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a b s t r a c t

The wide existence of saline wastewater has attracted public attention due to its environmental
destructiveness. The potential of anammox to treat saline wastewater was systematically evaluated in
this study. Three bioreactors with different salinity increasing strategies (R1: inhibition kinetic; R2:
gradient increasing; R3: pulsed increasing) were operated to identify the optimal acclimation mode. The
results showed that the inhibition of anammox activity by salinity was mainly caused by the loss of
enzyme activity. Under the condition of 25.0 g NaCl L�1, the highest nitrogen removal rate of R3

(2.36 ± 0.14 kg N m�3 d�1) indicated that the pulsed strategy might be optimal. Changes in microbial
community might be the primary reason lead to different acclimatization results. The relative abundance
of anammox bacteria increased by 37.19% in R1 and by 46.81% in R3, but remained stable in R2 with
increasing salinity. Dynamic varations in bacterial interactions, proteins, and functional genes revealed
the potential resistance mechanisms of bacteria to salinity. The present work provides a novel approach
and guidance for the treatment of nitrogen-rich saline wastewater by the anammox process.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

To alleviate the current crisis of fresh water resources, seawater
is increasingly being used in human lives and industrial activities,
leading to an increase in the salinity of municipal sewage (Lin et al.,
2019a). Moreover, the rapid growth of fisheries, pickling and
leather tanning in the recent decades has also produced a large
amount of saline wastewater (Lefebvre and Moletta, 2006).
Approximately 5% of the industrial wastewater produced globally
was saline or hypersaline (Lefebvre and Moletta, 2006). In most
cases, a high content of nitrogen is present in such wastewater. For
example, the salinity of flue gas desulfurization wastewater was
3e40 g L�1, while the ammonium content often reached
300 mg L�1 (Vredenbregt et al., 1997). Inhibition of microbial ac-
tivity in wastewater treatment systems, including nitrifying bac-
teria (Moussa et al., 2006), denitrifying bacteria (Dincer and Kargi,
1999), and methanogens (Rinzema et al., 1988), has been widely
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reported under high salinity conditions. Therefore, the develop-
ment of efficient and salt-tolerant wastewater treatment processes
is urgently needed.

Anaerobic ammonium oxidation (anammox) has been consid-
ered as environment-friendly and cost-efficient biological nitrogen
removal process for wastewater treatment (Strous et al., 1997;
Vineyard et al., 2020). Additionally, the anammox process has also
shown a potential in the nitrogen removal from saline wastewater.
Candidatus Scalindua, a genus of marine anammox bacteria (MAB),
could survive at salinity of 204 g L�1 (Li et al., 2018). Meanwhile,
many studies have shown that freshwater anammox bacteria (FAB)
also have a tolerance to the high salinity (20e30 g NaCl L�1) (Chen
et al., 2014; Li et al., 2018).

Acclimatization of FAB and enrichment of MAB are two common
strategies for treating nitrogen-containing saline wastewater
through the anammox process, and the former is more widely
considered due to a wider variety of species (Li et al., 2018).
Although previous study showed that FAB could gradually adapt to
30 g NaCl L�1, the process performance of anammox was quite
different at this salinity (Li et al., 2018). Acclimation strategy is an
important influencing factor for process performance. Malovanyy
et al. (2015) found that increasing the salinity to 15 g NaCl L�1

with a gradient of 5 g L�1 led to a complete inhibition, whereas that
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Table 1
Operation strategy and NaCl concentration of three reactors during different phases.

Phase Days HRT (h) a Substrate (mg L�1) Concentration of NaCl
(g L�1)

R1 R2 R3

1 1e13 2 280 0.00 0.00 0.00
2 14e27 2 280 4.83 6.25 10.00
3 28e41 2 280 10.34 12.50 5.00
4 42e57 2 210 16.85 18.75 10.00
5 58e70 2 210 25.00 25.00 25.00

71e78 3 210 25.00 25.00 25.00

R1: Inhibition kinetic strategy; R2: Gradient increasing strategy; R3: Pulsed strategy.
a Substrate refers to the concentration of NH4

þ-N and NO2
�-N. Take Phase 1 for

example, the concentration of both NH4
þ-N and NO2

�-N is 280 mg L�1.
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of 2.5 g L�1 allowed FAB to achieve a better adaptability to salinity.
In the case of the partial nitritation-anammox process treating
saline wastewater, better acclimation results were obtained by
exposure to high salinity (18 g NaCl L�1) directly comparedwith the
gradually increasing salt concentration (1.7e18.3 g NaCl L�1)
(Giustinianovich et al., 2018).

The salt-tolerant acclimation of the anammox process is a pro-
cess in which the bacteria are gradually adapted to the saline
conditions. Therefore, a milder acclimation strategy may allow
bacteria to better adapt to external surrounding variations, which is
important for the stable process operation (Malovanyy et al., 2015).
Most of the traditional acclimation methods adopt the strategy of
gradient increasing the salt concentration with acclimation time
(Chen et al., 2014; Li et al., 2018). However, the tolerance of mi-
croorganisms towards high salinity in sludge is often overlooked,
which may lead to the failure of acclimation. The inhibition pres-
sure of salinity can be accurately evaluated by the suppression ki-
netics, which makes a reasonable acclimation strategy possible. In
addition, rapid selection and enrichment of salt-tolerant bacteria
may also be an effective acclimation strategy. An appropriate and
efficient acclimation strategy may also be equally for the anammox
process treating other types of wastewater. Because anammox
bacteria have been confirmed to be tolerant to other actual pol-
lutants, including antibiotics (Fan et al., 2019), heavy metals, and
nanoparticles (Zhang et al., 2018a), etc.

In this work, the primary object was to clarify the impacts of
salinity on anammox system. Additionally, the response of the
anammox system to salinity under three different acclimation
strategies was evaluated. The inhibition mechanism of salinity on
the anammox system and the salt-tolerance mechanism have also
been speculated from multiple perspectives of population shift,
proteins, and functional genes.

2. Materials and methods

2.1. Seeding sludge and experimental setup

The seeding sludge was collected from a laboratory-scale up-
flow anammox sludge blanket (UASB) reactor operated over three
years stably. The nitrogen removal rate of the reactor was
3.24 ± 0.25 kg N m�3 d�1. The dominant FAB of this reactor was
Candidatus Kuenenia. As shown in Table S1, synthetic wastewater
was mainly composed of substrates, trace elements and minerals
(Jin et al., 2013). NaNO2 and (NH4)2SO4 were supplied as substrates,
and the molar ratio of NH4

þ-N to NO2
�-N was 1:1 to avoid the nitrite

accumulation. In addition, the pH of synthetic wastewater was
maintained at 7e8. To further explore the effects of acclimation
strategies, three identical UASB reactors (R1-R3) with an effective
volume of 1.5 L were constructed for the continuous flow experi-
ments. The inoculumwas granular sludge with a volume of 0.7 L for
each reactor. The sludge concentration of the inoculated granules
was 31.2 ± 2.0 g VSS L�1. The initial hydraulic retention time (HRT)
of the reactors was controlled at 2 h, and then adjusted according to
the process performance. No deliberate sludge discharge was per-
formed during the reactor operation due to the slow growth rate of
anammox bacteria. The reactors were incubated under thermo-
static and dark conditions (35 ± 1 �C). The final concentration of
acclimatization was 25.0 g NaCl L�1 in this study, referring to the
actual situation of common high-salinity nitrogenous wastewater
(Li et al., 2018).

2.2. Experimental setup and acclimation strategy

The acclimation strategy of R1 is based on the inhibition kinetics
of salinity on anammox (inhibition kinetic strategy). Specifically,
the inhibitory effect of salinity on anammox is uniformly increased
with the acclimation time. The derivation process is as follows:

High salt concentrations can increase osmotic pressure, which is
considered to be the primary reason why salinity inhibits bacteria.
The osmotic pressure in the salt solution can be calculated by the
van’t Hoff formula (Eq. (1)) (Belfort et al., 1994).

p¼ vcRT
M

(1)

where p is the osmotic pressure (kPa); v is the number of ions
dissolved in the solute; c is the solute concentration (g NaCl L�1); R
represents the universal gas constant (J mol�1 K�1); T andM refer to
the absolute temperature (K) and molar mass (g mol�1)
respectively;

Relative anammox activity (rAA) was calculated by Eq. (2).

rAA¼ SAAi

SAA0
� 100% (2)

where SAAi refers to the SAA value under different salinity stresses
and SAA0 is the SAA value without salinity addition.

On the basis of the same cultures (Candidatus Kuenenia) and
operating conditions of the inoculation reactor. Our previous
research showed that the relationship between rAA and p can be
measured by Eq. (3) (Chen et al., 2014).

rAA¼6:29p2 � 49:45pþ 101:77 (3)

The p is proportional to the concentration of salt; therefore, Eq.
(3) also reflects the pressure of inhibition of the salt concentration
on the anammox process. In this study, the acclimation target
concentration of salt was 25 g NaCl L�1, and the corresponding rAA
was 22.61%, as calculated by Eq. (1) and Eq. (3), respectively.
Similarly, the rAA corresponding to 0 g NaCl L�1 was 101.77%. Thus,
in the salinity acclimation process of this study, the span of the rAA
value (△rAA) was 79.16%. According to the number of acclimation
phases, the salt concentration of each phase can be calculated by
inserting △rAA into Eq. (1) and Eq. (3).

The acclimation strategy of R2 was to increase the salt concen-
tration uniformly over the acclimation time (gradient increasing
strategy), which is also the most common in previous studies. A
pulsed acclimation strategy was adopted in R3. Generally, the salt
concentration first increased and then decreased, and finally
reached the target concentration. The pulsed acclimation strategy
is to initially set high salinity levels to impact the reactor with the
aim of achieving a rapid selection on the salt-tolerant bacteria in
the anammox system. The specific impact concentration can be
referred to the half-inhibitory concentration of salt ions on anam-
mox (Chen et al., 2014). Subsequently, salt-tolerant bacteria were
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enriched by gradually increasing the salinity level. The specific
operation strategy for each reactor is shown in Table 1.

2.3. Sample collection and analysis

Ammonium, nitrite, nitrate, suspended solid (SS), volatile sus-
pended solid (VSS) and pH were measured daily as previously
(APHA et al., 2005). RS (△NO2

�-N/△NH4
þ-N) and RP (△NO3

�-N/
△NH4

þ-N) were calculated to evaluate the anammox performance
of the reactors. According to our previous study (Zhang et al., 2016),
batching test was conducted to determine the SAA of anammox
granules. In brief, the batching test was conducted in serum bottles
with a total volume of 150 mL. Sludge (10 mL), substrates, and trace
elements were added to each bottle and diluted in pure water to
120 mL. After being deoxidized by argon, the serum bottles were
cultured at 35 �C. The liquid in the bottle was sampled every hour,
and the SAAwas finally determined by calculating the consumption
rate of the substrates. The total extracellular polymeric substances
(EPS) were extracted using the ‘heating’ method, while the
anthrone method and the Lowry method were used to determine
the contents of polysaccharide (PS) and protein (PN) in the EPS
respectively (Wu et al., 2009). The components of EPS were
determined by analyzing the excitation-emission matrix (EEM)
fluorescence spectra in EPS samples. The process was completed by
fluorescence spectrophotometer (F-4600, Hitachi Co., Japan). The
crude enzyme was extracted by the method described by Lin et al.
(2019b), and the hydrazine oxidase (HZO) activity was determined
using hydrazine-cytochrome c spectrophotometry (Lin et al.,
2019b). The distribution of salt ions in the anammox granule sys-
tem was analyzed using inductively coupled plasma (ICP) optical
emission spectroscopy. Sludge samples were sampled at the end of
phase 1, 3, and 5 for the measurement of related indicators.

2.4. DNA extraction and functional gene quantification

The anammox granules were withdrawn from three reactors at
the end of phase 1, 3, and 5 and were designated as R1-n, R2-n and
R3-n (n ¼ 1, 3, and 5), respectively. The DNA was extracted as
described in the supplementary materials. And functional genes
(hzsA, hdh, and nirS) were quantified according to the methods
previously (Fan et al., 2019). The primer pair and annealing tem-
perature are summarized in Table S2. In brief, the functional genes
were quantified using SYBR Green I quantitative polymerase chain
reaction (qPCR), and the quantification instrument was an iCycler
iQ5 thermocycler (Bio-Rad, USA). Furthermore, the qPCR reaction
system was 25 mL, including 12.5 mL 2✕SYBR Premix Ex TaqTM
(TaKara, Japan),1 mL template DNA (sample DNA or plasmid DNA for
standard curves), 0.5 mL forward and reverse primers, and 10.5 mL
sterile water. Multiple 10-fold serial diluted plasmids containing
the target gene were prepared for the quantification standard.
Sterile water was used as a negative control, and each sample was
quantified in triplicate. To ensure a linear relationship over the
concentration ranges used in this study, the r2 value of each stan-
dard curve exceeded 0.99.

2.5. High-throughput sequencing

High-throughput sequencing was performed for microbial
community analysis according previously (Fan et al., 2019). Briefly,
universal primers (338F/518R) were utilized to amplify the V4 re-
gion of the 16S rRNA genes. Subsequently, Majorbio Bio-pharm
Technology (Shanghai, China) sequenced the amplicons on the
Illumina MiSeq platform. The QIIME software was used for se-
quences analysis. 97% similarity level was defined as the same
Operational taxonomic units (OTUs). The Chao 1, Shannon, and
Simpson index were adopted to analyze the microbial diversity and
richness.

2.6. Statistical analysis and network analysis

MATLAB 2014b software was performed to process the EEM
data, including the eliminate of Rayleigh scattering and the PAR-
AFAC analysis. A t-test was performed to analyze the significance of
the results using the Statistical Package for the Social Sciences 18.0
(SPSS Inc., USA) software. To analyze the interaction of the selected
genera of bacteria, co-occurrence network was constructed based
on Spearman’s correlation coefficients of bacterial abundance. The
acquisition of relevant statistics was implemented using R software
(www.r-project.org) with the Psych packages. The visualization of
corresponding statistical results was generated by the software
Gephi (V 0.9.1). The construction and visualization of the co-
occurrence network could refer to a previous study (Tang et al.,
2018).

3. Results and discussion

3.1. Nitrogen removal performance of different acclimation
strategies

As shown in Fig. 1, at the end of phase 1, all three reactors
achieved a high nitrogen removal performance, and the nitrogen
removal rate (NRR) of R1, R2, and R3 were stable at approximately
6.25 ± 0.24, 6.16 ± 0.17, 6.17 ± 0.28 kg N m�3 d�1, respectively.
When exposed to salinity in phase 2 (R1: 4.83 g NaCl L�1; R2: 6.25 g
NaCl L�1; R3: 10.0 g NaCl L�1), the contents of NH4

þ-N and NO2
�-N in

the three reactor effluents increased slightly, followed by a ten-
dency towards balance. In contrast, R3 had the highest effluent
concentrations of NO2

�-N (37.56mg L�1) at the end of phase 2, while
lower than the inhibition threshold (70 mg L�1) (Qi et al., 2018).
Meanwhile, the nitrogen removal efficiency (NRE) of R1, R2, and R3
were maintained at 88.95 ± 3.81, 87.19 ± 4.74 and 84.90 ± 4.39%
respectively when operating under an NLR of 6.99 ± 0.15 kg N m�3

d�1. As far as R3 with the highest salinity level (10.0 g NaCl L�1) was
concerned, RS (1.17) and RP (0.17) were close to the theoretical
values of 1.32 and 0.26 (p > 0.05, t-test), supporting that anammox
is the main nitrogen removal pathway in the reactor (Fig. 1 (c)).
These results are consistent with previous findings that low salinity
(<10.0 g L�1) did not have a significant effect anammox process (Li
et al., 2018; Ma et al., 2012).

As the salinity increased further in phase 3 (R2: 12.50 g NaCl
L�1), the NO2

�-N concentration of the effluent in R2 increased
significantly (p < 0.05, t-test) and reached 56.01 mg L�1. To avoid
the inhibition of the accumulated nitrite, the NLR of the three re-
actors declined to 5.76 kg N m�3 d�1 by decreasing the substrate
concentration of the influent on day 35. In phase 4, it was note-
worthy that when salinity rebounded to 10.0 g NaCl L�1, the
effluent concentration of NH4

þ-N and NO2
�-N in R3 were 57.2 ± 6.9

and 11.0 ± 4.7 mg L�1, respectively (Fig. 1 (c)). The relatively stable
process performance of R3 in phase 4 was largely due to the pulsed
acclimation strategy. Ma et al. (2012) reported that a certain fre-
quency of NaCl shock probably benefited anammox system to adapt
the saline conditions. Additionally, the concentration of NaCl was
also the main factor, because low salinity can promote the activity
of bacteria in wastewater treatment system (He et al., 2020; Kartal
et al., 2006; Li et al., 2018).

In phase 5, the salinity of the three reactors increased to the
target concentration of 25.0 g NaCl L�1. In this phase, the process
performance deteriorates significantly. On the 70th day, the NRE of
R1, R2, and R3 decreased to 39.98, 33.27, and 47.58%, respectively.
Notably, the color of anammox sludge in each reactor also changed

http://www.r-project.org


Fig. 1. Nitrogen removal performance of R1 (a), R2 (b) and R3 (c) at different phases, including the influent and effluent nitrogen concentrations, nitrogen loading rate (NLR),
nitrogen removal rate (NRR) and nitrogen removal efficiency (NRE).
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from carmine to dark red (Fig. S1), which indicated that some en-
zymes of anammox bacteria might be affected, resulting in a sig-
nificant deterioration of the reactor performance. As discussed in
Section 3.2.1, the activity of HZO decreased with high salinity,
which provides a basis for the above hypothesis. Subsequently, by
reducing the HRT at the end of phase 5, the NLR of the three re-
actors declined to 3.84 kg N m�3 d�1. The NREs of R3 were signifi-
cantly higher than those of R1 and R2, which indicated that the
acclimation strategies of R3 achieved better results.

The inhibitory effect of salinity on cells is commonly interpreted
as a dehydration effect caused by osmotic pressure leading to the
enzymes activity loss due to the salt-out effect (Lin et al., 2019a). In
order to alleviate osmotic pressure stress, microbial cells adopt the
following two strategies: i) increasing the ion concentration in
intracellular and ii) assimilating or synthesizing small organic
molecules (Li et al., 2018; Oren, 1986; Roberts, 2005). Both strate-
gies were reported in anammox bacteria responding to high
salinity stress (Li et al., 2018; Speth et al., 2017). It is noteworthy
that the implementation of both strategies requires microbial cells
to consume energy. In this study, the RP of the three reactors in
phase 5 was significantly lower than the theoretical value of 0.26
(p < 0.01, t-test), mainly due to the lower production of NO3

�-N. In
the anammox cells, two electrons released by the oxidation of ni-
trite to nitrate were used for the fixation of carbon, which means
that a positive correlation existed between the growth of anammox
biomass and the production of nitrate (van de Graaf et al., 1996).
Thus, the variations in RP indicated that FAB tended to allocatemore
energy for the protection process in response to salinity stress.

Additionally, the RS of the three reactors decreased significantly
during phase 5 (p < 0.01, t-test), which was likely due to the
metabolism transformation of the FAB. High salinity caused a sig-
nificant decrease in HZO activity (seen in Section 3.2.1), which
severely inhibited the metabolic pathway of anammox with hy-
drazine as an intermediate in FAB. At this time, FABmay activate the
metabolic process of oxidized hydroxylamine to provide energy for
themselves. By converting ammonium into hydroxylamine and
subsequently oxidizing hydroxylamine to produce either N2O or N2,
two electrons will be released into the electron transport chain to
produce ATP (Kumar et al., 2017). Therefore, more ammonium was
consumed at the same nitrite concentration, resulting in a decrease
in RS. This also provides an explanation for the decrease in RP.
3.2. Characteristics of anammox granules under different
acclimation strategies

3.2.1. SAA and the specific HZO activity
Changes in SAA under different acclimation strategies were

monitored during different phases (Fig. 2 a). The initial SAAs of
anammox granules in R1, R2 and R3 were 187.9 ± 5.1, 172.1 ± 22.9
and 184.5 ± 16.1 mg N g�1 VSS d�1, respectively. With increasing
salinity, the SAA levels of the three reactors were reduced by
approximately half during phase 3. When salinity reached 25.0 g
NaCl L�1 in phase 5, the SAA of R1, R2 and R3 decreased by 77.8%,
72.1%, and 76.3%, respectively. These results were basically consis-
tent with previous studies showing that high salinity had an
inhibitory effect on anammox process (Li et al., 2018; Windey et al.,
2005). In the study by Windey et al. (2005), the SAA of anammox
granules after acclimatization decreased by 59% at a salinity of
25.0 g NaCl L�1, which is better than that in our study. The
discrepancy can be attributed to different sources of inoculum. In
the mixed system of autotrophy and heterotrophy, aerobic bacteria
and macro organic material on the surface play a protective effect
for the inner FAB (Lin et al., 2019a).

The realization of the anammox process is achieved by many
enzymes involved in catalysis, of which HZO plays an important
role (Lin et al., 2019b). Therefore, the specific HZO activity was also
monitored in this study to investigate how salinity would affect the
physiological activities of FAB. Compared with phase 1, the specific
HZO activity of R1, R2 and R3 decreased by 67.75%, 68.98%, and
70.04%, respectively, in phase 5 (Fig. 2 (b)). Additionally, Pearson



Fig. 2. Characteristics of anammox granules at different phases, including the specific anammox activity (SAA) (a), specific HZO activity (b) and the extracellular polymeric sub-
stances (EPS) extracted from R1 (c) R2 (d) and R3 (e), respectively. PN: protein; PS: polysaccharide.
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correlation analysis showed that SAA was significantly correlated
with specific HZO activity under different acclimation strategies
(r ¼ 0.966, p < 0.001). Thus, the decrease in anammox activity
under salinity conditions could be partly attributed to the loss of
specific HZO activity. At high salinity, the cell structure including
the cell wall and cell membrane was broken due to the large
electrostatic force accumulated by the salt ions (Mendis et al.,
2000). Meanwhile, a large amount of salt ions entered the cell,
which leading to the loss of enzyme activity.

It is worth noting that there was no significant difference in SAA
or the specific HZO activity between reactors in phase 5, which also
suggested that the difference in reactor performance was probably
related to the microbial community structure and enrichment of
salt-tolerant bacteria.

3.2.2. Components and contents of EPS
The variation profiles of the EPS in the three reactors are shown

in Fig. 2 c, d, and e. The salinity level was themain factor driving the
change in the EPS content. In phase 3, the EPS levels of anammox
granules from R1 and R2 were 289.6 ± 7.2 and 247.0 ± 1.9 mg g�1

VSS, respectively, and both PN and PS were significantly higher
than those in phase 1 (p < 0.05, t-test). Changing the secretion of
EPS is of great significance for FAB to adapt to salt conditions (Li
et al., 2018). On the one hand, EPS was reported to have the abil-
ity to bind cations, while the salinity-induced toxicity was primarily
determined by cations (Geddie and Sutherland, 1993; Li et al.,
2018). Thus, EPS acted as a barrier between FAB and salinity con-
ditions. On the other hand, EPS can also improve the water holding
capacity of microbes by affecting the permeating water flux
(Herzberg et al., 2009). Avoiding water loss and maintaining a
stable intracellular osmotic environment are also key to the salt
tolerance of FAB. The PN/PS ratios under the three acclimation
strategies decreased with increasing salinity, which was also
observed in previous study (Ma et al., 2012). The PN/PS ratio can
reflect the resistance of sludge to adversity to some extent; thus, PS
may contribute more to relieving salinity stress.

However, the production of EPS was a diversion of energy away
from cellular growth, which might affect the growth of bacteria
(Zhang et al., 2017). Compared with phase 1 (Fig. 2), the EPS levels
of anammox granules in phase 5 increased by 14.80% (R1), 27.97%
(R2), and 9.93% (R3). This also shows that the energy allocated by
FAB for the synthesis of EPS was different under different



Table 2
Concentration and distribution of salt ions in three reactors in phase 5.

Reactor Element Concentrations in different parts (g L�1)

Effluent EPS Sludge

R1 K 1.35 ± 0.01 3.90 1.48
Ca 12.01 ± 0.01 29.78 ± 0.07 9.96 ± 0.05
Na 14.17 ± 0.05 25.59 ± 0.27 13.09 ± 0.02
Mg 1.08 ± 0.76 2.54 ± 0.02 1.12

R2 K 1.37 3.84 ± 0.02 1.22
Ca 12.12 ± 0.04 29.76 ± 0.16 8.50 ± 0.05
Na 14.05 ± 0.01 25.78 ± 0.18 10.78 ± 0.03
Mg 1.09 ± 0.77 2.50 1.03

R3 K 1.34 ± 0.01 3.84 ± 0.02 1.17
Ca 12.03 ± 0.01 29.73 ± 0.11 7.77 ± 0.03
Na 12.78 ± 0.04 25.69 ± 0.34 11.11
Mg 1.08 ± 0.01 2.50 1.00
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acclimation strategies. In the acclimation mode of R3, less energy
was allocated to the synthesis of EPS; thus, FAB could get more
energy for growth and life activities. A higher growth rate also
resulted in FAB with better nitrogen removal performance (Zhang
et al., 2017), which provides an explanation for the better process
performance of R3. Additionally, excessive EPS was not beneficial
for the mass transfer efficiency of substrates (Zhang et al., 2015).
Therefore, the higher substrate mass transfer efficiency might also
account for the better performance of R3. Compared with R1 and R2,
R3 may be more inclined to adapt to salt stress by accumulating or
synthesizing compatible solutes in response to osmotic pressure,
because this strategy saves more energy than synthesizing EPS (Li
et al., 2018; Vyrides and Stuckey, 2009).

EEM fluorescence spectroscopy further revealed the charac-
terize of EPS. Firstly, the fluorescence components of EPS did not
change significantly under different acclimation strategies.
Furthermore, according to PARAFAC analysis, two components
were identified in all EPS samples from the three reactors (Fig. 3).
According to the EEM regions proposed by Chen et al. (2003),
components 1 and 2 were characterized as soluble microbial
byproduct-like materials. Specifically, both components were
indicated as tyrosine or tryptophan-like protein (Ex/Em ¼
(220e290 nm)/(280e360 nm)). A recent study had shown that
some protein hydrolysates could be used by methanogens to
regulate osmotic pressure, thereby alleviating the salt stress of
anaerobic granular sludge (Sudmalis et al., 2018). In the anammox
system, the available EPS was also considered to be a potential
substance for anammox bacteria (Ma et al., 2017). Therefore, FAB
may also decompose the protein-like components in EPS, thereby
obtaining compatible solutes to regulate the intracellular osmotic
pressure. This also provides a potential explanation for the lower
PN content of EPS in R3.
3.3. Distribution and transport of salt ions in the reactors

The salt ion content in each part of the three reactors in phase 5
is listed in Table 2, including Naþ, Kþ, Ca2þ, and Mg2þ. There is no
Fig. 3. Information on the fluorescent components decomposed
significant difference in the distribution of salt ions in the reactor
under different acclimation strategies. Taking R1 as an example, the
concentrations of Naþ in the effluent, EPS and sludge were
14.17 ± 0.05, 25.59 ± 0.27 and 13.09 ± 0.02 g L�1, respectively, when
the NaCl concentration in the influent was 25.0 g L�1 (Naþ:
9.84 g L�1). This result indicates that the transport of salt ions in the
reactor is a dynamic equilibrium process. In the early stage of
acclimatization, most of the salt ions in the influent were inter-
cepted by sludge. However, with increasing salinity, the adsorption
capacity of sludge reached its limit. Meanwhile, most of the salt
ions flow with the effluent. In addition, the salt ions in the EPS and
sludge were washed out of the reactor, resulting in a higher ion
concentration in the effluent. This theory also matched to the
phenomenon observed in previous studies that the anammox
system had the ability to adsorb ionic pollutants, and EPS plays a
leading role (Fang et al., 2018; Zhang et al., 2015). In addition, Ca2þ

had the highest concentration in EPS, close to 30 g L�1. Based on the
divalent cation bridging theory, Ca2þ easily bridged with PS to form
a gel and is wrapped with protein (Pevere et al., 2007); thus, the
content of Ca2þ in EPS will be higher.
from the EEM spectra of EPS using the PARAFAC approach.
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3.4. Quantitative analysis of the functional genes

The anammox pathway is catalyzed by a variety of enzymes,
including hydrazine synthase, hydrazine dehydrogenase and nitrite
reductase. Furthermore, hzsA, hdh and nirS control the encoding of
these enzymes (Kartal et al., 2011). For a deeper understanding of
the differences between acclimation strategies, changes in key
functional gene responses to salinity under different acclimation
strategies were analyzed (Fig. 4). In general, the increase in salinity
led to an elevated abundance of functional genes, which was in line
with a previous study, showing that anammox biomass possessed a
higher hzsA abundance after ZnO nanoparticles shock (Zhang et al.,
2018b). Under salinity conditions, the activity of enzymes respon-
sible for the anammox pathway was severely inhibited. Simulta-
neously, FAB could upregulate the abundance of functional genes to
compensate for the loss of enzyme activity and thus alleviate salt
stress. However, the anammox activity was still at a low level as
shown in Fig. 2, possibly due to the low genes expression efficiency
(Wang et al., 2016).

In the anammox process, the oxidation of hydrazinewill provide
electrons for the reduction of nitrite and the synthesis of hydrazine,
and the protons generated by this process are also the key to
driving the synthesis of ATP (Kartal et al., 2011; Kuenen, 2008).
Therefore, it is also important to explore the variation in hdh
abundance under different acclimation strategies. The abundance
of hdh significantly increased from 4.99 � 109±8.36 � 108 to
3.68 � 1010±3.61 � 109 copies ng�1 DNA during phase 1 to phase 5
in R1 (p < 0.05, t-test), but was maintained at a constant value in R2
(Fig. 4). These results also provide an explanation for the better
nitrogen removal performance of R1 to some extent. However, the
abundance of hdh in R3 decreased significantly, with only
3.61 � 108±6.88� 107 copies ng�1 DNA in phase 5 (p < 0.05, t-test).
It might be due to higher transcription levels of functional genes in
Fig. 4. The abundance of hzsA (a), hdh (b), nirS (c), and
R3. Unlike nirS, the functional gene nirK is primarily hosted by
denitrifying bacteria. As shown in Fig. 4 (d), the abundance of nirK
was significantly lower than the functional genes of FAB (p < 0.01, t-
test), indicating that the anammox process was the dominant ni-
trogen removal pathway in the reactor.
3.5. Microbial community analysis under different acclimation
strategies

3.5.1. Diversity and composition
High-throughput sequencing was performed to reveal the di-

versity and composition of the microbial community in the
anammox system under different acclimation strategies. The in-
dexes of Chao, Ace, Shannon and Simpson of the three reactors are
all affected by salinity in varying degrees (Table S3). Furthermore,
PLS-DA at the OTU level showed a significant separation between
samples from different reactors (PERMANOVA, p < 0.05) (Fig. S2),
which indicates that the acclimation strategies drove the differ-
entiation of bacterial communities under salinity conditions.

Planctomycetes, Proteobacteria, and Chloroflexi were the three
dominant phyla in all reactors throughout the experiment
(Fig. 5(a)). As the dominant bacteria, these three phyla have been
widely reported in the anammox system (Gonzalez-Silva et al.,
2017; Fan et al., 2019; Li et al., 2018). In terms of anammox pro-
cess treating saline-containing wastewater, the research by
Gonzalez-Silva et al. (2017) also showed that Planctomycetes, Pro-
teobacteria, and Chloroflexi were the dominant phyla, and the cor-
responding abundance was similar to that of this study.
Furthermore, the relative abundance of the dominant phyla varied
significantly under different acclimation strategies. Compared with
phase 1, the relative abundance of Planctomycetes in phase 5
increased by 36.55% (R1), 4.21% (R2), and 51.90% (R3). These results
were in strong agreement with the changes in NRE between
nirK (d) in the three reactors at different phases.



Fig. 5. Microbial community structure of anammox granules at the phylum level (a) and the genus level (b); (c) Network analysis revealing bacterial interactions in the anammox
community under different acclimation strategies. The 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 indicate strong (p > 0.8) and significant (p < 0.05) correlations.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Q. Zhang et al. / Journal of Cleaner Production 278 (2021) 1239218
reactors. Planctomycetes were mainly represented by anammox
bacteria in the anammox systems and were involved in nitrogen
removal. Additionally, the changes in the Proteobacteria throughout
the acclimation process are worthy of attention due to the de-
nitrifiers in this phylum (Gonzalez-Silva et al., 2017). From phase 1
to 5, the relative abundance of Proteobacteria in R1 and R2 increased
by 25.14% in R1 and 103.10% in R2 but decreased by 30.89% in R3. The
increased salinity would provide a habitat for heterotrophic bac-
teria because the increased secretion of EPS (Fig. 2). Besides, the
release of organic matter by the lysis of dead bacteria will provide
electron donors for heterotrophic bacteria (Sun et al., 2019).
Therefore, the relative abundance of Proteobacteria in R1 and R2
showed an increasing trend. Due to the higher adaptation of FAB to
salinity in R3, less organic matter can be available by heterotrophic
bacteria; thus, heterotrophic bacteria are at a disadvantage in the
competition with FAB. Previous results also show that R3 was
indeed had a lower EPS content in phase 5 (as discussed in Section
3.2.2). In addition, it is noteworthy that the relative abundance of
Chloroflexi in R3 was approximately double that of R1 and R2 in
phase 5 (R1: 26.36%; R2: 26.40; R3: 40.79%). Bacteria belonging to
this phylum could strengthen the structure of granules with fila-
mentous biomass networks, which is conducive to the establish-
ment of a strict anaerobic environment for the growth of FAB
(Gonzalez-Silva et al., 2017). Therefore, the FAB in R3 may have
better growth and enrichment status.

At the genus level, Candidatus Kuenenia was the only FAB in all
samples (Fig. 5 (b)). The relative abundance of Candidatus Kuenenia
increased by 37.19% in R1 and 46.81% in R3, and remained stable in
R2, implying that the FAB cultured under the acclimation strategies
of R1 and R3 had a higher potential resistance to salinity. The
relative abundance of Candidatus Kuenenia in the three reactors
(R1: 43.18%; R2: 25.97%; R3: 34.43%) was basically consistent with
the trend of NRE in phase 5 (Fig. 1). Although the changes in FAB
were slightly different between acclimation strategies, Candidatus
Kuenenia was the dominant genus in all three reactors in phase 5.
This finding is also consistent with previous results that FAB
become the dominant bacteria under salinity conditions (Gonzalez-
Silva et al., 2017; Li et al., 2018). Notably, the relative abundance of
denitrifying bacteria Denitratisoma in R1 and R2 was 2.5% and 2.7%
in phase 3, while it was almost undetectable in R3 (0.7%) and almost
zero in the three reactors in phase 5. This phenomenon highlights
the importance of acclimation strategies. After the impact of 10 g
NaCl L�1, Denitratisomawas eliminated earlier in R3, which to some
extent indicated that R3 reached the stable state of community
structure earlier. This result also provides a potential explanation
for the decrease in Rs (seen in Section 3.1.), since the reduction of
Denitratisoma could lead to a decrease in the consumption of ni-
trite. Additionally, norank_o_SBR1031 and SM1A02 were also
detected, and as companions of anammox bacteria were often re-
ported (Fan et al., 2019). However, their potential function is still
unclear.
3.5.2. Changes in bacterial interactions
Based on strong and significant correlations, network analysis

was performed on the 20 most abundant genera to revealed the
bacterial interactions in each reactor. During salinity acclimatiza-
tion, there were no positive interactions between FAB (Candidatus
Kuenenia) and any other bacteria at the genus level in the three
reactors (Fig. 5(c)). This result is consistent with a previous study.
Tang et al. (2018) did not found bacteria interactions between
anammox bacteria and others during the start-up of anammox
process. The interactions here may indicated that the differences in
acclimation strategies did not driven the transformation of the
bacterial communication in the anammox system (Tang et al.,
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2018). However, there were notable differences in the interactions
of bacteria other than FAB in the three reactors, and R3 was the
most abundant (Fig. 5(c)). Abundant bacterial interactions have a
positive effect on strengthening the homeostasis of the anammox
microbial community (Zhu et al., 2018), which may also be
responsible for the better process performance of R3. Although
most of the interactions occurred in Proteobacteria, Chloroflexi, and
Bacteroidetes, cooperative competition for substrates, dissolved
oxygen, and metabolites with anammox bacteria has been reported
(Gonzalez-Silva et al., 2017; Li et al., 2018; Sun et al., 2019). Some
bacteria belonging to Chloroflexi were in the form of filaments,
which can strengthen the structure of granular sludge (Pereira
et al., 2014). As a companion bacterium to FAB, norank_o_SBR1031
may have the function of optimizing the performance of anammox
process under salinity conditions. Therefore, the strengthening of
the interaction between the associated bacteria may also be an
important strategy for the anammox system to alleviate salt stress.

3.6. Mechanism for the adaptability of anammox system to salinity
under different strategies

Similar to previous studies, the results of this study shown that
the acclimation strategy is an important factor driving the differ-
ence in salinity adaptation of anammox system (Giustinianovich
et al., 2018; Li et al., 2018; Malovanyy et al., 2015). Thus, an in-
depth understanding of the salt-tolerance differences of the
anammox process under different domestication strategies is
essential for its application. Fig. 6 exhibited the potential mecha-
nism for the adaptability of FAB to salinity under different strate-
gies. With the increase in salinity, R1 had the highest abundance of
FAB in phase 3 (24.39%). In addition, the EPS secretion of bacteria in
R1was also the highest (Fig. 4), which greatly delayed the process of
salt ions entering the cells (Li et al., 2018). This was because the
Fig. 6. Potential mechanisms for the adaptability
salinity increase strategy in R1 fully considered the inhibition of
salinity to FAB, providing a moremoderate salinity environment for
anammox system. In contrast, the abundance of FAB in R3 was the
lowest in phase 3, which was mainly due to the previous shock of
salinity (10.0 g NaCl L�1). However, the bacteria with strong salinity
adaptability was quickly selected in R3. Therefore, although the
abundance of FAB in R3 was relatively low, it had higher salinity
adaptability and activity. When the salinity gradually increased to
25.0 g NaCl L�1, the salt-tolerant FAB were enriched in R3.
Compared with increasing the EPS content, FAB in R3 might tended
to concentrate or synthesize compatible solutes to regulate osmotic
pressure, which saves more energy for the growth of FAB (Vyrides
and Stuckey, 2009). Furthermore, a lower EPS content was also
beneficial for the mass transfer efficiency of substrates in R3 (Zhang
et al., 2015). Additionally, R3 formed a salt-tolerant community
structure earlier due to the shock of salinity previously, and thus
had a stronger bacterial interaction in phase 5 (Fig. 5(c)). Overall,
the above reasons contributed to the satisfactory process perfor-
mance of R3.

The adaptation of anammox system to salinity in R1 was a
relatively mild process. Maintaining high EPS contents and upre-
gulating the abundance of functional genes were the two main
strategies adopted by FAB in R1. However, these two strategies
require more energy and are not conducive to the mass transfer of
substrates. Therefore, although R1 had the highest relative abun-
dance of FAB in phase 5 (Fig. 5), its performance was not as good as
that of R3. Under the traditional acclimation strategy of R2, the
salinity adaptability of FAB has not been fully considered, which
may cause long-term inhibition. With the decrease in FAB abun-
dance, its osmotic pressure regulating ability may also gradually
deteriorate. Therefore, the process performance of R2 was theworst
(Fig. 1).
of FAB to salinity under different strategies.



Q. Zhang et al. / Journal of Cleaner Production 278 (2021) 12392110
3.7. The implications of this work

Reasonable acclimation strategy is the key to mitigate the
toxicity of salinity to anammox process. This study provided
different acclimation strategies for nitrogen removal from saline
wastewater by the anammox process, and the results indicated that
the pulsed strategy should be the optimal strategy. In practical
applications, corresponding acclimation systems can also be
established based on the specific characteristics of wastewater. For
example, in the case of anaerobic digestion wastewater with low
salinity and stable components (approximately 4.0 g L�1) (Lin et al.,
2019a), the strategy of direct acclimation can be used, while the
pulsed strategy can be considered when treating wastewater with
high salinity and fluctuating conditions, such as flue gas desulfur-
ization wastewater (3e40 g L�1) (Vredenbregt et al., 1997); when
the salinity is high and the components are stable, the inhibition
kinetic strategy can be adopted. Additionally, a reasonable combi-
nation of different strategies can also be considered; for example,
the model of inhibition kinetics can be referred to during the
salinity increase stage in the pulsed strategy. In addition to saline
wastewater, the acclimation strategies proposed in this work are
also instructive for the treatment of other wastewater containing
inhibitors (e.g., heavy metal, nano material, antibiotic, toxic organic
matter) by the anammox process. Nevertheless, its feasibility still
needs to be further verified in the pilot- or full-scale bioreactors.

4. Conclusions

The inhibition of anammox by salinity was mainly caused by the
loss of enzyme activity. The pulsed acclimation strategy proposed
firstly in this study contributes to the rapid establishment for the
salt-tolerant anammox process. Under the condition of 25.0 g NaCl
L�1, the NRR and NRE achieved by reactor were 2.36 ± 0.14 kg N
m�3 d�1 and 61.71 ± 3.35% respectively. The maintenance of high
abundance FAB might be the key to achieve excellent process
performance. Pulsed strategy leaded to a 46.81% increasing of FAB
abundance under salinity. Additionally, increasing EPS secretion
and strengthening bacterial interactions are critical for the anam-
mox system to alleviate salinity stress.
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