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A B S T R A C T

The micro-aerobic condition has proven to effectively enhance the COD removal and elemental sulfur (S0)
transformation rate in the sulfate reduction-denitrifying sulfide removal (SR-DSR) process. However, the me-
chanisms of how micro-aerobic condition enhances S0 transformation remain largely unknown. Therefore in this
work an integrated investigation was performed to document the mechanisms and the effect of different startup
modes (micro-aerobic startup (termed as mSR-DSR) and anaerobic startup (termed as aSR-DSR)) on bioreactor
performance and microbial community dynamics. The results showed that micro-aerobic startup achieved a
shorter period to reach a stable performance for SR-DSR, which could be one of the factors affecting the choice of
the bioreactor startup mode considering engineering application. For all the tested conditions, removal of ni-
trate, sulfate and lactate were 100%,> 80% and 100%, respectively. The maximum transformation rate of
elemental sulfur in mSR-DSR was 57%, which was higher than that in aSR-DSR. The mechanism explorations
revealed that micro-aerobic condition not only particularly enriched the sulfide-oxidizing, nitrate-reducing
bacteria (soNRB) but also promoted the microbial zonation of sulfate-reducing bacteria (SRB) and soNRB,
thereby achieving more S0 transformation in the effluent. Under micro-aerobic condition, SRB were mainly
distributed in the bottom and middle part of the reactor, while soNRB were assembled in the top. The relative
abundance of soNRB in both aSR-DSR and mSR-DSR notably increased to 41.5% and 23.7% at the top when 5mL
air min−1 Lreactor−1 was applied. Furthermore, the degradation of organic carbon was also accelerated under
micro-aerobic condition, possibly due to the enrichment of organic compounds degrading bacteria
Bacteroidetes_vadin HA17.

1. Introduction

High levels of sulfate and nitrate are always contained in various
industrial wastewaters, which are easy to cause various environmental
problems such as acidification of the water and eutrophication.
Biological treatment, characterized as low cost and environmentally
friendly technology, is better than physical–chemical treatment for
these pollutants (Cadena and Peters, 1988; Ding et al., 2014). Sulfate
can be biologically reduced to sulfide with sulfate reducing bacteria
(SRB) and nitrate can be reduced to nitrogen gas with autotrophic or
heterotrophic nitrate reducing bacteria (NRB) in the anaerobic or an-
oxic condition (Maree and Strydom, 1987). However, the produced
sulfide from sulfate reduction is still harmful to the environment and

induces the secondary pollution. Denitrifying sulfide removal (DSR)
process, based on the co-work of autotrophic and heterotrophic deni-
trifiers, is an efficient technology to simultaneously convert organic
carbon, sulfide and nitrate into carbon dioxide (CO2), elemental sulfur
(S0), and nitrogen gas (N2) (Chen et al., 2008a; Chen et al., 2008b).
Thus, the integrated process of sulfate reduction and denitrifying sul-
fide removal process (SR-DSR) can achieve the simultaneous removal of
COD, sulfate and nitrate (Chen et al., 2014; Lu et al., 2018). Later, the
SR-DSR and aerobic nitrification (AN) integrated process has been
proposed for simultaneous removal of ammonium, sulfate and COD
from pharmaceutical wastewater. The integrated process achieves 98%
COD, 98% sulfate and 78% ammonium removal efficiency at loadings
of 1.61 kg TOC m−3 d−3,1.00 kg SO42−-Sm−3 d−3, 0.55 kg NH4+-

https://doi.org/10.1016/j.envint.2019.105096
Received 6 May 2019; Received in revised form 11 August 2019; Accepted 11 August 2019

⁎ Corresponding author.
E-mail address: cchen@hit.edu.cn (C. Chen).

Environment International 132 (2019) 105096

Available online 26 August 2019
0160-4120/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2019.105096
https://doi.org/10.1016/j.envint.2019.105096
mailto:cchen@hit.edu.cn
https://doi.org/10.1016/j.envint.2019.105096
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2019.105096&domain=pdf


Nm−3 d−3 (Yuan et al., 2014). Additionally, Wang et al. demonstrated
that the sulfate reduction, autotrophic denitrification and nitrification
integrated (SANI) process has the potential for saline sewage treatment,
which has 95% COD and 74% nitrogen removal efficiency for synthetic
saline wastewater (Wang et al., 2009). Generally, the SR-DSR and AN
integrated process system holds the advantages of low operating cost
and short flow path, however high sulfide concentration in effluent and
low S0 transformation rate hinder the further application in the future.
Our previous study on the analysis of microbial compositions and

functional genes in the SR-DSR bioreactor (EGSB), indicated the nitrate
reduction rate by sulfide-oxidizing, nitrate-reducing bacteria (soNRB)
was much lower than by the heterotrophic nitrate reducing bacteria
(hNRB), leading to the low elemental sulfur transformation, as well as
high levels of sulfide (usually> 300mg/L) in the effluent when the
sulfate in the medium is 1000mg/L (Chen et al., 2008b). In order to
solve this problem, a novel micro-aerobic regime was proposed by Xu
et al. (2012; Wang et al., 2016), who proved that S0 transformation
efficiency in SR-DSR could be notably enhanced from 30% to 70% by
micro-aerobic condition (DO=0–0.2mg/L). Furthermore, they found
that the S0 transformation also clearly increased after shifting bior-
eactor from the micro-aerobic to anaerobic condition, due to the high
abundance of functional microorganisms, like soNRB (X.J. Xu et al.,
2018). However, the spatial distribution and dynamics of functional
groups of SRB, hNRB and soNRB along the bioreactor column under the
micro-aerobic condition have not been documented well. Furthermore,
previous study always started the SR-DSR bioreactor under the anae-
robic condition, and required long time (usually over 20 d) to get stable
state prior to the use of micro-aerobic application, which hinders the
potential of SR-DSR process in the application of real wastewaters
treatment.
Therefore, in order to disclose the relationships between the high S0

transformation rate and distribution and shift of functional micro-
organisms in the bioreactors under the micro-aerobic condition, and the
effect of micro-aerobic start-up on the performance and microbial
community of SR-DSR bioreactor, the scenario of this study was de-
signed as follows. Firstly, two bioreactors were started in parallel and
one of them was started up in the micro-aerobic condition, and the
other one was started up in the anaerobic condition and subsequently
both of them were converted to the micro-aerobic condition. The
bioreactor performance, and transformation of S-species, N-species and
C-species at the different locations of the bioreactor column, as well as
the microbial community structure were studied in this work.

2. Materials and methods

2.1. Bioreactor design

The modified expanded granular sludge bed (EGSB) with height of
120 cm and inter diameter of 50mm, forming 4 L working volume was
used (Chen and Gu, 2008), as shown in Fig. 1. Three sampling points
were evenly distributed along bioreactor column for sludge sampling,
and an ORP probe (Lei-ci 991, China) was equipped at the same loca-
tion of each sampling point in the column. The air aerator was equipped
in the bottom of the bioreactor, which was connected with a com-
pressed air cylinder and controlled by an air mass flow meter (Vogtlin
GSC-A9SA-BB21, Switzerland). A gas-washing bottle with 0.5M NaOH
located at the top of bioreactor was used to collect the generated H2S
gas from the bioreactor. The medium was pumped into the bioreactor
from its bottom by peristaltic pumps (LONGER L100-1S-2, China), and
the recipe of which was made by 10.4mM sulfate, 31mM lactate (equal
to 3000mgL−1 COD), 8mM nitrate, and macronutrients were added
with 0.22 gL−1 K2HPO4, 0.1 gL−1 MgCl2 and 0.1 gL−1 CaCl2. One
milliliter of trace element solution was added to 1 L medium with
compositions described by Chen et al. (2010).

2.2. Bioreactor startup and operational conditions

Two EGSB bioreactors were inoculated with the same seed sludge
and one was started up in the anaerobic condition (termed as aSR-DSR),
the other one was in the micro-aerobic condition with the aeration of
2.5 mL air Lreactor−1 (termed as mSR-DSR). Hydraulic retention time
(HRT) for both bioreactors in the startup stage was 24 h, and then
shorten to 18 h when bioreactor reached the stable state. After that,
aSR-DSR was switched to the micro-aerobic condition with different
aeration rates from 2.5 to 3.75 to 5mL air min−1 Lreactor−1, and mSR-
DSR was operated with the higher aeration from 3.75 to 5mL air min−1

Lreactor−1 respectively. The operating conditions of the two bioreactors
at different stages were shown in Table 1. Seed sludge was collected
from the secondary sedimentation tank in Wenchang Wastewater
Treatment Plant, Harbin, China. Most impurity substances in raw
sludge were removed by 0.2-mm Tyler-mesh. The suspended solids (SS)
and volatile SS (VSS) of seed sludge was 36 g L−1 and 21 g L−1, re-
spectively. The temperature of bioreactors was kept at room tempera-
ture (20 ± 2 °C). The reflux ratio of effluent recycling to the influent
was 6:1. Samples were taken every day from the influent and effluent of
the bioreactors to monitor the reactor performance, and from the three
sampling ports of bioreactor column to investigate the transformation
processes of S-species, N-species and C-species when the concentration
of them in the effluent were stable at each stage.

2.3. Chemical analysis

Samples of influent and effluent were collected daily, and samples of
three sampling points on the bioreactor were collected when the ef-
fluent quality was stable under each condition. The concentrations of
nitrate, nitrite, sulfate, and thiosulfate of the liquor samples were
measured by ion chromatography (ICS-3000; Dionex, USA) after fol-
lowing 0.22 μm filtration. Sample separation and elution were per-
formed using an IonPac AG4A AS4A-SC 4mm analytical column with
carbonate/bicarbonate eluent (1.8mmol dm−3 Na2CO3/1.7 mmol/L
NaHCO3 at 1cm3 min−1) and sulfuric regeneration (H2SO4, 25mmol/L
at 5cm3 min−1). The sulfide concentration was determined using the
methylene blue method (Trüper and Schlegel, 1964). The term ‘sulfide’
in this study includes all species in liquid (H2S(aq), HS− and S2−). S0

Fig. 1. Schematic diagram of the SR-DSR reactor
1. High pressure gas cylinder (air), 2. EGSB, 3. ORP detector, 4. Influent bottle,
5. Mixing bottle, 6. Effluent bottle, 7. Absorption bottle, 8. Air mass flow mete,
9. Recycling Pump, 10. Airbag, 11. Sampling port, 12. ORP probe, 13. Aeration
needle.
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production was determined by mass balance calculation according to
Xu et al. (2014). Acetate, propionate and lactate were determined by
liquid chromatography (UHPLC; Waters, USA). A pH/oxidation-reduc-
tion potential (ORP) meter (pHG/217D-1; Shanghai, China) determined
the pH and ORP of three sampling points of bioreactor.

2.4. Microbial community analysis

Sludge samples were collected from three sampling points when the
two bioreactors reached steady state and then were kept in −20 °C at once
for post analysis. Microbial DNA was extracted from sludge samples using
the TransGen AP221-02 (Beijing TransGen Biotech Co., Ltd., China) ac-
cording to manufacturer's protocols. The final DNA concentration and
purification were determined by NanoDrop 2000 UV–vis spectro-
photometer (Thermo Scientific, Wilmington, USA), and DNA quality was
checked by 1% agarose gel electrophoresis. The primer were ArBa515F (
5′-GTGCCAGCMGCCGCGGTAA-3′) and Arch806R (5′GGACTACVSGGGT-
ATCTAAT-3′). The PCR products were extracted from a 2% agarose gel
and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA) and quantified using QuantiFluor™-ST
(Promega, USA) according to the manufacturer's protocol. Purified am-
plicons were pooled in equimolar and paired-end sequenced (2×300) on
an Illumina MiSeq platform (Illumina, San Diego, USA) according to the
standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai,
China). Raw sequencing data have been deposited in the NCBI Sequence
Read Archive (accession NO. SRP167191).

3. Results and discussion

3.1. Bioreactor performance

As shown at the start-up stage of aSR-DSR and mSR-DSR (a-stage I
and m-stage I in Fig. 2a and b), the mSR-DSR bioreactor successfully
started up in the micro-aerobic condition on day 16 and got a plateau.
The removal of lactate was 99.4%, and concentration of propionate and
acetate in the effluent was 1.3 and 21mmol·L−1, respectively. Contrast
to aSR-DSR bioreactor, 9 longer days were required for aSR-DSR bior-
eactor to get a plateau at a-stage I, and the removal of lactate was
99.6%, accompanying with 6mmol·L−1 propionate and 17mmol·L−1

acetate in the effluent, which indicated that mSR-DSR has more ability
to realize complete lactate conversion (Fig. 2a and b). The mSR-DSR
bioreactor took 15 days to achieve 100% removal of nitrate at m-stage I,
with 2mmol·L−1 nitrite in the effluent, while aSR-DSR bioreactor only
took 7 days to get 100% removal of nitrate at a-stage I, with
1.5 mmol·L−1 nitrite in the effluent, which demonstrated that oxygen
had a little inhibitory effect on nitrate reduction (Fig. 2c and d).
The sulfate reduction and S0 transformation in aSR-DSR and mSR-

DSR at the start-up stage were 96% and 80%, 25% and 50%, respec-
tively, with the sulphide concentration of 7.3 and 3.2 mmol·L−1 in the
effluent (Fig. 2e and f). The results above indicated that micro-aerobic

startup of SR-DSR process could enhance S0 transformation and miti-
gate the sulphide concentration in the effluent, promote COD removal
and shorten the start-up time.
At m-stage II and a-stage II, HRT was shorten to 18 h. As shown in

Fig. 2a and b, concentration of acetate in mSR-DSR and aSR-DSR was de-
creased from 21 to 14mmol·L−1 and from 17 to 8mmol·L−1. The S0

transformation was decreased to 38% in mSR-DSR, but still higher than
that in aSR-DSR (around 20%). Sulfate removal in mSR-DSR bioreactor was
slightly increased to 90%with 6mmol·L−1 sulfide produced in the effluent.
At a-stage III, aSR-DSR bioreactor was shifted to micro-aerobic

condition with the aeration rate of 2.5mL air·min−1·Lreactor−1.
Concentration of acetate and propionate in the effluent were decreased
to 5 and 0.5 mmol·L−1, respectively, both of which were lower than
those in mSR-DSR at m-stage II under the same aeration rate. It in-
dicated that oxygen can promote the oxidation of organics in aSR-DSR.
Removal efficiency of nitrate was still 100%, with little change in
concentration of nitrite, indicating that micro-aerobic condition af-
fected denitrification process slightly after complete start-up of the
bioreactor. The elemental sulfur transformation was increased to 50%
and sulfide concentration in the effluent was decreased to 4mmol·L−1,
which also indicated that micro-aerobic condition could effectively
improve the sulfide oxidation process.
From m-stage II to m-stage IV of mSR-DSR and a-stage III to a-stage

V of aSR-DSR, aeration rate was increased from 2.5 to 3.75 and finally
to 5mL air min−1. With the aeration rate increased, concentration of
acetate, propionate and lactate were decreased in either mSR-DSR or
aSR-DSR. At a-stage V and m-stage IV with 5mL air min−1 Lreactor−1,
the concentration of acetate and propionate was 5 and 0.6 mmol·L−1 in
mSR-DSR, and 6.7 and 1.8 mmol·L−1 in aSR-DSR. With the aeration rate
increased, both bioreactors retained 100% nitrate removal, but the
concentration of nitrite in the aSR-DSR was increased from 1 to
1.6 mmol·L−1, while it was stable at around 1.7 mmol·L−1 in mSR-DSR.
That might be the process of nitrite reduction to nitrogen was more
sensitive to oxygen than the conversion of nitrate to nitrite, resulting in
an increase of nitrite in the micro-aerobic condition.
The sulfate reduction efficiency in mSR-DSR from m-stage II to m-

stage IV was constantly maintained over 85%, the sulfide concentration
in the effluent was decreased to 3mmol·L−1 at m-stage IV, corre-
sponding to elemental sulfur transformation rate of 58%. However, the
sulfate reduction efficiency in aSR-DSR from a-stage III to a-stage V
fluctuated with the increased aeration rate. When the aeration rate was
increased from 2.5 to 5mL air min−1 Lreactor−1, the sulfate reduction
was decreased from 90% to 79% and finally to 83%, the concentration
of sulfide was decreased from 4 to 3.8mmol·L−1 and finally to
2.8 mmol·L−1, and the elemental sulfur transformation was firstly de-
creased from 50% to 43% and finally went up to 55%. These phe-
nomena indicated that the micro-aerobic condition could enhance the
efficiency of elemental sulfur transformation in SR-DSR, and decrease
concentration of sulfide in the effluent.
ORP is a manifestation of redox in the bioreactors, which is mainly

Table 1
Operating parameters and performances of mSR-DSR and aSR-DSR bioreactors at the steady running state.

Stage aSR-DSRa mSR-DSRb

I II III IV V I II III IV

Operational time/(day) 1–31 32–61 62–95 96–125 126–155 1–31 32–61 62–93 94–123
HRT/(h) 24 18 18 18 18 24 18 18 18
Aeration rate/(mLair·min−1·Lreactor−1) 0 0 2.5 3.75 5 2.5 2.5 3.75 5
SO42− removal (%) 95.99 93.20 87.70 81.52 81.34 81.18 89.52 82.61 84.64
S2− concentration (mmolL−1) 7.34 8.59 2.73 3.51 2.81 3.28 5.56 3.23 3.14
S0 transformation (%) 25.43 10.71 50.53 48.13 55.87 48.85 32.11 51.55 56.52
NO3− removal (%) 100 100 100 100 100 100 100 100 100
Lactate removal (%) 100 100 100 100 100 100 100 100 100

a aSR-DSR represents the bioreactor started up in anaerobic.
b mSR-DSR represents the bioreactor started up in micro-aerobic.
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related to the concentration of oxygen and sulfide in this study. At each
aeration rate of both aSR-DSR and mSR-DSR, the ORP of each part at all
conditions was less than -400mv, indicating that the bioreactors were
always in an anaerobic environment. In aSR-DSR, when the HRT was
shortened to 18 h, the sulfide concentration in the effluent increased
which increased the reducibility of the system, the ORP decreased from
−513 ± 3mV to −514 ± 7mV. When the aeration rate was 2.5 mL
air·min−1·Lreactor−1, the concentration of sulfide decreased sig-
nificantly, which decreased the reducibility of the system, the ORP
gradually increased from −514 ± 7mV to −493 ± 2mV. The con-
centration of sulfide kept stable with the aeration rate increased to 5mL
air·min−1·Lreactor−1, so that the ORP did not continue to rise, which

finally remained at −513 ± 2mV. Therefore, the change of ORP in
aSR-DSR was mainly affected by the concentration of sulfide. In the
mSR-DSR, the ORP was maintained between −470mV and −490mV,
which was higher than that in aSR-DSR, while the change of ORP with
the increase of the aeration rate was small, indicating that it was more
efficient in oxygen utilization in the mSR-DSR.

3.2. Transformation of C-species, N-species and S-species in the column of
bioreactors

Samples were taken from the sampling ports at the bottom, middle
and top of the bioreactor to analyze the transformation of lactate,

Fig. 2. Reactor performance (a: aSR-DSR; m: mSR-DSR)
(m: mSR-DSR; a: aSR-DSR)
(stageI:HRT is 24 h; stageII to stageV: HRT is 18 h)
(a-stageIand a-stageII: aeration rate is 0 mLair·min−1·Lreactor−1;
a-stageIII, m-stageIand m-stageII: aeration rate is 2.5 mLair·min−1·Lreactor−1;
a-stageIV and m-stageIII: aeration rate is 3.75 mLair·min−1·Lreactor−1;
a-stageVand m-stageIV: aeration rate is 5 mLair·min−1·Lreactor−1.)
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nitrate and sulfate. The transformation of C-species, N-species and S-
species in both bioreactors under different aeration rates were shown in
Fig. 3. In the aSR-DSR bioreactor at a-stage II, from the bottom to the
top sampling port of the bioreactor, the concentration of lactate was
decreased, and the concentration of acetate was increased until middle
port then decreased at the top, indicating occurrence of methanogenic
process. Nitrate was not detected from the bottom sampling port of the
bioreactor, so the denitrification process mainly occurred around the
bottom of the bioreactor. Due to the recycling of effluent into this area,
there also might be sulfide-driven autotrophic denitrification process
(Lee et al., 2013). The nitrite above the middle of the bioreactor was
slightly decreased from 0.43 to 0.34mmol·L−1.
Fig. 3b showed the transformation of carbon, nitrogen and sulfur in

the aSR-DSR bioreactor at a-stage V (5mL air min−1 Lreactor−1). The
concentration of acetate generally increased from the bottom to the top,
and then decreased in the effluent. It peaked at 6mmol/L at the top and
had 3.5mmol/L at the bottom with the lowest concentration, whose
concentrations were much lower than that in the anaerobic condition at
a-stage II. Additionally, the lactate degradation was accelerated under
the micro-aerobic condition compared with the anaerobic condition.
These findings indicated the facultative bacteria may be activated
under the micro-aerobic condition and speed up the degradation of
carbon species (Xu et al., 2017). The sulfate reduction rate was faster
than sulfide oxidation rate from the bottom to the middle of the bior-
eactor and sulfide oxidation rate was faster than sulfate reduction rate
from the middle to the effluent part of the bioreactor, causing the
lowest sulfur transformation of 16% at the middle, then gradually in-
creased to the highest value of 58% in the effluent. The nitrate reduc-
tion efficiency was almost the same as it was at a-stage II. The nitrite
concentration in the column of bioreactor at a-stage V was a little
higher than that in the anaerobic condition at a-stage II, which might be
due to that the transformation of nitrite to nitrogen was more affected
by oxygen than the conversion of nitrate to nitrite (Liang et al., 2015).
The conversion of C, N and S-species in the mSR-DSR at m-stage IV was

shown in Fig. 3c. With the aeration rate increased to 5mL

air·min−1·Lreactor−1, the maximum removal rate of lactate peaked at 78.4%
at the bottom, and the lowest S0 transformation was 14.4% obtained at the
bottom and then went up to 58% in the effluent. The trend of acetate
concentration was the same as that in the aSR-DSR bioreactor at a-stage II
and it peaked at 14mmol/L at the bottom and subsequently decreased to
the lowest concentration of 6.6mmol/L. Notably, the lactate degradation
was still accelerated relative to that in the aSR-DSR bioreactor at a-stage II,
and the peak concentration of acetate was lower than in the aSR-DSR
bioreactor at a-stage II and higher than in the mSR-DSR at m-stage IV. The
trend of nitrate reduction, nitrite accumulation and S0 transformation were
the same as those in the aSR-DSR under the aerobic-condition at a-stage V.

3.3. Microbial community in the two bioreactors at different stages

3.3.1. Diversity analysis
The abundance and diversity of microbial communities of 10 sam-

ples withdrawn from the two bioreactors were determined by Illumina
Miseq. Similarity-based derived numbers of operational taxonomic
units (OTUs), number of quality controlled (QC) reads and species
richness and diversity estimates of microbial communities are shown in
Table 2. There are approximately 37,200 raw reads of the 16S rRNA
sequence obtained from the 10 sludge samples, after filtering the low-
quality reads. It can be found that Original (inoculated sludge) has the
highest richness and diversity. In total, 42 bacterial phyla, 381 bacterial
genera and 12 archaea genera are recovered from the 10 samples, and a
number of overlapped phyla and genera are shown in Fig. 4. Bank on
the statistic analysis of Kruskal-Wallis H test, four bacteria with sig-
nificant differences (P < 0.05) are Acidaminobacter, norank_f_Family_XI,
Fusibacter and Desulfovibrio in Fig. 5. The hierarchical cluster analysis
was shown in Fig. 6. The original sample represented the seed sludge
independent to the other 9 samples taken from the different stages in
the two bioreactors. There are two clades among the 9 samples, the
samples AR5_B, AR0_B and AR0_T from aSR-DSR were grouped in the
clade I, and the other samples were grouped in the clade II, including
AR0_M, AR5_M, MR5_T, MR5_B, MR5_M and AR5_T.

Fig. 3. Biotransformation of organics, nitrogen- and sulfur-containing compounds in different parts of bioreactors at selected stages (a: a-stageII; b: a-stageV; c: m-
stageIV).
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3.3.2. Microbial community structure and dynamics
Collinearity between samples and species in genus level was shown

in Fig. 7. Desulfomicrobium, Desulfobulbus, Sulfurovum and Synergistaceae
were the dominant genera in SR-DSR bioreactor. The species richness in
Original sample was the highest, but there was no obvious dominant
genus. The percentage of SRB Desulfobulbus and Desulfomicrobium were
39% and 1.7% at a-stage II under the anaerobic condition in the aSR-
DSR bioreactor, then Desulfobulbus decreased to 21% and Desulfomi-
crobium increased to 15% at a-stage V under the micro-aerobic condi-
tion with the aeration rate of 5mL air·min−1·Lreactor−1. Desulfobulbus is
an incompletely oxidized type of sulfate-reducing bacterium that re-
duces sulfate to sulfide and produces acetic acid using lactic acid,
ethanol, pyruvic acid and some other fatty acids as electron acceptors
and energy sources (Sorokin et al., 2012). Desulfomicrobium sp., a kind
of sulfate reducing bacteria, can reduce sulfate using ethanol or H2 as
electron donors (Rozanova et al., 1988; Hippe et al., 2003). The per-
centage of SOB Halothiobacillaceae was 0.13% at a-stage II and

increased to 2.1% at a-stage V, which oxidizes sulfide, sulfur or thio-
sulfate to sulfate with oxygen as electron acceptor by using CO2 as
carbon source, such as Thiovirga sulfuroxydans gen. nov. and Halothio-
bacillus gen. nov (Ito et al., 2005; Kelly and Wood, 2000). The percen-
tage of soNRB Sulfurovum and Sulfurospirillum were 6.2% and 0.02%,
then increased to 16% and 0.6% at a-stage V. Sulfurovum sp. is a che-
molithotrophic bacterium that uses sulfur, sulfide, or thiosulfate as
electron donors and nitrate as electron acceptor (Mino et al., 2014;
Zhang et al., 2019). Sulfurospirillum sp. is heterotrophic denitrifier that
utilizes sulfate and nitrate as electron acceptors (Kodama et al., 2007;
Luijten et al., 2003). The percentage of hNRB Comamonas was de-
creased from 5.8% at a-stage II to 2.5% at a-stage V, which micro-
organisms affiliated to are identified for their ability of heterotrophic
nitrification and aerobic denitrification (Chen and Ni, 2011; Moura
et al., 2018). The percentage of fermenting bacteria Acidaminobacter,
Anaerolineaceae, Bacteroidetes_vadinHA17 were 0.12%, 4.1% and 2.9% at
a-stage II, then Acidaminobacter and Bacteroidetes_vadinHA17 increased

Table 2
Sequence accession (SA) numbers, number of quality controlled (QC) reads, derived numbers of operational taxonomic units (OTUs) and the Shannon and Chao1
index.

Sampling Sampling day (d) SA number QC reads OTU Shannon Chao1 Archaea (%) Bacteria (%)

Original 0 SRR8132917 44212 748 5.546 773.62 11 89
AR0-B 61 SRR8132916 40760 430 3.321 587.09 15 85
AR0-M 61 SRR8132919 30082 351 4.096 717.01 25 75
AR0-T 61 SRR8132918 33432 458 3.459 578.05 32 68
AR5-B 155 SRR8132913 34555 319 3.601 658.75 9 91
AR5-M 155 SRR8132912 40599 301 3.888 634.85 20 80
AR5-T 155 SRR8132915 42473 319 3.359 578.25 28 72
MR5-B 123 SRR8132914 37554 319 3.376 628.44 26 74
MR5-M 123 SRR8132921 34451 277 2.958 538.04 10 90
MR5-T 123 SRR8132920 36119 342 3.506 667.61 21 79

Figure 4. Venn diagram of microbial community
based on gate and genus. (a) genus of bacteria, (b)
genus of archaea, (c) phylum of bacteria
AR0 and AR5 represent the mixture of three samples
taken from the bottom, middle and top sampling
ports in the aSR-DSR bioreactor at a-stageII and a-
stageV, respectively
MR5 represents the mixture of samples taken from
the bottom, middle and top sampling ports in the
mSR-DSR bioreactor at m-stageIV.
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to 0.97% and 7.4%, and Anaerolineaceae decreased to 3.6% at a-stage V.
Acidaminobacter is an oxygen-tolerant fermenting bacterium that de-
composes amino acids (Green et al., 2008). Anaerolineaceae is one of the
major members of anaerobic long-chain alkane degradation, which
cooperates with archaea to produce methane (Liang et al., 2016).
Bacteroidetes_vadinHA17 is also a fermenting bacterium, which is not
only often found in anaerobic fermentation methanogenic systems, but
also one of the dominant genera shared in the anoxic zones of A/O-BAF
(Baldwin et al., 2015; Feng et al., 2016; Ji et al., 2018). The percentage
of syntrophy bacteria Synergistaceae was 9.4% at a-stage II, and de-
creased to 8.2% at a-stage V, which is probably syntrophic acetate
oxidation coupled with hydrogenotrophic methanogens (Ito et al.,
2011; S. Xu et al., 2018). The percentage of acetoclastic methanogen
Methanosaeta was 55% and the sum of percentage of hydrotrophic
methanogens was 32.6% (28% Methanoregula, 3.3% Methanobacterium,
0.72% Methanosarcina and Methanobrevibacter 0.56%) in original. Me-
thanosaeta, a kind of acetoclastic methanogen which can only use acetic
acid as the sole source of energy producing about equimolar amounts of
CH4 and CO2 (Patel and Sprott, 1990), is more competitive than Me-
thanosarcina (Chen et al., 2017). Methanosarcina can use acetate or
reduce CO2 with H2 for methane production (Leahy et al., 2013). Me-
thanoregula uses formate and hydrogen to grow and produce methane
(Yashiro et al., 2011). Methanocorpusculum, Methanobrevibacter and
Methanobacterium can use CO2 and H2 for methane production
(Nakamura et al., 2013; Sun et al., 2015; Wasserfallen, 2018). The
percentage of acetoclastic methanogen Methanosaeta was 99%, and the
sum of percentage of hydrotrophic methanogens was nearly 1%
(0.085% Methanoregula, 0.21% Methanobacterium, 0.31% Methano-
corpusculum, 0.38% Methanosarcina and 0.012% Methanobrevibacter) at
a-stage II. The percentage of acetoclastic methanogen Methanosaeta

Fig. 5. Kruskal-Wallis H test bar plot on genus and family.

Fig. 6. Hierarchical clustering tree of bacteria on Genus level
AR0-N represents the sample taken from the N sampling port in the aSR-DSR
bioreactor at a-stage II
AR5-N represents the sample taken from the N sampling port in the aSR-DSR
bioreactor at a-stage V
MR5-N represents the sample taken from the N sampling port in the mSR-DSR
bioreactor at m-stage IV
N includes bottom (B), middle (M) and top (T).
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decreased to 98%, and the sum of percentage of hydrotrophic metha-
nogens increased to nearly 2% at a-stage V, in which Methanosarcina
was 1.1%.
The microbial community in mSR-DSR at m-stage IV was little dif-

ferent from a-stage V, both of which were operated under the micro-
aerobic condition with the aeration rate of 5mL air·min−1·Lreactor−1.
The percentage of SRB Desulfobulbus and Desulfomicrobium were 11%

and 29%, which summation was close to a-stage V. The percentage of
soNRB Sulfurovum and Halothiobacillaceaewere 13% and 4.9%, in which
the percentage of Halothiobacillaceae was higher than a-stage V. The
percentage of hNRB Comamonas was 1.4%, which was lower than a-
stage V. The percentage of fermenting bacteria Acidaminobacter,
Anaerolineaceae, Bacteroidetes_vadinHA17 were 3.8%, 1.3% and 2%,
which summation was close to a-stage V. The percentage of syntrophy
bacteria Synergistaceae was 16%, which was higher than a-stage V. The
percentage of acetoclastic methanogen Methanosaeta was 97%, and the
sum of percentage of hydrotrophic methanogens was nearly 3%, in
which Methanosarcina was 1.6%.

3.3.3. Microbial zonation of SRB and soNRB to contribute the high sulfur
transformation in SR-DSR under the micro-aerobic condition
The total abundance of SRB in AR0_B, AR0_M and AR0_T, taken

from the bottom, middle and top sampling ports in the aSR-DSR bior-
eactor at a-stage II, was 54% (Desulfobulbus in 53% and
Desulfomicrobium in 1%), 20% (Desulfobulbus in 16% and
Desulfomicrobium in 4%) and 47.6% (including Desulfobulbus in 47.4%
and Desulfomicrobium in 0.2%), respectively. The sum abundance of
soNRB in AR0_B, AR0_M and AR0_T was 2.8% (Sulfurovum in 2.78% and
Halothiobacillaceae in 0.02%), 9.9% (Sulfurovum in 9.7% and 0.2%
Halothiobacillaceae) and 6.5% (Sulfurovum in 6.4% and
Halothiobacillaceae 0.1%), respectively (Fig. 8a). Abundant SRB were
distributed among the different parts of reactor, and low level of soNRB
was observed inside the reactor irrespective of the sampling height. And
thus the concentration of effluent sulfide was high and the elemental
sulfur transformation rate was very low at anaerobic condition.
With the micro-aerobic condition applied in aSR-DSR at a-stage V,

SRB were mainly distributed in the bottom and middle of the reactor,
while soNRB notably assembled at the top. The total abundance of SRB
was respectively increased from 54% to 63% and 20% to 24% in AR5_B
and AR5_M and decreased from 47.6% to 12.6% in AR5_T. In the
contrast, the relative abundance of soNRB increased from 6.5% to
41.5% in AR5_T, but only 4.4% and 11.4% in in AR5_B and AR5_M. This
phenomenon was in accordance with the transformation kinetic of
sulfur species at the bottom and middle sampling ports of aSR-DSR
bioreactor at a-stage V (Fig. 3b).And the sulfide oxidation process may
be stronger than the sulfate reduction process at the top of aSR-DSR
bioreactor at a-stage V, resulting in the enhanced elemental sulfur
transformation rate, which was in consistent with the transformation
kinetics of sulfur species in Fig. 3b.
The abundance of hNRB Comamonas in AR0_B, AR0_M and AR0_T

was around 6.3%, 2.2% and 9.5% at a-stage II. When the operating
condition was switched into micro-aerobic condition (a-stage V), the
abundance of Comamonas decreased to 1.2%, 2% and 7% in AR0_B,
AR0_M and AR0_T. Compared with a-stage V, the total abundance of
hNRB Comamonas and Acidaminobacte in MR5_B, MR5_M and MR5_T in
m-stage IV was 5.6%, 3.4% and 6.8%, which was still lower than that in
a-stage II. It indicated that the hNRB was inhibited to some extent by
micro-aerobic condition, resulting in the nitrite accumulation (Xu et al.,
2014). At the meantime, the accumulated nitrite could also serve as
electron acceptors for soNRB to enhance the elemental sulfur trans-
formation. In addition, the trace oxygen under micro-aerobic condition
can also be electron acceptors for soNRB to enhance the elemental
sulfur transformation rate.
At m-stage IV as shown in Fig. 8a, the dominant population in mSR-

DSR was mainly associated with sulfur metabolism, such as Desulfomi-
crobium, Desulfobulbus, and Sulfurovum. In addition, the Synergistaceae
(contains syntrophic acetate oxidation bacterium), Comamonas (con-
tains heterotrophic denitrifying bacterium) and Halothiobacillaceae
(contains sulfur-oxidizing bacterium) (Ito et al., 2005; Mori and Suzuki,
2008) were also abundant. Compared with aSR-DSR system, the most
predominant genus in the bioreactor was also Desulfomicrobium, with
the maximum abundance of 47% at the middle of bioreactor and the
maximum percentage of Desulfobulbus was 16% at the bottom. This

Fig. 7. Collinearity between samples and species (Circos)
(a) Bacterium; (b) Archaea.
AR0 and AR5 represent the mixture of three samples taken from the bottom,
middle and top sampling ports in the aSR-DSR bioreactor at a-stageII and a-
stageV, respectively
MR5 represents the mixture of samples taken from the bottom, middle and top
sampling ports in the mSR-DSR bioreactor at m-stageIV.
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distribution phenomenon also showed that SRB were mainly distributed
at the bottom and middle of the mSR-DSR. The abundance of soNRB
(such as Sulfurovum and Halothiobacillaceae,) was concentrated in the
middle and top part of the bioreactor with the least amount at the
bottom. It was reported that sox and fccA/B genes, which were involved
in sulfur/sulfide oxidation, were increased significantly under low DO
concentration conditions (Yu et al., 2014), and thus reduction of sulfate
mostly occurred at the bottom and elemental sulfur transformation was
mainly achieved at the top of the bioreactor. It was reported that
Acidaminobacter could achieve faster fermentation of glutamate when
mixed with sulfate-reducing bacteria (Desulfovibrio HL 21 or Desulfo-
buIbus propionicus) or methanogens (Methanospirillum hungatei or Me-
thanobrevibacter arboriphilicus AZ), forming acetate, CO2, formate and
H2, and minor amounts of propionate (Stams and Hansen, 1984). So
that Desulfobulbus and Acidaminobacter might contribute to the rapid
removal of sulfate and lactate at the bottom. Therefore, under the same
aeration rate conditions, the SRB abundance in mSR-DSR was slightly
higher, as well as the sulfate reduction efficiency. In addition, the
micro-aerobic environment could greatly increase the abundance of
soNRB (such as Halothiobacillaceae and Sulfurovum) particularly at the
top of the reactor and thus enhance the transformation of sulfide to
elemental sulfur.

3.3.4. Microbial zonation of fermenting bacteria and methanogens to
contribute the high COD transformation in SR-DSR under the micro-
aerobic condition

Synergistaceae, Bacteroidetes_vadinHA17 and Anaerolineaceae were
the three most abundant fermenting bacteria. The total abundance of
them was 10%, 35% and 6.6% in AR0_B, AR0_M and AR0-T at a-stage
II. When the aeration rate to 5mL air min−1 Lreactor−1 applied at a-stage
V, the total abundance of fermenting bacteria remained unchanged in
AR5_B and decreased from 35% to 30% in AR5_M. Specially, the
abundance of Bacteroidetes_vadinHA17 increased to 7%, 10% and 5% in
AR5_B, AR5_M and AR5_T, respectively. In brief, the micro-aerobic
condition showed little effect on the fermenting bacteria, and could
increase the abundance of Bacteroidetes_vadinHA17, which was able to
degrade organics and ferment carbohydrates, accompanying with the
production of H2, CO2, fatty acids and alcohols (Ji et al., 2018).
As shown in Fig. 8b, the abundance of archaea in both bioreactors

was higher than that in inoculated sludge (Original) and was not sig-
nificantly reduced at a-stage V and m-stage IV, which indicated that the
micro-aerobic conditions did not cause lethal effect of archaea. The
abundance of archaea from the bottom to the top was increased in the
aSR-DSR bioreactor, and decreased first and then increased in the mSR-
DSR bioreactor. Furthermore, most of methanogens in both bioreactors
were acetoclastic Methanosaeta, whose percentage was over 97% in
each sample. The percentage of archaea gradually increased from the
bottom to the top of aSR-DSR in a-stage II and a-stage V, and it is dif-
ferent from the percentage of archaea in mSR-DSR (Fig. 8c), which is
the highest at the bottom.

4. Conclusions

This study investigated the performance of SR-DSR process with two
different startup modes. The time required for mSR-DSR to successful
startup was five days shorter than that for aSR-DSR. At every aeration
rate condition, removal rate of nitrate, sulfate and lactate was
100%,>80 and 100%, respectively. The optimum aeration rate was

5mL air·min−1·Lreactor−1 for mSR-DSR and 2.5mL air·min−1·Lreactor−1

for aSR-DSR. The SRB were the most abundant genera with the per-
centage of 54% and 20% at the bottom and middle of aSR-DSR bior-
eactor under the anaerobic condition. With the aeration rate of 5mL
air·min−1·Lreactor−1, the percentage of those SRB were much higher
than soNRB at the bottom and middle areas. Te micro-aerobic condition
did not impact the abundance of total SRB at these areas, duing to the
obvious enrichment of the oxygen-adapted SRB Desulfomicrobium.
However, the total abundance of SRB at the top of aSR-DSR bioreactor
was sharply decreased from 47.6% to 12.6% and soNRB remarkably
increased from 6.5% to 41.5% at the top. These results are in good
agreement with the transformation kinetics of sulfur, nitrogen and
carbon species from the sampling ports of aSR-DSR bioreactor. The
sulfate reduction rate by SRB was faster than sulfide oxidation by
soNRB through the whole bioreactor under the anaerobic condition, but
this case changed a lot under the micro-aerobic condition. The sulfate
reduction process was only faster than sulfide oxidation between the
bottom and middle of bioreactor, then was slower than sulfide oxida-
tion, resulting in the high elemental sulfur transformation and low
sulfide concentration in the effluent under the micro-aerobic condition.
Furthermore, the degradation of organic carbon was also accelerated
under the micro-aerobic condition, possibly due to the aerobic re-
spiration by facultative bacteria.
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