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Abstract
Microbial processes are crucial in the redox transformations of toxic selenium oxyanions. This study focused on isolating an 
efficient selenate-reducing strain, Azospira sp. A9D-23B, and evaluating its capability to recover extracellular selenium nano-
particles (SeNPs) from selenium-laden wastewater in different reactor setups. Analysis using transmission electron micros-
copy (TEM) and energy-dispersive X-ray spectroscopy (EDX) revealed significantly higher extracellular SeNPs production 
(99%) on the biocathode of the bioelectrochemical (BEC) reactor compared to the conventional bioreactor (65%). Further 
investigations into the selenate reductase activity of strain A9D-23B revealed distinct mechanisms of selenate reduction in 
BEC and conventional bioreactor settings. Notably, selenate reductases associated with the outer membrane and periplasm 
displayed higher activity (18.31 ± 3.8 µmol/mg-min) on the BEC reactor’s biocathode compared to the upflow anaerobic 
conventional bioreactor (3.24 ± 2.9 µmol/mg-min). Conversely, the selenate reductases associated with the inner membrane 
and cytoplasm exhibited lower activity (5.82 ± 2.2 µmol/mg-min) on the BEC reactor’s biocathode compared to the con-
ventional bioreactor (9.18 ± 1.6 µmol/mg-min). However, the comparable kinetic parameter ( K

m
 ) across cellular fractions 

in both reactors suggest that SeNP localization was influenced by enzyme activity rather than selenate affinity. Overall, the 
mechanism involved in selenate reduction to SeNPs and the strain’s efficiency in detoxifying selenate below levels regulated 
by the U.S. Environmental Protection Agency has broad implications for sustainable environmental remediation strategies.
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Introduction

Selenium, a trace element that occurs naturally in mineral-
based fuels, shale, and alkaline soils (Haygarth 1994; Rid-
ley et al. 2006), plays a dual role as an essential mineral 
for animals and humans and as a toxin when consumed in 
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excessive doses (Stadtman 1996; Rayman 2002; Watts et al. 
2003). Anthropogenic activities such as mining, agricultural, 
industrial operations, and petrochemical processes are pri-
mary contributors to selenium contamination (from 0.4 µg/L 
to 4.9 mg/L) in the environment (Pearce et al. 2009; Tang 
et al. 2015; Gingerich et al. 2018; Tan et al. 2018a; Zhang 
et al. 2020; Holmes et al. 2023). The maximum allowable 
concentration of total selenium in drinking water has been 
set at 50 µg/L by the United States Environmental Protec-
tion Agency (USEPA 2015) and in the effluent of industrial 
wastewater at 76 µg/L (USEPA 2019). Exceeding selenium 
concentration limits can lead to health problems, includ-
ing reproductive failure, congenital disabilities, and hair 
loss (Losi and Frankenberger 1997; Hatfield et al. 2014). 
The dominant selenium formed in the contaminated water 
are oxyanions, including selenate (SeO4

2−) and selenite 
(SeO3

2−). However, selenium may also exist as elemental 
Se0 and selenide (Se2−).

Numerous researchers have endeavored to recuperate Se0 
nanoparticles that were synthesized within biological reactors 
(Macy et al. 1993b; Soda et al. 2011; Zhang et al. 2018a; Lai 
et al. 2020), as their retrieval could offset treatment expenses, 
given selenium’s widespread utilization in diverse industrial 
applications like semiconductors and alloys (Nancharaiah 
and Lens 2015; Staicu et al. 2015). Selenium is one of the 
critical elements in low-carbon energy technologies (Moss 
et al. 2011; Liang and Gadd 2017) and is identified as a 
high-risk element susceptible to supply and other constraints 
(Graedel et al. 2015). A hurdle to effective Se0 nanoparticle 
recovery is that conventional bioreactors produce predomi-
nantly intracellular Se0 nanoparticles regardless of the bac-
teria used (Zhang et al. 2018b, 2022). While the extraction 
of extracellular Se0 nanoparticles from biomass for recovery 
can be achieved through techniques like centrifugation or 
selective adsorption, the recovery of intracellular Se0 nano-
particles presents more challenging barriers, necessitating an 
additional step of cell lysis, which is resource-intensive and 
involves the utilization of chemicals (Shakibaie et al. 2010; 
Sonkusre et al. 2014; Tang and Chen 2019).

The process of selenate reduction has been studied in 
various bacteria through biochemical and genetic analyses. 
Different bacterial species employ specific mechanisms for 
this reduction. For instance, Citrobacter freundii and some 
other facultative anaerobic bacteria utilize genes expressing 
the YnFE enzyme to reduce selenate to elemental Se0 on 
the outer membrane and in the periplasm (Theisen and Yee 
2014). Similar mechanisms have been observed in Escheri-
chia coli and Salmonella enterica, where the YnfE enzyme 
catalyzes selenate reduction outside the cytoplasm (Guymer 
et al. 2009). The enzyme SerT from the aerobic bacterium 
Comamonas testosteroni S44 facilitated selenite reduc-
tion within the periplasm (Tan et al. 2018b). Alternatively, 
Enterobacter cloacae SLD1a-1 employs the TatC enzyme 

embedded in the cytoplasmic membrane (inner membrane) 
for selenate reduction (Ma et al. 2007). In Thauera selenatis, 
the enzyme SerABC in the periplasmic space facilitates the 
reduction of selenate to selenite (Macy et al. 1989; Schröder 
et al. 1997; Krafft et al. 2000). A gram-positive bacterium, 
Bacillus selenatarsenatis SF-1, reduces selenate to selenite 
outside the cells through a molybdenum cofactor-mediated 
process (Kuroda et al. 2011). Azospira oryzae strain N1, an 
exoelectrogenic bacterium, has shown the capacity to reduce 
selenate to elemental Se0 nanoparticles intracellularly and 
extracellularly (Hunter 2007). A. oryzae contains a c-type 
cytochrome and is one of the dominant microorganisms for 
reducing selenate to elemental Se0 on the biocathode of a 
bioelectrochemical (BEC) reactor (Zhang et al. 2022).

Studies showed that the BEC and conventional bioreac-
tors inoculated with the same mixed cultures reduce selenate 
differently, mainly extracellular reduction in the BEC reactor 
versus intracellular reduction in the conventional bioreac-
tor (Zhang et al. 2022). Despite the evidence from STEM 
images regarding the localization of elemental Se0 pro-
duced in those distinct reactors, the molecular mechanisms 
of selenate reduction in these bioreactors remain elusive. 
Hence, in this study, a facultative anaerobe selenate-reduc-
ing bacteria was isolated from the cathode effluent of the 
BEC reactor. This isolate was characterized for potential 
application in removing selenate from industrial wastewater 
and recovering elemental Se0 for the nanotechnology sector. 
Thus, the main aim of this study is to understand the molec-
ular mechanisms underlying the differences observed in the 
localization of elemental Se0 produced. This will involve 
investigating the strain’s selenate reductase performance in 
both reactors using the isolated pure culture. Understanding 
the sophisticated mechanism of selenate reduction to ele-
mental Se0 and the strain’s efficiency in detoxifying selenate 
below the USEPA levels has broad implications for leverag-
ing microbial processes for sustainable environmental reme-
diation strategies.

Materials and methods

Pure culture isolation

A liquid sub-sample (~ 3 mL) from the cathode chamber 
effluent of the BEC reactor (Zhang et al. 2022) was incu-
bated in a crimp-sealed bottle containing 100 mL of growth 
medium, devoid of agar, with nitrogen gas in the headspace. 
The bacteria used in Zhang et al. (2022) was brought from 
a wastewater treatment plant located in Tallahassee, Flor-
ida. Cells were collected by centrifugation and washed with 
deionized water. One milliliter of the diluted cell suspension 
was gently mixed with 25 mL of soft agar supplemented by 
sodium acetate (CH3COONa, 40 mM) and sodium selenate 
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(Na2SeO4, 10  mM) in each Petri dish and incubated at 
30 °C. The content of the growth medium and agar media 
is provided in supplementary data. After 3–4 days, single 
red-colored colonies, indicative of selenate reduction, were 
transferred into separate crimp-sealed bottles filled with 
an anaerobic growth medium (30 mL) supplemented with 
sodium nitrate (NaNO3, 10 mM) as the electron acceptor. 
Using nitrate instead of selenate helped minimize elemental 
Se0 nanoparticles interfering with the following experiments.

After 5 days, 3 mL of the growth phase liquid samples 
was transferred to other crimp-sealed bottles with growth 
media, and sodium selenate was added to one of the bottles 
as an electron acceptor to verify the culture’s selenate reduc-
tion capability. A red hue observed after 72 h confirmed the 
culture’s ability to reduce selenate to elemental Se0. The pure 
culture was subjected to polymerase chain reaction (PCR) 
amplification and phylogenetic assay described below.

PCR amplification and phylogenetic assay

For the 16S rRNA gene analysis, the genomic DNA was 
extracted from the pellet of a 500 µL overnight culture 
using E.Z.N.A. Bacterial DNA Kit (OMEGA BIO-TEK) 
followed by PCR amplification with universal primers 27F 
and 1492R. Nucleotide sequencing was performed using 
the Sanger dideoxy sequencing method in the cloning and 
sequencing facility at Florida State University (Florida, 
USA). The Molecular Evolutionary Genetics Analysis 
(MEGA 11) software assembled the forward and reverse 
sequences (Tamura et al. 2021). Database searches and 
nucleotide sequence alignment were conducted using the 
Basic Local Alignment Search Tool (BLAST) provided 
by the National Center for Biotechnology Information 
(NCBI). The 16S rRNA partial sequence of the pure culture 
was deposited into Genbank under the accession number 
OQ983537. A neighbor-joining tree (Saitou and Nei 1987) 
was constructed using MEGA 11 (Tamura et al. 2021), and 
the sequences were retrieved from the BLAST database. 
Bootstrap values were computed in MEGA 11, following 
the approach outlined by Felsenstein (1985). Evolutionary 
distances were calculated using the Maximum Composite 
Likelihood method, as described by Tamura et al. (2004).

Reactor setup and operation

A BEC reactor (Fig. S1) and a conventional biofilm reac-
tor (Fig. S2) were established in an anaerobic chamber at 
30 °C, as previously described by Zhang et al. (2022). The 
cathode electrode (carbon cloth) of the BEC reactor and 
plastic media of the conventional bioreactor were incubated 
for 14 days with the pure culture prior to reactor utiliza-
tion. Nevertheless, the anode electrode of the BEC reactor 
was incubated with an activated sludge sourced from a local 

wastewater treatment plant. The membrane pieces (0.1 µm 
pore diameter, Nuclepore track-etched membranes, What-
man, USA) placed at the bottom of the BEC compartments 
collected precipitates for subsequent analysis. The conven-
tional bioreactor consisted of a column filled with plastic 
media (BioFLO 9, Smoky Mountain Bio Media) designed 
for biofilm attachment.

Post incubation, the carbon cloth and the plastic media 
were transferred to the cathode chamber of the BEC reac-
tor and the conventional bioreactor, respectively. Graphite 
carbon cloth electrodes (3 cm × 5 cm, Fuel cell Store, USA) 
were used in the anode and cathode chambers, remaining 
completely submerged during the experimental period. The 
electrodes were connected to a 100 Ω external resistor with a 
copper wire throughout the experiment. The anode chamber 
was provided with a medium (Zhang et al. 2018b) supple-
mented with sodium acetate (CH3COONa, 34.2 mg/L) as the 
sole electron donor, while the cathode chamber received a 
similar medium with sodium selenate (Na2SeO4, 11.4 mg/L) 
as the electron acceptor. This synthetic media is used to 
simulate the wastewater in our study. The supply rate of the 
media used in the conventional reactor control was kept the 
same as the BEC reactor at 330 mg Se/m2-day. The ratio 
of carbon to selenium fed to the reactors was 2:1, higher 
than the stoichiometric ratio of 0.4:1 (see reaction below) 
to ensure that carbon was not limiting.

Sampling and chemical analysis

Samples (influent and effluent) were collected weekly from 
both chambers of the BEC reactor and the conventional bio-
reactor for chemical analysis. Selenium species (dissolved 
selenate (SeO4

2−) and selenite (SeO3
2−), solid Se0 in effluent, 

and solid Se0 in the reactor) and other dissolved species, 
including acetate and sulfate, were analyzed. Ion chroma-
tography (IC, Dionex Aquion Ion Chromatography System, 
USA) was used to measure SeO4

2− and SeO3
2− in the influ-

ent and effluent. The effluent solid Se0 was determined by 
subtracting the total soluble selenium from the total sele-
nium measured in the effluent sample using a microwave 
plasma–atomic emission spectrometer (4100 MP-AES, Agi-
lent Technologies, USA). To obtain the total soluble sele-
nium, the sample was first filtered through a syringe filter 
(pore size 20 nm) and then centrifuged at 21,000 × g for 
0.5 h. The difference between total solid selenium and efflu-
ent solid selenium is the total solid selenium in the reactor. 
The total solid selenium was computed by subtracting the 
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soluble selenium in the effluent from the influent selenate. 
Sulfate reduction and acetate oxidation were continuously 
monitored by measuring them using ion chromatography. 
The presence of dissolved sulfide (S2−) after SO4

2− reduction 
was measured using a UV–Vis spectrophotometer (UV-2501 
PC, Shimadzu, USA), with the absorbance recorded at 664 
± 10 nm. Gas chromatography (GC, model SRI 8610C, SRI 
instruments, USA) was used to measure methane production 
in the reactors’ headspace. After purging with pure nitrogen 
gas, the dissolved oxygen concentration in the influent media 
was kept below 0.2 mg/L. The influent media’s pH was kept 
at ~ 7.0, and the effluent sample’s pH was 7.2 ± 0.2.

Solid samples were collected during steady-state from 
bioanode, biocathode, and retentate collected from the cath-
ode effluent after being filtered with a membrane filter and 
from the plastic media in the column of the conventional 
reactor for further characterization. Transmission Electron 
Microscopy (TEM, Hitachi HT7800, USA) coupled with 
EDX was used for elemental analysis. Before taking images, 
the samples were pretreated and coated with osmium to pre-
vent thermal damage and enhance image contrast. Details of 
sample preparation and pretreatment for TEM imaging were 
provided in our previous work (Zhang et al. 2022).

Enzyme assay and its activity for selenate reduction

To further determine the activity of the pure culture in continu-
ously operated reactors, cells from each reactor were harvested 
and centrifuged for 10 min at 10,000 × g to collect the pellets. 
The collected pellets were transferred to separate crimp-sealed 

vials (30 mL total volume after growth medium addition) and 
cultured anaerobically at 30 °C for 48 h in a sterile mineral 
salts medium (Schröder et al. 1997) containing yeast extract 
(~ 4 g/L), NaCl (1.2 g/L), Tryptic soy broth (10 g/L), selenate 
(10 mM), and acetate (10 mM). Due to the necessity for a higher 
cell concentration for enzyme assay and purification, the 30 mL 
cultures were further grown into 1000 mL batch cultures. After 
48 h, these cultures were harvested at final optical density 
(OD600 > 0.6) by centrifuging cultures for 10 min at 16,000 × g 
at 4 °C. The cells were cooled at 0 °C and rinsed twice with 
10 mM Tris/HCl, pH 8. The cell pellets were resuspended in a 
sucrose-Tris buffer and subjected to lysozyme and EDTA treat-
ment, following the protocol outlined by Osborn and Munson 
(1974), to disrupt the cell walls. The suspension was stirred for 
15 min on ice and subsequently incubated at 37 °C for 10 min to 
facilitate the formation of spheroplasts. The removal of sphero-
plasts was achieved by centrifugation at 25,000 × g for 25 min, 
separating soluble proteins containing the outer and periplasmic 
enzymes. Further disruption of the spheroplast was carried out 
using a Sonicator (Branson sonifier 250, USA) with 4 cycles 
of sonication at 15 s per cycle, ensuring maximum yield of the 
inner and cytoplasmic enzymes. Post-sonication, the suspen-
sion underwent centrifugation at 15,000 × g for 10 min, and the 
supernatant, containing over 90% of the inner and cytoplasmic 
purified enzyme, was carefully transferred to a sterile Falcon 
tube. The purified selenate reductases were subsequently con-
centrated and stored for activity assays.

After separating the enzymes associated with the outer mem-
brane and periplasm (i.e., the outer and periplasmic enzymes) 
from the enzymes associated with the inner membrane and 

Fig. 1   Neighbor-joining 
phylogenetic tree illustrating 
the connection between the 
isolated selenate-reducing strain 
(A9D-23B), its nearest relatives, 
and recently reported selenate-
reducing bacteria. Note: Num-
bers at nodes indicate bootstrap 
values (1000 replicates). The 
scale bar represents the number 
of base substitutions per site
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cytoplasm (i.e., the inner and cytoplasmic enzymes), the pro-
tein concentration in each of the two fractions was measured 
in triplicate ± standard deviation (SD) using the Bovine Serum 
Albumin (BSA) method. Benzyl viologen, an artificial elec-
tron donor, was first reduced using small sodium dithionite 
aliquots forming a dark violet color in a 50 mM buffer, potas-
sium phosphate, pH 7.4. In place of the cellular electron donor, 
NADPH, dithionite was selected as a reducing agent because it 
can reduce the flavins without binding to the protein (Murray 
et al. 2021). The purified enzyme used an electron donor, the 
reduced benzyl viologen, to reduce selenate in an anaerobic 
cuvette. UV–Vis spectrophotometer (Agilent 8453 UV–Vis, 
USA) was used to measure the oxidized and dithionite-reduced 
spectrum of the enzyme in anaerobic cuvettes (Lafontaine and 
Lancaster 2015). The enzyme activity for selenate reduction 
was determined using the Beer equation (Eq. 1) after recording 
the absorbance (A550) at 550 nm using the spectrophotometer 
in triplicates ± SD. Values for k

m
 and V

max
 were the average of 

the three replicate values ± SD obtained through the linearized 
Hans Woolf equation (Eq. 2). The enzyme activity assay is 
provided in supplementary data.

ΔA : change in absorbance at specific wavelength; l : path 
length (cm) = 1 cm; V

0
 : activity rate of the enzyme in mol/L-

min; � : molar extinction coefficient/absorbance of benzyl 

(1)V
0
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Δ A

�l

(2)
[S]
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0

=
[S]

V
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+
k
m
[S]

V
max

[S]

viologen at 550 nm = 8.665 L/mmol-min (Vazquez et al. 
2008). It quantifies the extent to which a chemical species or 
substance absorbs light at a specific wavelength. [S] : concen-
tration of selenate (µM); k

m
 : enzyme affinity to its substrate 

(µM); V
max

 : maximum velocity (rate of reaction) where the 
enzyme gets saturated with the substrate (µmol/min-mg).

Results and discussions

Phylogenetic analysis of strain Azospira A9D‑23B

The evolutionary analysis revealed that strain A9D-23B is 
associated with the Azospira genus within the Rhodocy-
claceae family of the Betaproteobacteria class, as depicted 
in Fig. 1. Notably, this strain is the second known bacterium 
within the Azospira genus capable of reducing selenate to 
SeNPs. Among the well-studied selenate-reducing bacteria, 
we find representatives from the following genera: Thauera 
(Macy et al. 1993a), Stenotrophomonas (Lampis et al. 2017), 
Enterobacter (Ma et al. 2007), Bacillus (Kashiwa et al. 2000), 
Sulfurosprillium (Oremland et al. 1999), and Pseudomonas 
(Macy et al. 1989). Interestingly, the closest known relative 
to strain A9D-23B is Azospira oryzae strain N1, originally 
isolated from a selenate-reducing bioreactor (Hunter 2007). 
These strains share 99.3% 16S rRNA sequence similarity.

Removal of selenate and elemental Se0 production

The selenate reduction ability of the isolated pure culture, 
Azospira sp. A9D-23B, differed significantly depending on 

Fig. 2   Azospira sp. A9D-23B 
pure cultures with acetate and 
multiple electron acceptors 
(NO3

−, and SeO4
2−) in aerobic 

condition (A) and anaerobic 
condition (B). (Note: the reduc-
tion of selenate to elemental 
Se.0 gives vial (B) red color)
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the environmental conditions, despite the consistent dosage of 
acetate (30 mM) and electron acceptors (NO3

−, and SeO4
2−) 

at 10 mM (Fig. 2). Strain A9D-23B showed > 99% similar-
ity with A. oryzae sp., a rod-shaped, gram-negative bacteria 
known for its ability to reduce SeO4

2− and SeO3
2− to elemen-

tal Se0. Vial A remained open, and Vial B was sealed with a 
N2-CO2 (4:1) mixture in the headspace. Despite the cloudy 
appearance indicating bacterial growth in Vial A, no red Se0 
nanoparticles were observed. Conversely, in Vial B, the cul-
ture utilized electrons from acetate to reduce selenate, produc-
ing red Se0 nanoparticles (Fig. 2). The use of an anaerobic 
condition in Vial B suppressed the electron flow to oxygen 
reduction and resulted in the enhancement of selenate reduc-
tion to elemental Se0. This demonstrated the strain’s selenate 
reduction ability under anaerobic conditions. The cultures 
were subsequently transferred to the BEC and conventional 
bioreactors to be tested under the continuous-flow condition.

In both reactors, selenate reduction began on the subse-
quent day of operation and reached below 20 µg Se/L (detec-
tion limit) at the steady state (Fig. 3). Initially, selenite, the 
intermediate species of selenium, accumulated in the first 
20 days but diminished (~ 50 µg Se/L) at the steady state. In 
both reactors, over 98% of the SeO4

2− was converted to partic-
ulate Se0, with total dissolved selenium (SeO4

2−, SeO3
2−, and 

Se2−) in the effluent of both reactors below 70 µg Se/L, which 
is the industrial wastewater standard set by USEPA (2019). 
The initial days of the experiment witnessed a swifter reduc-
tion of selenate to elemental Se0 in the conventional bioreactor 
compared to BEC. This discrepancy arose due to the fact that 
in BEC, the reduction of selenate depended on the transfer of 
electrons from the anodic chamber to the cathodic chamber 
through the external circuit and subsequently to the bacteria 
on the biocathode. This intricate process took a considerable 
amount of time to stabilize, as elucidated in a previous study 

Fig. 3   Selenate reduction in the 
cathodic chamber of BEC (A) 
and conventional bioreactor (B)
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(Zhang et al. 2022). Despite high acetate consumption (94%) 
in the conventional bioreactor, negligible sulfate reduction 
activity (~ 1%) was observed, indicating the culture’s pri-
mary focus on SeO4

2− reduction (Fig. S3). The amount of 
S2− detected was also negligible (below the detection limit of 
the spectrophotometer, < 20 µg/L). Only 0.017 mg C/L of CH4 
was produced in the cathode chamber of BEC and conven-
tional bioreactor. This value is insignificant when considering 
any methanogenesis reduction. The conventional bioreactor 
served as a control to validate that the biocathode of the BEC 
reactor, with the same pure culture, produced significantly 
more extracellular elemental Se0 than the conventional bio-
reactor, which is elaborated in the next section.

The substantial flow of electrons from the anode elec-
trode across an external resistor to the biocathode was 

proportional to the selenate reduction rate. Biofilm and other 
precipitates attached to the membrane surface (CEM) could 
lead to fouling, decrease membrane permeability, and cause 
higher internal resistance, impacting the overall performance 
of the reactor. Periodic membrane cleaning or replacement 
can reduce the internal resistance of the reactor and maintain 
the reactor efficiency (Choi et al. 2011).

Characterization of solids in the BEC reactor

Literature reports the microbial reduction of selenate 
results in the formation of spherical Se0 nanoparticles 
(Stolz and Oremland 1999; Kashiwa et al. 2000; Switzer 
Blum et al. 2001; Oremland et al. 2004; Yee et al. 2007; 
Prakash et al. 2009; Kuroda et al. 2011; Lai et al. 2016; 

Inoculum 

BEC

(Left: cathodic effluent, 

Right: biocathode) 

Conventional bioreactor 
control 

Left: reactor effluent, 

Right: in the reactor)

Fig. 4   Representative thin-section TEM images of a mixture of Se0 particles and Azospira sp. A9D-23B in the inoculum, BEC, and the conven-
tional bioreactor control
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Zhang et al. 2018b, 2022; Tan et al. 2018b; Nguyen et al. 
2019). TEM images corroborated this, showing the accu-
mulation of dense, spherical nanoparticles in both reac-
tors of this study (Fig. 4). Scanning TEM–EDX mapping 
spectra confirmed the spherical nanoparticles as elemental 
Se0 (Fig. 5), with sizes ranging from 50 to 450 nm. The 

L-series signal for Se0 was greater than other elements like 
sulfur (S), phosphorus (P), copper (Cu), and osmium (Os) 
in the EDX spectra (Fig. 5), indicating high Se0 retention 
within the biofilm matrix. A stark contrast was observed 
between the BEC and conventional bioreactor regarding 
Se0 nanoparticle accumulation. On the biocathode of the 

Fig. 5   Representative STEM 
image accompanied by EDX 
mapping spectra for Se0 
particulates: A biocathode of 
BEC reactor at steady state; B 
conventional bioreactor control 
at steady state. Notes: Se0 was 
the predominant element of the 
nanoparticles; Cu represented 
the copper grid for holding the 
samples, and osmium (Os) was 
used for better image contrast
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BEC reactor, less than 1% of the cells contained intracel-
lular Se0 nanoparticles, whereas, in the conventional bio-
reactor, it was ~ 35% (calculated from 50 images).

A comparative analysis of the percentage of extracel-
lular Se0 nanoparticles produced between Azospira sp. in 
BEC and conventional bioreactors versus other bacteria 
cell cultures in previous studies was performed (Table 1). 
The production of extracellular Se0 nanoparticles by Azos-
pira sp. on the biocathode surpassed the figures reported 
in earlier studies involving other bacterial cultures. While 
Azospira sp. effectively reduces selenate to elemental Se0, 
the localization of Se0 nanoparticles serves as indirect evi-
dence of selenate reductase activity within the cells across 
different reactors. Direct evidence from selenate reduction 
assays further supports the identification of active reduc-
tase sites within the cells. This led to the hypothesis that 
the mechanism of selenate reduction to elemental Se0 on 
the biocathode of BEC reactor and in the conventional bio-
reactor is dependent on the cellular energy cost, selenate 
transfer pathway, and location of the active selenate reduc-
tase. This implied a significant role of proteins associated 

with the outer membrane and periplasm in the extracellu-
lar selenate reduction process, which is further discussed 
below.

Cellular location of selenate reductase in Azospira 
sp. A9D‑23B

Two cell fractions (outer and periplasmic fraction ver-
sus inner and cytoplasmic fraction) were separated using 
the procedure outlined by Osborn and Munson (1974). 
Selenate reductase activity in these fractions was assayed 
using an artificial electron donor, benzyl viologen. The 
reaction started with varying concentrations of selenate 
(7–1000 µM), with activity observed by measuring absorb-
ance change at 550 nm within the first 60 s. The purified 
selenate reductase displayed a peak visible absorbance spec-
trum at 550 nm when dithionite was used under anaerobic 
conditions (Fig. S4). However, the air-oxidized spectrum 
(control) of the selenate reductase did not show any peak at 
the same wavelength. Despite the variance in enzyme activ-
ity for selenate reduction, selenate reductases from cells of 

Table 1   Features of some bacteria cell cultures in the presence of selenate/selenite

The percentage of cells having extracellular nanoparticles in most of the previous studies is calculated based on their limited number of TEM 
images
% of extracellular Se0 nanoparticles = (1 − (number of cells containing spherical Se0 particles/total number of cells)) × 100

Bacteria Reactor used % of extracellular 
Se0 nanoparticles

Size of Se0 
nanoparti-
cles

References

Azospira sp. A9D-23B BEC (periplasmic reductase)  ~ 99% 50–200 nm This study (based on 50 images)
Azospira sp. A9D-23B Conventional (cytoplasmic reduc-

tase)
 ~ 65% 50–200 nm This study (based on 50 images)

Aspergillus niger Upflow bioreactor  ~ 1% 20–100 nm Sinharoy and Lens (2022)
Aspergillus niger KP Airlift bioreactor  < 1% 65–100 nm Negi et al. (2020)
Cronobacter sp. THL1 Bioelectrochemical reactor  ~ 49% - Nguyen et al. (2016)
Sulfurospirillum barnesii SES-3 Upflow anaerobic sludge blanket  ~ 81% 200–400 nm Lenz et al. (2009)
Sulfurospirillum barnesii Batch experiment  ~ 81% 200–400 nm Oremland et al. (2004)
Selenihalanaerobacter shriftii Batch experiment  ~ 86% 200–400 nm Oremland et al. (2004)
Bacillus selenitireducens Batch experiment  ~ 90% 200–400 nm Oremland et al. (2004)
Comamonas testosteroni S44 Batch experiment  ~ 30% 100–300 nm Xu et al. (2018)
Azoarcus sp. CIB Batch experiment  ~ 95% 88–160 nm Fernández-Llamosas et al. (2016)
Stenotrophomonas maltophilia 

SelTE02
Batch experiment  ~ 96% 160–250 nm Lampis et al. (2017)

Thauera selenatis Batch experiment  ~ 1% 150–200 nm Butler et al. (2012); Debieux et al. 
(2011)

Rhodopseudomonas palustris N Batch experiment  ~ 81% 80–200 nm Li et al. (2014a)
Vibrio natriegens Batch experiment  ~ 94% 100–400 nm Fernández-Llamosas et al. (2017)
Rhodospirillum rubrum Batch experiment  ~ 27% - Kessi et al. (1999)
Alcaligenes faecalis Se03 Batch experiment  ~ 96% 250–290 nm Wang et al. (2018)
Shewanella oneidensis MR-1 Batch experiment  ~ 10%  < 100 nm Li et al. (2014b)
Enterobacter cloacae SLD1a-1 Batch experiment  ~ 99%  < 100 nm Losi and Frankenberger (1997)
Streptomyces sp. ES2-5 Batch experiment  ~ 1% 50–500 nm Tan et al. (2016)
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the BEC reactor and conventional bioreactor were present 
in both cell fractions: the outer and periplasmic fraction and 
the inner and cytoplasmic fraction.

The enzymes from the outer and periplasmic fraction of 
the biocathode cells in the BEC reactor exhibited the high-
est specific activity (18.31 ± 3.8 µmol/min-mg) shown in 
Table 2, which was six times the activity observed in the 
outer and periplasmic fraction from the conventional biore-
actor. In contrast, a higher activity of the selenate reductase 
(9.18 ± 1.6 µmol/min-mg) was observed in the inner and 
cytoplasmic fraction of the conventional bioreactor cells 
compared to those in the BEC biocathodes (5.82 ± 2.2 µmol/
min-mg). In both cases, the differences between the activity 
of selenate reductase are statistically significant (p ≤ 0.0002; 
see the Supporting Information for details of the statistical 
analysis).

The location of the selenate reductase, YnfE in Citrobac-
ter freundii (Theisen and Yee 2014) and Escherichia coli 
K12 and Salmonella enterica serovar Typhimurium LT2 
(Guymer et al. 2009), SerABC in Thaeura Selenatis (Krafft 
et al. 2000), and SrdA in B. selenatarsenatis SF-1 (Kuroda 
et al. 2011) governed the location of selenate reduction. Sim-
ilarly, we can conclude that the location of the more active 
selenate reductase (with high specific activity) in strain 
A9D-23B determined the location of the produced elemen-
tal Se0 nanoparticles. For instance, the enzymes in the outer 
and periplasmic fraction of the biocathode cells exhibited 
higher specific activity than the inner and cytoplasmic frac-
tion (Table 2), corresponding well to much more extracel-
lular Se0 production (99%) on the biocathode. The reason 
of higher specific activity for the outer and periplasmic 
enzymes in the BEC cells can be explained by the lower cost 
of cellular energy for electron and selenate transport to the 
outer and periplasmic enzymes (Fig. 6). In other words, the 
extracellular pathway for Se0 nanoparticle production had 
a shorter distance regarding electron transfer and selenate 
transport compared to the intracellular pathway. Conversely, 
the higher cellular energy cost for electron transport from 
the cytoplasm to the outer-membrane reductase deterred 
substantial extracellular Se0 nanoparticle production in the 
conventional bioreactor (Fig. 6).

This extracellular selenate reduction mechanism on the 
biocathode protected the bacteria from the toxic intermedi-
ate, selenite, as well. In the conventional reactor, despite the 
higher inner cytoplasmic reductase activity and lower energy 
cost for electron transport from acetate to inner and cytoplas-
mic reductases, the bacteria reduced selenate partially out-
side the cells to avoid selenite toxicity. This led to the reduc-
tion of selenate to elemental Se0, both intracellularly and 
extracellularly, in the conventional bioreactor. Nevertheless, 
the inner membrane-bound selenate reductase in Azospira 
sp. A9D-23B from the conventional bioreactor might play 
a physiological role in the assimilation of selenium beyond Ta
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its roles in detoxification or respiration, similar to the E. coli 
cytoplasmic selenate reductase (Bébien et al. 2002).

Kinetics of selenate reduction

The maximum reaction rate corresponds to the enzyme 
completely saturated with the substrate. Using the lin-
earized form of the Hans-Woolf equation, we applied 
linear regression to estimate the K

m
 and V

max
 parame-

ters. In this linear representation, the slope corresponds 
to 1∕V

max
 , and the intercept corresponds to K

m
∕V

max
 . 

Extracting these parameters through the linear regression 
process facilitated the determination of K

m
 and V

max
 . The 

resulting curves exhibited a high R2 value (> 0.99), indi-
cating a robust fit (Fig. S5). The lower the K

m
 value, the 

stronger the affinity of the enzyme to selenate. Interest-
ingly, the K

m
 value was similar for the two cellular frac-

tions of Azosipra A9D-23B in the two types of reactors 
(Table 1), suggesting that the different selenate reduction 
performance of Azosipra A9D-23B in the two types of 
reactors was not due to selenate affinity but due to the 
different specific enzyme activity discussed in the “Cel-
lular location of selenate reductase in Azospira sp. A9D-
23B” section. K

m
 of the active enzymes of Azospira sp. 

from the biocathode and conventional bioreactor were 
further compared with other selenate-reducing pure spe-
cies from the literature (Table S1). Most of the species 
listed in Table S1 have larger K

m
 values compared to 

Azospira sp. in our study, which indicates that they have 
a lower affinity for selenate. The high specific activ-
ity for selenate reduction and a lower K

m
 value of the 

selenate reductase located in the outer and periplasmic 
fractions of strain A9D-23B indicated that the bacterium 
is more effective for the extracellular recovery of ele-
mental Se0 when used in the BEC reactor.

Conclusions

The biosynthesis of elemental Se0 nanoparticles is an envi-
ronmentally friendly process. This study demonstrates that 
the highly efficient selenate-reducing bacteria, Azospira 
sp. A9D-23B, uses different mechanisms to produce ele-
mental Se0 in two distinct reactor configurations—a BEC 
reactor and a conventional bioreactor. Four major findings 
are presented in this study: (1) the ability of the bacte-
ria in the reactors to remove the total dissolved selenium 
species (SeO4

2−, SeO3
2−, and Se2−) to levels below the 

USEPA standard, (2) the demonstration that the pure cul-
ture producing intracellular Se0 nanoparticles comprised 
less than 1% on the biocathode, but 35% in conventional 
bioreactor, (3) the location of the more active selenate 
reductases in the cells dictating the location of elemental 
Se0 production, and (4) the correlation of higher specific 
enzyme activity with lower cellular energy costs.

This study helps to understand the molecular processes 
underlying selenium recovery from Se-laden wastewater, 
offering a potential eco-friendly solution to selenium con-
tamination. The results also provided novel and important 
insights into the kinetics and mechanisms of microbial 
selenium oxyanion reduction: the facultative anaerobic 
bacterium Azospira sp. A9D-23B can be used in BEC 
reactors to remove the contaminant below USEPA stand-
ards while also ensuring the exclusive recovery of elemen-
tal Se0. This work provides additional understanding of the 
regulation, selenate reduction mechanisms, and substrate 
preferences. The promising results of this sustainable and 
eco-friendly microbial approach indicated strong com-
mercial viability for upscaling BEC reactors with Azos-
pira sp. A9D-23B using real Se-laden wastewater. Given 
the increasing regulatory pressures to manage selenium 
contamination, this technology offers a viable solution 

Fig. 6   Comparative schematic flow diagram representing the mechanisms of selenate reduction to elemental Se0 by enzymes of Azospira sp. 
A9D-23B A biocathode of BEC reactor; B conventional bioreactor
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for industries to meet stringent environmental standards 
and ensure regulatory compliance. The potential for com-
mercialization lies in its ability to provide an effective, 
cost-efficient, and environmentally sustainable method for 
selenium removal from wastewater.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11356-​024-​35140-6.
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