cluster
in the derivatives of the Sp7 strain compared to the parental
strain (data not published).

In our previous work [70], we proposed a four-step
general mechanism of Se-NPs synthesis by A.brasilense.
Our present findings allow us to assume that the second step
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of this process (selenite reduction) can be mediated by ni-
trite reductase, while the glutathione redox system is likely
to play no significant role.

Thus, in view of the data obtained in this work together
with our previous findings [70], we assume that the reduc-
tion of selenite ions by A.brasilense Sp7 during incubation
in the presence of SeO3

2− includes the following stages: (i)
transport of selenite ions into bacterial cells; (ii) intracellu-
lar reduction of selenite ions with the possible involvement
of nitrite reductase; (iii) the removal of Se-NP nuclei from
the cells with the participation of proton-dependent trans-
port; (iv) extracellular assembly of Se-NPs near the surface
of cells with the participation of biological macromolecules
found to be present at the surface of Se-NPs synthesised by
this strain [89,90], which is typical for biogenic Se-NPs of
microbial origin [91].

Note that we have also found an unusual phenomenon
not yet actually described for azospirilla— the ability to re-
duce selenate (SeVIO4

2−) under some conditions by strain
Azospirillum thiophilum BV-S studied in our earlier work
[92]. This strain has an unusual feature: it showed the ca-
pacity for lithotrophic growth coupled to oxidation of re-
duced sulfur compounds [93]. This may indicate the rela-
tionship of the transformation processes of selenates with
some parts of the metabolic pathway of sulfur compounds
in this strain. This novel important phenomenon requires
further investigation.

We are aware that our research may have limitations,
in particular, there is yet no direct evidence that nitrite re-
ductase is the only enzyme responsible for selenite reduc-
tion in A.brasilense (while the involvement of several par-
allel selenite reduction pathways is regarded to be possi-
ble in some bacteria [44,84]). Despite this, we believe our
present work could be a starting point for further more de-
tailed investigations on the mechanisms of selenite reduc-
tion in bacteria of the genus Azospirillum which include
a number of species differing in their habitats, ecologi-
cal niches and adaptation capabilities [62,72]. Some of
these PGPR, which combine agrobiotechnologically impor-
tant plant-growth-promoting [55–62], denitrification [54]
as well as bio- and phytoremediation [54,62–67] traits,
could be complemented by the selenite-to-Se0 reduction
capabilities potentially applicable to moderately selenium-
contaminated soils.

5. Conclusions
This study has provided for the first time some ex-

perimental evidence that in the ubiquitous and widely stud-
ied rhizobacterium Azospirillum brasilense Sp7, the reduc-
tion (and therefore detoxification) of selenite ions occurs
with the possible involvement of one of the denitrification
pathway enzymes, nitrite reductase. It has also been found
that the most widely recognised mechanism of selenite re-
duction in bacteria, which involves the glutathione (GSH)
redox system, is not likely to play any significant role in

A.brasilense Sp7. Since there has yet been obtained no di-
rect proof that nitrite reductase is the only enzyme respon-
sible for selenite reduction in A.brasilense (note that the in-
volvement of several parallel selenite reduction pathways is
regarded to be possible in some bacteria [44,84]), this is one
of important questions which remains to be further studied.
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