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Bacterial reduction of Se(IV) is a significant component of the global selenium cycle, and hence affects the
fate and transport of selenium in both natural and contaminated environments. However, it is unknown
whether bacterially-produced exudates are capable of reducing selenium independent of bacterial cells.
In this study, we measured the rate and extent of Se(IV) reduction by exudates from three bacterial spe-
cies, and we determined the importance of exudate sulfhydryl sites by conducting parallel experiments
after treatment of the exudates with a sulfhydryl-specific blocking molecule. We also conducted exper-
iments with whole cell biomass for each of the three bacterial species to determine the importance of
exudate-only reduction relative to whole biomass-promoted reduction. Under our experimental condi-
tions, exudates from Bacillus subtilis and Pseudomonas putida remove Se(IV) from solution after an approx-
imately 20–24 h lag period, but exudates from Shewanella oneidensis are ineffective at Se(IV) removal,
except when the cells are grown in the presence of Se(IV). For both B. subtilis and P. putida, pretreatment
blocking of the sulfhydryl sites on the exudate molecules dramatically decreases the rate and extent of Se
(IV) removal, strongly suggesting that sulfhydryl groups on the exudate molecules play a key role in the
Se(IV) reduction mechanism. The behavior of S. oneidensis exudates indicates that up-regulation of the Se
(IV) reduction mechanism can occur in response to the Se content of the medium in which the cells grow.
Our results demonstrate the capacity of some bacterial exudates to reduce Se(IV), and suggest that the
activity of bacterial exudates should be accounted for when modeling selenium cycling in natural and
engineered environments.

� 2022 Published by Elsevier Ltd.
1. Introduction

The reactions that control the speciation and fate of selenium in
soil and groundwater systems are typically controlled by bacteria,
and a wide range of bacterial species are capable of promoting
selenium reduction or oxidation reactions (Garbisu et al., 1996;
Stolz et al., 2006; Winkel et al., 2012; Vogel et al., 2018). The envi-
ronmental behavior of selenium is controlled by its redox chem-
istry, with the dominant forms being selenate (Se[VI]) and
selenite (Se[IV]) which are present in surface and groundwaters
as highly mobile anionic species (Robberecht and Van Grieken,
1982). In addition, elemental Se(0), which is relatively insoluble
but can be present as potentially mobile nanoparticles, and sele-
nide (Se[-II]) which exhibits similar geochemistry to sulfide and
is relatively insoluble, become important components of the sele-
nium cycle under reducing conditions, while organic selenium
compounds may be found as soluble or volatile species
(Masscheleyn et al., 1990). Understanding the controls on selenium
biogeochemistry is critical not only for understanding the global
cycling and environmental behavior of selenium, but also for
designing effective remediation approaches for Se-contaminated
waters.

Anaerobic respiration reductases in the bacterial cell periplas-
mic space serve as the terminal selenite reductases during bacte-
rial reduction of Se(IV) to Se(0) (Li et al., 2014). Because the site
for selenite reduction by bacteria is located in the periplasmic
space of the cell envelope, the first step in reduction must be the
binding of aqueous selenite to the cell surface. Under circumneu-
tral pH conditions, bacterial cell surfaces are strongly negatively
charged; however, the electrostatic repulsion between the cell sur-
face and aqueous anionic selenite can be overcome by binding of
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selenite onto cell surface sulfhydryl sites (Yu et al., 2018). The con-
centration of these sulfhydryl sites and their distribution between
the cell surface and bound extracellular polymeric substances
(EPS) molecules varies widely between bacterial species. Some
bacteria, such as Shewanella oneidensis, have the vast majority of
their surface sulfhydryl sites located on the cell surface; other spe-
cies like Pseudomonas putida have sulfhydryl binding sites located
primarily on exuded EPS molecules that are tightly bound to the
cell surface; and other species like Bacillus subtilis have a more even
distribution between the two extremes (Yu and Fein, 2016).

Soluble organic molecules that are exuded by bacteria can
reduce aqueous Au(III), and they contain a range of proton-active
functional groups (Kenney and Fein, 2011a; Seders and Fein,
2011), possibly including sulfhydryl sites (Kenney and Fein,
2011a; Yu and Fein, 2016). Hence, bacterial exudates may promote
selenite reduction in much the same way that occurs at the cell
surface. The objective of this study was to isolate selenite-
exudate interactions to determine whether bacterial exudates
can cause significant reduction of aqueous selenite, and to deter-
mine whether exudate-bound sulfhydryl sites play a role in selen-
ite reduction. Similar to the differences between bacterial species
in the location and concentration of sulfhydryl sites on their EPS
molecules, the ability of bacterial exudates to reduce selenite
may vary significantly between species. Therefore, we tested exu-
dates from three different common species of bacteria, B. subtilis, P.
putida, and S. oneidensis, because of the range of sulfhydryl site
concentrations on the exudate molecules from these species. Fur-
thermore, we compared exudate-promoted selenite reduction
rates to the rate of selenite reduction by bacterial cells to quantify
the relative importance of bacterial exudates in the bioreduction of
selenite. In addition, we used X-ray absorption spectroscopy (XAS)
to characterize the valence state and binding environment of Se in
the exudate solutions under the experimental conditions. The
results of this study improve our understanding of
environmentally-relevant bioreduction pathways for selenite, and
thereby could be used to optimize bioremediation strategies for
selenite-contaminated waters.
2. Methods

2.1. Bacterial growth and preparation of exudate solutions

Exudates were prepared from pure cultures of B. subtilis, P.
putida, and S. oneidensis to examine bacterial exudates that contain
a range of concentrations of sulfhydryl sites. Bacterial cells were
cultured aerobically in 3 mL of trypticase soy broth (TSB, BD Difco)
at 30�C for 24 h, then transferred to 2 L of TSB with 50 g/L of glucose
added and incubated aerobically with gentle agitation for an addi-
tional 24 h at 30�C. Bacterial biomass was harvested by centrifuga-
tion at 8500 g for 5 min. This was followed by three rinse steps,
which consisted of suspending the bacterial pellet in a fresh
0.01 M NaCl solution and centrifuging at 8500 g for 5 min, to
remove any remaining culture medium from the biomass. After
the third rinse, the supernatant was then poured off and each pel-
let was transferred to a pre-weighed centrifuge tube. Each pellet
was then centrifuged twice at 8500 g for 30 min, removing the
supernatant both times, after which the mass of the pellet was
recorded. The biomass was resuspended in 0.01 M NaCl at a con-
centration of either 20 or 50 g biomass per 1 L of 0.01 M NaCl solu-
tion to produce the exudate solution. Initially, all exudate solutions
were produced at a concentration of 20 g of biomass/L. At this ini-
tial concentration, we observed no reduction in the S. oneidensis
experiments, hence we increased to 50 g/L the S. oneidensis concen-
trations used to produce the exudates to determine if higher exu-
date concentrations would promote reduction. In each case, the
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cell suspension was kept at room temperature for 72 h on an orbi-
tal shaker operating at 100 rpm to allow the bacteria to exude a
range of organic molecules. Previous FTIR studies of these exudates
indicate the presence of polysaccharides, and amide I and amide II
peaks (Seders and Fein, 2011). After the 72 h soak, the biomass was
separated from the soluble exudates by centrifugation at 8500 g for
5 min to pellet the majority of the biomass. The supernatant was
then filtered through a 0.45 lm cellulose acetate membrane (Corn-
ing) to create the exudate-bearing solution that was used in the
Types 1 and 2 sets of experiments (described below). We use the
term ‘exudates’ to refer to the soluble organic components released
from the bacterial biomass, either through active production or as
a consequence of cell lysis; by this definition, the exudates are
physically distinct from what we refer to as EPS which are cell-
bound actively-produced insoluble molecules.

2.2. Selenite reduction experiments

We conducted selenite reduction experiments to determine the
role of sulfhydryl sites and the relative importance of exudates and
whole cells in selenite reduction. Five types of experiments were
conducted: Type 1- involving untreated bacterial exudates, Type
2 – involving exudates that had been treated with a sulfhydryl site
blocking agent, Type 3 – involving untreated whole-cell biomass,
in which the bacterial cells were not separated from the exudates,
Type 4 – involving whole cell biomass that was treated with the
sulfhydryl site blocking agent, and Type 5 – involving exudates
from S. oneidensis cells that were cultured in the presence of Se
(IV) in the growth medium.

The Type 1 experiments involved the exudate-bearing solutions
directly without further treatment. To each solution, selenite was
added to achieve an initial concentration of � 10 ppm, using
10 mL/L of a 1000 ppm stock solution of sodium selenite dissolved
in 0.01 M NaCl. After the Se addition, samples were taken every
24 h from 0 h to 96 h to test for Se removal from solution; For this,
a portion of the exudate solution was removed and centrifuged at
12,000 g for 5 min followed by the removal of the supernatant,
avoiding disruption of any pellet that was formed. The supernatant
was then acidified to prevent further reaction and stored for ICP
analysis. Experiments were conducted in triplicate.

The Type 2 experiments were conducted to assess if exudate-
bound sulfhydryl binding sites control selenite reduction by the
bacterial exudates. These experiments were identical to the Type
1 experiments, except that prior to use in the experiments the exu-
date solution was treated with monobromo(trimethylammonio)b
imane bromide (qBBr, Toronto Research Chemicals, Toronto,
Ontario, Canada), a molecule that reacts specifically and irre-
versibly to block sulfhydryl sites from further reactivity (Joe-
Wong et al., 2012; Yu et al., 2014), at a concentration of 36 lmol/-
gram of biomass used to make the exudate solution. We do not
know the exact sulfhydryl site concentration of the exudate solu-
tion, but estimating an average sulfhydryl concentration of
30 lmol/g biomass/L as one-third of the total expected proton-
active sites (Yu et al., 2014), the qBBr concentration was approxi-
mately 1.2 times the expected sulfhydryl concentration to ensure
complete blocking of the sulfhydryl sites on the exudates from
each of the bacterial species. After a 2 h reaction period between
the qBBr and the exudate, which has been shown previously to
be sufficient to allow complete reaction between sulfhydryl sites
and qBBr (Yu and Fein, 2017), selenite was added, and sampling
was conducted as described above.

For the Type 3 whole-cell biomass experiments, the cell prepa-
ration procedure was the same as that used to produce the
exudate-bearing solutions up to the 72 h incubation period and
subsequent filtration. After the mass of the bacterial pellet was
determined, however, instead of being discarded, the bacterial pel-
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let was resuspended in a fresh 0.01 M NaCl solution to achieve a
cell suspension concentration of 20 g wet biomass/L, selenite was
added, and samples were extracted as described above.

The preparation procedure for the Type 4 whole-cell experi-
ments involving biomass treated with qBBr was the same as that
described above for the Type 3 whole-cell experiments until the
resuspension step, at which point qBBr was added to the 20 g
wet biomass/L bacterial suspension in 0.01 M NaCl at a concentra-
tion of 180 lmol/g of biomass and allowed to react with the bio-
mass for 2 h. This concentration has been previously determined
to be in an approximate 2:1 stoichiometric ratio of qBBr: bacterial
sulfhydryl sites for the bacterial species used here and allows for
saturation of these sites by the qBBr (Yu et al., 2018). Two varia-
tions of these Type 4 whole-cell qBBr-exposure experiments were
conducted: 1) those with excess qBBr present even after the addi-
tion of Se to block sulfhydryl sites on the cell surfaces as well as on
the exudates from the cells that are released during the course of
the experiments; and 2) those in which excess qBBr is removed
prior to the addition of Se, so only sulfhydryl sites on the cell sur-
face are blocked, leaving sulfhydryl sites on the exudates that are
produced during the experiments free to react with Se(IV). In the
first of these Type 4 experiments, after the 2 h exposure of the cells
to qBBr in the excess qBBr experiments, selenite was added and
samples were taken as described above. In the second of these
Type 4 whole-cell experiments, the same protocol was used
through the qBBr treatment step, but then excess qBBr was
removed from the system using the same wash protocol that was
followed for the removal of the growth medium (see above). After
washing, the cells were resuspended at 20 g/L and selenite was
added. Comparing the results of the two types of whole-cell exper-
iments enables us to determine if the production of exudate mole-
cules from the cells during the experiment contributes to the
overall extent of Se(IV) reduction.

Due to the observation of Se(IV) reduction by S. oneidensis in the
washed Type 4 experiments and the lack of reduction in the Type 1
and unwashed Type 4 experiments involving S. oneidensis, we con-
ducted the Type 5 series of experiments with S. oneidensis exu-
dates. We tested whether exposure of the biomass to selenite
during growth affects the reduction capability of the exudates that
were subsequently produced by the cells. These experiments were
conducted following the same protocol as the Type 1 experiments,
except 10 mL/L of a 1000 ppm Na2SeO3 stock solution was added to
the growth medium and to the 0.01 M NaCl solution after resus-
pension to achieve a concentration of 10 ppm Se(IV) during the
production of the exudate solutions. Exudates were harvested
using the same protocols as the Type 1 experiments, and the exu-
date solutions were then spiked with an additional 10 ppm of
selenite. Samples were taken before the Se(IV) spike in addition
to taking samples as a function of time after the spike.
2.3. Dissolved Se analyses

The reduction of selenite leads to the precipitation of solid-
phase elemental Se(0) (Ganther, 1971), and hence causes removal
of aqueous Se from solution. We measured the concentration of
total dissolved Se in our samples, and assumed that the extent of
selenite reduction that occurs in each system is quantified by the
decrease in the concentration of dissolved Se. The concentration
of total dissolved Se was measured in each sample using induc-
tively coupled plasma optical emission spectroscopy (ICP-OES;
Perkin Elmer Optima 8000), analyzing at a wavelength of
129.026 nm. Matrix-matched standards were prepared over a
range of 0 to 20 ppm Se. Replicate analyses of standard solutions
indicated that analytical uncertainty in the measured Se concen-
trations was ± 5 % (1 standard deviation).
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2.4. X-ray absorption spectroscopy

We used X-ray absorption spectroscopy (XAS) to determine
the valence state and binding environment of the Se under con-
ditions similar to those used in the Type 1 selenite + exudate
reduction experiments. Two types of samples for XAS analysis
were prepared: 1) a time series samples taken from a system
with a similar Se:exudate ratio as the Type 1 experiments to
probe reduction kinetics; and 2) a sample from a system with
lower Se:exudate ratio to increase the proportion of potential
Se-sulfhydryl species. Because sulfhydryl sites likely represent
only a small fraction of the total number of binding sites on
the exudate molecules, any Se-sulfhydryl binding could be over-
whelmed in the XAS signal by the non-sulfhydryl Se binding.
Assuming that Se has a higher affinity to bind with sulfhydryl
sites than it has with the other possible binding sites, the lower
Se:exudate ratio sample optimized to increase the proportion of
Se-sulfhydryl binding. The first set of samples for XAS analysis
were prepared using a system with the exudates produced from
a suspension of 40 g/L of B. subtilis biomass, exposed to 50 ppm
Se(IV). In these higher Se:exudate ratio experiments, samples
were taken at 1, 24, 32, 40, and 48 h to probe the progression
of the reaction over time. Another sample was prepared using
a system with the exudates produced from a suspension of
40 g/L of B. subtilis biomass, exposed to only 1 ppm Se(IV), with
the sample collected after 48 h of exposure. The exudates were
otherwise collected and reacted as described above. Samples
were frozen immediately to stop reactions and to save for
lyophilization, which was done for all sets after the last sample
of each set had been frozen for 24 h. After lyophilization, the
headspace of the sample container was purged for 1 h with
nitrogen gas to remove any oxygen and to reduce the possibility
of Se re-oxidation in the sample prior to XAS analysis.

Se K-edge (12,658 eV) X-ray absorption spectroscopy measure-
ments were conducted at the MR-CAT/EnviroCAT bending magnet
beamline (Sector 10, Advanced Photon Source) (Segre et al., 2000).
X-ray absorption near edge spectra (XANES) and extended X-ray
absorption fine structure (EXAFS) spectra were collected in trans-
mission and fluorescence mode using gas-filled ionization cham-
bers. The freeze-dried solids from the Se(IV) reacted with
exudates were sealed in a 1.5 mm thick plastic slide between
two layers of Kapton film. All sample handling procedures were
done under ambient atmosphere. Energy calibration was estab-
lished by setting the inflection point in the spectrum from Se metal
to 12,658 eV and was maintained afterwards by collecting data
from the foil simultaneously with the collection of data from the
samples. We monitored for radiation-induced changes in the spec-
tra on the timescale of quick XANES scans lasting 20 s each. None
were observed for the dried samples or the standards. No differ-
ences were observed between spectra from 3 to 5 distinct locations
on the sample so all scans from each sample were averaged to pro-
duce the final spectrum.

Analyses of the spectra involved comparisons to Se standards.
The standards dataset measured at the same beamline in this
and previous work (Yu et al., 2018) include Na-selenate, Na-
selenite, orthorhombic Se(0), selenium disulfide (SeS2), seleno-
cystine (COOH-CNH2-CSe-seC-CNH2– COOH), selenourea (Se-C-
(NH2)2), and Se adsorbed to a thiol resin (Goff et al., 2021). The
polycrystalline Se powders were mounted on the adhesive side of
Kapton tape and their absorption spectra were measured in trans-
mission mode. The thiol-adsorbed standard was packed in a
1.5 mm thick plastic slide between two layers of Kapton film. Nor-
malization and background removal of the data was done using the
program AUTOBK (Newville et al., 1993). Linear combination fits of
the XANES data were performed using the program ATHENA (Ravel
and Newville, 2005). Shell-by-shell fitting of the EXAFS data was
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done using the program FEFFIT (Newville et al., 1995; Yu et al.,
2018).

2.5. Bottom-up proteomics for protein identification

To identify the protein components of the bacterial exudate
solutions, bottom-up proteomics experiments were conducted
with a Thermo-Finnegan Q-Exactive HF (QEHF) mass spectrometer
coupled to aWaters MClass ultrahigh pressure liquid chromatogra-
phy system via a nanoelectrospray ionization source. Exudates
were produced as described above, then concentrated using a
3kD molecular weight cutoff filter (Millipore-Sigma) and subjected
to trypsin digestion. Between 1 and 5 lL of a sample containing
tryptic peptides was eluted from an Acquity BEH C18 Column,
1.7-lm particle size, 300 Å (Waters) column (100 lm inner
diameter � 100 mm long) using a 100-min gradient at a flow rate
of 0.9 lL/min (4–33 % B for 90 min, 33–80 % B for 2 min, constant at
80 % B for 6 min, and then 80–0 % B for 2 min to equilibrate the col-
umn). Data were collected in positive ionization mode. Mass spec-
tra were acquired in the Orbitrap at 60 k resolving power and
tandem mass spectra were then generated for the top seventeen
most abundant ions with charge states ranging between 2 and 5.
Fragmentation of selected peptide ions was achieved via high
energy collisional dissociation (HCD) at normalized collision
energy of 35 eV in the HCD cell of the QEHF. Proteome Discoverer
2.2 software employing either Mascot or Sequest search engines
with a decoy search at a 1 % false discovery rate was used to iden-
tify proteins present in each sample by matching tandem mass
spectra with peptides expected for proteins in the SwissProt
database.

3. Results

The Type 1 experimental systems that contained either
untreated B. subtilis or P. putida exudates exhibited an increasing
extent of Se removal from solution as a function of time (Fig. 1).
The most likely removal mechanism in these systems is the reduc-
tion of selenite to elemental Se(0), which causes the precipitation
of characteristically red nanoparticles of Se(0) (Garbisu et al.,
1996). The experimental systems containing exudates produced
by B. subtilis or by P. putida both yielded suspensions with a red
coloration (Fig. 2), an observation consistent with the exudates
promoting Se(IV) reduction to Se(0) (Lampis et al., 2014; Wang
et al., 2018). There is a 24–48 h lag observed between the start
of the experiment and when significant removal of Se from solu-
tion occurs, after which the concentration of selenium in solution
Fig. 1. Removal of dissolved selenium as a function of exposure time in the presence of
with (dashed line) and without (solid line) qBBr treatment; and c) exudates produced b
standard deviation.
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decreases continuously through the 96 h timepoint (Fig. 1, panels
a and b). For both of these systems, exposure of the exudates to
the sulfhydryl-blocking molecule qBBr prior to the addition of
selenite (Type 2 experiments) effectively eliminates Se removal
from solution (Fig. 1).

In contrast, the Type 1 experimental systems containing exu-
dates that were produced by S. oneidensis did not exhibit measur-
able Se removal from solution over 96 h, regardless of the biomass
concentration that was used to produce the exudates (Fig. 1c) or
whether the exudates were treated with qBBr (data not shown).
The measured concentration of Se in solution remained constant
over the duration of the S. oneidensis experiments, and no red color
appeared in these solutions (Fig. 2).

The Type 3 and 4 experiments that involved whole cell bio-
mass exhibited significantly different Se removal behavior than
was measured for the exudate-only systems (Fig. 3). Solutions
containing untreated bacterial biomass (filled circles in Fig. 3)
exhibited relatively rapid decreases in selenium concentration
over the first 8–12 h, with no apparent lag phase prior to the ini-
tiation of Se removal. The observed extents of Se removal from
solution in each of the three biomass systems at 96 h were sig-
nificantly greater than those measured in the systems containing
only the exudates produced by the same concentration of those
bacterial species. In addition, for each of the three biomass
systems,

treatment of the biomass with an excess of qBBr (filled triangles
in Fig. 3) led to a dramatic decrease in the rate of Se removal from
solution for at least 72 h (Fig. 3). At 72 h, the qBBr-treated systems
exhibited aqueous Se concentrations of at least 74 % of the initial
selenium in solution. In comparison, in the untreated biomass
experiments the dissolved selenium concentrations had dropped
below the detection limit for this analysis by 48 h. Although the
qBBr-treated B. subtilis system exhibited a decreased rate of Se
removal until 72 h, between 72 and 96 h, the rate of Se removal
increased markedly and only 31 % of the original Se remained in
solution at 96 h. In contrast, the P. putida and the S. oneidensis sys-
tems exhibited roughly the same rate of Se removal between 72
and 96 h as was observed prior to 72 h.

In contrast to the systems in which excess qBBr was left in solu-
tion, for each of the three bacterial species studied, the Type 4 bio-
mass experiments in which the excess qBBr was removed by an
extra wash step prior to the addition of Se exhibited significant
removal of Se (open squares in Fig. 3), to the extent that at 72 h
the selenium concentrations measured were a maximum of 12 %
of the initial concentrations, and at 96 h all of these qBBr-treated
systems had selenite concentrations below the limit of detection.
exudates produced by 20 g/L of a) B. subtilis biomass and b) P. putida biomass, both
y S. oneidensis at a concentration of 20 and 50 g of biomass/L. Error bars show one



Fig. 2. Experimental systems involving exudate produced by a) B. subtilis, b) P. putida, and c) S. oneidensis (vial pairs, left to right) at a concentration of 20 g biomass/L and an
initial [Se] of 10 ppm at 0 h (left vial in pair) and 96 h (right vial in pair), demonstrating the appearance over time of a red coloration to the solution as selenite is reduced to
elemental Se(0) by B. subtilis and P. putida exudates. N.B. the exudates produced by S. oneidensis biomass have an orange tint when harvested as the biomass is red–orange as
compared to B. subtilis and P. putida biomass, which are beige-white. The coloration is not a result of Se(IV) addition.

Fig. 3. The concentration of Se remaining in solution as a function of time when exposed to bacterial biomass (from top to bottom panel: a) B. subtilis, b) P. putida, c) S.
oneidensis) at a concentration of 20 g/L. Samples not treated with qBBr are plotted with solid curves/filled circles; samples treated with qBBr and not washed are plotted with
dashed lines/filled triangles; and samples treated with qBBr and washed to remove excess are plotted with dot-dashed lines/open squares. Error bars show one standard
deviation.
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Of particular note, these washed Type 4 experiments showed a
capacity for reduction by S. oneidensis exudates (Fig. 4, panel c,
open squares) not observed in Types 1 or 2 experiments involving
S. oneidensis. In contrast to the S. oneidensis exudates which were
produced from cells grown in a Se-free medium and which showed
no evidence of Se(IV) reduction at concentrations of either 20 or
50 g/biomass per liter (Fig. 1), exudates produced from a 20 g/L cell
suspension using cells grown in a medium containing 10 ppm Se
158
(IV) demonstrated significant removal of Se from solution over
the course of 96 h (Fig. 4).

To determine the relative importance of exudates and whole
cells in Se(IV) reduction, we calculated mass-normalized first-
order rate constants for each dataset, using the measurements of
Se concentration taken during the period of most rapid Se removal
from solution for each experiment. For each set of experiments, the
ln[Se] was plotted as a function of time, and a linear fit was



Fig. 4. Concentration of selenium remaining in solution over time when exposed to exudates produced by 20 g/L S. oneidensis biomass that was grown in the presence of
10 ppm Se(IV) (Type 5 experiments). The red square is the measured concentration of Se remaining in solution after the growth phase and prior to the experiments. The blue
circles are the measured concentrations of Se remaining in solution after a 10 ppm Se(IV) spike to start the experimental phase at time = 0.
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applied; in each case, the data are well-approximated by the linear
fits (Figure S2). For each experiment, a value for the reduction rate
constant, k, was calculated as the negative slope of the linear fit to
the data points, and we normalized these values either to the bio-
mass used in the experiment (for the whole-cell biomass experi-
ments) or to the mass of the bacteria used to generate the
exudate solution (for the exudate-only experiments).

The calculated rate constant values (Table 1) indicate that, for
each of the bacterial species studied, the whole cell biomass
removed selenium from solution more quickly than did the exu-
dates produced from a corresponding mass of cells. It is important
to note that the calculated rate constants are the minimum values
for the rate of reduction; more frequent sampling intervals over
the first 24 h could define a faster reduction rate, especially for
the whole cell biomass experiments. Additionally, we are only able
to measure Se removal as a proxy for Se(IV) reduction. As discussed
above, it is possible that reduction of Se(IV) outpaces Se removal
from solution due to the inability of our approach to separate
monodisperse Se(0) nanoparticles from the experimental solution.

The reduction of Se(IV) was measurable by X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) analyses in the 40 and 48 h B. subtilis high Se:ex-
udate ratio samples, and was more pronounced in the low Se:exu-
date ratio sample where a larger proportion of the Se atoms were
transformed. Fig. 5 compares the XANES spectra from the Se-
exudate samples to that from various Se standards.
Table 1
Calculated rate constants for exudate-only and whole-cell experiments.

Mass normalized k valuea

B. subtilis
Exudate only 2.2 � 10�7

Whole cell 8.2 � 10�7

P. putida
Exudate only 1.7 � 10�7

Whole cell 2.1 � 10�6

S. oneidensis
Exudate only No removal
Whole cell 1.3 � 10�6

a Units for normalized rate constant k are L s�1 g�1. For the exudate-only
experiments for each species, we used 24, 48, 72, and 96 h measurements to define
the k value; for the whole-cell biomass experiments we used the 0, 24, and 48 h
measurements, due to the relatively rapid rate of Se removal in these systems.
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The energy position of the absorption edge is indicative of the
average valence of Se, with lower positions corresponding to
reduced valence and higher positions indicating oxidized valence
states (Ryser et al., 2005; Olegario et al., 2010). The spectra of
the high Se:exudate ratio samples from 1 h to 32 h are nearly iden-
tical to the sodium selenite standard (Na2SeO3, feature ‘‘b”), which
indicates that Se remains predominantly as O-coordinated Se(IV)
in the SeO3 anion. The spectral trends in the 48 h sample and in
the low Se:exudate sample are in the direction of the reduced Se
(0) or organoselenium standards (i.e., the development of a shoul-
der at ‘‘c’’ and the suppression of peak ‘‘b”). Fig. 5 illustrates that
the latter standards have similar spectral shapes and edge posi-
tions. This has also been observed in prior work where a larger
number of inorganic and organic selenium standards were exam-
ined (Ryser et al., 2005; Olegario et al., 2010), revealing that several
organoselenium complexes of various valences, as well as several
inorganic Se(-II) standards have similar edge positions as Se(0).
The spectral similarity may be due to the similarity in the near-
neighbor coordination around Se in the Se(0), thiol-associated Se,
the organoselenium compounds, and the SeS2 standards, which
have two Se, two S, or a combination of Se, C, and/or S atoms as
near-neighbors, respectively (Wyckoff, 1963; Steudel and
Laitinen, 1982; Görbitz et al., 2015; Luo and Dauter, 2017). Regard-
less of whether this effect in the Se XANES data is due to structural
or electronic factors, it limits our ability to distinguish reliably
between metallic Se and Se coordinated to thiol or other organic
groups. We have consequently relied on EXAFS to resolve the spe-
ciation of the final Se species (next section) and used the XANES
data only to quantify the extent of transformation of the original
Se(IV) species.

Linear combination fits of the XANES data indicate that for reac-
tion times less than 40 h, the extent of Se(IV) reduction is unde-
tectable (i.e., less than5–7 %). In the 48 h high Se:exudate ratio
sample and in the low Se:exudate sample about 23 % and 63 %,
respectively, of the Se(IV) species were transformed to lower-
valence or organo-coordinated Se (Fig. 5, Table S1). The XANES
measurement of 23 % transformation in the 48 h sample is consis-
tent with our observation of � 8 ppm Se remaining in solution at
48 h in the system containing B. subtilis exudates (Fig. 1a). No evi-
dence for oxidation to Se(VI) by the cell exudates was found in the
XANES data (i.e., no peak appearing along line ‘‘a”, Fig. 5), in con-
trast to the oxidation of Se(IV) to Se(VI) observed by Yu et al.



Fig. 5. Left: Comparisons between the Se K-edge XANES spectra from the standards and the Se:exudate samples. Right: LC fits of the 48 and the low Se:exudate sample,
quantifying the transformations of the initial Se(IV) species. The scaled spectral components in the fit are also shown together with the weight factor. The dashed lines labeled
‘a’, ‘b’, and ‘c’ denote peak locations for the Na2SeO4, the Na2SeO3, and reduced S standards, respectively.
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(2018) with B. subtilis biomass. This is consistent with the mecha-
nism proposed for the oxidation reaction within that work, which
required the presence of both nitric oxide and superoxide species
generated by the bacterial biomass. Without bacterial biomass pre-
sent in our exudate systems, oxidation of Se(IV) to Se(VI) does not
occur.

The trends in the EXAFS data are consistent with the findings
from the XANES analyses (Fig. 6, see the qualitative discussion in
the SI). A quantitative shell-by-shell analysis of the EXAFS data
for the standards and for the Se:exudate samples enables us to
place more rigorous constraints on the Se speciation in the sam-
ples. Fits of the aqueous Se(IV), thiol-adsorbed Se, metallic Se(0),
and the organo-selenium standards establishes the spectral fea-
tures and parameters characteristic of O, S, Se, C, and N coordina-
tion around Se, respectively (see the SI for a detailed description
of the fitting procedures and results for the Se standards). The cal-
ibrated contributions of these paths in the EXAFS of the standards
were used to quantify the relative content of Se-O, Se-S, Se-Se, Se-
C, and Se-N coordination in the spectra of the Se:exudate ratio
samples, which were then interpreted as the proportions of selen-
Fig. 6. Left: Left: Se K-edge EXAFS spectra from the high Se:exudate ratio samples reacted
(symbols). Right: Magnitude of the Fourier transform of the data in the left figure. The li
figure for clarity. The vertical dashed lines delineate the position of peaks attributable t
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ite (Se(IV)O3) remaining in the lyophilized exudate solids, thiol-
associated Se species, reduced Se(0) species, and organo-
selenium species, respectively.

Fig. 6 shows that the 1 to 40 h high Se:exudate ratio samples
yield EXAFS spectra that are nearly identical to that of the aqueous
selenite standard and are correspondingly modelled well with a
single O shell (Figure S1 and Table S2, fits B-F). This indicates that
the starting Se(IV) species remained predominantly untransformed
for 40 h. The 48 h sample shows additional amplitude around R +
D = 2.0 Å remaining after the fit with an O shell (Figure S1, fit G).
The additional peaks can be modeled with either a S or a Se shell,
producing similar improvements in the fit relative to the O shell fit
alone (Table S2, fits H and I). However, the slightly better fit with a
Se shell at 2.39 Å suggests the precipitation of metallic Se, consis-
tent with the change in color of the suspension (Fig. 2). The propor-
tion of SeO3 species that transformed to S-coordinated species
(25 %= 0.4/1.6, ±10 %, obtained by scaling the refined coordination
number to that in the standard) in the 48 h sample is consistent
with the 25 % loss in starting Se species determined by linear com-
bination fits of the XANES data (Table S1). Fits with both S and Se
for 1–48 h and from the low Se:exudate ratio sample (lines), compared to standards
ne convention is the same in both figures, not all standards are included in the left
o O (left) or S/Se (right) coordination in the standards.
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shells were not successful due to the overlap between the two sig-
nals resulting in parameter correlations and refined coordination
numbers that were consistent with 0 (e.g., 0.2 ± 0.5), so the pres-
ence of both S- and Se-coordinated species at 48 h could not be
resolved. In contrast, the outer-shell features in the sample with
low Se:exudate ratio were of significantly higher amplitude
(Fig. 6), consistent with the increased proportion of transformed
Se species determined by the analysis of the XANES data
(Table S1). An EXAFS model with Se-O, Se-S, and Se-Se paths pro-
vides the best reproduction of the data (Figure S1 and Table S2,
fit J). The refined coordination numbers can be scaled to those in
the standards and interpreted as that sample having approxi-
mately 36 % (=0.86/2.4, ±10 %) of the Se atoms remaining as
adsorbed SeO3, 29 % (=0.46/1.6, ±10 %) of the Se atoms coordinated
to S atoms as in the thiol standard, and about 41 % (=0.52/1.3,
±10 %) coordinated to other Se atoms as in the cystine standard.
Unfortunately, the overlap of signals from three different Se spe-
cies in the spectrum of the low Se:exudate sample does not allow
for isolation and a more detailed analysis of the S-coordination
environment, so questions such as whether the transformed Se
was sequestered as monosulfide or disulfide Se species cannot be
addressed (Steudel and Laitinen, 1982).

Our experimental data indicate that sulfhydryl sites on bacterial
exudate molecules are directly involved in the process of Se(IV)
reduction, and that blockage of the sulfhydryl sites by qBBr effec-
tively stops Se(IV) reduction by the exudates. Therefore, we con-
ducted a proteomics analysis of exudate solutions from each
bacterial species in order to constrain the potential host molecules
of the sulfhydryl sites and to identify initial candidate proteins
responsible for the observed Se(IV) reduction. Table 2 lists a subset
of identified proteins with at least one redox active sulfhydryl site
in the exudate solution from each bacterial species according to
SwissProt annotations. This screening was solely for identification
purposes, not quantitation, and as such we cannot compare rela-
tive abundances of proteins. An additional file containing a com-
plete list of proteins identified in each species is provided in
Supplemental Materials.
4. Discussion

The results from the exudate-only experiments demonstrate for
the first time that bacterial exudates from the species B. subtilis and
Table 2
Identified peptides with at least 1 redox-active sulfhydryl site.

Accession
No.

Protein Gene

B. subtilis
P21880 Dihydrolipoyl dehydrogenase (EC 1.8.1.4) pdhD
P80864 Thiol peroxidase (Tpx) (EC 1.11.1.24) tpx
P14949 Thioredoxin (Trx) trxA
P54533 Dihydrolipoyl dehydrogenase (EC 1.8.1.4) bfmBC
P80880 Thioredoxin reductase (TRXR) (EC 1.8.1.9) trxB

P. putida
Q839B0 33 kDa chaperonin (Heat shock protein 33 homolog)

(HSP33)
hslO

O32823 Thioredoxin reductase (TRXR) (EC 1.8.1.9) trxB
S. oneidensis
P43784 Dihydrolipoyl dehydrogenase (EC 1.8.1.4) lpdA
Q9KSS4 Thioredoxin reductase (TRXR) (EC 1.8.1.9) trxB
Q9KPF6 Dihydrolipoyl dehydrogenase (EC 1.8.1.4) lpd
Q8EKD2 33 kDa chaperonin (Heat shock protein 33 homolog)

(HSP33)
hslO

Q89AS4 Ribonucleoside-diphosphate reductase subunit alpha
(EC 1.17.4.1)

nrdA

P43754 Ribonucleoside-diphosphate reductase subunit alpha
(EC 1.17.4.1)

nrdA

P0AA27 Thioredoxin 1 (Trx-1) trxA
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P. putida can promote the reduction of Se(IV) to elemental sele-
nium. In addition, it is evident that the range of this capacity varies
widely between bacterial species. Bacterial exudates have been
shown to also promote the reduction of aqueous Au(III) (Kenney
et al., 2012), so these findings suggest that this source of electrons
could play a significant role in the environmental fate of other
redox-active elements as well. Exudate reduction of Se(IV) requires
both the binding of Se(IV) onto the exudate molecules and electron
transfer from the exudate molecules to the bound Se(IV) atoms.
Like bacterial surfaces, bacterial exudates contain plentiful organic
acid functional groups, which under the experimental pH condi-
tions are predominantly deprotonated and negatively charged
(Seders and Fein, 2011). Electrostatic repulsion between the
negatively-charged aqueous selenite and negatively-charged car-
boxyl and other oxygen-based ligands on the exudate molecules
makes it unlikely that these types of functional groups are involved
in selenite binding onto the exudate molecules. In fact, our data
indicate that the binding is accomplished via Se-sulfhydryl bind-
ing, similar to the mechanism of selenite adsorption onto bacterial
cell surfaces (Yu et al., 2018). That is, the addition of qBBr, which
effectively and irreversibly blocks sulfhydryl sites to further bind-
ing by Se, to the experimental systems that contain B. subtilis or P.
putida exudates leads to a cessation of Se(IV) reduction.

Our XAS data, together with the qBBr site blocking experiments,
support the conclusion that Se(IV) must bind to a sulfhydryl site on
the exudate molecules for electron transfer to occur. The XANES
and the EXAFS results for the 48 h B. subtilis high Se:exudate ratio
sample and for the low Se:exudate ratio sample show evidence for
the presence of both thiol-associated selenium atoms and elemen-
tal nanoparticulate selenium, which confirm Se(IV) reduction and
indicate Se association with sulfhydryl sites. Se(0) nanoparticles
are also visually evident in the B. subtilis and P. putida exudate-
only experiments, as they cause the solution to turn a characteris-
tic cloudy red color (Fig. 2). The fact that Se-S coordination is most
clearly detected by XAS under low Se loading conditions suggests
that sulfhydryl sites make up only a small minority of the total
concentration of binding sites on the exudate molecules. Under
our higher Se loading conditions, the concentration of sulfhydryl
sites is too small relative to the concentration of Se in the sample
to reduce enough of the total selenium present for Se-S binding
to be detectable via XAS over the examined timeframe. However,
it is possible that reduction of the excess Se could occur at sulfhy-
dryl sites in a cyclic fashion over extended time. Although these
sulfhydryl sites appear to comprise a minor fraction of the
proton-active sites on the exudates, the dramatic effect of the qBBr
treatment on Se(IV) reduction demonstrates that these sites play a
critical role in the reduction process.

The importance of exudate sulfhydryl sites in the Se(IV) reduc-
tion process helps to explain the absence of reduction that we
observed in the experiments involving S. oneidensis-derived exu-
dates (Fig. 1c). When grown in the absence of Se(IV), both B. subtilis
and P. putida biomass contain significant concentrations of sulfhy-
dryl sites on their exuded EPS molecules, while S. oneidensis does
not (Yu and Fein, 2016). Rather, all detectable sulfhydryl sites on
S. oneidensis are located on the cell surface. Therefore, very few
or no sulfhydryl sites are present on the S. oneidensis exudate mole-
cules, and hence even if S. oneidensis exudate molecules could
serve as electron donors to Se(IV), the lack of sulfhydryl binding
sites on the molecules prevents Se(IV) atoms from attaching to
the molecules and no selenite reduction is possible. The stark con-
trast in reduction behaviors displayed by exudates of B. subtilis and
P. putida relative to that exhibited by S. oneidensis exudates under-
scores the importance of sulfhydryl site availability to the reduc-
tion process (Kenney and Fein, 2011b).

Our data also indicate for the first time that growth conditions
can affect the ability of bacterial exudates to reduce Se(IV), likely
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by increasing the sulfhydryl site concentration of exudates pro-
duced by cells grown in the presence of Se(IV). We observed that
S. oneidensis exudates can reduce selenite only when the exudates
are produced by cells grown in the presence of 10 ppm Se(IV). This
result indicates that at least some bacterial species control the
composition of their exudate molecules, and hence their capacity
for Se(IV) reduction, through a regulatory control. Further studies
are required to understand the full scope and mechanisms of this
control, but it is clear that in some cases this behavior can be
induced by environmental conditions. Our results do not constrain
whether the distribution of sulfhydryl sites between the biomass
and the exudates changes as a function of cell growth condition
but given the crucial role of sulfhydryl sites to Se(IV) reduction that
we observed in our experimental systems, such dependence is
likely. Previous experiments demonstrate that growth conditions
exert a direct impact on sulfhydryl site concentrations on biomass
(Yu and Fein, 2017; Butzen and Fein, 2021).

Our whole-cell biomass experimental results differ from those
in the exudate-only systems in both the timing and extent of the
observed Se(IV) reduction. In contrast to the � 24–48 h lag in the
onset of Se removal that we observed in the exudate-only systems,
removal of Se in the three whole-cell systems is more rapid, with
significant Se removal observed at 24 h in the presence of bacterial
biomass. The more rapid removal of Se from solution in the bio-
mass systems relative to what we observed in the exudate-only
systems may be caused by a number of factors. Bacterial cells
may contain a higher concentration of sulfhydryl sites and capacity
for electron transfer to Se(IV) than the exudate molecules. Con-
versely, the presence of the cells and subsequent centrifugation
of the cells during sampling could be facilitating Se removal in
the biomass systems either by Se(IV) adsorption onto the cell sur-
faces or by adhesion of any Se(0) nanoparticles that form as a result
of Se(IV) reduction to the bacterial biomass, all of which is then
centrifuged out of suspension. In the exudate-only experiments,
the initial Se(0) nanoparticles to form are either monodisperse or
attached to soluble exudate molecules, neither of which are
removed by our centrifugation procedure, and measurable Se
removal from solution only can occur after Ostwald ripening of
the Se(0) nanoparticles. The development of Se nanoparticles
through an Ostwald ripening process can cause a delay of greater
than 24 h between the depletion of Se(IV)O3 from solution and
the formation of detectable Se(0) nanoparticles (Lampis et al.,
2014). Hence, the observed extents and rates of Se(IV) reduction
that we report from the exudate-only experiments are likely min-
imum values only, and the actual extent and rate of Se(IV) reduc-
tion in these systems could be higher than our experiments
indicate. However, the fact that we do not detect Se(0) in the 24
or 32 h XAS samples at a similar Se:exudate ratio indicates that
if Se(IV) reduction occurred in these systems, its maximum extent
would be approximately 5–7 % of the total Se present as this is the
detection limit for the XAS approach.

We hypothesize that the bacteria in the whole cell biomass
experiments produce exudate molecules during the course of the
experiments, and that these exudates can promote further Se(IV)
reduction if any Se(IV) is left in solution. In the P. putida and S. onei-
densis biomass experiments, there is little Se(IV) remaining in solu-
tion after the first stage of Se(IV) reduction for these exudates to
reduce. However, in the B. subtilis biomass experiments, removal
appears to plateau for a period before resuming. We attribute this
plateau to limited surface-site availability; sufficient exudates
must be produced to allow reduction to continue by providing
more reactive sites.

When excess qBBr was left in the system (filled triangles in
Fig. 3), the sulfhydryl sites on the bacterial surfaces and on the exu-
date molecules which were produced during the experiment could
both be blocked, and hence the rate of Se(IV) reduction was greatly
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decreased. This decreased rate of removal of Se in the excess qBBr
experiments continued for at least 96 h in the P. putida and the S.
oneidensis systems, however the B. subtilis experiments that had
excess qBBr exhibited an increased rate of Se removal between
72 and 96 h. It is likely that after 72 h in these experiments, the
concentration of released exudates from the bacterial cells reached
a level that exceeded that of qBBr remaining in solution, enabling
the exudates to reduce Se(IV). Conversely, when the excess qBBr
was removed from the system prior to the addition of Se, the bac-
terial surface sulfhydryl sites were blocked, but the sulfhydryl sites
on the exudates that were produced during the experiment were
not. In these experiments, the qBBr treated systems exhibited
lower initial Se(IV) removal. However, by 96 h the selenium levels
in solution in the systems had decreased below the limit of detec-
tion, regardless of whether the system had been initially treated
with qBBr (open squares, Fig. 3), likely due to production of new
exudates capable of Se(IV) reduction during the rest of the exper-
iment. As discussed above, the introduction of Se(IV) in the growth
and soaking phases of exudate preparation from S. oneidensis bio-
mass likely altered the composition of the exudates produced such
that selenite reduction could occur. These conditions are similar to
the conditions of the qBBr-treated, Type 4 experiments which con-
tained cells with excess qBBr removed by washing, and the results
provide an explanation for the reduction observed in those exper-
iments (open symbols in the bottom panel of Fig. 3). That is, S. onei-
densis cells when exposed to Se(IV) during the Type 4 experiments
must have produced exudates similar to those produced during the
Type 5 experiments which involved the presence of Se(IV) in the
growth medium, and the exudates produced in both of these sys-
tems were capable of Se(IV) reduction. Our experimental results
indicate that exudates from S. oneidensis cells can only reduce sig-
nificant concentrations of Se(IV) when Se(IV) is present with the
cells as the exudates are produced, again supporting a regulatory
process that controls exudate sulfhydryl site concentrations, at
least for S. oneidensis.

For B. subtilis, the whole cell biomass system removed Se(IV)
from solution nearly 3 times faster than the exudate-only system;
for P. putida, the ratio was 4 times faster; and for S. oneidensis, the
whole cell biomass exhibited the fastest Se(IV) removal rate
observed in this study, while the exudate-only system had no mea-
surable Se(IV) removal, unless the biomass was grown and soaked
in the presence of Se(IV). Therefore, our results suggest that
although there is a range of behaviors, Se(IV) reduction is predom-
inantly controlled by the bacterial biomass, rather than by exu-
dates when electron availability is not limited. The role of both
bacterial cells and exudates in Se(IV) reduction likely depends on
electron donor availability. In our experimental systems, the bacte-
rial cells and the exudates produced from the cells have plentiful
electrons due to loading of the electron transport chain during cell
metabolism in the rich medium in which they are grown. Natural
soil and groundwater systems contain both whole-cell biomass
as well as exuded substances. While our data suggest that bacterial
biomass is generally capable of promoting faster reduction rates
than exudates alone on a mass normalized basis in nutrient rich
systems where electron donors are present in great excess, it is
possible that exudate-mediated reduction could be dominant in
conditions where electron donors are more limited. For example,
the cells in the B. subtilis whole cell biomass experiment appear
to have a limited capacity for Se(IV) reduction, and after approxi-
mately 72 h, Se(IV) reduction becomes dominantly exudate-
promoted.

The calculated rate constants demonstrate that the importance
of bacterial exudates to Se(IV) reduction varies markedly between
species, and that while sulfhydryl site concentrations account for
some of these differences, other factors must also exert an influ-
ence. Exudates from P. putida and B. subtilis promote relatively
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rapid Se(IV) reduction compared to the rate of reduction promoted
by S. oneidensis exudates. These observed differences likely stem
from differences in sulfhydryl site concentrations on the exudate
molecules, as P. putida and B. subtilis exudates each have signifi-
cantly higher concentrations of sulfhydryl sites than does S. onei-
densis, whose sulfhydryl sites, when grown in the absence of Se
(IV), are located primarily on the cell surface (Yu and Fein, 2016).
Of the three species studied here, the S. oneidensis cell surface
has the highest concentration of sulfhydryls on its surface, but P.
putida has the lowest concentration, so the observed reduction
rates do not correlate directly with cell surface sulfhydryl site con-
centrations. The configuration of sulfhydryl sites on the cell surface
may differ between the studied bacterial species, and steric config-
urations between Se(IV) and the sulfhydryl sites may account for
the observed differences in reduction rate. More detailed spectro-
scopic work is needed to test these hypotheses.

To understand the differences observed in reduction character-
istics between whole-cell and exudate-only conditions, as well as
between bacterial species, it is important to consider the likely
mechanisms of reduction. Multiple mechanisms for bacterial
reduction of selenite have been established, both intracellularly
and extracellularly, including a Painter-type reaction and reactions
with various terminal reductases (Hunter, 2014; Song et al., 2017;
Wang et al., 2018). Specifically, thioredoxin reductase and fuma-
rate reductase have been implicated in bacterially-mediated selen-
ite reduction in several in vivo experiments. Additionally, purified
glutathione reductase has been shown to reduce selenite in vitro
in the presence of NADPH (Ganther, 1971; Ni et al., 2015). Thiore-
doxin reductase and glutathione reductase, both within the flavo-
protein disulfide reductase family, have conserved catalytic
cysteine residues within their active sites (Sustmann et al., 1989;
Kouwen et al., 2008). In contrast, fumarate reductase catalytic
activity is dependent on an arginine residue within the active site
(Reid et al., 2000). It is, therefore, possible that the shutoff of Se(IV)
reduction achieved by qBBr treatment in our experimental systems
is due to blocking of the active site in either thioredoxin reductase
or glutathione reductase, which have both been previously
reported to mediate selenite reduction (Hunter, 2014; Wang
et al., 2018). Thioredoxin reductase was identified in our pro-
teomics analyses of the exudates from all three species studied
here (Table 2), and although we cannot yet confirm this to be the
relevant mechanism, the presence of this reductase in the experi-
mental exudate solutions makes this a plausible mechanism.
Because the qBBr blocking is sulfhydryl specific, our findings sug-
gest that under our experimental conditions selenite reduction is
not fumarate-reductase dependent, as the qBBr blocking agent
should have no effect on the catalytic arginine residue. Addition-
ally, qBBr is known to react with glutathione (Kosower and
Kosower, 1987), a common cellular antioxidant and substrate for
the Painter-type reaction of Se. It is therefore possible that qBBr
treatment could interrupt Painter-type reduction of Se as well by
blocking sulfhydryl sites on glutathione or glutathione analogues
such as bacillithiol.
5. Conclusions

This study provides the first evidence that some bacterial exu-
dates can promote Se(IV) reduction, and that similar to what
occurs on bacterial surfaces, the reduction reaction is mediated
by Se(IV) binding onto sulfhydryl sites. In addition, we show that
this capability can be induced by environmental conditions during
cell growth, suggesting regulation of this capability in at least some
cases. Although more work is required to understand these regula-
tory mechanisms, this could have promising implications for opti-
mizing bacterial remediation of selenium contamination.
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Blocking of cell surface and exudate-bearing sulfhydryl sites
with qBBr effectively stops Se(IV) removal from the experimental
solutions, providing strong evidence that sulfhydryl site binding
is involved in Se(IV) reduction by both whole bacterial cells and
by exudates alone. Our XAS data also support a mechanism involv-
ing Se(IV) binding onto sulfhydryl sites on the exudate molecules,
followed by reduction and precipitation as Se(0) nanoparticles. The
bacteria that we used in this study exhibit variability in the distri-
bution of sulfhydryl sites between the cell surface and exudate
molecules, with a corresponding variability in Se(IV) reduction
rates and extents. It is likely that a similar range of variability in
reduction rates and extents by bacterially produced exudate mole-
cules occurs in complex natural and engineered settings. The rela-
tive importance of cell-surface Se(IV) attachment and reduction
compared to that which occurs on exudate molecules likely is con-
trolled by the distribution of sulfhydryl sites between the cell sur-
face and exudate molecules. In our whole-cell biomass
experiments, we observed that whole cell biomass exhibits a faster
rate of reduction on a per-gram basis compared to exudates alone.
Differences in behavior between bacterial species does not appear
to be controlled simply by the concentrations of cell surface sulfhy-
dryl sites relative to exudate molecule sulfhydryl sites. However,
our results suggest that the contributions of both soluble bacterial
exudates and whole cell biomass can affect Se(IV) reduction, and
both should be considered when modeling Se cycling in the
environment.
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