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Sulfide has attracted increasing attention due to its odor nuisance, toxicity and corrosion. Although variations in
the nitrogen removal performance of anammox under sulfide stress have been reported previously, under-
standing the microorganisms at the molecular level is of greater significance. This study first deciphered the
microbial community and functional gene response of anammox sludge to sulfide stress. Results showed that
20 mg L−1 sulfide could reduce specific anammox activity by 61.7%. The protein-like substances within ex-
tracellular polymeric substances were quenched at the end of the experiment. Moreover, the relative abundance
of Candidatus Kuenenia significantly decreased from 28.7% to 6.4% while Thiobacillus increased from 0 to 7.2%
due to sulfide stress. Furthermore, the abundances of functional genes (hzsA, hdh, nirK and nirS) significantly
decreased when the sulfide concentration reached 20 mg L−1. These findings provide a further theoretical basis
for the anammox process for nitrogen removal from wastewater containing sulfide.

1. Introduction

The anaerobic ammonium oxidation (anammox) process has re-
ceived increasing interest since it was first discovered in the 1990 s.
Anammox enables nitrite reduction with ammonia as an electron donor
for direct conversion to nitrogen gas under an anaerobic environment

(Eq. (1)) (Strous et al., 1999). Moreover, anammox provides tre-
mendous potential to realize sustainable nitrogen-rich wastewater
treatment because of the lack of demand for aeration and organics. To
date, more than 100 full-scale anammox reactors have been put into
engineering use, showing broad application prospects for wastewater
treatment (Ali and Okabe, 2015).
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However, previous studies have reported that the anammox process
is vulnerable to external conditions due to the long doubling times
(15–30 d) of anammox bacteria, which is considered the main obstacle
preventing its practical development (Lotti et al., 2015; Wett et al.,
2010). Jin et al. (2012) reviewed some of the factors that inhibit the
anammox process, including substrate, salinity, organic matter, phos-
phate, heavy metals and sulfide. Among these inhibitors, sulfide has
attracted increasing attention due to its odor nuisance (Vikrant et al.,
2018), toxicity and corrosion (Xu et al., 2017), and it can even form
acid rain, destroying the natural environment (Pikaar et al., 2014). The
concentration of sulfide can reach 100 mg L−1 in industrial wastewater
(Montalvo et al., 2019). In addition, sulfide- and nitrogen-laden was-
tewater are often detected in paper manufacturing, landfills and phar-
maceutical discharge (Janssen et al., 2009; Liu et al., 2015; Matsuto
et al., 2015). Furthermore, sulfide can inhibit microorganismal activity
(Wisniewski et al., 2019) and even denature proteins (Ye et al., 2008).
Therefore, it is necessary to evaluate the impacts of sulfide on the
anammox process.

To date, several researchers have studied the effects of sulfide on the
anammox wastewater treatment process. van de Graaf et al. (1996)
explored this effect for the first time, and the results showed that a
sulfide concentration lower than 5 mM could enhance specific ana-
mmox activity (SAA). Dapena-Mora et al. (Dapena-Mora et al., 2007)
found that 1–2 mM sulfide caused SAA to decrease by 60%. Jensen et al.
(2008) even insisted that 4 μM sulfide could thoroughly inhibit ana-
mmox activity. Later, Carvajal-Arroyo et al. (Carvajal-Arroyo et al.,
2013) further demonstrated that sulfide strongly suppressed SAA, even
when the concentration was as low as 0.1 mM. Jin et al. (2013) re-
ported that 32 mg L−1 sulfide decreased anammox performance by half
during a long-term test. Furthermore, Wisniewski et al. (2019) de-
termined that the half inhibition concentration of sulfide on anammox
biomass was 4.67 mg L−1.

However, these studies only focused on the effect of sulfide on
anammox nitrogen removal performance, but the variations in cellular
metabolism, microbial community and key anammox functional genes
(hdh, hzsA, nirK and nirS) remain unclear. Sulfide-oxidizing bacteria
have been reported to interact with anammox bacteria in ecological
niches (Oshiki et al., 2016). Quantitative real-time polymerase chain
reaction (qPCR) has been extensively employed to characterize ana-
mmox functional genes in bioreactors (Wei et al., 2016), which can help
extend the knowledge regarding the impact of sulfide on the anammox
process.

Hence, to deeply explore the impact of sulfide on the anammox
process, the main goals of this study are to (i) evaluate the long-term
effect of sulfide on anammox performance; (ii) assess the changes in the
physiological characteristics of anammox sludge, including SAA and
extracellular polymeric substances (EPS); and (iii) investigate the shifts

in the microbial community and key functional genes at various sulfide
concentration stresses.

2. Materials and methods

2.1. Reactor setup and operational strategy

A laboratory-scale upflow anaerobic sludge blanket bioreactor
(UASB) fabricated from plexiglass with an effective volume of 0.5 L and
an internal diameter of 50 mm was employed in this experiment. The
temperature was controlled at 35 ± 1 °C in a thermostatic room and
the hydraulic retention time was set as 0.8 h. Moreover, to determine
the effect of sulfide on anammox biomass more clearly, the bioreactor
was operated for 120 days divided into six phases: Phase I (0–15 d) for
steady operation, phase II (16–45 d) and III (46–60 d) for sulfide ad-
dition, phase IV (61–80 d) for performance recovery, and phases V
(81–100 d) and VI (101–120 d) for sulfide reintroduction. The detailed
operational conditions are given in Table 1.

2.2. Sludge inoculum and synthetic wastewater

Inoculated anammox sludge was taken from a lab-scale anammox
bioreactor that had been continuously operated for over one year, and
the mixed liquor suspended solids (MLSS) and mixed liquor volatile
suspended solids (MLVSS) were 1.96 and 1.15 g L−1, respectively, ac-
cording to the standard method (APHA, 2005). Candidatus Kuenenia
was characterized as the dominant bacteria in the seeding sludge.
Synthetic wastewater streams with compositions the same as those in a
previous study (Xu et al., 2019a) were fed into the anammox bioreactor
by a peristaltic pump. Specifically, the influent nitrogen was provided
by (NH4)2SO4 and NaNO2 with an equivalent molar ratio, and the total
nitrogen was maintained at 560 mg L−1. Sulfide was added as needed
in the form of Na2S·9H2O. To reduce the impact of environmental
factors and fluctuations in reactor performance, the initial sulfide
concentration was set to 5 mg L−1 (Xu et al., 2019b).

2.3. Analytical methods

During the experiment, influent and effluent samples were collected
every two days for chemical analysis. Sludge samples were collected for
the determination of various physiological and molecular biological
indicators at the end of each phase. Before each sampling, the sludge in
the reactor was thoroughly mixed to avoid accidental sampling as
possible. The MLSS, MLVSS and concentrations of ammonium nitrogen,
nitrite nitrogen and nitrate nitrogen were measured according to
standard methods (APHA, 2005). The SAA measurement method was
described by Yang and Jin (2013), and the EPS examination method
was the same as that used by Zhang et al. (2017). Moreover, the ex-
citation-emission matrix (EEM) fluorescence spectra of bound EPS were
characterized by a fluorescence spectrophotometer (F-4600, Hitachi

Table 1
The operational conditions of the experiments during different phases and the variations in indexes.

Phase Time S2−-S NLR NRR NRE RS RP EPS
(day) (mg L−1) kg N m−3 d−3 kg N m−3 d−3 mg g−1 VSS

I 0–15 0 16.9 13.9 82.6% 1.22 0.22 399.8 ± 27.8
II 16–45 5 16.9 13.4 79.1% 1.24 0.22 276.0 ± 22.9
III 46–60 10 16.8 9.5 56.9% 1.22 0.21 288.8 ± 13.1
IV 61–80 0 16.9 13.3 80.0% 1.24 0.21 245.3 ± 25.4
V 81–100 10 16.9 13.9 82.0% 1.27 0.16 302.0 ± 15.4
VI 101–120 20 16.9 5.2 30.6% 1.61 0.11 382.4 ± 19.2

NLR: nitrogen loading rate.
NRR: nitrogen removal rate.
NRE: nitrogen removal efficiency.
EPS: extracellular polymeric substance.

L.-Z.-J. Xu, et al. Bioresource Technology 302 (2020) 122885

2



Co., Japan), with emission and excitation spectra were both scanned
from 200 to 450 nm in 5 nm increments. The slits width and scanning
speed were set to 10 nm and 30000 nm min−1, respectively. MATLAB
2014b software was employed for EEM data and parallel factor ana-
lysis. Redundancy analysis (RDA) was performed by CANOCO 4.5
software (Microcomputer Power Co., USA).

2.4. Microbial communities and functional gene analysis

2.4.1. DNA extraction and high-throughput sequencing
Approximately 10 mL sludge samples were collected from the

bioreactor at the end of each phase. The extraction of DNA was per-
formed following the manufacturer’s instructions for the Power Soil
DNA kit (MoBio Laboratories, USA). The quality of the DNA was de-
termined by 1% agarose gel, and the yield was evaluated by a spec-
trophotometer (NanoDrop ND-1000, Thermo Scientific, USA).
Moreover, a total of six sludge samples were used for microbial com-
munity analysis by high-throughput sequencing, and the sequencing
procedure was operated through the Illumina MiSep system by
Majorbio Bio-pharm Technology (Shanghai, China). A detailed de-
scription has been provided in a previous study (Xu et al., 2019a).

2.4.2. Functional gene quantification
Functional genes (hzsA, hdh, nirK and nirS) were quantified using

qPCR, and an iCycler iQ5 thermocycler (Bio-Rad, USA) was employed
as the quantification instrument. The primers and corresponding an-
nealing temperatures detailed description has been provided in a pre-
vious study (Fan et al., 2019). The qPCR standard curves were gener-
ated through 10-fold serial dilutions of plasmid DNA carrying the target
gene inserts. Every sample was quantified in triplicate, and sterile water
was used as a negative control. The average specific qPCR primer set
amplification efficiency was 98%, and the r2 of the standard curve was
greater than 0.99.

2.5. Calculation of the contributions of anammox and denitrification to
nitrogen removal

According to the anammox reaction equation (equation (1)), the
contributions of anammox and denitrification to nitrogen removal can
be calculated as follows:

=

+ − × − − −

−

×

+ +NH N NH N
TN TN
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(1 1.32 0.26) ( )
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4 4
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in which NH4
+-Nin and TNin are the influent NH4

+-N and TN
concentrations and NH4

+-Nout and TNout are the effluent NH4
+-N and

TN concentrations, respectively.

3. Results and discussion

3.1. Effects of sulfide on anammox nitrogen removal performance

According to the anammox performance (Fig. 1), the anammox re-
actor was stable without sulfide addition during phase I. The average
effluent concentrations of NH4

+-N, NO2
−-N and NO3

−-N were 39.1,
6.18, and 46.2 mg L−1, respectively. The nitrogen removal efficiency
(NRE) and nitrogen removal rate (NRR) were 82.6% and 13.9 kg N m−3

d−3 on the 15th day, respectively (Table 1), showing excellent nitrogen
removal performance. Furthermore, the ratios of RS and RP were ap-
proximately equal to the theoretical values of the anammox reaction,
implying a stable anammox process.

In phase II (days 16–45), 5 mg L−1 sulfide was added to the influent.
Although the effluent nitrogen concentrations had no significant

variation (p > 0.1), the SAA declined to 360 mg TN g−1 VSS−1 d−1.
The overcapacity developed by the anammox sludge in the UASB re-
actor could explain this phenomenon. Although the SAA declined, the
higher biomass and the structure of the granular sludge in the reactor
provided conditions for the maintenance of the nitrogen removal per-
formance of the reactor (Reino et al., 2018; Lotti et al., 2014). From day
46, the influent concentration of sulfide was increased to 10 mg L−1,
and the anammox performance had obvious fluctuations. The con-
centrations of NH4

+-N and NO2
−-N increased to 121.4 and

83.6 mg L−1, respectively, and the NRE and NRR declined to 56.9% and
9.5 kg N m−3 d−3, respectively. In addition, the SAA decreased to
231 mg TN g−1 VSS−1 d−1, less than half that of the initial phase.
These phenomena indicated that 10 mg L−1 sulfide could suppress
anammox activity. A previous study also reported a similar result,
finding that 32 mg L−1 sulfide decreased anammox performance by half
(Jin et al., 2013). Wisniewski et al. (2019) demonstrated that low H2S
concentrations could disrupt anammox metabolism and thus inhibit
anammox biomass. A possible explanation for this effect might be that
the hazardous effects of sulfide are usually related to its unionized form,
or the decrease in cytochrome heme iron due to the interaction of heme
centers and cytochrome oxidase could have been responsible (Pietri
et al., 2011).

To restore the anammox nitrogen removal capacity, sulfide was
withdrawn from the influent during days 61 to 80. The NRE and SAA
increased to the initial levels, as expected. After the recovery phase,
10 mg L−1 sulfide was added to the influent to explore the tolerance of
anammox to sulfide again. Interestingly, the anammox system operated
well after the second addition of 10 mg L−1 sulfide, with NRE, NRR and
SAA values of 82.0%, 13.9 kg N m−3 d−3 and 388 mg TN g−1 VSS−1

d−1, respectively. On day 101, the concentration of sulfide in the in-
fluent was increased to 20 mg L−1. An evident accumulation of NH4

+-N
and NO2

−-N was observed in phase VI. Moreover, the effluent con-
centration of NO3

−-N decreased gradually under exposure to
20 mg L−1 sulfide. The value of Rs increased to 1.61, while the Rp was
as low as 0.11. A possible explanation for this result might be that some
of the NO3

−-N generated from the anammox reaction was converted to
NO2

−-N by denitrification bacteria with sulfide as the electron donor.
That is, there were denitrifiers that had acclimated in response to the
long-term feeding of sulfide. On the one hand, the high concentration of
sulfide inhibited anammox activity, leading to poor nitrogen removal
ability; on the other hand, some of the NO3

−-N was reduced to NO2
−-N

by denitrification bacteria, resulting in more NO2
−-N accumulation.

3.2. Contribution of anammox and denitrification to nitrogen removal

After the long-term acclimation of the anammox system to sulfide,
some denitrifiers, such as Thiobacillus and Acinetobacter, were detected
in this system (Section 3.4). It is essential to determine the contribution
percentages of anammox and denitrification to nitrogen removal.
Anammox and denitrification were assumed to be the two paths for
nitrogen removal in this work, and ammonia could only be removed by
anammox. Thus, according to Eq. (2), the contribution percentage of
anammox to nitrogen removal was calculated to be 97.8% at the end of
phase I. Subsequently, the anammox percentage dropped from 94.3% to
93.3% with the addition of sulfide from 5 mg L−1 (phase II) to
10 mg L−1 (phase III), which was a response to the decline in SAA.
Although sulfide was withdrawn from the influent, the anammox per-
centage was not restored to the initial level, and the denitrification
percentage was calculated to be 7.00% on day 80. After sulfide was
reintroduced into the system, the contribution percentage of anammox
to nitrogen removal decreased continuously. At the end of the experi-
ment, the anammox contribution percentage had decreased to 71.8%,
and the denitrification percentage was 28.2%. This phenomenon could
also explain the decline in Rp in phase VI.
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3.3. EPS variations and three-dimensional EEM analysis

Although the EPS content fluctuated under different operational
conditions, the change trend in PN was consistent with that of PS
(Table 1). The EPS content of the anammox sludge declined from
399.8 ± 27.8 to 288.8 ± 13.1 mg g−1 VSS with the introduction of
sulfide, which implied that 10 mg L−1 sulfide could suppress anammox
bacterial activity, causing the secretion of less EPS. However, the con-
tent continuously decreased to 245.3 ± 25.4 mg g−1 VSS even when
sulfide was withdrawn from the influent. A similar phenomenon was
also found in a previous study (Zhang et al., 2016). The EPS combined
with sulfide was eluted from the reactor, thereby protecting the ana-
mmox bacteria (AnAOB) from long-term inhibition due to sulfide. After
that, the EPS amount began to increase upon second exposure to sul-
fide. The reason for this phenomenon might be that the increase in EPS
contents would delay the process of inhibitors entering the cell (Zhang
et al., 2017), and the anammox bacteria acquired tolerance to sulfide to
some extent. Hence, the EPS increase was a kind of self-defense to re-
duce sulfide toxicity.

To evaluate the anammox granules more thoroughly, three-dimen-
sional EEM fluorescence spectroscopy was employed to characterize the
EPS components. Fig. 2 shows two EEM fluorescence spectra of bound
EPS on days 15 and 120. Three main peaks were readily identified in
Fig. 2a. Peak A, at excitation/emission wavelengths (Ex/Em) of 275/
305 nm, was characterized as protein-like substances. Peak B was ob-
served at an Ex/Em of 275/345 nm and has been reported to represent
protein-like substances and tryptophan related to biological processes
(Chen et al., 2003). Moreover, peak C, located at an Ex/Em of 225/
340 nm, was ascribed to aromatic protein substances. However, peak A
was not observed at the end of the experiment (Fig. 2b), which implied
that the protein-like substances were closely associated with the addi-
tion of sulfide. A previous study reported a similar phenomenon in
which the fluorescence intensity of protein-like substrates sharply de-
clined with the introduction of sulfide and the fluorescence of bound
EPS was quenched (Shi et al., 2019).

Parallel factor analysis (PARAFAC) is a high-efficiency multivariate
data analysis method that is always employed to identify the differences
in fluorescent components. All the fluorescence EEM spectra were
successfully divided into two components, and the contours are ex-
hibited in Fig. 2b and c. Component 1 showed fluorescence peaks at Ex/
Em = 225/350 nm and 275/350 nm, which represented aromatic
protein and tryptophan (Wen et al., 2015), respectively. Component 2
displayed fluorescence peaks at Ex/Em = 225/350 nm and 270/
300 nm, which were indicative of aromatic protein, tyrosine, and
protein-like substances, respectively. Similar components were also
identified in a study by Lu et al. (2017), who tracked anammox activity

using EEM and PARAFAC and found that protein-like substances were
the main components in effluent dissolved organic matter.

3.4. Microbial community analysis

3.4.1. Composition and diversity of the microbial community
The microbial community structure of the anammox system at the

genus level is shown in Fig. 3a. The microbial community in the ana-
mmox system changed significantly in response to sulfide pressure. As
the dominant genus, the relative abundance of Candidatus Kuenenia
decreased from 28.68% (phase I) to 7.42% (phase II), which indicated
that the AnAOB were extremely sensitive to the presence of sulfide. In
contrast, the relative abundance of Acinetobacter displayed a sharp in-
crease from 1.91% (phase I) to 23.29% (phase II). Acinetobacter has
been found in wastewater treatment systems and has an efficient au-
totrophic denitrification ability (Zhou et al., 2017). Previous study has
also found the presence of Acinetobacter in anammox systems used to
treat sulfur-containing wastewater, and these bacteria might contribute
significantly to the denitrification process (Xu et al., 2019b). This
bacterial presence also provided the basis for the reactor still main-
taining a high NRE in phase II.

Although the relative abundance of Candidatus Kuenenia reached
11.26% in phase III, the NRE of the reactor was only 56.9% in this
phase, which might be caused by the disappearance of Acinetobacter.
Additionally, compared with phase I, the relative abundance of
Limnobacter increased by 51.42% in phase II. Prior studies have re-
ported that bacteria belonging to Limnobacter might play an important
role in the conversion of sulfur (Lan et al., 2015). The addition of sul-
fide might also provide conditions for the growth of Limnobacter, re-
sulting in an increase in relative abundance. After the recovery phase,
the Candidatus Kuenenia abundance reached 37.77% and 19.13% in
phase IV and phase V, respectively. The NRR value of the reactor also
reached 13.9 kg N m−3 d−1 in phase V, indicating that after a long
period of acclimation, the anammox bacteria showed adaptability to
the presence of low concentrations (< 10 mg S2− L−1) of sulfide (Jin
et al., 2013).

As the sulfide concentration increased further, the abundance of
Candidatus Kuenenia was only 6.44% in phase VI, which might partly
be responsible for the poor NRE and NRR during this phase. Notably,
the relative abundance of Thiobacillus displayed an obvious increase
from 1.30% in phase V to 7.19% in phase VI. A strong relationship
between the abundance of Thiobacillus and the presence of sulfide in
anammox systems has been reported in previous studies (Guo et al.,
2016b; Xu et al., 2019b). As a facultative anaerobic chemoautotrophic
bacterium, Thiobacillus has the ability to oxidize sulfides to sulfates by
using nitrite or nitrate as electron acceptors (Zou et al., 2016). In

Fig. 1. Long-term effects of sulfide on anammox granules: (a) influent and effluent nitrogen concentrations; and (b) variation in specific anammox activity (SAA)
under different sulfide stresses.
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addition, specific sulfide-oxidizing bacteria (affiliated with Thiobacillus)
can reduce some nitrate to ammonia via nitrite by respiratory ammo-
nification, and this process might be responsible for the variation in Rs,
which improved to 1.61 in phase VI from the initial value of 1.22.
Moreover, the abundance of SM1A02 (9.41%) and norank o SBR1031
(13.11%) also showed a positive response in the final stage. In addition,
although some studies have reported a considerable proportion of
SM1A02 in anammox systems, its potential function is still unclear
(Zhang et al., 2019b).

3.4.2. Microbial community network analysis
To explore the potential interaction between microorganisms in the

anammox system in the presence of sulfide, correlation network ana-
lysis was performed on the 30 most abundant genera (Fig. 3b). The
interactions between Limnobacter, SMA102, norank o Fimbriimonadales
and norank f Caldilineaceae were the most abundant. Both Limnobacter
and SMA102 had a relatively high abundance (12.18% and 9.41%,
respectively) in phase VI, and the potential capacity of Limnobacter for
the conversion and metabolism of sulfur has been reported previously
(Lan et al., 2015). Therefore, the above genera with strong interactions
might also participate in the conversion process of sulfide in the reactor.
This finding also emphasized that the migration and conversion of
sulfides in the anammox system was most likely a complex process
involving multiple microbes.

Previous study showed that there was minor interaction between
AnAOB and other bacteria during the start-up of the anammox process
(Tang et al., 2018). However, it is noteworthy that Candidatus Kuenenia

has a strong positive interaction with Denitratisoma and OLB13 ac-
cording to Fig. 3b. This phenomenon indicated that increasing the in-
teraction with associated bacteria might be a microbial-level strategy
for AnAOB to relieve sulfide stress. As a kind of heterotrophic deni-
trifying bacteria, Denitratisoma has been widely reported in partial de-
nitrification-anammox systems and might be critical for the partial
denitrification process (Cao et al., 2019; Wang et al., 2019). On the one
hand, the nitrate and soluble microbial products (SMPS) produced by
anammox could be utilized by denitrifying bacteria (Zhang et al.,
2019a). On the other hand, denitrifying bacteria could also provide
nitrite for anammox bacteria, and the EPS produced by denitrifying
bacteria has a positive effect on the activity of AnAOB (Guo et al.,
2016a; Liu et al., 2018). Therefore, the interactions between functional
bacteria (Candidatus Kuenenia and Denitratisoma) related to nitrogen
removal might be strengthened in response to sulfide pressure. More-
over, some bacteria affiliating with the Chloroflexi could reinforce the
structure of granules in the form of a filamentous biomass (Pereira
et al., 2014), and hence, the existence of OLB13 might also have a
positive impact during the anammox operation.

3.4.3. Correlations between the bacterial community and operational
conditions

RDA was applied to elucidate the complex relations between the
bacterial community at the genus level and environmental factors, in-
cluding the influent sulfide concentration and nitrogen removal per-
formance. As illustrated in Fig. 4, the introduction of sulfide evidently
changed the bacterial community structure (P2, P3 and P6), while the

Fig. 2. Excitation-emission matrix (EEM) fluorescence spectra contours of bound EPS on days 15 and 120 (a and b) and PARAFAC analysis (c and d).
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structure could be approximately restored to that of sample P1 after the
withdrawal of sulfide from the influent (P4). Furthermore, it was ap-
parent that the levels of influent sulfide concentration, effluent am-
monia nitrogen and nitrite nitrogen concentration were closely related
to SM1A02, Limnobacter and Thiobacillus, which have been reported to
participate in the reaction of anammox and sulfide bioconversion (Lan
et al., 2015; Zou et al., 2016). Moreover, Acinetobacter, a kind of au-
totrophic denitrification bacteria, was obviously associated with sample
P2, which indicated that the addition of 5 mg L−1 sulfide enhanced the
autotrophic denitrification reaction. The synergy of Candidatus Kue-
nenia and Acinetobacter enhanced the nitrogen removal ability during
phase II.

3.4.4. Quantification of key functional genes
As Fig. 5 shows, the variation in key functional genes (hzsA, hdh,

nirK and nirS) was quantified during different phases. These genes en-
code hydrazine synthase, hydrazine dehydrogenase and nitrite re-
ductase, which are responsible for the metabolism of AnAOB (Wang
et al., 2016). As the influent sulfide concentration was increased to
5.0 mg L−1, the abundance of hzsA significantly decreased from
1.3 × 107 to 3.2 × 106 copies ng−1 DNA, while the abundance of the
other three genes had subtle upregulation. These results indicated that

the synthetic process of hydrazine was more sensitive to sulfide. A si-
milar result was proposed by Wu et al. (2016), who found that the
expression of hzsA had an evident decrease due to the toxicity of sul-
fide. It is worth noting that the abundance of hzsA, hdh, nirK and nirS in
phase IV significantly decreased by 71.0 ± 0.99%, 48.1 ± 3.15%,
52.1 ± 0.76% and 81.2 ± 0.27%, respectively, compared with the
values in phase III, which was inconsistent with the nitrogen removal
performance of the reactor and SAA. Such inconsistencies between
biomass activities and functional gene levels have also been reported in
prior studies (Wang et al., 2016). Fan et al. (2019) found that when the
concentration of tetracycline reached 1.0 mg L−1 for a second time, the
decrease in the abundance of hzsA, hdh and nirS was not consistent with
the increase in SAA compared with the first exposure to 1.0 mg L−1

tetracycline. The specific responses observed herein illustrate that the
abundance of functional genes and microbial activities are not always
simply correlated with the biomass activities. The uncoupling of gene
transcription and translation levels might be the main reason for this
result (Yu and Chandran, 2010). Thus, research into mRNA and protein
levels is essential for deciphering the mechanism of inhibition.

As the sulfide concentration increased to 20 mg L−1, the abundance
of hzsA and hdh continuously declined. This reduction in functional
gene abundance could be attributed to a decrease in the metabolic

Fig. 3. Microbial community structure of ana-
mmox granules (a), microbial community net-
work analysis at the genus level (b). In the mi-
crobial community network analysis, positive
interactions between bacteria are indicated by
thick red curves, while negative interactions
between the groups are indicated by thin blue
curves. The size of each node is proportional to
the number of connections. The connections in-
dicate strong (p > 0.8) and significant
(p < 0.05) correlations. (For an interpretation
of the references to color in this figure legend,
the reader is referred to the Web version of this
article.) (For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article.)
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activity of AnAOB, which provided less energy for the expression of
hzsA and hdh due to the seriously inhibited enzyme activities. In ad-
dition, nirK and nirS play crucial roles during nitrite reduction, and
their increase in abundance might be responsible for the increase in
denitrification bacteria during phase VI. Overall, the abundance of
these four key functional genes showed a distinct decline at the end
compared with the initial levels.

4. Conclusions

The microbial community and functional genes response of ana-
mmox sludge to sulfide stress were deciphered firstly. The anammox
biomass could tolerate 10 mg L−1 sulfide after gradual acclimatization
while 20 mg L−1 sulfide could reduce SAA by 61.7%. Moreover, the
introduction of sulfide decreased the relative abundance of Candidatus
Kuenenia while generating Thiobacillus. Furthermore, high concentra-
tion sulfide led to significant reduction of the abundance of hzsA, hdh,
nirK and nirS. These findings not only provide a comprehensive inter-
pretation of the response of anammox biomass to sulfide but also pro-
vide a basis for the treatment of wastewater containing nitrogen and
sulfide.

CRediT authorship contribution statement

Lian-Zeng-Ji Xu: Methodology, Data curation, Writing - original
draft. Quan Zhang: Data curation, Writing - original draft. Jin-Jin Fu:
Conceptualization, Investigation. Jiang-Tao Zhang: Data curation. Yi-
Hong Zhao: Investigation. Lu-Yang Jin: Validation. Nian-Si Fan:
Writing - review & editing. Bao-Cheng Huang: Writing - review &
editing. Ren-Cun Jin: Supervision, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Fig. 4. Redundancy analysis illustrating the relationship between environ-
mental factors and microorganisms at the genus level in the samples from P1 to
P6.

Fig. 5. Quantification of the key functional genes in different phases (a) hzsA; (b) hdh; (c) nirK and (d) nirS.

L.-Z.-J. Xu, et al. Bioresource Technology 302 (2020) 122885

7



Acknowledgements

The authors wish to thank the Zhejiang Provincial Natural Science
Foundation of China (LR20E080001) for the support of this study.

References

APHA, AWWA, AEF, 2005. Standard Methods for the Examination of Water and
Wastewater, twenty first ed. American Public Health Association, Washington, DC,
USA.

Ali, M., Okabe, S., 2015. Anammox-based technologies for nitrogen removal: Advances in
process start-up and remaining issues. Chemosphere 141, 144–153.

Cao, S., Du, R., Peng, Y., Li, B., Wang, S., 2019. Novel two stage partial denitrification
(PD)-Anammox process for tertiary nitrogen removal from low carbon/nitrogen (C/
N) municipal sewage. Chem. Eng. J. 362, 107–115.

Carvajal-Arroyo, J.M., Sun, W., Sierra-Alvarez, R., Field, J.A., 2013. Inhibition of anae-
robic ammonium oxidizing (anammox) enrichment cultures by substrates, metabo-
lites and common wastewater constituents. Chemosphere 91, 22–27.

Chen, W., Paul, W., Jerry, A.L., Karl, B., 2003. Fluorescence excitation−emission matrix
regional integration to quantify spectra for dissolved organic matter. Environ. Sci.
Technol. 37, 5701–5710.

Dapena-Mora, A., Fernández, I., Campos, J.L., Mosquera-Corral, A., Méndez, R., Jetten,
M.S.M., 2007. Evaluation of activity and inhibition effects on Anammox process by
batch tests based on the nitrogen gas production. Enzyme Microb. Tech. 40, 859–865.

Fan, N.S., Zhu, X.L., Wu, J., Tian, Z., Bai, Y.H., Huang, B.C., Jin, R.C., 2019. Deciphering
the microbial and genetic responses of anammox biogranules to the single and joint
stress of zinc and tetracycline. Environ. Int. 132, 105097.

Guo, J., Wang, S., Lian, J., Ngo, H.H., Guo, W., Liu, Y., Song, Y., 2016a. Rapid start-up of
the anammox process: Effects of five different sludge extracellular polymeric sub-
stances on the activity of anammox bacteria. Bioresour. Technol. 220, 641–646.

Guo, Q., Hu, H.-Y., Shi, Z.-J., Yang, C.-C., Li, P., Huang, M., Ni, W.-M., Shi, M.-L., Jin, R.-
C., 2016b. Towards simultaneously removing nitrogen and sulfur by a novel process:
Anammox and autotrophic desulfurization–denitrification (AADD). Chem. Eng. J.
297, 207–216.

Janssen, A.J.H., Lens, P.N.L., Stams, A.J.M., Plugge, C.M., Sorokin, D.Y., Muyzer, G.,
Dijkman, H., Van Zessen, E., Luimes, P., Buisman, C.J.N., 2009. Application of bac-
teria involved in the biological sulfur cycle for paper mill effluent purification. Sci.
Total Environ. 407, 1333–1343.

Jensen, M.M., Kuypers, M.M.M., Lavik, G., Thamdrup, B., 2008. Rates and regulation of
anaerobic ammonium oxidation and denitrification in the Black Sea. Limnol.
Oceanogr. 53, 23–36.

Jin, R.C., Yang, G.F., Yu, J.J., Zheng, P., 2012. The inhibition of the Anammox process: A
review. Chem. Eng. J. 197, 67–79.

Jin, R.C., Yang, G.F., Zhang, Q.Q., Ma, C., Yu, J.J., Xing, B.S., 2013. The effect of sulfide
inhibition on the ANAMMOX process. Water Res. 47, 1459–1469.

Lan, W., Benping, W., Ziai, C., Liangwei, D., Li, S., Shuang, W., Dan, Z., Yi, L., Xiaodong,
P., Yunhong, Z., 2015. Effect of inoculum and sulfide type on simultaneous hydrogen
sulfide removal from biogas and nitrogen removal from swine slurry and microbial
mechanism. Appl. Microbiol. Biotechnol. 99, 10793–10803.

Liu, C., Zhao, D., Yan, L., Wang, A., Gu, Y., Lee, D.J., 2015. Elemental sulfur formation
and nitrogen removal from wastewaters by autotrophic denitrifiers and anammox
bacteria. Bioresour. Technol. 191, 332–336.

Liu, Y., Guo, J., Lian, J., Chen, Z., Li, Y., Xing, Y., Wang, T., 2018. Effects of extracellular
polymeric substances (EPS) and N-acyl-L-homoserine lactones (AHLs) on the activity
of anammox biomass. Int. Biodeter. Biodeg. 129, 141–147.

Lu, Y.Z., Li, N., Ding, Z.W., Fu, L., Bai, Y.N., Sheng, G.P., Zeng, R.J., 2017. Tracking the
activity of the Anammox-DAMO process using excitation-emission matrix (EEM)
fluorescence spectroscopy. Water Res. 122, 624–632.

Lotti, T., Kleerebezem, R., Abelleira-Pereira, J.M., Abbas, B., van Loosdrecht, M.C., 2015.
Faster through training: The anammox case. Water Res. 81, 261–268.

Lotti, T., Kleerebezem, R., van Lubello, C., Loosdrecht, M.C.M., 2014. Physiological and
kinetic characterization of a suspended cell anammox culture. Water Res. 60, 1–14.

Matsuto, T., Zhang, X., Matsuo, T., Yamada, S., 2015. Onsite survey on the mechanism of
passive aeration and air flow path in a semi-aerobic landfill. Waste Manage. 36,
204–212.

Montalvo, S., Huiliñir, C., Borja, R., Catillo, A., Pereda, I., 2019. Anaerobic digestion of
wastewater rich in sulfate and sulfide: effects of metallic waste addition and micro-
aeration on process performance and methane production. J. Environ. Sci. Heal. A.
24, 1035–1043.

Oshiki, M., Satoh, H., Okabe, S., 2016. Ecology and physiology of anaerobic ammonium
oxidizing bacteria. Environ. Microbiol. 18, 2784–2796.

Pereira, A.D., Leal, C.D., Dias, M.F., Etchebehere, C., Chernicharo, C.A.L., de Araújo, J.C.,
2014. Effect of phenol on the nitrogen removal performance and microbial com-
munity structure and composition of an anammox reactor. Bioresour. Technol. 166,

103–111.
Pikaar, I., Sharma, K.R., Hu, S., Gernjak, W., Keller, J., Yuan, Z., 2014. Reducing sewer

corrosion through integrated urban water management. Science 345, 812–814.
Pietri, R., Roman-Morales, E., Lopez-Garriga, J., 2011. Hydrogen sulfide and hemepro-

teins: knowledge and mysteries. Antioxid. Redox Signal. 15, 393–404.
Reino, C., Suárez-Ojeda, M.E., Pérez, J., 2018. Stable long-term operation of an upflow

anammox sludge bed reactor at mainstream conditions. Water Res. 128, 331–340.
Shi, Z.J., Xu, L.Z., Wu, D., Cheng, Y.F., Zhang, F.Y., Liao, S.M., Zhang, Z.Z., He, M.M., Jin,

R.C., 2019. Anammox granule as new inoculum for start-up of anaerobic sulfide
oxidation (ASO) process and its reverse start-up. Chemosphere 217, 279–288.

Strous, M., Kuenen, J.G., Jetten, M.S.M., 1999. Key physiology of anaerobic ammonium
oxidation. Appl. Environ. Microbiol. 65, 3248–3250.

Tang, X., Guo, Y., Jiang, B., Liu, S., 2018. Metagenomic approaches to understanding
bacterial communication during the anammox reactor start-up. Water Res. 136,
95–103.

Van de Graaf, A.A., de Bruijn, P., Robertson, L.A., Jetten, M.S.M., Kuenen, J.G., 1996.
Autotrophic growth of anaerobic ammonium-oxidizing microorganisms in a fluidized
bed reactor. Microbiology 142, 2187–2196.

Vikrant, K., Kailasa, S.K., Tsang, D.C.W., Lee, S.S., Kumar, P., Giri, B.S., Singh, R.S., Kim,
K.H., 2018. Biofiltration of hydrogen sulfide: trends and challenges. J. Clean. Prod.
187, 131–147.

Wang, Y., Ma, X., Zhou, S., Lin, X.M., Ma, B., Park, H.D., Yan, Y., 2016. Expression of the
nirS, hzsA, and hdh genes in response to nitrite shock and recovery in Candidatus
Kuenenia stuttgartiensis. Environ. Sci. Technol. 50, 6940–6947.

Wang, Z., Zhang, L., Zhang, F., Jiang, H., Ren, S., Wang, W., Peng, Y., 2019. Enhanced
nitrogen removal from nitrate-rich mature leachate via partial denitrification
(PD)–anammox under real-time control. Bioresour. Technol. 289, 121615.

Wei, Q., Kawagoshi, Y., Huang, X., Hong, N., Van Duc, L., Yamashita, Y., Hama, T., 2016.
Nitrogen removal properties in a continuous marine anammox bacteria reactor under
rapid and extensive salinity changes. Chemosphere 148, 444–451.

Wen, C., Paul, W., Leenheer, J.A., Karl, B., 2015. Fluorescence excitation-emission matrix
regional integration to quantify spectra for dissolved organic matter. Environ. Sci.
Technol. 37, 5701–5710.

Wett, B., Hell, M., Nyhuis, G., Puempel, T., Takacs, I., Murthy, S., 2010. Syntrophy of
aerobic and anaerobic ammonia oxidisers. Water Sci. Technol. 61, 1915–1922.

Wisniewski, K., di Biase, A., Munz, G., Oleszkiewicz, J.A., Makinia, J., 2019. Kinetic
characterization of hydrogen sulfide inhibition of suspended anammox biomass from
a membrane bioreactor. Biochem. Eng. J. 143, 48–57.

Wu, S., Bhattacharjee, A.S., Weissbrodt, D.G., Morgenroth, E., Goel, R., 2016. Effect of
short term external perturbations on bacterial ecology and activities in a partial ni-
tritation and anammox reactor. Bioresour. Technol. 219, 527–535.

Xu, L.Z., Wu, J., Xia, W.J., Jin, L.Y., Zhao, Y.H., Fan, N.S., Huang, B.C., Jin, R.C., 2019a.
Adaption and restoration of anammox biomass to Cd(II) stress: Performance, extra-
cellular polymeric substance and microbial community. Bioresour. Technol. 290,
121766.

Xu, L.Z., Xia, W.J., Yu, M.J., Wu, W.X., Chen, C., Huang, B.C., Fan, N.S., Jin, R.C., 2019b.
Merely inoculating anammox sludge to achieve the start-up of anammox and auto-
trophic desulfurization-denitrification process. Sci. Total Environ. 682, 374–381.

Xu, X.J., Chen, C., Guan, X., Yuan, Y., Wang, A.-J., Lee, D.J., Zhang, Z.F., Zhang, J.,
Zhong, Y.J., Ren, N.Q., 2017. Performance and microbial community analysis of a
microaerophilic sulfate and nitrate co-reduction system. Chem. Eng. J. 330, 63–70.

Yang, G.F., Jin, R.C., 2013. Reactivation of effluent granular sludge from a high-rate
Anammox reactor after storage. Biodegradation 24, 13–32.

Ye, C., Cheng, J.J., Creamer, K.S., 2008. Inhibition of anaerobic digestion process: A re-
view. Bioresour. Technol. 99, 4044–4064.

Yu, R., Chandran, K., 2010. Strategies of Nitrosomonas europaea 19718 to counter low
dissolved oxygen and high nitrite concentrations. BMC Microbiol. 10, 70.

Zhang, Z.Z., Cheng, Y.F., Zhou, Y.H., Buayi, X.M.G.L., Jin, R.C., 2016. Roles of EDTA
washing and Ca2+ regulation on the restoration of anammox granules inhibited by
copper (II). J. Hazard. Mater. 301, 92–99.

Zhang, Z.Z., Xu, J.J., Shi, Z.J., Cheng, Y.F., Ji, Z.Q., Deng, R., Jin, R.C., 2017. Combined
impacts of nanoparticles on anammox granules and the roles of EDTA and S2- in
attenuation. J. Hazard Mater. 334, 49–58.

Zhou, W., Li, Y., Liu, X., He, S., Huang, J.C., 2017. Comparison of microbial communities
in different sulfur-based autotrophic denitrification reactors. Appl. Microbiol.
Biotechnol. 101, 447–453.

Zou, G., Papirio, S., Lakaniemi, A.M., Ahoranta, S.H., Puhakka, J.A., 2016. High rate
autotrophic denitrification in fluidized-bed biofilm reactors. Chem. Eng. J. 284,
1287–1294.

Zhang, R.C., Xu, X.J., Chen, C., Shao, B., Zhou, X., Yuan, Y., Lee, D.J., Ren, N.Q., 2019a.
Bioreactor performance and microbial community analysis of autotrophic deni-
trification under micro-aerobic condition. Sci. Total Environ. 647, 914–922.

Zhang, Z.Z., Cheng, Y.F., Liu, Y.Y., Zhang, Q., Zhu, B.Q., Jin, R.C., 2019b. Deciphering the
evolution characteristics of extracellular microbial products from autotrophic and
mixotrophic anammox consortia in response to nitrogen loading variations. Environ.
Int. 124, 501–510.

L.-Z.-J. Xu, et al. Bioresource Technology 302 (2020) 122885

8

http://refhub.elsevier.com/S0960-8524(20)30154-1/h0005
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0005
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0005
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0010
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0010
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0015
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0015
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0015
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0020
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0020
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0020
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0025
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0025
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0025
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0030
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0030
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0030
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0035
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0035
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0035
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0040
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0040
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0040
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0045
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0045
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0045
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0045
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0050
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0050
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0050
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0050
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0055
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0055
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0055
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0060
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0060
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0065
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0065
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0070
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0070
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0070
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0070
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0075
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0075
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0075
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0080
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0080
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0080
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0085
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0085
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0085
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0090
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0090
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0095
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0095
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0100
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0100
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0100
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0105
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0105
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0105
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0105
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0110
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0110
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0115
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0115
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0115
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0115
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0120
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0120
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0125
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0125
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0130
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0130
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0135
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0135
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0135
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0140
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0140
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0145
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0145
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0145
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0150
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0150
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0150
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0155
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0155
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0155
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0160
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0160
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0160
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0165
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0165
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0165
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0170
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0170
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0170
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0175
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0175
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0175
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0180
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0180
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0185
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0185
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0185
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0190
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0190
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0190
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0195
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0195
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0195
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0195
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0200
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0200
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0200
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0205
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0205
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0205
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0210
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0210
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0215
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0215
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0220
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0220
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0225
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0225
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0225
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0230
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0230
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0230
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0235
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0235
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0235
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0240
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0240
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0240
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0245
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0245
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0245
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0250
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0250
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0250
http://refhub.elsevier.com/S0960-8524(20)30154-1/h0250

	Deciphering the microbial community and functional genes response of anammox sludge to sulfide stress
	Introduction
	Materials and methods
	Reactor setup and operational strategy
	Sludge inoculum and synthetic wastewater
	Analytical methods
	Microbial communities and functional gene analysis
	DNA extraction and high-throughput sequencing
	Functional gene quantification

	Calculation of the contributions of anammox and denitrification to nitrogen removal

	Results and discussion
	Effects of sulfide on anammox nitrogen removal performance
	Contribution of anammox and denitrification to nitrogen removal
	EPS variations and three-dimensional EEM analysis
	Microbial community analysis
	Composition and diversity of the microbial community
	Microbial community network analysis
	Correlations between the bacterial community and operational conditions
	Quantification of key functional genes


	Conclusions
	CRediT authorship contribution statement
	mk:H1_21
	Acknowledgements
	References




