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a b s t r a c t

Compared to autotrophic and heterotrophic denitrification process, the Integrated autotrophic and
heterotrophic denitrification (IAHD) has wider foreground of applications in the condition where the
organic carbon, nitrate and inorganic sulfur compounds usually co-exist in the actual wastewaters. As the
most well-known IAHD process, the denitrifying sulfide removal (DSR) could simultaneously convert
sulfide, nitrate and organic carbon into sulfur, dinitrogen gas and carbon dioxide, respectively. Thus,
systematical metabolic functions and contributions of autotrophic and heterotrophic denitrifiers to the
IAHD-DSR performance became an problem demanding to be promptly studied. In this work, three
upflow anaerobic sludge bioreactors (UASBs) were individually started up in autotrophic (a-DSR), het-
erotrophic (h-DSR) and mixotrophic conditions (m-DSR). Then, the operating conditions of each biore-
actor were switched to different trophic conditions with low and high sulfide concentrations in the
influent (200 and 400mg/L). The removal efficiencies of sulfide, nitrate and acetate all reached 100% in
all three bioreactors throughout the operational stages. However, the sulfur transformation ratio ranged
from 34.5% to 39.9% at the low sulfide concentration and from 76.8% to 86.7% at the high sulfide con-
centration in the mixotrophic conditions. Microbial community structure analyzed by the Illumina
sequencing indicated that Thiobacillus, which are autotrophic sulfide-oxidizing, nitrate-reducing bacteria
(a-soNRB), was the dominant genus (81.3%) in the a-DSR bioreactor. With respect to the mixotrophic
conditions, at low sulfide concentration in the m-DSR bioreactor, Thiobacillus (a-soNRB) and Thauera,
which are heterotrophic nitrate-reducing bacteria (hNRB), were the dominant genera, with percentages
of 48.8% and 14.9%, respectively. When the sulfide concentration in the influent was doubled, the per-
centage of Thiobacillus decreased by approximately 9-fold (from 48.8% to 5.4%), and the total percentage
of Azoarcus and Pseudomonas, which are heterotrophic sulfide-oxidizing, nitrate-reducing bacteria (h-
soNRB), increased by approximately 6-fold (from 10.1% to 59.4%). Therefore, the following interactions
between functional groups and their functional mechanisms in the DSR process were proposed: (1) a-
soNRB (Thiobacillus) and hNRB (Thauera) worked together to maintain the performance under the low
sulfide concentration; (2) h-soNRB (Azoarcus and Pseudomonas) took the place of a-soNRB and worked
together with hNRB (Thauera and Allidiomarina) under the high sulfide concentration; and (3) a-soNRB
(such as Thiobacillus) were possibly the key bacteria and may have contributed to the low sulfur
transformation, and h-soNRB may be responsible for the high sulfur transformation in the DSR process.

© 2018 Elsevier Ltd. All rights reserved.
, rnq@hit.edu.cn (N.-Q. Ren).
1. Introduction

The discharge of nitrate-containing wastewater into the envi-
ronment can cause serious problems, such as the eutrophication
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Fig. 1. Proposed reaction pathways that lead to the formation of S0, N2 and CO2 from
cooperation between autotrophic and heterotrophic denitrifiers in the DSR process.
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and deterioration of water sources, and is hazardous to human
health (Xu et al., 2014). Thus, the development of wastewater
treatment techniques for reducing nitrogen-containing pollutants
in wastewater has attracted considerable attention (Focht and
Chang, 1975; Park and Yoo, 2009; Wang et al., 2017). Biological
denitrification is preferable over the physical chemistry method
because it is cost-economical and eco-friendly. Autotrophic and
heterotrophic denitrification systems are typically employed in
nitrogen removal. Heterotrophic denitrification has been widely
used in the treatment of domestic sewage, in which heterotrophic
denitrifiers use organic carbon as an electron donor to reduce ni-
trate with adequate amounts of organic carbon (for example, ace-
tate), as shown in eq. (1) (Ra et al., 2000).

2NO3
�þ1.25CH3COO�/2.5CO2þ N2 þ0.25H2Oþ3.25OH�

△rG
m
ө ¼�955.0kj/reaction (1)

Nevertheless, the high carbon demand and large amount of
sludge produced hinder the application of heterotrophic denitrifi-
cation systems in the treatment of industrial wastewaters (eg.
pharmaceutical and tannery wastewaters) with low C/N molar ra-
tios (Sun et al., 2010). For this reason, autotrophic denitrification,
especially that based on sulfur compounds, has been developed and
couples the conversion of either sulfide, sulfur or thiosulfate to
sulfate with the reduction of nitrate to dinitrogen gas under auto-
trophic conditions (eqs. (2)e(4)) (Souza and Foresti, 2013).

S2�þ1.6NO3
� þ1.6 Hþ/ SO4

2� þ0.8 N2þ 0.8H2O △rG m
ө ¼�778.2 kJ/

reaction (2)

S0þ2NO3
� þ4Hþ/ SO4

2� þ N2þ 2H2O △rG m
ө ¼�1269.6 kj/

reaction (3)

S2O3
2�þ1.6NO3

�þ 0.2H2O / 2SO4
2�þ 0.8N2þ 0.8Hþ

△rG m
ө ¼�749.3

kj/reaction (4)

For example, the sulfate reduction-autotrophic denitrification-
nitrification integrated (SANI) process, which was developed based
on the concepts of autotrophic denitrification, as in eq. (2), and
sulfur recycling, has potential for application in the treatment of
saline sewage from seawater toilets (Lau et al., 2006; Wang et al.,
2009). Due to its technical advantages of biological sludge mini-
mization and energy saving, SANI has become one of the most
valuable technologies in recent years. The notable advantage of all
autotrophic denitrification processes is the reduced production of
sludge, but an adverse consequence is the increased hydraulic
retention time (HRT) caused by the low growth rate of autotrophic
denitrifiers, which limits the application of autotrophic denitrifi-
cation in the treatment of industrial wastewaters with a high
organic load (Vaishali and Subrata, 2015). Furthermore, purely
heterotrophic or autotrophic conditions rarely exist in natural or
artificial bioprocesses. The co-existence of organic carbon, sulfur
and nitrogen in the aquatic environment match the actual condi-
tions well. Thus, mixotrophic denitrification, which integrates
autotrophic and heterotrophic denitrification (IAHD) processes, has
been receiving increasing attention because it can overcome the
shortcomings of autotrophic and heterotrophic denitrification.
Organic carbon was first introduced in sulfur-based autotrophic
denitrification to create mixotrophic conditions in a fluidized bed
reactor. In that experiment, sulfate was detected in the effluent as
the terminal oxidation product of sulfide, and the efficient removal
of sulfide (2e3 kgS�m�3d�1), acetate (4e6 kgC�m�3 d�1) and ni-
trate (5 kgN�m�3 d�1) was observed (Gommers et al., 1988). Reyes-
Avila et al. (2004) employed a mixotrophic system to conduct
denitrification and achieved 100% removal of NO3

� and acetate and
successfully converted S2� to S0. The highlight of that study was the
generation of recyclable and harmless terminal products (S0, CO2
and N2). Many scientific terms have been given to the mixotrophic
process, such as heterotrophic and autotrophic denitrification
(HAD) (Xu et al., 2015a) and mixotrophic denitrification desulfur-
ization (MDD) (Li et al., 2016b). Chen et al. (2008) utilized expanded
granular sludge bed (EGSB) bioreactors to simultaneously remove
sulfide, nitrate, and acetate and termed this process denitrifying
sulfide removal (DSR). The possible functional mechanisms of
mixotrophic denitrification have also been proposed. In the first
proposed mechanism, the autotrophic and heterotrophic de-
nitrifiers functioned individually without competition (Xu et al.,
2015b). In the second mechanism, the autotrophic and heterotro-
phic denitrifiers worked together to perform the denitrifying pro-
cess in the following two steps (Chen et al., 2017) (Fig. 1): (1) sulfide
was oxidized to S0 coupled with the reduction of nitrate to nitrite
by the autotrophic denitrifiers and (2) the accumulated nitrite was
subsequently converted to N2 with the electrons provided by
organic carbon (like acetate) by the heterotrophic denitrifiers. As a
result, sulfide, nitrate and organic carbon were simultaneously
converted to sulfur, dinitrogen gas and dioxide carbon.

In our previous study, the EGSB bioreactor exhibited good per-
formancewith nearly 100% removal of sulfide, nitrate and acetate at
0.8 kgS�m�3d�1, 0.4 kgN�m�3d�1 and 0.8 kgC�m�3d�1 under mix-
otrophic conditions. When the bioreactor was converted to auto-
trophic conditions, the nitrate removal gradually decreased with
increasing load, eventually declining to 20.3% at 2.8 kgS�m�3d�1

and 1.4 kgN�m�3d�1, where the sulfide removal ratio also
decreased to approximately 40.1%, indicating that the bioreactor
could not sustain such a high loading under autotrophic conditions.
However, when acetate was added into the bioreactor during the
switch of the autotrophic conditions to mixotrophic conditions at
the same sulfur and nitrogen loading, the removal efficiencies of
both sulfide and nitrate recovered to 99.4%, and 98.7% removal of
acetate was achieved. This phenomenon may demonstrate the
important role that heterotrophic denitrifiers play in the DSR pro-
cess. Meanwhile, some heterotrophic denitrifiers capable of
oxidizing sulfide under heterotrophic denitrifying conditions were
isolated from the mixotrophic conditions (Lee et al., 2014; Chen
et al., 2013; Zhao et al., 2015; Lee and Wong, 2014). To the best of
our knowledge, those strains possess the highest sulfide oxidation
rate of 14.3mg L�1h�1 among the other sulfide-oxidizing nitrate-
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reducing bacteria reported in the literature (Chen et al., 2013). Thus,
this kind of bacteria might be the key functional group that me-
diates the relationship between autotrophic and heterotrophic
denitrifiers to sustain the performance. However, limited research
is available on the function of the heterotrophic denitrifiers
(including the special heterotrophic sulfide-oxidizing bacteria) that
contribute to the removal capability in the DSR process.

In the present work, we started up three upflow anaerobic
sludge bioreactors (UASB) in parallel under three different tro-
phic conditions (autotrophic, heterotrophic and mixotrophic).
Then, each bioreactor was individually switched to different
trophic conditions. The aims of this work were to (I) determine
the impact of the switch in the trophic conditions on the removal
efficiency and elemental sulfur transformation (the proportion of
generated sulfur) of the DSR process, (II) identify the composi-
tions and dynamics of the microbial community that accompa-
nied the shift in the trophic conditions and (III) eventually
determine the microbial relationships between the autotrophic
and heterotrophic denitrifiers and reveal the key roles that the
functional groups play in the stability and performance of DSR
bioreactors.
2. Materials and methods

2.1. Inoculum and influent

The seed sludge was collected from the anaerobic sludge
thickener at the Wenchang Municipal Wastewater Treatment Plant
(Harbin, China). The suspended solids (SS) and volatile suspended
solids (VSS) of the seed sludge after screening through 0.2-mm
Tyler mesh were determined to be 83.2 g/L and 40.7 g/L, respec-
tively. Three types of synthetic wastewater were used in this study:
inorganic wastewater (for autotrophic denitrification), organic
wastewater (for heterotrophic denitrification) andwastewater with
inorganic and organic carbon sources (for mixotrophic denitrifica-
tion). The only nitrogen source in those three influents was
Table 1
Operating conditions of the a-DSR, h-DSR and m-DSR bioreactors under different stages
potassium nitrate. Sulfide and acetate were introduced by dosing
with sodium sulfide and sodium acetate, respectively, to achieve
the desired influent S:N, C:N and S:N:C molar ratios. The pH of the
sulfide-containing influent was adjusted to 8.0± 0.4 with hydro-
chloric acid. The chemical composition of trace elements in the
solution was described as follows (Huang et al., 2016a; 2016b):
22mg of ZnSO4, 55mg of CaCl2, 50.6mg of MnCl2$4H2O, 11mg of
(NH4)6Mo7O24$4H2O, 15.7mg of CuSO4$5H2O, and 16.1mg of
CoCl2$6H2O. The sulfide concentrations are listed in Table 1 and the
loadings of all contaminants are calculated according to the S:N,
C:N and S:N:C molar ratios, respectively.
2.2. Lab-scale UASB bioreactor setup and operation

The three identical lab-scale UASB bioreactors used in the
continuous experiment were made of Plexiglas and had an
effective volume of 580mL (height of 40 cm and internal diam-
eter of 30mm). The bioreactors were continuously operated for
165 days with HRT of 9 h at room temperature and were equip-
ped with devices for collecting the H2S gas that overflowed from
the top of the column. Initially, synthetic wastewaters containing
S þ N, C þ N and S þ N þ C were pumped into the bioreactors
from the bottom by a peristaltic pump (BS100-1A, Signal, China),
and these bioreactors were termed autotrophic start-up DSR (a-
DSR), heterotrophic start-up DSR (h-DSR) and mixotrophic start-
up DSR (m-DSR) bioreactors, respectively. After the start-up
stage, the three bioreactors were operated for another five
stages, during which the trophic conditions were switched. The
steady state of each bioreactor was regarded as the point at
which the fluctuations in the removal of sulfide, nitrate and ac-
etate were within ±5% for 5 days. The six switch stages for a-DSR,
h-DSR and m-DSR were as follows: a¼>m (ratio change)¼>m
(doubled load)¼>h¼>a¼>m; h¼>m (ratio change)¼>m
(doubled load)¼>a¼>h¼>m; and m¼>m (ratio change)¼>m
(doubled load)¼>a¼>h¼>m, respectively (Table 1).
.
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2.3. Chemical and physical analysis

During the operation of the three bioreactors, both the
influent and effluent were sampled (4e12mL) every 24 h for the
analysis of sulfide, acetate, nitrite, sulfate, nitrate and thiosulfate.
The total concentration of sulfide (H2S(aq), S2� and HS�) under
alkaline conditions was determined by the methylene blue
method (Trueper and Schlegel, 1964) immediately after sampling.
All samples were centrifuged at 12000 r/min for 3min (TG16,
YINGTAi, China) and then filtered through a 0.22 mm membrane
(PES, PALL, USA) to obtain the supernatant for subsequent mea-
surement. Gas chromatography (7890, Agilent, USA) equipped
with DB-FFAP (30m✕ 250 mm, 0.25 mm) capillary column was
employed to measure the acetate concentration. Nitrogen was
used as the carrier gas with flowing rate of 45mL/min. The flame
ionization detector temperature was set at 280 �C and supplied
with hydrogen (40mL/min) and air (400mL/min). The concen-
trations of nitrite, sulfate, nitrate and thiosulfate were deter-
mined using an ion chromatograph (ICS-3000, Dionex, USA)
equipped with an IonPac AG4AAS4A-SC 4mm analytical column
with carbonate/bicarbonate eluent (1.8 mmol/dm3 Na2CO3/
1.7mmol/L NaHCO3 at 1 cm3/min) and sulfuric regeneration
(H2SO4, 25mmol/L at 5 cm3min�1). The pH of the influent was
measured with a pH/ORP meter (pHS-25, Shanghai, China). The
analysis of the produced S0 was performed according to the
method described in our previous study (Xu et al., 2012):
[S0]¼ [Influent S2�] þ [Influent SO4

2�] þ [Influent
S2O3

2�]� [Effluent S2�]� [Effluent SO4
2�]� [Effluent S2O3

2�]. The
S0 transformation ratio was the proportion of the generated S0 in
the removed sulfide, and the calculation formula was as follow.

S0 transformation ratio¼ [S0] / ([Influent S2�] - [Effluent S2�])
✕100% (5)

2.4. DNA extraction, PCR amplification and Illumina sequencing

The Illumina Sequencing was employed for microbial com-
munity structure analysis. Sludge samples (36) were collected
from the middle and bottom sampling ports of the three UASB
bioreactors during the steady state of each stage and immediately
stored in a �80 �C freezer until use (Table S1). Total genomic DNA
was extracted using the PowerSoil DNA Isolation kit (MoBio Lab-
oratories Inc, USA) according to the manufacturer's instructions.
The concentration and purity of the extracted DNAweremeasured
with a Nanophotometer (P-class, Implen, Germany). The 16S rRNA
gene fragments were amplified through PCR using universal for-
ward barcoding primer 515F (50-GTGCCAGCMGCCGCGG-30) and
reverse primer 907R (50-CCGTCAATTCMTTTRAGTTT-30) targeting
the V4 and V5 hypervariable regions. The PCR products were gel
purified using the AxyPrep DNA purification kit (Axygen, USA) and
quantified with a NanoDrop device. The purified PCR amplicons
from each sample were pooled and subjected to high-sequencing
using Illumina MiSeq PE250. After filtering the low-quality se-
quences, FASTA files were generated from the resultant sequences
according to the barcodes of the individual samples. The se-
quences were classified by operational taxonomic unit (OTU) at a
level of 97% similarity based on the SILVA rRNA database project
(Release119 https://www.arb-silva.de/). The diversity indices
(Simpson and Shannon) of the sequences were determined based
on the calculated OTUs using the Mothur ver. 1.30.1 software
package. The obtained 16S rRNA gene sequence was deposited in
the NCBI Sequence Read Archive under accession number
SRP124409.
3. Results and discussion

3.1. Bioreactor performance under different trophic conditions

In this study, apart from stage I, the S2�/NO3
�-N/Ac�-C molar

ratio in the mixotrophic conditions was fixed at 5:6:5 to ensure the
transformations of S2� to S0, NO3

� to N2 and Ac� to CO2. The S2�/
NO3

�-N and Ac�-C/NO3
�-N molar ratios were 5:6 and 5:6 in the

autotrophic and heterotrophic conditions, respectively. During the
operation of the three bioreactors, the trophic conditions were
altered to identify the functional bacteria (autotrophic and/or
heterotrophic denitrifiers) that might play the key role in DSR and
to establish a relationship between the dynamics of the microbial
community structure and the efficiency of the bioreactors. The
specific operation parameters and bioreactor performance in each
stage of a-DSR, h-DSR and m-DSR are summarized in Table 2.

During the start-up of the three bioreactors in stage I, the S/N
(autotrophic conditions), C/N (heterotrophic conditions) and S/N/C
(mixotrophic conditions) molar ratios were maintained at 1:1, 1:1
and 1:1:1, respectively. Unlike in the a-DSR bioreactor (22.3% nitrite
accumulated), no nitrite accumulated in the start-up stage of the
m-DSR bioreactor. In stage II, all the bioreactors were converted to
mixotrophic conditions with a S2� concentration of 200mg/L, and
the corresponding sulfide, nitrate and acetate removal efficiencies
were ~100%, as shown in Figs. 2e4. The S0 transformation ratio
increased from 14.7% to 37.0% after the addition of acetate to the a-
DSR bioreactor. However, the toxicity of sulfide did not deteriorate
the performance of h-DSR; instead, the sulfide removal efficiency
was maintained at 100%, and the S0 transformation ratio sharply
increased to 60.2% after dosing with 200mg/L sulfide. In m-DSR
bioreactor, the increased nitrate feeding (S/N/C molar ratio change
form 1:1:1 to 5:6:5) in stage II led to a small decline of sulfur
transformation ratio (34.5%). The increasing amount of electron
acceptors made the sulfide oxidation hard to stop at elemental
sulfur and this has been wildly reported in autotrophic denitrifi-
cation process (Dolejs et al., 2015; Yang et al., 2016). However, in
IAHD process, the sulfur transformation ratio not only depended on
S/N molar ratio but also closely related to C/N molar ratio. Huang
et al. (2015) employed a CSTR bioreactor with fixed C/N molar ra-
tio of 1:2 to explore the impact of different S/N molar ratios (range
from 5:2 to 5:9) on sulfur transformation ratio in IAHD process and
obtain the peak value of 84.4± 7.7% with S/N molar ratio of 5:6.
Cardoso et al. (2006) reported the sulfur transformation ratio was
gradually decreased with the increase of S/N molar ratio under the
fixed C/N molar ratio of 1:1 in a UASB bioreactor. This means that
the insufficient or overloaded amount of acetate and nitrate
resulted in the low sulfur transformation ratio and large amount of
sulfate generation in IAHD process. The sulfide load was doubled in
stage III (M) with a fixed S/N/C molar ratio of 5:6:5. Only 23.4%,
18.2% and 14.2% of the influent sulfide was oxidized to SO4

2--S and
S2O3

2--S in a-DSR, h-DSR and m-DSR, respectively. The S0 trans-
formation ratios in a-DSR, h-DSR and m-DSR were 76.8%, 82.2% and
86.7%, respectively, which were almost twice those of stage II.

The three bioreactors were subjected to a fourth switch in the
trophic conditions during stage IV. Almost 80.4% of the influent
nitrate was converted to nitrite throughout the operation of the a-
DSR bioreactor in stage IV (H). The h-DSR and m-DSR bioreactors
were shifted to autotrophic conditions in stage IV, and the perfor-
mance of these reactors exhibited similar plateaus. In these pla-
teaus, the effluent SO4

2--S and influent sulfide do not match. After
the mixotrophic operation stages in the h-DSR and m-DSR bio-
reactors, the color of the sludge changed from dark gray to white
(picture not shown) which agreed with Chen et al. (2016). We
propose that this color originated from the deposition of elemental
sulfur on the sludge, which then supplied an extra sulfur source

https://www.arb-silva.de/


Table 2
Performances at the steady running state in a-DSR, h-DSR and m-DSR bioreactors.

1)The a-DSR and h-DSR bioreactors were operated from 1 to 42 days in stage I, while the m-DSR bioreactor was operated from 1 to 36 days.
2)The a-DSR and h-DSR bioreactors were operated from 43 to 69 days in stage II, while the m-DSR bioreactor was operated from 37 to 69 days.
3)A, H and M represent autotrophic, heterotrophic and mixotrophic conditions, respectively.
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that acted as an electron donor during autotrophic denitrification in
the bioreactors. In stage V, the a-DSR bioreactor was returned to
autotrophic conditions, and after a short adaptation period (3 days)
after the heterotrophic condition, the sulfide and nitrate removal
ratios reached 100%. Sulfate was the main oxidation product of
sulfide, and no nitrite accumulated in the effluent. The h-DSR and
m-DSR bioreactors exhibited nearly the same performance during
stage V: SO4

2--S was detected at concentrations as high as 8mmol/L
and 8.6mmol/L, respectively, in the effluents without a S2� feed. No
sulfide, nitrate or acetate was detected in the effluents of the three
bioreactors during stage VI (M). The final S0 transformation ratios
for the a-DSR, h-DSR and m-DSR bioreactors were all approxi-
mately 80%, and the corresponding nitrite accumulation ratios
were 19.0%, 14.4% and 15.7%, respectively.

3.2. Diversity and shift in the microbial community composition

As shown in Fig. S1, after filtering the low-quality reads,
approximately 15000 raw reads of the 16S rRNA gene were ob-
tained from the 36 sludge samples. All the sequences were
extracted to conduct OTU analysis at 0.97 similarity, and the slower
gradually rarefaction curves indicating that the recovered
sequences represented the diversity of the microbial communities
in the 36 samples well. The estimated species diversity of a sample
was determined by the Simpson and Shannon diversity estimator
(Table S1). In total, 29 bacterial phyla were recovered from the 36
samples (Fig. S2). Approximately 98% of the bacterial reads were
associated with the phyla Proteobacteria, Bacteroidetes and Firmi-
cutes. Proteobacteria was the predominant phylum, which accoun-
ted for 89.1%. Bacteroidetes and Firmicutes accounted for 4.9% and
3.9%, respectively.

On a finer scale, 46 genera within the 29 phyla were identified
and are shown in Fig. 5. Obviously different microbial structures
were observed for the samples from the middle and bottom sam-
pling ports of the a-DSR, h-DSR andm-DSR bioreactors subjected to
switches in the trophic conditions.

A-DSR bioreactor. In start-up stage I (A), the predominant
species was Thiobacillus, which accounted for 71.5% of the bacteria
in the middle sample and 90.9% in the bottom sample. Thiobacillus
is a typical autotrophic denitrifier that can oxidize sulfide to S0/
sulfate with nitrate as the electron acceptor (Baalsrud and Baalsrud,
1954; Capua et al., 2016). After the addition of acetate during stage
II (M), the abundance of Thiobacillus decreased from 51.4% to 39.4%.
Meanwhile, another sulfide oxidizer, Acrobacter, accounted for 7.3%



Fig. 2. Performance of the a-DSR bioreactor, which was started up under autotrophic conditions and then operated under the other trophic conditions. I (A, start-up): autotrophic
condition (S2� ¼ 200mg/L, S:N¼ 1:1); II (M): mixotrophic conditions (S2� ¼ 200mg/L, S:N:C¼ 5:6:5); III (M): mixotrophic condition (S2�¼ 400mg/L, S:N:C¼ 5:6:5); IV (H):
heterotrophic conditions (NO3

�¼ 930mg/L, C:N¼ 5:6); V (A): autotrophic conditions (S2� ¼ 400mg/L, S:N¼ 5:6); VI (M): mixotrophic conditions (S2�¼ 400mg/L, S:N:C¼ 5:6:5).
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in Ra-II-b. Azoarcus had an abundance of 23.6% in the bottom
sample, which was 7.3-fold higher than that in the middle sample.
Thauera, a known heterotrophic nitrate-reducing bacteria (hNRB)
(Etchebehere and Tiedje, 2005; Liu et al., 2006), accounted for 4.7%
and 6.1% in Ra-II-m and Ra-II-b, respectively. When the sulfide
concentration was increased to 400mg/L in stage III (M), the bac-
terial community in the entire bioreactor was dominated by Thio-
bacillus, Azoarcus, Pseudomonas, Thauera, and Aliidiomarina.
Aliidiomarina has always been isolated in lake and coastal surface
seawater with heterotrophic growth on organic carbon (Huang
et al., 2012; Chiu et al., 2014). In stage III (M) (Fig. 5(a)), the mid-
dle sample (Ra-III-m) had a higher microbial richness than the
bottom sample (Ra-III-b). The relative abundances of the six pre-
dominant genera in Ra-III-mwere, in order, 6.8%, 31.7%, 18.1%, 6.6%,
and 9.1%. Pseudomonas and Azoarcus accounted for 75.7% of the
total, while Thauera and Allidiomarina accounted for 1.6% and 7.8%
in Ra-III-b, respectively. The microbial community structure during
stage IV (H) was quite different between the middle and bottom
samples. Interestingly, Thiobacillus was not completely out-
competed by the heterotrophic denitrifiers during this stage.
Compared to sample Ra-III-m, the abundance of Thiobacillus
increased to 28.4% in sample Ra-m-IV. This increase might be
attributed to the accumulation of generated S0 in the a-DSR
bioreactor, which stimulated the oxidation of sulfur to sulfate by
Thiobacillus. As expected, Ra-b-IV was occupied by the following
heterotrophic denitrifiers: Thauera (46.9%), Acinetobacter (12.8%),
Pseudomonas (8.9%) and Flavobacterium (7.9%). In stage V (A), the
autotrophic conditions rejuvenated the Thiobacillus population,
giving abundances of 53.2% and 59.7% in Ra-V-m and Ra-V-b,
respectively. Some heterotrophic denitrifiers such as Thauera and
Pseudomonas were still present in the bioreactor. The microbial
community structures of the bottom samples in stages VI (M) and
III (M), which had the same operating conditions, were also similar
to each other. In contrast, while Azoarcuswas dominant in Ra-III-m,
Thiobacillus (37.1%) was the predominant genus in Ra-VI-m.

H-DSR bioreactor. The heterotrophic conditions of stage I
resulted in the enrichment of Azoarcus, Pseudomonas, Thauera and
Simplicispira in Rh-I-m and Rh-I-b (Fig. 5(b)), where Azoarcus
(39.4%) and Thauera (25.3%) were predominant in Rh-I-b, and
Pseudomonas (27.6%) and Azoarcus (35.7%) were predominant in
Rh-I-m. In stage II (M), the operation of the h-DSR bioreactor was
switched to mixotrophic conditions. Thiobacillus, which had a
relative abundance of 52.3% in Rh-II-b, might be responsible for the
observed sulfide oxidation. The introduction of sulfide led to an
increase in the richness of the microbial community in Rh-II-m.
Thiobacillus accounted for 19.7%, while other genera, such as
Thauera, Simplicispira and Azoarcus with abundances of 11.9%, 7.9%
and 3.9%, respectively, were predominant in Rh-II-m. In stage III
(M), the concentrations of sulfide, nitrate and acetate were all
doubled to give a fixed molar ratio of 5:6:5. The higher sulfide
concentration decreased the abundance of Thiobacillus to 10.2% and
2.8% in Rh-III-m and Rh-III-b, respectively. Note that Azoarcus
became the predominant genus, accounting for over 55%, and
Aliidiomarina had abundances of 2.1% and 12.7% in Rh-III-m and Rh-
III-b, respectively. When the conditions were switched to autotro-
phic in stage IV (A), the main change in the microbial community



Fig. 3. Performance of the h-DSR bioreactor, which was started up under heterotrophic conditions and then operated under the other trophic conditions. I (H, start-up): het-
erotrophic conditions (NO3

� ¼ 387.5mg/L, C:N¼ 1:1); II (M): mixotrophic conditions (S2�¼ 200mg/L, S:N:C¼ 5:6:5); III (M): mixotrophic conditions (S2�¼ 400mg/L,
S:N:C¼ 5:6:5); IV (A): autotrophic conditions (S2�¼ 400mg/L, S:N¼ 5:6); V (H): heterotrophic conditions (NO3

� ¼ 930mg/L, C:N¼ 5:6); VI (M): mixotrophic conditions
(S2�¼ 400mg/L, S:N:C¼ 5:6:5).
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structure of Rh-IV-b was observed between Azoarcus (29.7%) and
Thiobacillus (31.2%). When the heterotrophic conditions were
returned in stage V, Thauera, which had an abundance of 48.1% in
Rh-V-b, conducted the heterotrophic denitrification process,
whereas Sulfurimonas and Thiobacillus (59.2% in total) became the
dominant genera instead of the heterotrophic denitrifiers in Rh-V-
m. The high abundance of autotrophic denitrifiers was believed to
be responsible for the sulfate observed in the effluent of the h-DSR
bioreactor, and the oxidation of S0 to sulfate likely occurred in the
middle of the bioreactor column. In the last stage, sulfidewas added
to the influent, and the h-DSR bioreactor was operated under pa-
rameters identical to those of stage III. The characteristics of the
microbial community structure in Rh-VI-b were completely
different from those in Rh-V-b. Psedomonas and Azoarcus
substituted for Thauera as the dominant genera, accounting for
31.4% and 47.0% of the total bacterial community, respectively.
However, no obvious difference was observed between the mi-
crobial community structures of Rh-VI-m and Rh-V-m, as Thio-
bacillus and Sulfurimonas were the dominant genera in both
samples.

M-DSR bioreactor. The m-DSR bioreactor was started up in
mixotrophic conditions with a S2� concentration of 200mg/L and a
S:N:C molar ratio of 1:1:1. The predominant genera in Rm-I-m and
Rm-I-b were Thiobacillus (36.6% and 33.1%, respectively), Azoarcus
(11.2% and 33.9%, respectively) and Thauera (14.2% and 19.5%,
respectively). Compared to stage I, the higher dosage of nitrate
(achieved by changing the S:N:C ratio to 5:6:5) with a fixed sulfide
concentration in stage II mainly influenced the Thiobacillus
(increased from 34.6% to 48.7%) and Azoarcus (decreased from
24.3% to 9.9%) genera in both Rm-II-m and Rm-II-b. In stage III
(S2�¼ 400mg/L), the observed change in the microbial community
structure did not follow our expected trend. Azoarcus (53.2%),
Pseudomonas (21.3%) and Aliidiomarina (11.6%) were predominant
in Rm-III-b, while Thauera and Thiobacillus accounted for 5.5% of
the total bacterial community. The m-DSR bioreactor was subjected
to the same trophic conditions as the h-DSR bioreactor in stages IV
(A), V (H) and VI (M). In stage IV, the absence of acetate caused
autotrophic denitrification to become the only pathway of deni-
trification. The proportion of Thiobacillus increased from 8.2% to
53.9% in Rm-IV-m and from 2.5% to 27.2% in Rm-IV-b, corre-
sponding to decreases in the proportion of Azoarcus from 37.2% to
13.7% and from 53.2% to 19.1%, respectively. As shown in Fig. 5(c),
the heterotrophic conditions in stage V completely changed the
microbial community structure in Rm-V-b. The abundances of
Thauera, Flavobacterium, Thiobacillus, Chryseobacterium and Ther-
momonas were 30.1%, 19.3%, 9.7%, 7.8% and 6.4%, respectively.
However, Thiobacillus (which can oxidize sulfur to sulfate)
accounted for up to 65% of the total reads in Rm-V-m, which pro-
vides a possible explanation for the observation of sulfate in the
effluent despite the absence of a sulfide feed in this stage. In the last
stage, 400mg/L sulfide was added, and the m-DSR bioreactor was
operated under mixotrophic conditions for the fourth time.
Compared to the first two mixotrophic stages, which had sulfide
loadings of 200mg/L, Rm-VI-b (S2�¼ 400mg/L) was dominated by
Pseudomonas (51.7%) and Azoarcus (25.9%) with lower proportions
of Thauera (4.0%) and Aliidiomarina (4.9%).



Fig. 4. Performance of the m-DSR bioreactor, which was started up under mixotrophic conditions and then operated under the other trophic conditions. I (M, start-up): mixotrophic
conditions (S2�¼ 200mg/L, S:N:C¼ 1:1:1); II (M): mixotrophic conditions (S2�¼ 200mg/L, S:N:C¼ 5:6:5); III (M): mixotrophic conditions (S2�¼ 400mg/L, S:N:C¼ 5:6:5); IV (A):
autotrophic conditions (S2�¼ 400mg/L, S:N¼ 5:6); V (H): heterotrophic conditions (NO3

� ¼ 930mg/L, C:N¼ 5:6); VI (M): mixotrophic conditions (S2�¼ 400mg/L, S:N:C¼ 5:6:5).
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3.3. The response of functional bacteria to different trophic
conditions

In the start-up stage of the a-DSR bioreactor, Thiobacillus were
the predominant autotrophic sulfide-oxidizing nitrate-reducing
bacteria (a-soNRB, 81.2% on average) and clearly conducted auto-
trophic denitrification. A substantial amount of research has
focused on the microbial community structure in the DSR process
and demonstrated that Azoarcus might play an important role in
the simultaneous removal of sulfide, nitrate and acetate (Adav
et al., 2010; Q. Ma et al., 2015a; Xu et al., 2015b). Even through
Azoarcus bacteria are commonly regarded as autotrophic de-
nitrifiers (Li et al., 2016a; Liu et al., 2017), in the start-up stage of
our h-DSR bioreactor, Azoarcus accounted for 37.6% of the total
bacterial community and made up the dominant genera together
with Pseudomonas (15.2%) and Thauera (19.3%). Therefore, these
three genera were considered to the be the main heterotrophic
denitrifiers responsible for the removal of acetate and nitrate in
this study. As shown in Table 2, the three bioreactors achieved
100% removal of sulfide, nitrate and acetate during mixotrophic
stage II (S2�¼ 200mg/L with S:N:C¼ 5:6:5), which indicated that
the different trophic conditions of the start-up stage had little
impact on the DSR efficiency, especially the S0 transformation ratio
(37.1%). To guarantee high removal ratios of sulfur, nitrogen and
carbon in three bioreactors, the sulfide concentration was
increased to 400mg/L in stage III, and the average S0 trans-
formation ratio of each bioreactor increased to 81.9% with a NO2

�

accumulation of 36.7%. In the last stage with mixotrophic
conditions (stage VI), the three bioreactors exhibited similar per-
formance, with sulfide, nitrate and acetate removal ratios of 100%;
furthermore, 16.3% of the NO3

� was converted to NO2
�, and the S0

transformation ratio hovered at approximately 78%. In the general
dynamics of the microbial community structure under the
switches between autotrophic, heterotrophic and mixotrophic
conditions, Thiobacillus, Azoarcus, Pseudomonas, Thauera and Alli-
diomarina were the commonly predominant genera in the a-DSR,
h-DSR and m-DSR bioreactors during the six operational stages
(Table 3). The similar microbial community structures of the three
bioreactors could explain their nearly identical efficiencies under
the same trophic conditions.

3.4. The important role and contribution of hNRB to the
performance of the DSR process

In this study, the two sulfide concentrations examined (200mg/
L and 400mg/L) led to different performances in the DSR process. In
stage II (M), the three bioreactors were operated under a S2� con-
centration of 200mg/L and exhibited S0 transformation ratios of
37.0%, 39.9% and 34.5%. However, the S0 transformation ratios
doubled when the S2� concentration was increased to 400mg/L
(stages III and VI). Thus, the characteristics of the microbial com-
munity structures in those stages were worth further examination.
As shown in Fig. 5, during stage II (M), the a-DSR, h-DSR andm-DSR
bioreactors were occupied by Thiobacillus (45.3%) as the dominant
autotrophic denitrifiers, which was accompanied by Azoarcus
(12.6%) as the dominant heterotrophic denitrifiers. Nevertheless,



Fig. 5. Bacterial community structures at the genus level in the three UASB bioreactors corresponding to the different trophic conditions: (a) a-DSR bioreactor, (b) h-DSR bioreactor,
and (c) m-DSR bioreactor. The sample names are given as follows: R (autotrophic, heterotrophic or mixotrophic reactor)-operational stage-bottom or middle sampling. The specific
trophic conditions are listed in Table 1.
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Azoarcus and Pseudomonas (54.4%) exceeded the proportion of
Thiobacillus (13.3%) and became the predominant genera when the
concentration of S2� was increased (400mg/L) in the three bio-
reactors. Meanwhile, Thauera and Allidiomarinamaintained relative
abundances of 10.1%e18.5% (Table 3). The higher abundances of
Azoarcus and Pseudomonas were closely related to the high DSR
performance observed under a high S2� concentration, which
caused us to rethink the function of those types of bacteria and
their interactions under the different influent sulfide concentra-
tions during the DSR process.



Table 3
Average abundances of the five predominant genera involved in the a-DSR, h-DSR and m-DSR bioreactors during the different stages.
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In conventional sewage treatment plants, Azoarcus and Pseu-
domonas are frequently associated with the heterotrophic deni-
trification process as the heterotrophic denitrifiers (Ma et al.,
2015b). However, the potential sulfide-oxidizing ability of some
species in those genera was reported previously. For example,
Pseudomonas sp. CRS1 (Lee and Wong, 2014) and Pseudomonas
stutzeri DQ1 (Zhao et al., 2015) were both isolated from hot
springs and could perform both sulfide oxidation and hetero-
trophic denitrification under anaerobic conditions. A few re-
searchers have focused on the metabolism of sulfide oxidation by
Azoarcus. Azoarcus taiwanensis NSC3T, which can couple the
oxidation of sulfide with the reduction of nitrate by using acetate
as an electron donor, was reported to be a facultative autotrophic
bacterium (FAB) (Lee et al., 2014).

Many researchers have observed similar microbial community
structures in the DSR process, that is, a relatively high proportion of
heterotrophic denitrifiers. Some researchers achieved a maximum
S0 transformation ratio of 84.4± 7.7% with a high abundance of
Thauera (10.2%) under a S/N molar ratio of 5:6 (Huang et al., 2015),
whereas the S0 transformation ratio was below 58.6± 8.1% with a
much lower abundance of Thauera (<2.6%) under other S/N molar
ratios. In another study, clone libraries prepared using the 16S rRNA
gene demonstrated that 43% of the total clones were closely related
to Thauera (16.8%) in the sequencing batch reactor (SBR)-DSR
bioreactor. Meanwhile, Azoarcus (3.2%) species were regarded as
the main heterotrophic denitrifiers in that system (Xu et al., 2015b).
Another report also employed the clone library technique to
investigate the microbial community structure within the DSR
process, and Azoarcus and Thauera accounted for 8.0% and 29.5% of
the total bacterial community in that DSR system, thereby acting as
the main heterotrophic denitrifiers (Li et al., 2016b). In addition,
many heterotrophic bacteria have been demonstrated to contain
sqr (sulfide: quinone oxidoreductase) and pdo (persulfide dioxy-
genase) genes (Liu et al., 2014). Further studies used recombinant
E. coli cells with those genes to analyze the cooperation between
specific enzymes (DUF442 domain and rhodanese), and the mo-
lecular levels determined from those studies provided strong evi-
dence for the important role of heterotrophic bacteria in the
sulfide-oxidizing process (Xin et al., 2016). In our previous study,
a denitrifying bacterium was isolated and named Pseudomonas sp.
C27, and this bacterium could oxidize sulfide to sulfur under het-
erotrophic denitrifying conditions (Chen et al., 2013). Twelve pro-
teins were reported to be involved in sulfur metabolism based on
the analysis of the proteome of Pseudomonas sp. C27 (Guo et al.,
2013). Here, we define this unique type of heterotrophic denitri-
fier as heterotrophic sulfide-oxidizing, nitrate-reducing bacteria (h-
soNRB).
Although Thauera was mainly responsible for heterotrophic
denitrification, Azoarcus and Pseudomonas were also present in
stage I (H) of the h-DSR bioreactor, which is why the change in the
trophic conditions from heterotrophic (stage I) to mixotrophic
(stage II) immediately provided highly efficient sulfide removal in
the h-DSR bioreactor. The higher concentration of influent sulfide
(S2�¼ 400mg/L) in the mixotrophic conditions corresponded to
higher abundances of these two genera, indicating that they were
significantly enriched when the trophic conditions were converted
to mixotrophic conditions (stages III and VI) in the three
bioreactors.

Based on the present work, a-soNRB (such as Thiobacillus) were
responsible for the removal of sulfide and nitrate under autotrophic
conditions, whereas hNRB (Thauera and Aliidiomarina) and h-
soNRB (Pseudomonas and Azoarcus) were responsible for the
removal of nitrate and organic carbon. Under mixotrophic condi-
tions, the autotrophic and heterotrophic denitrifiers may work
together in two functional mechanisms (Fig. 6). Under a low sulfide
concentration (200mg/L), the cooperation between a-soNRB and
hNRB facilitates the high performance of the DSR process. In
contrast, under a high sulfide concentration (400mg/L), h-soNRB
took the place of a-soNRB and worked with hNRB to maintain high
performance in the DSR process. According to Figs. 2e5, 63% of
sulfide was oxidized to sulfate under a low sulfide concentration in
the DSR process. The predominance of Thiobacillus might be
responsible for this low S0 transformation ratio under those con-
ditions. Furthermore, a high sulfur transformation (76.8%e86.7%)
was observed under a high sulfide concentration, which is consis-
tent with the high abundance of h-soNRB, indicating that h-soNRB
could have a lower ability to compete with nitrate as an electron
acceptor in the oxidation of sulfide relative to a-soNRB under a low
sulfide concentration.

A low S0 transformation ratio can lead to a high sulfide con-
centration in the bioreactor, resulting in low performance of the
DSR process when the sulfide concentration is high enough to
inhibit the heterotrophic denitrifiers. Furthermore, the sulfide in
the effluent could produce serious environmental problems,
including a high oxygen demand, corrosion, and deterioration of
the working environment. Based on the discovery of the essential
roles of h-soNRB in DSR, we can enhance the performance of DSR
and sulfur transformation by changing or reconstructing the
microbial community composition to give a high abundance of h-
soNRB or by using bioaugmentation techniques with pure cul-
tures of h-soNRB (such as Pseudomonas sp.C27). Thus, the
physiological-biochemical characteristics and metabolic path-
ways of pure cultures belonging to h-soNRB are worth further
exploration.



Fig. 6. Functional mechanisms and interactions between functional groups at low and high sulfide concentrations in the DSR process.
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4. Conclusion

For the first time, this study elaborated the dynamic of microbial
community structure in response to the switch of trophic conditions
to explore the interactions of functional bacteria and demonstrate
the possible metabolic mechanisms involved in DSR process. The
trophic conditions had no obvious consequence on the removal rate
of sulfide, nitrate andacetate (all achieved100%nomatterunder low
or high sulfide concentration in influent). S0 transformation ratio
was 37.1% on average under low sulfide concentration, however it is
increased by two times (79.9% on average) under high sulfide con-
centration. Thiobacillus, Allidiomarina and Thauera, Azoarcus and
Pseudomonas are the predominant a-soNRB, hNRB and h-soNRB in
DSR process. The co-work of a-soNRB and hNRB support the
simultaneous removal of sulfide, nitrate and acetate under low
sulfide concentration. Under high sulfide concentration, the h-
soNRB substituted of a-soNRB as key functional bacteria for sulfide
oxidation and cooperated with hNRB to support DSR process.
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