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Biological removal of selenate in saline wastewater by
activated sludge under alternating anoxic/oxic conditions
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1 Introduction

Selenium (Se) is an essential minor element with pivotal
functions in human beings and animals. It plays a
significant role in cellular metabolism at relatively low

levels. However, when ingested at levels up to 400 mg/d, it
has been identified to be highly toxic (Lenz and Lens,
2009). Se-containing wastewaters are generated from
agriculture (Kharaka et al., 1996) and various industrial
activities including mining (Muscatello and Janz, 2009),
metal and oil refineries (Soda et al., 2011), and coal
combustion (Yan et al., 2001). In these wastewaters, Se
existed as selenate (SeO4

2‒) and/or selenite oxyanions
(SeO3

2‒) at typical concentrations of 0.4 to 53 mg-Se/L
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H I G H L I G H T S

•Removal of selenate in saline wastewater by
activated sludge was examined.

• Sequencing batch reactor was operated under
alternating anoxic/oxic conditions.

•Above 97% removal of soluble selenium (Se)
was achieved continuously.

•Major Se removal mechanism varied depending
on the length of aeration period.

•Various Se-reducing bacteria likely contributed to
coordinately to Se removal.
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G R A P H I C A B S T R A C T

A B S T R A C T

Selenium (Se)-containing industrial wastewater is often coupled with notable salinity. However,
limited studies have examined biological treatment of Se-containing wastewater under high salinity
conditions. In this study, a sequencing batch reactor (SBR) inoculated with activated sludge was
applied to treat selenate in synthetic saline wastewater (3% w/v NaCl) supplemented with lactate as the
carbon source. Start-up of the SBR was performed with addition of 1–5 mM of selenate under oxygen-
limiting conditions, which succeeded in removing more than 99% of the soluble Se. Then, the
treatment of 1 mM Se with cycle duration of 3 days was carried out under alternating anoxic/oxic
conditions by adding aeration period after oxygen-limiting period. Although the SBR maintained
soluble Se removal of above 97%, considerable amount of solid Se remained in the effluent as
suspended solids and total Se removal fluctuated between about 40 and 80%. Surprisingly, the mass
balance calculation found a considerable decrease of Se accumulated in the SBR when the aeration
period was prolonged to 7 h, indicating very efficient Se biovolatilization. Furthermore, microbial
community analysis suggested that various Se-reducing bacteria coordinately contributed to the
removal of Se in the SBR and main contributors varied depending on the operational conditions. This
study will offer implications for practical biological treatment of selenium in saline wastewater.
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(Mal et al., 2017), which were proved to be highly toxic to
many organisms.
Se-containing wastewaters should be well treated before

discharging into the environment to avoid its accumulation
in aqueous ecosystem. Biological treatment of Se-contain-
ing wastewater was an attractive alternative due to its low
cost and eco-friendly characteristics compared with
existing physico-chemical treatment technologies (Santos
et al., 2015). In the biological treatment, selenate was
reduced to selenite, and further to less-toxic elemental Se,
which is removable from the aqueous solution (Nanchar-
aiah and Lens, 2015). Selenite can be also reduced to
volatile methylated Se compounds such as dimethyl
selenide (DMSe), dimethyl diselenide (DMDSe) and
dimethyl selenenyl sulfide (DMSeS), which can be
volatilized into a gaseous phase (Zhang and Frankenberger
Jr., 1999; Kagami et al., 2013). To our knowledge, selenate
reduction proceeds mainly through dissimilatory metabo-
lism under anoxic conditions, in which selenate is used as
the terminal electron acceptor for anaerobic respiration
(Macy and Lawson, 1993; Fujita et al., 1997). Further-
more, assimilatory metabolism by both aerobes and
anaerobes contributes to selenate reduction (Van Hulle-
busch, 2017). Selenite can be reduced to elemental Se by
anaerobic respiration. On the other hand, Pseudomonas
stutzeri NT-I, a versatile Se-metabolizing bacterium has
been reported to efficiently reduce selenite into elemental
Se only under aerobic conditions (Kuroda et al., 2011). In
addition, Se biovolatilization from not only soluble Se
(selenate and selenite) but also elemental Se to volatile Se
compounds occurs under aerobic conditions (Doran and
Alexander, 1977; Kagami et al., 2013). Thus, various kinds
of Se metabolisms which occur both under anaerobic and
aerobic conditions can be utilized for the removal of Se
from wastewater. Therefore, alternating anoxic/oxic con-
ditions may possess a considerable potential for biological
treatment of selenate-containing wastewater via selenite.
Se-containing industrial wastewater is often coupled

with notable salinity. Wastewater samples collected from a
Se refinery plant contained 13.2–74.0 mg/L Se and 6%–
7% salinity (Soda et al., 2011). Kiln powder leachate
contained up to 42 mg/L Se and 4.4%–13.2% salinity
(Soda et al., 2015). Biological removal of selenite (Soda et
al., 2011; Jain et al., 2015) and selenate (Mal et al., 2017)
in freshwater has been well-documented. However, limited
studies have examined the biological treatment of Se-
containing wastewater under high salinity conditions. A
model sequencing batch reactor (SBR) inoculated with
activated sludge to treat artificial selenite-containing saline
wastewater under aerobic conditions in our previous study
yielded high-efficiency Se removal (Zhang et al., 2019a).
In another study, we also tried the bioreduction of selenate
in artificial saline wastewater under oxygen-limiting
conditions (Zhang et al., 2019b). However, the trials on
biological selenate removal for saline wastewater are still
very limited; specifically, there is no study on the

effectiveness of combination of anoxic and oxic condi-
tions.
Therefore, this study focuses on the treatment of

selenate-containing saline wastewater (3% w/v NaCl)
through alternating anoxic/oxic conditions. A model
SBR inoculated with activated sludge was started up by
feeding with synthetic saline wastewater containing high
concentrations of selenate (1–5 mM) under oxygen-
limiting conditions. After the start-up period, Se treatment
experiments were performed under alternating anoxic/oxic
conditions with varying aeration durations.

2 Materials and methods

2.1 Activated sludge

Activated sludge used as the inoculum of the SBR was
obtained from a coke-oven wastewater treatment process
in a steel manufacturing plant. The plant employs the
activated sludge process to treat marine water-diluted
coke-oven wastewater which contains sulfur compounds
such as sulfate, thiosulfate, and thiocyanate. Because it was
reported that bacterial Se metabolism is associated with
sulfur metabolism (Zannoni et al., 2008), we assumed that
halotolerant bacterial populations capable of Se metabo-
lisms exist in the activated sludge. Before inoculation into
the SBR, the activated sludge was washed three times with
50 mM potassium phosphate buffer (pH 7.5) and re-
suspended into the buffer.

2.2 Synthetic wastewater

Synthetic wastewater used contained 30 g/L NaCl, 1 or 5
mM Na2SeO4, 28 mM NH4Cl, 1.7 mM K2HPO4, 0.7 mM
KH2PO4, 0.2 mM MgSO4$7H2O, 0.2 mM CaCl2$2H2O,
0.1 mL/L trace element stock solution, and 44 mM sodium
lactate as the sole carbon source. Trace element stock was
prepared as previously reported (Nancharaiah et al., 2008).
The pH of synthetic wastewater was adjusted to 7.0–7.1 by
addition of 2 M NaOH. Supplementation of lactate at a
high concentration aimed to facilitate stable selenate
reduction based on our previous findings (Zhang et al.,
2019a). Salinity was set at 3% in this study because
preliminary trials to remove selenate by activated sludge
acclimated to 6%‒7% salinity, which are within the salinity
range in typical Se-containing industrial wastewater, were
failed.

2.3 Operation of SBR

The set-up and operation of the SBR was done using the
following protocol. The pretreated activated sludge was
inoculated into 160 mL of the synthetic wastewater in a
200-mL Erlenmeyer flask to construct a SBR system.
Initial concentration of the mixed liquor suspended solids
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(MLSS) was set at approximately 3000 mg/L. An SBR
cycle consisted of (1) oxygen-limiting or alternating
oxygen-limiting/aeration (i.e., anoxic/oxic) reaction, (2)
withdrawal of 1–12 mL excess sludge (ES), (3) sludge
settling for 0.5–1.5 h, (4) effluent decantation to give an
80% volumetric exchange ratio, and (5) wastewater refill.
During the reaction period, the SBR was incubated on a
rotary shaker (120 rpm, 28°C). The oxygen-limiting
(anoxic) condition was established by sealing the flask
with a rubber plug though the head-space air was not
removed, while oxic condition was created by aeration at
15–18 L/min through an air stone. The SBR was operated
under oxygen-limiting conditions throughout the start-up
period (hydraulic retention time: 3.75–8.75 d), and under
alternating oxygen-limiting/aeration conditions for further
treatment experiments (hydraulic retention time: 3.75 d).
Operational phases of SBR are summarized in Table 1. To
clarify the effect of aeration duration on Se removal ability
of activated sludge, aeration period was extended from 3 h
(in phase IV) to 5 and 7 h (in phases V and VI,
respectively) in a stepwise manner. Withdrawal of 1–12
mL ES was for Se measurement (1 mL), bacterial
community analysis (1 mL), ES discharge (5 mL from
batch 16), and MLSS measurement (10 mL).

2.4 Analytical procedures

Concentrations of the total soluble Se and dissolved
organic carbon (DOC) both in the influent and effluent and
solid Se concentration in the effluent and excess sludge
were determined as described in a previous report (Zhang
et al., 2019a). For analyses of soluble Se and DOC,
samples were centrifuged (15,000 � g, 10 min, 4°C), after
which the supernatants were filtered through a polycarbo-
nate membrane filter with the pore-size of 0.45 mm (Toyo
Roshi Kaisha Ltd., Tokyo, Japan). MLSS concentrations
were measured as described previously (Takada et al.,
2018).

2.5 Bacterial community analysis

Genomic DNA in the ES samples was extracted by Fast
DNA Spin Kit for Soil (MP Biomedicals, Illkirch, France)
according to manufacturer’s protocol. Illumina Miseq 16S
rRNA gene sequencing was carried out at Bioengineering
Laboratory Co. Ltd. (Kanagawa, Japan). A 2-step tailed
PCR was performed targeting the V4 region of the
bacterial 16S rRNA genes with the 515F and 806R primer
set (Peiffer et al., 2013). After processing raw sequence
data, the qualified sequence reads obtained were clustered
into operational taxonomic units (OTUs) with a 97%
similarity threshold, and taxonomic assignments were
conducted using the Greengenes database (greengenes.
secondgenome.com) on QIIME ver. 1.9.1 (Caporaso et al.,
2010). Representative OTUs were further analyzed
through NCBI BLAST search (blast.ncbi.nlm.nih.gov/
blast.cgi). Shannon diversity index and Chao1 richness
estimator were calculated as described in (Takada et al.,
2018). The similarity patterns of the samples were
evaluated through principal component analysis (PCA)
and cluster analysis by PAST ver. 3 (folk.uio.no/ohammer/
past/).

3 Results and discussion

3.1 Start-up of SBR

The SBR was started under oxygen-limiting conditions to
specifically enrich selenate-reducing bacteria capable of
growing by selenate respiration, because selenate reduc-
tion is the bottle neck in biological Se removal. The
removal performance of Se and DOC is shown in Fig. 1.
Initially, a high concentration of selenate (5 mM) was

supplied to accelerate the enrichment of selenate-reducers
(Table 1). The cycle duration was controlled at 7 d in the
beginning. In the first two batches of phase I, though
soluble Se removal was not eminent (around 20%)
(Figs. 1(a) and 1(b)), reddish color was first observed in
batch 2, which became dense in batch 3 (Fig. 2),
suggesting the formation of elemental Se in the SBR. In
batch 3 of the phase I, considerable amounts of soluble Se
removal (nearly 60%) was confirmed (Figs. 1(a) and 1(b)),
indicating enrichment of selenate- and selenite-reducing
bacteria at certain levels. The influent selenate concentra-
tion was decreased to 1 mM from batch 4 (phase II) for
simulating Se concentration of real industrial wastewater.
Almost complete removal of soluble Se was achieved in
phase II. Though the cycle duration was shortened to 3 d
from batch 7 (phase III), more than 99% of soluble Se
removal was maintained. Thus, bacterial populations
responsible for soluble Se removal under high salinity
could be successfully enriched during start-up operation of
SBR within a short period. This indicated that the seed

Table 1 Operational phases of SBR

Phase (batch)
Cycle

duration (d)
Oxygen
condition

Inf. Selenate
(mM)

Start-up

I (1–3) 7 Oxygen-limiting 5

II (4–6) 7 Oxygen-limiting 1

III (7–9) 3 Oxygen-limiting 1

Se treatment

IV (10–15) 3
Alternating anoxic/oxic

(67.5 h/3 h)
1

V (16–21) 3
Alternating anoxic/oxic

(65.5 h/5 h)
1

VI (22–27) 3
Alternating anoxic/oxic

(63.5 h/7 h)
1
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Fig. 1 Se removal efficiencies (a), Se concentrations (b), dissolved organic carbon (DOC) removal efficiencies (c), DOC concentrations
(d), solid Se (e) and aeration duration (f) during start-up phase (left) and Se treatment phase (right).
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sludge, which had already adapted to high salinity,
included halotolerant Se-removing bacteria and they can
be easily enriched under oxygen-limiting conditions using
lactate as a typically good substrate for anaerobic
respiration, including selenate respiration.
Though the SBR was able to completely remove most of

the soluble Se, considerable amount of solid Se was
contained in the effluent as suspended solids (SS), which
was designated SS-Se. Consequently, the total Se removal
of SBR was lowered with an average of 73% and 88% in
phases II and III, respectively (Fig. 1(a)). Also, DOC
removal of SBR was as low as 2% to 9% during phases II
and III (Fig. 1(c)). Therefore, removal of SS-Se and DOC
as well as soluble Se removal were further evaluated in the
following Se treatment experiments.

3.2 Se treatment under alternating anoxic/oxic conditions

After the start-up under oxygen-limiting conditions,
aeration period was added from batch 10 (phase IV) to
create alternating anoxic/oxic conditions for Se treatment
(Table 1, Fig. 1(f)).
While aeration period was prolonged from 3 h to 7 h

stepwise from phase IV to phase VI, the removal efficiency
of soluble Se was maintained at above 97% (Fig. 1(a)).
Therefore, it is possible to steadily remove soluble Se from
selenate-containing saline wastewater by alternating
anoxic/oxic treatment. However, considerable concentra-
tions of SS-Se were still found in the effluent during the
treatment, and removal of total Se varied between 39% and
81% (Fig. 1(a)). The removal of total Se was a little lower
at the beginning of phase IV than that observed during the
other periods which may be due to the instability of
activated sludge microbial community during transition to
new conditions (alternating anoxic/oxic conditions), and
was not recovered to high levels throughout the treatment.
Therefore, it is necessary to remove SS-Se from the
effluent with certain post-treatments such as high-speed
centrifugation, filtration, chemical coagulation (Staicu et
al., 2015b), and electrocoagulation (Staicu et al., 2015a),
which have been proven effective for removal of biogenic

elemental Se particles. Previous study reported the
entrapment of elemental Se in activated sludge flocs
under high dissolved oxygen (DO) conditions (Jain et al.,
2015). The settleability and hydrophilicity of the activated
sludge could be improved by the entrapment of elemental
Se, leading to low SS-Se contents in the effluent.
Therefore, some researchers suggested that activated
sludge owns the better entrapment ability of elemental Se
compared to anaerobic sludge (Mal et al., 2017). However,
in this study, aeration leading to high DO levels caused the
increase of solid Se in the effluent compared to the start-up
period with no aeration. This was probably because soluble
Se was reduced to produce elemental Se extracellularly
during oxygen-limiting conditions, and the shearing force
generated by aeration made the elemental Se particles to
remain suspended in the effluent.
Though DOC removal was less than 10% during the

start-up phases, average DOC removal improved to 28%,
30% and 48% in phases IV, V and VI, respectively, in
accordance with the extension of the aeration period (Figs.
1(c) and 1(d)). This would be resulted from higher
biodegradation ability of organics under oxic conditions
than under anoxic conditions, as generally known.
However, the DOC concentration in the effluent was still
too high to be discharged. One reason of the low DOC
removal could be the inhibitory effects of high salinity on
activated sludge. Unfortunately, lactate concentrations
remained after treatment were not determined in this
study. However, it was reported that chemical oxygen
demand removal of an activated sludge process decreased
sharply when NaCl concentration increased from 4 to 28 g/
L (Li et al., 2014). In addition, salinity could promote the
release of cellular materials of activate sludge microbes,
resulting in an increase of soluble organics in the effluent
(Kincannon and Gaudy Jr., 1966). In either case, reduction
of substrate supplementation to wastewater and/or post-
treatment for DOC removal is required for the practical
application, even though sufficient organic substrates were
essential to facilitate stable Se removal (Zhang et al.,
2019a). Especially, the optimization of substrate donation
level is a vital issue to be addressed for reducing
operational cost.

3.3 Se mass balance

To understand Se removal pathway by the SBR, the mass
balance of Se during phases IV, V, and VI was evaluated
based on the soluble and the solid Se in the reactor,
influent, and effluent and the ES discharged from SBR. In
Table 2, the amounts of Se remaining in the SBR at the
beginning and the end of each phase are shown to evaluate
the Se accumulation/loss in the reactor during the
corresponding experimental period. The cumulative Se
mass balance in each phase is summarized in Table 2 with
input from the influent and discharge as effluent and ES as

Fig. 2 Sludge color change during the start-up period.
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output. Most of the Se existed as solid phase in the reactor,
effluent and ES; while Se in the influent was selenate as
soluble form. The “total loss” in Table 2 should include the
volatilized Se in addition to measurement errors. The Se
mass balance for phases IV, Vand VI summarized in Table
2 is visually depicted in Fig. S1 in Supplementary
Material.
During phase IV, Se fed into the SBR as selenate (input

= ca. 74 mg) was removed via effluent and the ES from the
reactor mostly as solid Se, which accounted for approxi-
mately 37.6% of the total input Se. In addition,
approximately 31 mg of solid Se, which accounted for
41.7% of the input, was accumulated in the SBR during
phase IV. These indicated that approximately 80% of the
input soluble Se was transformed to solid Se by the
treatment, with only a minute amount of soluble Se left in
the mixed liquid. Thus, contribution of biovolatilization to
Se removal seems to be low in phase IV (nearly 20%).
During phase V, while approximately 69 mg of Se was fed,
nearly 18 mg and 25 mg was removed from the SBR as
solid Se being contained in the effluent and ES,
respectively. Taking into account that 5 mg of Se (7.1%)
was accumulated in the reactor, it can be explained that
nearly 70% of the input was converted into solid Se and
remaining portion (nearly 30%) was volatilized into
gaseous forms in phase V. Thus, it appears that prolonged
aeration from 3 h (phase IV) to 5 h (phase V) did not
dramatically change the Se metabolisms in the SBR.
On the other hand, when aeration time was extended to 7

h in phase VI, 34% and 25% of Se input as the influent (66
mg) was removed from the SBR as solid Se in effluent and
ES, respectively, and Se accumulated in the SBR decreased
by 53 mg during the operation. Based on the mass balance
calculation, Se loss fraction accounted for 122% of the
total input Se, surprisingly. The considerable increase in
the Se loss fraction during phase VI could be explained by
the efficient generation of volatile Se through bio-
methylation. Volatile Se such as DMSe, DMDSe and
DMSeS could be generated via assimilatory selenate
reduction. A previous study showed that P. stutzeri NT-I
is capable of reducing elemental selenium to volatile

organic selenocompounds (DMSe, DMDSe and DMSeS)
efficiently under aerobic conditions, and demonstrated the
feasibility of bio-methylation as an advantageous Se
resource recovery with few impurities (Kagami et al.,
2013). Although H2Se, a highly toxic Se species, might
also occur through Se reduction, it is the least stable
oxidation state and easily oxidized (Cupp-Sutton and
Ashby, 2016), indicating that its occurrence in the gaseous
phase should be ignorable. In this study, the prolongation
of the aeration period to 7 h seems to have critically
contributed to the efficient biovolatilization of Se. Gen-
erally, the generation of volatile Se requires proteins and
peptides as effective substrates (Zhang and Frankenberger
Jr., 1999). For example, effective Se biovolatilization by P.
stutzeri NT-I was observed when cultivated in trypticase
soy broth (Kagami et al., 2013). Activated sludge fed with
artificial saline wastewater containing bonito extract and
peptone as carbon sources achieved efficient selenite
removal through biovolatilization (Zhang et al., 2019a).
Although proteins and peptides were not supplemented to
the influent in this study, they may be provided through the
excretion from the cells lysed by the long-time cultivation
under high-salinity conditions, as mentioned above, which
might promote biovolatilization of Se.

3.4 Variations of the bacterial community

16S rRNA gene amplicon sequencing of 6 sludge samples,
which consisted of seed sludge sample and 5 sludge
samples from phases I, II, III, Vand VI, obtained 25,936 to
47,648 qualified reads per sample (223,883 qualified reads
in total), which were further classified into 3,043 OTUs
(Table 3). The OTU numbers and diversity indices showed
a declining tendency along with the cultivation, which
indicated the progress of enrichment under the given
cultivation conditions.
Figure 3 shows the bacterial community compositions at

the phylum level. Proteobacteria and Actinobacteria were
the most abundant phyla in the seed sludge, with relative
abundance of 49% and 20%, respectively. Proteobacteria
also dominated during the whole experiment with relative

Table 2 Cumulative Se mass balance in phases IV, V and VI

Se mass Phase IV Phase V Phase VI

Accumulation/Loss in SBR [mg-Se, (soluble, %)] Initial 96.10 (0%) 127.03 (0%) 131.94 (0%)

End 127.03 (0%) 131.94 (0%) 78.60 (0%)

Loss in SBR -30.93 -4.91 53.34

Input to/Output from SBR [mg-Se, (soluble, %)] Input as Inf. 74.08 (100%) 68.90 (100%) 66.05 (100%)

Output as Eff. 24.38 (5%) 19.56 (6%) 22.57 (5%)

Output as ES 3.49 (0%) 25.05 (0%) 16.41 (0%)

Loss 46.21 24.29 27.07

Total loss during in each phase [mg-Se, (total loss Se to input, %)] 15.28 (21%) 19.38 (28%) 80.41 (122%)
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abundance of 37% to 63%, while Actinobacteria declined
largely during the start-up period and almost disappeared
during Se treatment period. Alternatively, Firmicutes
became predominant from the beginning of the SBR
operation, with relative abundance of over 20%.
The results of PCA and cluster analysis based on the

total OTUs are shown in Fig. 4. In PCA analysis, principal
components 1 and 2 contributed 65.0% and 29.7% of the
total variables, respectively. Six sludge samples were
clustered into 3 groups: (1) seed sludge and batch 2, (2)
batches 6 and 8 under oxygen-limiting conditions, and (3)
batches 21 and 27 under alternating anoxic/oxic condi-
tions. These results indicated that the bacterial community
in the SBR was changed dynamically depending on the
operational conditions, and that the oxygen condition
(oxygen-limiting or alternating anoxic/oxic conditions) in
addition to high Se and salinity conditions exerts
significant impact on the bacterial community structures.

3.5 Identification of potential selenate-reducing bacteria

A variety of selenate-reducing bacteria belonging to
different species have previously been reported, such as
Bacillus (Fujita et al., 1997), and Pseudomonas (Narasin-
garao and Häggblom, 2007; Kuroda et al., 2011), all of
which are basically sensitive to the saline conditions.
Limited halotolerant/halophilic selenate-reducing bacteria

have been reported. Although a marine selenate-reducing
strain was isolated from estuarine sediments by Oremland
et al. (1989), the strain was subsequently lost and
unfortunately its selenate reducing ability was not
definitely characterized (Oremland et al., 1994). Recently,
a moderately halotolerant selenate- and tellurite-reducing
Shewanella strain was isolated from brackish areas in
Osaka by our group (Soda et al., 2018). However, its
selenate removal ability was also unstable. Consequently,
there is currently scarce information about halotolerant
bacteria capable of reducing selenate steadily.
An attempt was made to identify the Se reducers among

the OTUs detected in this study. Table 4 summarizes
predominant OTUs with relative abundance of 10% or
larger in at least one sample. The predominant OTUs were
divided into three groups: the first group included OTUs
that predominated in seed and batch 2 and decreased
thereafter (denovo7920, denovo8224, denovo8432 and
denovo9521), the second group that became predominant
after batch 6 (denovo7350 and denovo13093), and the
third group that became predominant during or after batch
21 (denovo1084, denovo2062, denovo7179 and
denovo8018). Variations of the type of predominant
OTUs would contribute largely to the dynamic changes
of the overall bacterial community compositions (Fig. 4).
Several OTUs detected predominantly during the SBR
operation, such as denovo2062, denovo7920 and

Table 3 Summary of 16S rRNA gene amplicon sequencing of sludge samples

Sample (phase) Qualified sequence reads OTUs Shannon diversity Chao1 richness

Seed 41,449 1,456 4.52 3,794

Batch 2 (I) 37,184 1,044 3.85 2,690

Batch 6 (II) 37,445 832 3.36 1,938

Batch 8 (III) 25,936 646 3.50 1,620

Batch 21 (V) 47,648 601 3.22 1,392

Batch 27 (VI) 34,221 347 2.67 850

Fig. 3 Bacterial community structure at phylum level. Rare phyla (relative abundance< 1.0%) were classified as “unassigned; Other.”
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denovo8018, were closely related to the widely documen-
ted Se-reducing bacteria, like Pseudomonas and Bacillus.
In addition, denovo8432 identified as Shewanella algae
was detected at a relative abundance of 10% in batch 2 and
survived both under the oxygen-limiting and alternating
anoxic/oxic conditions. Shewanella is of interest because
of its ability to reduce the oxidized forms of multiple
metals including Se, iron, uranium and plutonium to
insoluble forms (Reed et al., 2007; Soda et al., 2018), and
probably contributed to Se reduction in the SBR of this
study. Two OTUs in the second group (denovo7350 and
denovo13093) increased after batch 6 and were predomi-
nantly thereafter, with relative abundance of 8 to 17% and
8 to 19%, respectively. Denovo7350 belonged to the
family Tissierellaceae. Although the identification at the
genus level was not possible, all of the currently-known
genera in Tissierellaceae are anaerobic bacteria, and some
members in Tissierellaceae were dominantly detected in
microbial enrichment capable of simultaneous selenate
reduction and denitrification (Subedi et al., 2017). The
evidence thus suggests the potential contribution of
denovo7350 to Se reduction under oxygen-limiting
conditions in the SBR. Also, denovo13093 was identified

as Marinobacterium halophilum, which is moderately
halophilic bacteria that can grow with 3%‒12% NaCl
(Chang et al., 2007), and has been detected in sulfate-
reducing upflow anaerobic sludge blanket reactors (García-
Solares et al., 2014; García-Depraect et al., 2017). This
species would also contribute Se reduction under high
salinity conditions of our SBR. Collectively, it can be
indicated that under high salinity and oxygen-limiting or
alternate anoxic/oxic conditions, there would not be only
one or limited strong Se-reducing bacteria but various
bacteria that coordinately contributed to Se reduction and
the main contributors varied depending on the operational
conditions.

4 Conclusions

Efficient biological reduction of selenate from saline
wastewater (3% w/v NaCl) was achieved in SBR
inoculated with activated sludge under alternating
anoxic/oxic conditions. High amounts of soluble Se
removal above 97% were achieved, whereas considerable
amount of Se remained in the effluent as SS. Under

Fig. 4 Scatter plots (a) and dendrogram (b), respectively, of PCA and cluster analysis of bacterial community structures in different batches.
The number near the plot is the sampling batch.
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oxygen-limiting conditions, selenate was converted into
elemental Se, most of which was accumulated in the
sludge. On the other hand, effective biovolatilization of Se
appeared to occur by implementation of aeration for 7 h
after oxygen-limiting conditions. Multiple bacterial spe-
cies appeared to coordinately remove soluble Se in saline
wastewater in the SBR with varying operational condi-
tions.
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