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a b s t r a c t
The denitriﬁcation desulfurization system can be used to remediate wastewater containing carbon, nitrogen, and sulfur. However, the relationship between autotrophic and heterotrophic bacteria remains poorly
understood. To better understand the roles and relations of core bacteria, an expanded granular sludge
bed (EGSB) reactor was continuously operated under autotrophic (stage I), heterotrophic (stage II) and
mixotrophic (stages III–VII) conditions with a 490-day period. Stage IV represented the excellent S0 recovery rate (69.5%). The different trophic conditions caused the obvious succession of dominant bacterial
genera. Autotrophic environment (stage I) enriched mostly Thiobacillus, and heterotrophic environment
(stage II) was dominated with Azoarcus and Pseudomonas. Thauera, Arcobacter and Azoarcus became the
predominant genera under mixotrophic conditions (stage III-VII). Strains belonged to these core genera
were further isolated, and all seven isolates were conﬁrmed with denitrifying sulfur oxidation capacity.
Heterotrophic strain HDD1 (genus of Thauera) possessed both the highest sulﬁde degradation and S0 recovery rates. Expression levels of cbbM and gltA genes were positively related with the autotrophic and
heterotrophic conditions, respectively. NirK gene was highly expressed between log 3.7–log 4.3 during the
entire run. Expression of both sqr and soxB genes were closely related with sulfur conversion. More than
57.5% of S0 recovery rate could be obtained as sqr gene expression was greater than log 3.2, and while,
sulfate was the primary form as soxB gene expression higher than log 3.9. The correlation between core
microbial genera was very low from network, indicating a complex and non-speciﬁc mutualistic network
between bacterial functional groups under each nutrient condition, and a stable coexistence state was
possibly formed through utilizing each the secondary or waste metabolites in the mixotrophic conditions.
This relationship was beneﬁcial to the stability of the microbial community structure in the denitriﬁcation desulfurization system.
© 2020 Published by Elsevier Ltd.

1. Introduction
Sulﬁde and nitrogen-containing contaminants are the primary toxic pollutants in municipal and industrial wastewater
(Show et al., 2013; Wang et al., 2019). The microbial denitriﬁcation desulfurization process could eﬃciently treat organic wastewater containing sulﬁde and nitrogen, and meanwhile, recover elemental sulfur by sulﬁde oxidation (Wang et al., 2005). Many technologies have been applied in wastewater treatment engineering
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base on the theory of denitriﬁcation desulfurization, such as the
sulfate reduction–autotrophic denitriﬁcation nitriﬁcation integrated
process (SANI) (Wang et al., 2009) and the anoxic sulﬁde oxidizing process (Cai et al., 2008). Meanwhile, many types of bioreactors have been developed, and their parameters have been optimized based on the theory of denitriﬁcation desulfurization—
for example, bioelectrochemical systems (Blázquez et al., 2017),
membrane bioreactors (Sahinkaya et al., 2011; Huang et al., 2018),
continuous stirred tank reactors (Huang et al., 2015), expanded
granular sludge beds (EGSB) (Huang et al., 2017), anaerobic bafﬂed reactors (Huang et al., 2015), upﬂow anaerobic sludge blankets (Huang et al., 2016; Huang et al., 2017), sulﬁdogenic re-
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actors (Zhang et al., 2018) and etc. Furthermore, some mathematical models surrounding denitriﬁcation desulfurization systems were built to analyse the kinetics of bacterial bioreaction
(Liu et al., 2016; Xu et al., 2013; Klok et al., 2013). Since the
bio-denitriﬁcation could be occurred with either organics (heterotrophic condition) or sulﬁde as electron donors (autotrophic
condition), and for most wastewater, the coexistence of organic
matter and sulfur (mixotrophic condition) is widely existed, therefore, fundamental understanding of the roles of and relationships
between the functional bacteria in the denitriﬁcation desulfurization system is the key to mastering the eﬃcient operation.
Recently, the high-throughput sequencing has been widely applied to better understand the bacterial community structure and
reveal the bioprocesses occurring in denitriﬁcation desulfurization
system. Thauera was reported as the most abundant with a sulﬁde vs. nitrate molar ratio of 5:6 and S° conversion ratio of 84.4%
(Huang et al., 2015). Azoarcus were regarded as the primary denitriﬁcation bacteria in the reactor for the simultaneous removal
of sulfate and nitrate (Xu et al., 2014). Thiobacillus accounted for
45.3% of the total bacterial community in an autotrophic denitrifying sulﬁde removal process, and Pseudomonas were the most predominant under heterotrophic conditions with sulﬁde concentrations as high as 400 mg/L (Zhang et al., 2018). However, the highthroughput sequencing analysis is suitable to reveal the composition and succession of microorganism, and while, could not obtain
accurate functional information of the bacterial genera. Therefore,
it is diﬃcult to understand the functions and roles of the core
bacteria by solely 16S rRNA high-throughput sequencing. Isolation
and assessment of core microorganisms are preliminary strategies
for understanding bacterial ecosystems (Markowitz et al., 2015;
Lagier et al., 2016; Banerjee et al., 2018). Therefore, if we can combine the isolation and identiﬁcation of core bacteria, it will help us
to better understand the roles, functions and relationships of key
bacteria in the complex biological ecosystems.
Thus, in this study, an EGSB reactor was continuously operated under autotrophic (stage I), heterotrophic (stage II) and
mixotrophic (stages III–VII) conditions with a 490-day period. The
optimal denitriﬁcation desulfurization performance and succession
of core bacterial genera were identiﬁed, and seven strains belonged
to the core genera were isolated and characterized. The expression
levels of functional genes related with carbon, nitrogen, and sulfur
metabolic activities were analysed. The interaction network among
the core genera were constructed to describe the bacterial ecosystem. This study provides a theoretical basis for the future construction of a highly eﬃcient bacterial community in the denitriﬁcation
desulfurization system.

reactors were wrapped with an electrothermal wire to maintain a
consistent operating temperature of 30 ± 1°C. A peristaltic pump
(iPump2S, Signal, Shijiazhuang, China) introduced the inﬂuent into
the bottom of the reactor column. A gas bag at the top of the
column collected all the gas generated. The hydraulic retention
time was 4 h. The inoculated sludge came from a pre-cultured
autotrophic denitriﬁcation desulfurization reactor. The inoculated
granules had a near-round shape with a mean size of 5 mm, and
the corresponding ratio of volatile suspended solids to suspended
solids was 0.7. To avoid sulﬁde oxidation in feed wastewater, the
dissolved oxygen was removed from the inﬂuent tank, and anaerobic conditions were maintained by continuously supplying argon
gas (purity > 99.99%, Liming Co., Harbin, China). Sodium sulﬁde
nonahydrate (AR, >98%, S101399), sodium acetate anhydrous (ACS,
>99.0%, S116320), and potassium nitrate (ACS, >99.0%, P111637)
were purchased from Aladdin (Shanghai, China). Micronutrients
in feed wastewater have been described previously (Huang et al.,
2017). NaOH/HCl (1 mol/L) was employed to maintain an inﬂuent
pH of 8.0 ± 0.3. Seven operating conditions with different inﬂuent
concentrations of sulﬁde, nitrate, acetate (organic carbon), and bicarbonate (inorganic carbon) were applied in this study (Table 1).
To analyse the ecosystem functions and roles of core and noncore bacteria under autotrophic, heterotrophic, and mixotrophic
conditions in the denitriﬁcation desulfurization system, three nutritional conditions (over seven stages) were set up. The ﬁrst nutrient condition was autotrophic (no organic carbon source was
added) for 42 days (stage I), during which the inﬂuent contained 52.1 mg/L of inorganic carbon-C, 81.9 mg/L of nitrate-N,
and 204.3 mg/L of sulﬁde. The second nutrient condition was
heterotrophic (no inorganic carbon source was added) for approximately 70 days (stage II); the inﬂuent contained 52.9 mg/L
of acetate-C (organic carbon source), 82.4 mg/L of nitrate-N,
and 202.8 mg/L of sulﬁde. The third nutritional condition was
mixotrophic conditions, with the addition of sodium acetate and
bicarbonate as carbon sources, and could be subdivided into ﬁve
operational stages. The inﬂuent contained 52.7 mg/L of acetateC, 52.5 mg/L of inorganic carbon-C, 82.5 mg/L of nitrate-N, and
205.2 mg/L of sulﬁde during stage III (day 113 to day 196). The concentrations of nitrate and sulﬁde in stage IV were doubled those
of stage III to investigate the tolerance of pollutants by the denitriﬁcation desulfurization system and the restoration of ecosystems;
the inﬂuent contained 107.8 mg/L of acetate-C, 105.9 mg/L of inorganic carbon-C, 156.7 mg/L of nitrate-N, and 402.3 mg/L of sulﬁde.
To investigate the variation of autotrophic and heterotrophic bacteria in the denitriﬁcation desulfurization system and to evaluate
the optimal parameters for denitriﬁcation desulfurization, the ratio
of inorganic to organic carbon in the inﬂuent was altered several
times during stages V–VII by changing the amount of bicarbonate (inorganic carbon-C in stages V, VI, and VII were 211.7, 52.2,
and 105.3 mg/L, respectively) while keeping the remaining nutrient concentrations unchanged. The molar ratio of acetate-carbon/
(inorganic carbon-C) to nitrate-N was controlled at 1/2, and the
molar ratio of sulﬁde-S to nitrate-N was controlled at 5/6 during
all stages.

2. Materials and method
2.1. System setup and operation conditions
A Plexiglas EGSB reactor with a biomass retention device and a
working volume of 4 L (diameter = 8 cm; working height = 80 cm)
was used to create the denitriﬁcation desulfurization system. The

Table 1
Inﬂuent conditions of the EGSB reactor during different stages.
Stage
I
II
III
IV
V
VI
VII

(0–42 day)
(43–112 day)
(113–196 day)
(197–266 day)
(267–350 day)
(351–406 day)
(407–490 day)

Acetate-C (mg/L)

Inorganic carbon-C (mg/L)

Nitrate-N (mg/L)

HS− (mg/L)

52.9
52.5
107.8
108.4
108.1
108.3

52.1
52.7
105.9
211.7
52.2
105.3

81.9
82.4
82.5
156.7
156.8
156.8
156.1

204.3
202.8
205.2
402.3
404.2
408.1
405.1

2

Autotrophic
√

Heterotrophic

Mixotrophic

√
√
√
√
√
√
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2.2. Analytical methods

cipal component analysis (PCA) was applied to describe the relationships among the community compositions of the samples, and
canonical correlation analysis (CCA) was used to assess correlations
between the bacterial genera and environmental parameters. The
chart was also created using the software R (version 4.0.3; R Development Core Team 2008). The relationship matrix among core
and non-core bacteria was statistically analysed by Pearson’s correlations, and the matrix (p < 0.05, r > 0.6) was imported into Cytoscape (version 3.8.0, Cytoscape core developer team 2020) for visualisation. A phylogenetic tree of core and non-core bacteria was
established using the software Mothur (v.1.27.0; Schloss Laboratory,
University of Michigan, USA).

Daily inﬂuent and eﬄuent samples were collected into 200-mL
glass bottles. The concentrations of sulfate, thiosulfate, nitrate, nitrite, and acetate were measured using an ion chromatograph (ICS90A; Dionex, USA) with a column (Ion-Pac AS4A-SC 4 mm, Dionex,
CA, USA) after ﬁltration through a 0.22 μm Millipore ﬁlter. For
inorganic carbon analysis, 150 mL samples were ﬁltered through
a 0.22 mm membrane (EMD Millipore, Billerica, MA) before storing at 4 °C. Inorganic carbon measurements were performed with
a total organic carbon (TOC) analyser (TOC-L, Shimadzu, Japan).
The concentration of aqueous sulﬁde was determined according to
the methylene blue method (Trüper and Schlegel, 1964). The concentration of S0 was determined according to methods described
by Rethmeier et al. (1997). Monobromobimane-treated samples
were brieﬂy extracted with chloroform and analysed using high
performance liquid chromatography (Agilent 1200, Agilent Technologies, USA) equipped with a Li-Chrospher 100 RP 18 column
(Merck Chromolith, Darmstadt, Germany) and a ultraviolet detector at 263 nm.

2.4. Identiﬁcation of functional gene activity
To assess carbon, nitrogen, and sulfur cycling, key genes for
several pathways were ampliﬁed. We examined citrate synthase,
encoded by the gltA gene (Holmes et al., 2005), of the TCA cycle as an indicator of heterotrophic metabolic activity and cbbM
of Form II ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) to indicate bacterial carbon ﬁxation (autotrophic) activity
(Kato et al., 2013). Nitrogen cycling was investigated by examining the nirK gene, which encodes the copper-containing nitrite reductase (Throback et al., 2004). Sulfur cycling was investigated by
examining the sqr gene, which encodes sulﬁde quinone reductase
(sqr)—a characteristic enzyme during the oxidation of sulﬁde to elemental sulfur (Yin et al., 2014)—and the soxB gene, whose product
SoxB oxidises sulﬁde, elemental sulfur, and thiosulfate to sulfate in
the Sox enzyme system (Tourna et al., 2014). Table 2 shows the
speciﬁc primer sets and annealing temperature for the ampliﬁcation of functional genes.
Two grams were weighed for each sample to extract RNA. Total RNA was extracted using an RNA PowerSoilTM Total RNA Isolation Kit (MoBio Laboratories Inc., USA) following manufacturer instructions. RNA concentration and purity were measured using a
nanophotometer (P-class, Implen, Germany). Total RNA (2 μg) was
reverse transcribed using PrimeScriptTM II 1st Strand cDNA Synthesis Kit (Takara, Japan) following manufacturer instructions. The
concentration and purity of cDNA were measured with a nanophotometer (P-class, Implen, Germany). Quantitative reverse transcription (qRT)-polymerase chain reaction (PCR) was performed on an
ABI 7500TM Real-Time PCR System (Applied Biosystems, CA, USA).
The qRT-PCR mixture (25 μL) consisted of 1 × SYBR Green qPCR
Mix (Tiangen, China), primer sets (200 nM for each), and approx-

2.3. High-throughput sequencing and identiﬁcation of core/non-core
bacteria
There were eight sampling ports equidistant from low to high.
Five millilitres of activated sludge were collected from the eight
sampling ports of the EGSB reactor every two weeks during all
stages, mixed together in a 50 mL centrifuge tube to create a composite sample, and stored at −80 °C. Detailed methods for subsequent DNA extraction, puriﬁcation, sequencing, and other analyses
are described in our previous work (Huang et al., 2015). The bacterial V1–V3 region of the 16S rRNA gene was ampliﬁed using the
forward primer 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and reverse
primer 533R (5’-TTACCGCGGCTGCTGGCAC-3’) (Huang et al., 2017).
Sequencing was performed on a Miseq sequencing platform (Majorbio Technology Co., Ltd. Shanghai, China). The 16S rRNA gene
sequence data were deposited in the NCBI Sequence Read Archive
under the accession number SRP052221.
Among all the samples, any genus present at a relative abundance greater than 1% under all seven stages was considered a core
genus. Non-core genera include bacteria with a relative abundance
of less than 1% and some unclassiﬁed and unincorporated bacteria. Data ﬁltering and ﬁgure production were performed using the
software R (version 4.0.3; R Development Core Team 2008). PrinTable 2
Primers used for qRT-PCR ampliﬁcation in this study.
No.

Target

Target gene

Process

Primer

The sequence of the primer target (5’-3’)

Annealing (°C)

Reference

1

Citrate
synthase

gltA

Tricarboxylic
acid cycle

CS18F

CTCGCGACATCCGGAGTCT

55

(Holmes et al.,
2005)

2

RuBisCO

cbbM

Carbon
ﬁxation:
Calvin cycle

CS821R
cbbMf

TGTCCGGCGTTCAGGGTAT
ATCATCAARCCSAARCTSGGCCTGCGTCCC

52

(Kato et al.,
2013)

3

Nitrite
(NO2 − )
reductase

nirk

cbbMr
F1aCu

MGAGGTGACSGCRCCGTGRCCRGCMCGRTG
ATCATGGTSCTGCCGCG

56∗

4

sulﬁde quinone
reductase

sqr

Sulﬁde
oxidation:
HS− → S2− n+1

5

Sulfur
oxidation
enzyme

soxB

Sulfur
oxidation:
SO3 2− →
SO4 2−

Throback et al. (2004)

Denitriﬁcation:
NO2 − to NO
R3Cu
G3-199F

GCCTCGATCAGRTTGTGGTT
TBTAYSAGCCGGGWCTKCTBT

58

Pham et al.,
2008

G3-566R
710F

GGYGCMACSGGGCATTTG
ATCGGYCAGGCYTTYCCSTA

55

(Tourna et al.,
2014)

1184R

MAVGTGCCGTTGAARTTGC

3

7.6
30
0.01
2
2.0
0.5
0.6
5.0
-

-

7.5
30
1.2
1.8
1.0
1.0
0.1
0.01
1.5

-

30
1.2
1.8
1.0
1.0
0.1
0.01

1.8

-

-

30
30
30
30
1.2
1.2
0.05
1.2
1.8
1.8

0.75
0.75
0.75
1.0
1.0
1.0
1.0
0.5
0.5
0.63
0.5
0.1
0.1
0.05
0.1

1.5

Lactate
(g/L)

1.0
1.0
0.68
1.0
-

pH
4

Na2 S2 O3 •5H2 O Acetate
(g/L)
(g/L)

Seven isolated strains were cultivated in liquid medium containing 113.4 mg/L organic carbon-C (acetate), 7.9 mg/L inorganic
carbon (bicarbonate), 105 mg/L NO3 − -N (KNO3 ) and 200 mg/L
HS− -S (Na2 S.9H2 O), 1.0 g/L NH4 Cl, 1.8 g/L KH2 PO4 , 1.2 g/L K2 HPO4 ,
and trace elements. Trace elements as described by previous studies(Huang et al., 2017). The ﬁnal pH of the medium was adjusted
to 8.0 ± 0.1 using 1 M NaOH or HCl. The initial OD600nm of every anaerobic bottle with bacteria was approximately 0.04. The
anaerobic bottles (250 mL) were incubated on a rotary shaker at
150 rpm and 30 ± 1 °C. Meanwhile, the growth curves of the
seven isolated strains were obtained using a Bioscreen-C Automated Growth Analysis System (Bioscreen C, Denmark). A detailed
method is available in Huang el al (Huang et al., 2018). All experiments were repeated ﬁve times.

Na2 S•9H2 O
(g/L)

2.6. Assessment strain eﬃciency of C, N, S removal

Characteristic

Table 3
Predicted cultivation media for isolation of bacteria from core genera.

MgSO4 •7H2 O
(g/L)

NaHCO3
(g/L)

NH4 Cl
(g/L)

KNO3
(g/L)

To predict the cultivation conditions, and medium components of the core genera we utilized the web of KOMODO
(Oberhardt et al., 2015) (http://komodo.modelseed.org). The input
parameter of predict medium set as “Is organism Aerobic select as
No”, “Does organism grow in saltly media selects as No”, “Maximal phylogenetic distance selects as 0.04”, “Blast ‘Identities’ low
limit % select as 85.0”. The predicted or veriﬁed cultivation conditions are shown in Table 3. Activated sludge was taken from
the reactor to enrich and isolate the target core genera. The enrichment process employed liquid stepwise dilution and a solid
medium where the latter was prepared using the hungate barrel
method ((Miller and Wolin, 1974). 50 mL of sludge was diluted to
250 mL with sterile deionized water. Twenty-ﬁve glass beads were
placed in the Erlenmeyer ﬂask and placed on a shaker at 220 r/min
for 24 h to prepare a sludge suspension. 1 mL of the sludge suspension was pipetted and dilute to 10−4 with sterile water. The
cells were inoculated in a solid medium and cultured in an incubator at 30 ± 1 °C for 5 days until single colonies appeared on
the medium. Colonies were picked, transferred to a liquid isolation
medium (Table 3), and cultured in a shake incubator at 30 ± 1 °C,
130 r/min. The culture period was about 5 days until white ﬂocs
appeared in the medium. 1 mL of the bacterial solution was taken,
diluted to 10−2 times with sterile water, 100 μL was spread evenly
over the solid medium, and cultured at 30 ± 1 °C. Again, single
colonies were picked and transferred to liquid medium, and the
above isolation step was repeated for 5 cycles until a single colony
was isolated. The entire sterilizing process were completed on an
anaerobic workstation (Bactron, Shellab, Cornelius, USA).

1.5
1.5
1.5
1.5

Temperature
(°C)
FeSO4 •7H2 O
(g/L)
K2 HPO4
(g/L)
KH2 PO4
(g/L)

2.5. Bioinformatic-informed enrichment protocol and isolation
strategy to select functional genera in denitriﬁcation desulfurization
system

Thauera sp.
Acrobacter sp.
Azoarcus sp.
Pseudomonas
sp.
Ochrobactrum
sp.
Alkaliﬂexus
sp.
Thiobacillus
sp.

imately 3 ng of template cDNA. Detailed PCR procedures for the
ampliﬁcation of gltA, cbbM, nirK, sqr, and soxB genes are described
in our previous reports (Table 2). Calibration curves (log DNA concentration versus an arbitrarily set cycle threshold value) for the
gltA, cbbM, sqr, soxB, and nirK genes were constructed using serial
dilutions of amplicons from single colonies. Each functional gene
was obtained from the sample by PCR and transferred to T vector
(pMD20, Takara, Japan) to construct a single-clonal vector. Next,
the total DNA of the single-clonal samples was extracted and serially diluted (10−1 –10−10 fold); the standard curve (copy number
vs. cycle number) was obtained by PCR using the same PCR conditions as the functional genes. The gene copy number of the amplicon was calculated by multiplying the molar concentration of
the amplicon by Avogadro’s constant. The eﬃciencies of real-time
PCR assays were over 98%, and r2 was 0.99. All reactions were performed in triplicates.

7.5
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8.0
8.0
7.5
8.0
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The bacterial growth rate (μ) was based on the increased
OD600nm number with the incubation time as follows:

were 50.4% and 39.7%, respectively. During stage VII (day 407 to
day 490), the concentration of inorganic carbon was increased to
105.3 mg/L, the removal of inorganic carbon decreased from 91.1%–
44.0%, and the generation of sulfate and S0 were 9.8% and 60.8%,
respectively.

μ = (ln (nt ) − ln (n0 ) )/t
where nt and n0 are the OD600nm numbers monitored at two subsequent time points and tis the time interval. The yield of elemental sulfur for per OD600nm per hour was calculated using the
following equation.

3.2. The bacterial community and core bacterial genera in
denitriﬁcation desulfurization system

YCS = (St − S0 )/μ

We performed a detailed analysis of bacterial community in
seven stages of the bioreactor by using the 16S rRNA highthroughput sequencing. All sequences were clustered into 387
unique genera across the complete data set. The relative abundance
of all genera present at a minimum of 1% in any single sample
is shown in Fig. 2. Thiobacillus (27.4-73.8%) and Arcobacter (0.52.3%) were mostly enriched in stage I, and while, the relative abundance of Ochrobactrum decreased from 56.1% to 1.6% by the end of
stage I. When the carbon source was changed from inorganic to organic (stage II), the dominant genera in the reactor changed drastically. During the period from day 42 to day 56, Thiobacillus rapidly
decreased from 73.8% to 1.0%, and Azoarcus and Pseudomonas replaced Thiobacillus as the dominant genera, increasing from 1.1% to
30.2% and 1.2% to 60.7%, respectively.
As the nutrient conditions became mixotrophic (stage III–VII),
Thauera gradually became the dominant species accounting for up
to 55.4%. The relative abundance of Pseudomonas decreased from
60.7%–40.2% to 2.0%–0.5%. The other dominant species in stage III
were Azoarcus (4.9%–34.9%), Arcobacter (4.9%–34.9%), and Ochrobactrum (1.0%–18.7%). When the concentration of sulﬁde in the inﬂuent was doubled (stage IV), Arcobacter gradually became the dominant species, increasing from 4.9%–34.9% in stage III to 54.0%–
61.8% in stage IV. In the early phase of stage IV, the relative
abundance of Pseudomonas increased signiﬁcantly to 28.6% (day
210) and then gradually decreased to 1.0% (day 224). Additionally,
the relative abundance of Thiobacillus grew slowly, with an initial abundance of 1.0% in stage IV and a ﬁnal abundance of 10.9%.
Other comparatively dominant species in stage IV were Azoarcus
(2.6%–8.6%), Thauera (5.4%–14.1%), Ochrobactrum (1.1%–8.0%), Alkaliﬂexus (1.0%–4.0%), and Anaerolineaceae_uncultured (1.1%–5.9%).
When the inﬂuent concentration of inorganic carbon was increased
to 211.7 mg/L during stage V, Azoarcus (20.4%–39.6%), Arcobacter (16.0%–31.9%), and Thiobacillus (16.0%–31.3%) became the dominant species. When the inﬂuent concentration of inorganic carbon
was subsequently reduced to 52.2 mg/L during stage VI, Thauera
(29.3%–37.9%), Azoarcus (8.4%–17.7%), and Arcobacter (30.7%–34.5%)
replaced Thiobacillus as the dominant species. When the concentration of inorganic carbon was increased to 105.3 mg/L during
stage VII, Arcobacter (34.5%–47.1%) became a comparatively dominant species compared to the other core species: Azoarcus was
5.6%–19.2%, Pseudomonas was 1.0%–1.3%, Thauera was 8.0%–11.7%,
Thiobacillus was 6.2%–11.7%, Ochrobactrum was 1.0%–1.2%, Alkaliﬂexus was 1.8%–4.9%, and Anaerolineaceae_uncultured was 1.7%–
3.8%.
The genera Thauera, Arcobacter, Pseudomonas, Azoarcus, Ochrobactrum, Alkaliﬂexus, Thiobacillus, and Anaerolineaceae_uncultured were ubiquitous and abundant under autotrophic, heterotrophic, and mixotrophic conditions, with a total
abundance of 82.0%–99.5%. These eight genera were considered
as the core bacterial genera in the denitriﬁcation desulfurization
system. In contrast, the abundance of the non-core genera was in
the range 0.0%–11.2% (Fig. 2).

where St and S0 are the elemental sulfur (S0 ) yields monitored at
two subsequent time points (per hour) and μ is the bacterial
growth rate.
3. Results
3.1. Bioreactor performance under the different trophic conditions
In this study, the trophic conditions were altered to identify the
core and non-core functional bacteria in the denitriﬁcation desulfurization system. The operation consisted of seven stages divided
into three conditions: autotrophic (stage I), heterotrophic (stage
II), and mixotrophic (stages III–VII). The performance of the EGSB
bioreactor, including the concentrations of acetate (organic carbon),
bicarbonate (inorganic carbon), nitrate, sulﬁde, sulfate, and thiosulfate in the inﬂuent and eﬄuent, and the generation of sulfate and
S0 are shown in Fig. 1.
In stage I (day 0 to day 42), bicarbonate was added as the
sole carbon source, with no addition of organic carbon (acetate) (autotrophic condition). The inorganic carbon removal zones
were maintained at 89.9%–94.7%. Nitrate was completely removed
throughout the operation, and no nitrite was detected in the
eﬄuent. The concentrations of sulﬁde-S, thiosulfate-S, sulfate-S,
and S0 in the eﬄuent were 0, 13.2–20.1, 152.3–162.6, and 10.6–
19.2 mg/L, respectively. During stage II (heterotrophic condition),
acetate (180.9 mg/L)—as an organic carbon source—was fed into
the inﬂuent, and while, no inorganic carbon was not added. No
acetate, nitrate, and nitrite were detected in the eﬄuent, indicting
the complete removal capacity. As similar as that in stage I, sulﬁde
was completely removed, and no thiosulfate was detected in the
eﬄuent. The concentration of S0 in the eﬄuent was similar to that
in the autotrophic condition (16.8–19.4 mg/L), and sulfate-S in the
eﬄuent approached 174.7–190.5 mg/L.
During mixotrophic conditions (stages III–VII), acetate and bicarbonate were simultaneously added as carbon sources, but with
varied concentrations. Under all mixotrophic conditions, acetate,
nitrate, and sulﬁde were completely removed. When acetate was
52.7 mg/L in the inﬂuent of stage III, the sulfate-S in the eﬄuent
decreased from 174.7–190.5 mg/L to 5.06–12.4 mg/L, and while, S0
increased from 16.8–19.4 mg/L to 107.5–126.5 mg/L. Meanwhile,
only trace amounts of thiosulfate-S (0.20–0.69 mg/L) were detected, demonstrating that the addition of inorganic carbon was
beneﬁcial in controlling sulfur oxidation by increasing the generation of S0 and reducing the formation of sulfate. It is noticed up to
63.8 mg/L of nitrite was detected in the eﬄuent at the beginning
of stage IV for approximately 30 days (day 190 to day 231), after
which it became undetectable. Compared with stage III, the generation of sulfate and the removal of inorganic carbon in stage IV
decreased from 10.0%–2.8% and from 91.3%–51.2%, respectively, and
the generation of S0 increased from 57.5%–69.5%. When the concentration of inorganic carbon increased from 105.9–211.7.7 mg/L
in stage V (day 267 to day 350), S0 generation decreased from
69.5%–20.5%, and sulfate generation increased from 2.8%–60.2%. In
stage VI (day 351 to day 406), the concentration of inorganic carbon decreased to 52.2 mg/L, and the removal rate of inorganic
carbon was 100%. Additionally, the generation of sulfate and S0

3.3. PCA and CCA diagram analysis and bacterial diversity
Fig. 3 shows the differences between bacterial community
structures under different nutrient conditions. To reduce statisti5
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Fig. 1. Time course average concentration changes of the acetate, bicarbonate, nitrate, and sulfur-compounds in inﬂuent and eﬄuent during the different stages. The different
stages are identiﬁed by different color groups. Seven stages were divided into autotrophic (stage I), heterotrophic (stage II), and mixotrophic condition (stages III~VII).
(A) The concentration changes of the acetate and bicarbonate in inﬂuent and eﬄuent, and the removal of acetate and bicarbonate.
(B) The concentration changes of nitrate-N and nitrite-N in inﬂuent and eﬄuent.
(C) The concentration changes of sulﬁde and thiosulfate in inﬂuent and eﬄuent, and the removal of sulﬁde.
(D) The concentration changes of elemental sulfur and sulfate-S in inﬂuent and eﬄuent, and the generations of elemental sulfur and sulfate-S.
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Fig. 2. Microbial community composition and synchronised dynamics. Taxonomy was determined at the genus level, and this heatmap shows all relative abundance > 1%
genus during the seven stages. The sum of core bacteria, non-core bacteria and the other (relative abundance < 1% and those with unknown functions) were summed in
independent lines, respectively.

cal deviation, all the sequencing samples were subsampled at the
genus level, and the subsample results were used for PCA analysis (Fig. 3A). The samples under autotrophic, heterotrophic, and
mixotrophic conditions showed the clear differentiation. CCA diagram (Fig. 3B) was applied to assess the correlation between the
bacterial genera and reactor conditions of S0 generation, NO3 −
removal, acetate removal, inorganic carbon removal, and SO4 2−
generation. Anoxynatronum, Pseudomonas, and Desulfurivibro correlated with sulfate generation. Arcobacter, Thauera, Thermovirga,
Sulfurovum, Paracoccus, and Aminivibrio correlated with S0 generation. Desulfofustis correlated with inorganic carbon removal, and
Melloribacter, Desulfuromonas, and Chlorobiaceae_norank correlated
with acetate removal. Thauera showed the closest correlation to nitrate removal.
Fig. 3C shows the bacterial diversity of all samples. The lowest bacterial diversity was observed under autotrophic conditions (stage I), conﬁrming by a Shannon index within 1.08–1.29
and a Simpson index within 0.18–0.26. Compared with stage III
(mixotrophic), stage II (heterotrophic) showed little change on the
Shannon index; however, the Simpson index ﬂuctuated signiﬁcantly. The trend of both α -diversity indices tended to be stable,
and the Chao1 index—commonly used in ecology to estimate the
total number of species—showed a similar trend, indicating that
the diversity and community structure of the mixotrophic conditions were more stable than the autotrophic and heterotrophic
conditions.

metabolic pathways in denitriﬁcation desulfurization systems under the different trophic conditions Fig. 4. The gltA gene, which
encodes citrate synthase in the tricarboxylic acid cycle, was used
to indicate the activity of heterotrophic metabolism in denitriﬁcation desulfurization systems. Under autotrophic conditions (stage
I), the copy numbers of gltA ranged from log 1.9 to log 2.1. The
copy number of gltA gradually increased with the addition of acetate (stages II–VII) to log 4.1–log 4.7 during stages II and III. As
the concentration of acetate was doubled, the copy number of gltA
gene increased to log 6.1–log 6.6, indicating an increase in heterotrophic metabolic activity. During the entire experimental run,
the copy number of the cbbM gene was between log 1.4 and log
5.9, varying with the concentration of inorganic carbon in the inﬂuent. During stage II without inorganic carbon addition, the copy
number of the cbbM gene decreased from log 3.8–log 4.1 in stage
I to log 1.4–log 1.7. As the concentration of inorganic carbon increased in stage III, the copy number of cbbM gene increased to
log 3.4–log 3.8. When the concentration of inorganic carbon in inﬂuent was increased to 31.7 mg/L, the copy number of cbbM gene
approached its highest level (log 5.5–5.9). As the inﬂuent concentration of inorganic carbon was reduced to 8.2 mg/L in stage VI, the
copy number of cbbM gene decreased to log 2.3–log 2.8. When the
inﬂuent concentration of inorganic carbon returned back to 16.4
mg/L, the copy number of cbbM increased to log 3.5–log 3.8. Expression levels of cbbM gene was closely related with addition of
inorganic carbon, representing the metabolic activity of autotrophic
bacteria. The copy number of the nirk gene was primarily within
log 3.7–log 4.3 during the entire run. Only during stage IV, when
the concentration of inﬂuent pollutants (sulﬁde) doubled, did the
copy number of the nirk gene decrease to log 1.1, before gradually

3.4. Activities of functional genes under different trophic conditions
We used quantitative reverse transcription PCR to investigate the functional gene activities of carbon, nitrogen, and sulfur
7
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Fig. 3. Principal components analysis (PCA), canonical correspondence analysis (CCA) diagram analysis and bacterial diversity of all stages.
(A) PCA analysis for all samples. Each sample is represented by a green point, accompanied by days.
The red circle was indicted sludge in autotrophic condition, the saffron yellow circle was represented sludge in heterotrophic condition, activated sludge of mixotrophic
condition was shown in the blue circle.
(B) Environmental variable (acetate, inorganic carbon, nitrate removal, and sulfate, elemental sulfur generation) was indicated by red lines with variable names (in saffron
yellow) at the end. Each genus is represented by green point, accompanied by the genus name.
(C) Bacterial diversity for all samples. Green colour indicted Shannon index, brown colour indicted Simpson index, and red colour indicted Chao index. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.) .

recovering to log 4.0. The increase in concentration of sulﬁde reduced the metabolic activity of denitriﬁcation.
The expressed copy number of the sqr gene was the highest
during stages III, IV, and VII, reaching between log 3.2 and log 4.6.
In the remaining stages, the copy number was maintained within
log 1.3–log 2.9. There was no signiﬁcant change during stages I and
II (log 1.3–log 1.8). Stage V showed a slight increase compared with

stages I, II, and VI, reaching log 1.6–log 2.1. The copy number of
the soxB gene was within log 3.9–log 4.7 during stages I and II,
decreased to log 2.3–log 2.8 in stage III and reached the lowest
level (log 0.3–0.7) during stage IV. The soxB gene copy number increased to log 4.0–4.8 in stages V and VI and decreased to log 1.2–
1.8 in stage VII. The changes in the sqr gene and soxB gene copy
numbers were closely related to the forms of sulfur in the eﬄuent.
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Fig. 4. Quantitative expression of the functional genes related to heterotrophic, autotrophic, denitriﬁcation, and sulﬁde oxidation under the different stages over 490 days.
Table 4
The inorganic carbon, thiosulfate, sulfate and elemental sulfur in eﬄuent during different conditions.

Stage

IC-C in eﬄuent
(mg/L)

IC-C removal (%)

S2 O3 2− -S in
eﬄuent (mg/L)

SO4 2− -S in eﬄuent
(mg/L)

Sulfate
generation (%)

S0 in eﬄuent
(mg/L)

S0 generation (%)

I
II
III
IV
V
VI
VII

0.0
0.0
3.7±0.5
19.54±0.8
0.0
2.7±0.5

100%
100%
96.5±4.1%
90.8±2.8%
100%
97.4±1.0%

0.0
0.0
2.5±0.9
6.0±1.9
3.4±1.2
4.9±1.8
2.4±0.9

164.9±6.3
186.4±5.7
20.5±2.3
11.6±4.6
245.9±13.1
206.6±11.6
40.0±4.6

80.7±2.9
91.2±2.4
10.0±1.0
2.8±1.1
60.1±2.9
50.4±2.8
9.8±1.1

15.7±2.8
12.3±2.21
117.1±8.1
283.4±12.1
83.8±11.9
162.8±12.6
248.5±15.8

7.7±1.4
6.0±1.0
57.5±4.3
69.5±2.9
20.5±2.5
39.7±2.8
60.8±3.7

lows: HDD1 > HDD2, HDD3, HDD6 > HDD4, HDD5 > ADD1
(Fig. 5A). The corresponding growth rates of the strains in the
sulﬁde medium were HDD1 > HDD3 > HDD2 > HDD4, HDD5,
HDD6 > ADD1 (Fig. 5B).
The yield of elemental sulfur per OD600nm per hour was
counted (Fig. 5C). HDD1 had the highest yield of elemental sulfur
for every OD600nm per hour of all the isolates (12.5 mg/OD600nm •h,
between the 3rd and 5th hour). In contrast, ADD1 had the lowest elemental sulfur for per OD600nm per hour, ranging from 0.08–
0.68 mg/OD600nm •h. All heterotrophic strains could remove 103.6–
109.7 mg/L of nitrate-N (90.4%–100%) by oxidising most of the
fed 203.9–210.0mg/L of sulﬁde (>98.2%) into elementary sulfur or
sulfate; acetate was simultaneously consumed at high eﬃciencies
(>91.3%) (Table 5). ADD1 removed 76.8% of nitrate and 75.2% of
sulﬁde within 60 h (Table 5).

When the copy number of sqr gene was greater than log 3.2, the
elemental sulfur production rate was higher than 57.5%. When the
copy number of soxB was greater than log 3.9, sulfate (+6) was the
primary form of sulfur in the eﬄuent.
3.5. Characteristics of core bacteria from the denitriﬁcation
desulfurization system
Strains belonged to the core genera were further isolated and
characterised. Six isolated strains (HDD1–HDD6) could utilise carbohydrate and sulﬁde as electron donors for nitrate reduction;
however, they neither grew nor performed denitriﬁcation without organic carbon (Table 4). Strain ADD1 was an autotrophic
denitriﬁer that could not utilise acetate or lactate as a carbon source (Table 4). The sulﬁde degradation rates of these
facultative autotrophic strains in sulﬁde medium were as fol9
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Fig. 5. The rates of sulﬁde degradation and organismal growth of the seven isolates in batch culture (60 hours), and their morphology as seen under TEM.
(A) Sulﬁde degradation curves. (B) Growth curves in OD600. (C) The generation of elemental sulfur for biomass per OD600 in per hour. (D) The morphology of isolates,
bar = 200 nm.

10

C. Huang, Q. Liu, Z.-L. Li et al.

Water Research 188 (2021) 116526

Table 5
The characteristics of the isolates.
Characteristic

HDD1

HDD2

HDD3

HDD4

HDD5

HDD6

ADD1

Phylogeny

β-

ε-

β-

γ-

α-

β-

α-

Closest relative

proteobacteria
Thauera sp.
MZ1T

proteobacteria
Arcobacter
cloacae str.
SW28-13
99%
rod
+
3.0–5.0
0.3–0.5
30
25–37

proteobacteria
Azoarcus sp.
NSC3

proteobacteria
Pseudomonas
stutzeri str. 1

proteobacteria
Ochrobactrum
sp. Y6

proteobacteria
Alkaliﬂexus sp.
SSK1B

proteobacteria
Thiobacillus sp.
JC56

99%
rod
+
0.8–1.5
0.5–0.6
30
10–45

99%
rod
+
3.0–3.5
0.3–0.5
37
4–42

99%
rod
0.8–1.2
0.5–0.6
30
10–37

99%
ﬁlamentous
4.0–10.0
0.25–0.4
35
10–45

99%
rod
+
1.2–1.5
0.5–0.8
30
-2–37

7.5–8.0
6.0–10.0
+/+
66
Facultatively
anaerobic

7.0–8.0
7.0–10
+/28.4
Anaerobic

6.5–6.8
6.0–7.8
-/60.1
Anaerobic

7.5–8.0
5.0–10.0
-/69.8
Facultatively
anaerobic

6.0–7.0
4.0–9.0
+/+
57.9
Anaerobic

8.2–9.5
7.2–10.2
-/44.3
Facultatively
anaerobic

6.8–7.4
6.8–7.4
+/+
61.5
Anaerobic

+
+
+
+
+

+
+
+
+
+

+
+
+
+
+

+
+
+
+
+

+
+
+
+
+

+
+
+
+
+

+
+
+
+

Similarity
Morphology
Flagella
Cell length (μm)
Cell width (μm)
Temperature optimum (°C)
Temperature range for
growth (°C)
pH optimum
pH range for growth
oxidase/catalase
DNA G+C content (mol %)
O2 metabolism
Oxidation/reduction of matter
Sulﬁde
Acetate
Lactate
Nitrate
Na2 S2 O3
S0 generation

99%
rod
+
0.7–1.0
0.2–0.5
30
10–45

3.6. Ecological network analysis of denitriﬁcation and desulfurization
systems

tected in the denitriﬁcation desulfurization system; thus, the richness of bacterial diversity increased temporal stability. For example, when the culture condition was changed to mixotrophic conditions (condition III), the abundance of Azoarcus gradually declined
(from 34.9% at day 126 to 4.9% at day 168) before slowly increasing again, from 4.9% on day 168 to 17.7% on day 196. Over the
course of the reactor run, the proportion of dominant organisms
increased, and the abundance of other functional bacteria shrank.
For example, the relative abundance of Thiobacillus in Condition I
reached 73.8% at day 42, whereas Ochrobactrum accounted for only
1.6% in this initial stage; the relative abundances of the remaining
bacteria were lower. However, the abundance of Ochrobactrum rose
to approximately 18.7% during stage III (day 154 to day 168). Functional overlap and, therefore, high functional redundancy of bacteria in denitriﬁcation desulfurization was considerable, even during
the transition processes between different nutrient conditions. Corresponding to the functional redundancy phenomenon, the bacterial community structure in the system was highly simpliﬁed; that
is, a few core organisms performed the primary system functions
under each operating condition—e.g., Thiobacillus under autotrophic
conditions, Azoarcus and Pseudomonas under heterotrophic conditions, and Azoarcus, Thauera, Arcobacter, and Thiobacillus under
mixotrophic conditions.
Moreover, the majority of bacteria maintained a stable relative
abundance over the course of the experiment but often exhibited episodes of expansion or contraction. For example, Azoarcus
in stage III achieved a relative abundance of 34.9% (day 126) at
the beginning of this stage, falling to a relative abundance of 5.2%–
4.9% between day 154 and 168 and then increasing to 17.7% on
day 196. The relative abundance of Ochrobactrum in the middle of
stage III increased rapidly to 18.7%, whereas the relative abundance
at the beginning and end of this stage was only 1.0%–3.7%. The undulation of a phenomenon over a longer period is driven by direct
positive and negative effects of microorganisms and environmental
stress factors.
Because of the aforementioned ecological phenomena in the
denitriﬁcation desulfurization system, bacteria had to be isolated to verify if Thauera, Arcobacter, Azoarcus, Ochrobactrum,
and the other dominant bacterial genera possessed the hypoth-

High-throughput sequencing and pure culture experiments furthered our understanding of the microbial community structure
and function within the denitriﬁcation desulfurization system, but
do not explain the relationship among functional bacteria. Thus,
a correlation network was built to analyse the relationship between these organisms. The bacterial network provides a snapshot of the time and space of an ecosystem in two parts: nodes
and edges; a node usually represents an organism, and an edge
represents a statistically signiﬁcant association between nodes (organisms). The number of edges connected to a node is the degree of the node. The relative abundances of the dominant genera in all samples were collected and subjected to Pearson correlation analysis (Fig. 6A), and the evolutionary relationships of
the dominant genera were analysed (Fig. 6B). Arcobacter, Azoarcus, Thauera, Thiobacillus, and Pseudomonas had the highest relative abundance throughout the operational period of the reactor,
which conﬁrms that they were the core genera of the denitriﬁcation desulfurization system. Among the correlation networks (correlation value R > 0.6), Thauera had the highest correlation with
Aminivibro, Anaerolineaceae_uncultured, Paracoccus, Sulfurovum, and
Halthiobacillaceae_norank. The phylogenetic tree analysis results revealed that Thauera and Azoarcus have a close evolutionary relationship.
4. Discussion
Because of the presence of nitrogen and sulfur compounds with
different valences in the denitriﬁcation desulfurization system, the
relationship between bacteria is complex. Through the sequential
study of this system, several ecological phenomena, such as functional redundancy, highly simpliﬁed functional ﬂora, and sporadic
expansion of organismal groups, were observed. When organic and
inorganic carbon were simultaneously available, bacteria used multiple carbon sources, decreasing diversity and bacterial community
composition ﬂuctuations—which was conducive to the stability of
the microbial community structure. Functional redundancy was de11
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Fig. 6. The relationship between core bacteria and non-core bacteria.
(A) The interaction of core and 20 non-core bacterial genera using network analysis. The node size and colour indicate organism abundance in all samples; edge size is
proportional to correlation (R2 = 0.6–1.0).
(B) Phylogenetic tree of core bacteria and non-core bacterial genera during DSR process. The colour of the sample corresponds to the colour of network analysis.

esised denitriﬁcation and desulfurization functions. Two of the
isolated HDD strains, Pseudomonas sp. (HDD4) and Azoarcus sp.
(HDD3), were extremely similar to those reported previously—
Pseudomonas stutzeri and Azoarcus taiwanensis NSC3, both of which
have demonstrated the sulﬁde-oxidising ability under denitrifying
conditions (Lee et al., 2014). Although the genera Thauera, Arcobacter, and Ochrobactrum were previously known as functional bacteria in denitriﬁcation desulfurization systems (Huang et al., 2015;
Zhang et al., 2018), the previously isolated Thauera sp. (HDD1),
Arcobacter sp.(HDD2), Ochrobactrum sp.(HDD5), and Alkaliﬂexus sp.
(HDD6) had never been reported as present in wastewater treatment plants. Moreover, this is the ﬁrst report conﬁrming the ability of Thauera, Arcobacter, and Alkaliﬂexus to oxidise sulﬁde. Furthermore, although members of Azoarcus are well-known nitrogenﬁxing bacteria, their heterotrophic denitriﬁcation desulfurization
function had not been previously recognised. Physiological characterisation of our isolate found it to be eﬃcient at desulfurization
second only to Thauera sp.MZ1T (HDD1), with maximum removal
eﬃciency per hour reaching 1.7 mg/OD600nm .
These representatives of the seven isolates all secrete elemental
sulfur, conﬁrming that elemental sulfur is an intermediate product from the process of sulﬁde oxidation to sulfate (Mora et al.,
2016). The batch culture time-series data conﬁrmed a lag period
(~10 h) for the ADD strain during desulfurization; however, no delay was observed in any of the HDD strains, suggesting that the
latter favoured desulfurization in the denitriﬁcation desulfurization
system. The HDD1, HDD2, and HDD3 strains are most effective facultative heterotrophic desulfurization denitriﬁers identiﬁed in this
study. The success of the selective culturing method presented in
this report is eﬃcient and easily implemented and may lessen the

amount of work required to isolate low-abundance functional bacterial strains Table 6.
The correlation between core microbial genera under each condition was very low from correlation network analysis, verifying that the core bacteria were different under autotrophic, heterotrophic, and mixotrophic conditions and indicating that there
was a complex and non-speciﬁc mutualistic network between bacterial functional groups under each nutrient condition; a stable coexistence state was formed through synergy by utilising each the
secondary or waste metabolites in the denitriﬁcation desulfurization system. Therefore, we propose an interaction model between
autotrophic and heterotrophic bacteria in the denitriﬁcation desulfurization system (Fig. 7). Autotrophic and heterotrophic bacteria
perform denitriﬁcation and sulfur oxidation metabolism (Fig. 5,
Tables 4 and 5). When organic carbon and inorganic carbon coexist, microorganisms utilise increasingly varied types of carbon
sources, reducing ﬂuctuations in diversity and species composition, which beneﬁts the stability of the microbial community structure. The ﬁnal ecological strategy of functional bacteria in denitriﬁcation desulfurization is a symbiotic relationship. Heterotrophic
bacteria decompose organic matter into CO2 , which in turn supplies autotrophic bacteria that perform critical functions for denitriﬁcation desulfurization systems by providing ﬁxed carbon. Autotrophic and heterotrophic bacteria can oxidise H2 S to elemental sulfur (S0 ), which they deposit as either intracellular or extracellular granules for later use as an electron donor. A variety
of inorganic compounds can be used as electron donors (e.g., sulﬁde, ammonium, and hydrogen) and electron acceptors (e.g., oxygen, elemental sulfur, and nitrate); the energy yield depends on
the thermodynamics of the redox couple and on the biochemistry
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Table 6
Nitrate, sulﬁde, and organic carbon removal by the seven isolates in sulﬁde medium.
Strains
Thauera sp. MZ1T
Arcobacter cloacae str. SW28-13
Azoarcus sp. NSC3
Pseudomonas stutzeri str. 1
Ochrobactrum sp. Y6
Alkaliﬂexus sp. SSK1B
Thiobacillus sp. JC56∗
∗

NO3 − -N (mg/L)
Input
Output

Removal (%)

HS− -S (mg/L)
Input
Output

Removal (%)

Acetate-C (mg/L)
Input
Output

Removal (%)

103.6
104.4
104.1
103.7
106.7
109.7
108.0

100.0
100.0
100.0
92.5
90.4
94.4
76.8

209.9
207.6
209.1
210.0
203.9
207.7
206.7

100.0
100.0
99.0
98.2
98.3
100.0
75.2

110.8
116.0
111.2
112.0
113.1
116.8
110.2

100.0
100.0
100.0
94.1
100.0
91.3
-

0.0
0.0
0.0
7.8
10.3
6.1
25.3

0.0
0.0
2.2
3.7
3.4
0.0
51.2

0.0
0.0
0.0
6.6
0.0
10.2
-

Duration time (h)
24
24
24
40
40
40
60

Thiobacillus sp. JC56 is an autotrophic organism.

Fig. 7. Schematic of DSR mechanisms and interactions between heterotrophic and autotrophic bacteria under mixotrophic conditions.

of the pathways utilised. Mixotrophic organisms can simultaneously use several metabolic strategies (e.g., incorporating organic
carbon into cellular material using light and/or inorganic chemical
energy sources) or can switch between different strategies. Therefore, mixotrophic bacteria using such pathways have a competitive
advantage over obligate autotrophs or heterotrophs.
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5. Conclusion
Over the course of this experiment, the nutrient conditions of
the reactor operation were periodically altered (switching from
autotrophic to heterotrophic to mixotrophic conditions), with different concentrations of inorganic carbon and pollutant (sulﬁde)
in the inﬂuent under mixotrophic conditions. High-throughput sequencing (qRT-PCR) targeted screening for speciﬁc functional bacterial taxonomic groups, and characterisation to identify functional
microbial roles and interactions in denitriﬁcation desulfurization
systems was utilised. We found that the genera Thauera, Arcobacter,
Pseudomonas, Azoarcus, Ochrobactrum, Alkaliﬂexus, Thiobacillus, and
Anaerolineaceae_uncultured formed the core bacteria of the denitriﬁcation desulfurization system. These eight core bacterial genera,
except for Anaerolineaceae_uncultured, oxidise sulﬁde to elemental sulfur through denitriﬁcation. Additionally, the ﬁnal oxidised
form(s) of sulﬁde (elemental sulfur or sulfate) depends on the ratio of autotrophic bacteria to heterotrophic bacteria in the system.
This study will help improve the eﬃciency of system processing
through microbial community regulation or bioaugmentation.
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