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• Under salt stress, the dominant bacteria
in the reactor changed from FAB to MAB.
• Candidatus Brocadia was completely
inhibited at 18 g L−1 NaCl.
• At 18 g L−1 NaCl, Candidatus Scalindua
became the dominant population.
• QS of FAB was more active under high
saline surroundings.
• AHLs stimulated anammox bacteria to
produce more EPS under salt stress.
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a b s t r a c t
The shift of microbial community and signaling molecules release were studied to explore the potential mechanism of anammox consortium under salt stress. Due to increased salinity, the abundance of “Candidatus Brocadia”
decreased from 29.5% to 1.9%. “Candidatus Brocadia” was reduced by the salinity shock. Besides, “Candidatus
Scalindua”, marine anammox bacteria, was detected at 18 g L−1 NaCl and dominated the reactor. Principle coordinates analysis further proved that salinity was the driving force on the distribution and diversity of anammox
consortium. Also, quorum sensing feedback mechanism of anammox bacteria under salt stress was investigated
for the ﬁrst time. The concentration of N-(3-oxohexanoyl)-DL-homoserine lactone (3OC6-HSL) increased from
0.27 ± 0.02 to 1.24 ± 0.09 μM at 7 to 9 g L−1 NaCl. The concentration of 3OC6-HSL maintained at a high level
at 9 to 12 g L−1 NaCl. Nacylated-l-homoserine lactones (AHLs)-mediated QS became more active and then improved the coordinated interaction in anammox consortium. High concentration of AHLs promoted the bacteria
to produce more extracellular polymeric substances, which increased the bacterial tolerance to salt stress.
© 2021 Elsevier B.V. All rights reserved.
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Anammox has been widely applied in wastewater treatment due to
its high efﬁciency, low-sludge production, and no greenhouse gas emission (van der Star et al., 2007). To date, six genera of anammox bacteria
have been identiﬁed, which are divided into freshwater-derived
anammox bacteria (FAB) and marine anammox bacteria (MAB) (Gao
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Fig. 1. Nitrogen removal performance of “Candidatus Brocadia” under salt stress: (a) concentrations of three nitrogen species in inﬂuent and efﬂuent; (b) removal efﬁciencies of NH+
4 and
+
−
NO−
2 ; (c)loading and removal rates of NH4 and NO2 ; (d) stoichiometric ratios. The relative standard deviations of all measurement data were below 10%.

et al., 2021). Among them, “Candidatus Brocadia” has been discovered in
the freshwater ecosystems while “Candidatus Scalindua” is discovered
in marine surroundings (termed as MAB) (Li et al., 2020). Compared
with other anammox genera, “Candidatus Brocadia” has good aggregation capability and growth kinetics (Oshiki et al., 2016). However,
anammox bacteria are sensitive to pH, salt, antibiotic, and other inhibitors (Xing et al., 2015).

Recently, numerous studies have reported the effects of salinity on
anammox bacteria (Huang et al., 2021; Jeong et al., 2020; Jin et al.,
2011). Oshiki et al. (2011) indicated that the activity of “Candidatus
Brocadia” decreased to 70% at 30 g L−1 NaCl. Besides, 5 g L−1 NaCl
could cause a sharp decline in microbial abundance of “Candidatus
Brocadia” (Wang et al., 2017). The salt stress also promoted the population shift in the anammox community. Previous studies showed that
2
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dominant anammox bacteria shifted from “Candidatus Brocadia” to
“Candidatus Kuenenia”, when inﬂuent salinity increased from 0 to 3 g
L−1 NaCl (Gonzalez-Silva et al., 2017). High concentration of salt, as
well as ammonia, was present in most industrial wastewater. As a result, it is quite necessary to clarify the response mechanism of anammox
bacteria to salt stress.
Quorum sensing (QS), a system by which bacteria regulate selfmetabolism in accordance with molecular communication between cells
(Chong et al., 2012). Nacylated-l-homoserine lactone (AHL) is a typical signal molecule of gram-negative bacteria (Galloway et al., 2012). When environmental conditions varied sharply, anammox bacteria tended to
secrete more signal molecules to regulate the behaviors, which beneﬁtted
to their growth (Guo et al., 2017). The metabolic rate of Anammox can be
increased by N-(3-oxohexanoyl)-DL-homoserine lactone (3OC6-HSL),
which has an important inﬂuence on the activity of anammox (Liu et al.,
2021). Nevertheless, the potential QS mechanisms of “Candidatus
Brocadia” respond to salt stress remains poorly understood.
In this work, QS and microbial community shift of “Candidatus
Brocadia” were ﬁrst investigated under salt stress. Besides, 3OC6-HSL
was detected to better understand the QS regulation mechanism in
anammox process. Microbial community structure was analyzed to
clarify the microbial shift of anammox bacteria under salt stress. The research will provide a new perspective for the treatment of high-salinity
wastewater by anammox process.

with Tang et al. (2015). The speciﬁc extraction process was described
in supplementary material (Text S3).
3. Results and discussion
3.1. Nitrogen removal performance of anammox bacteria in response to salt
stress
Under different salt stress, reactor performance was present in Fig. 1.
During Phase I–II, nitrite removal efﬁciency (NRE) and ammonia removal efﬁciency (ARE) of the reactor were maintained at 95% and
99%, respectively. Meanwhile, nitrogen removal rate reached 0.87 kg
m−3 d−1. During Phase III, the activity of the anammox signiﬁcantly decreased at 5 to 10 g L−1 NaCl. It was attributed to cell plasmolysis induced by the sharply increased salinity (Liu et al., 2014). “Candidatus
Brocadia” was completely suppressed under high salinity. As a result,
the stoichiometric ratio deviated greatly from the theoretical value
(Fig. 1d). The reactor gradually recovered its performance within 43 cycles, when the salinity decreased to 7 g L−1 NaCl.
During Phase IV-V, both weaker inhibition and shorter recovery time
were acquired, indicating that the inﬂuence of salinity on “Candidatus
Brocadia” was getting lower. After multiple salinity shocks, “Candidatus
Brocadia” had gradually acclimated to the high-salinity surroundings.
However, with the salinity increased to 18 g L−1 NaCl in Phase VI,
“Candidatus Brocadia” was inhibited completely. ARE and NRE
decreased to 10% and 12% after 13 cycles, respectively. The negative
impact resulting from the shock of high salinity on “Candidatus
Brocadia” was difﬁcult to alleviate.

2. Materials and methods
2.1. Bioreactor operation
The experiment was performed in a sequencing batch reactor (SBR)
with a 1 L working volume. According to different salinity, six phases
were divided in the experiment period (Table S1). The speciﬁc operation
process was in supplementary material (Text S1). It should be noted that
during the Phase III, the salinity decreased to 7 g L−1 in order to avoid the
complete inhibition on anammox process resulted from 10 g L−1 NaCl.

3.2. Microbial community shift
The community proﬁles of anammox consortia under salt stress
were compared by principal coordinates analysis (PCoA) as shown in
Fig. 2. A clear separation among the four samples was acquired in the
PCoA under salt stress. The ﬁrst axis explained 73.56% variance among
the four samples, and 16% by the second axis. The shift of anammox

2.2. Inoculation and wastewater characteristics
The anammox reactor had been steadily run for one year and
“Candidatus Brocadia” was the dominant bacteria species (Li et al.,
2016). The total nitrogen concentration (NH4Cl and NaNO2 as the nitrogen source) being 230 mg L−1. Furthermore, the details of medium
compositions were in supplementary material (Text S2).
2.3. Analytical methods
−
+
NO−
3 -N, NO2 -N and NH4 -N were measured according to standard
methods (APHA, 2005). Extracellular polymeric substances (EPS) extractions were performed utilizing a heating method as described by
Zhang et al. (2016). Proteins (PN) and polysaccharides (PS) were analyzed by the Lowry and anthrone methods, respectively (Wu et al.,
2009). Microbial community structure under salt stress was analyzed
by sequencing of 16S rRNA transcripts. Four biomass samples taken
from the bioﬁlm on day 10, 45, 170 and 195, respectively. Total bacterial
DNA was extracted with the Power Soil DNA Isolation Kit (MO BIO
Laboratories). The V3-V4 region of the bacterial 16S rRNA gene was ampliﬁed with the ordinary primer pair (338F and 806R). High-throughput
sequencing was conducted at Biomarker Technologies Corporation
(Beijing, China) using the Illumina Hiseq 2500 platform (2 × 250 paired
ends). Detailed 16S rRNA gene sequencing procedures were similar to
the method discussed in our previous study (Yin et al., 2019).

2.4. Extraction and analysis of AHLs
Standard AHLs (3OC6-HSL) were purchased from Sigma-Aldrich
(China). The extraction and determination of AHL were consistent

Fig. 2. Principle coordinates analysis of microbial community structure of anammox
consortium under salt stress.
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3.3. AHLs and EPS production in response to salt stress

consortium associated with salinity increments. Combined with Fig. 3, it
could be further conﬁrmed that salinity is the driving force on the distribution and diversity of anammox consortium.
Microbial community composition of the four samples was presented
in Fig. 3. “Candidatus Brocadia”, FAB, was the dominant anammox species
in the reactor initially. During Phase III to V, the abundance of “Candidatus
Brocadia” increased from 13.6% to 19.4%. With the increasing salinity, the
abundance of “Candidatus Brocadia” signiﬁcantly decreased from 29.5% to
1.9% (Fig. 3a). In addition, “Candidatus Scalindua”, which afﬁliated with
MAB, was detected at 18 g L−1 NaCl. Moreover, “Candidatus Scalindua”
became the dominant population in Phase VI. And anammox consortium
could acclimate salt stress through population shift because halophilic
“Candidatus Scalindua” had dominated the reactor. Simultaneously, a notable proliferation of halophilic bacteria groups such as Halomonas was
detected (Ventosa et al., 1998). “Candidatus Scalindua” competed with
Halomonas for NO−
2 -N (Gao et al., 2021). Besides, Nitrospira could oxidize
ammonia and produce nitrite as an extracellular transit (Kits et al., 2017).
When the salinity increased from 0 to 18 g L−1 NaCl, the abundance of
Nitrospira increased from 2.3% to 11.40%. In addition, the abundance of
Nitrosomonas changed from 11.70% to 12.40%. Nitrospira and
Nitrosomonas combined with “Candidatus Scalindua” to achieve higher nitrogen removal.

a
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3OC6-HSL concentration was determined in the supernatant
(Fig. 4a). During Phase I–II, its concentration remained at a low level.
However, from Phase III–VI, it increased from 0.27 ± 0.02 to 1.23 ±
0.09 μM at 7 to 9 g L−1 NaCl. The activity of the anammox bacteria
was promoted by 3OC6-HSL (Tang et al., 2018). Meanwhile, the
recovery time of bacteria was signiﬁcantly shortened with the
release of 3OC6-HSL at 9 to 18 g L−1 NaCl. When the AHLs reached
the minimum stimulating concentration detected by bacteria, the
bacteria would regulate the expression of genes to maintain cell
activity (Shrout and Nerenberg, 2012). Hence, it stimulated the
release of 3OC6-HSL via the regulation of QS under high salinity,
which was beneﬁcial to the communication in the anammox consortium. The salt tolerance of anammox bacteria was improved by
3OC6-HSL.
As presented in Fig. 4b, EPS contents in the SBR were measured at
different salinity. Both PN and PS contents signiﬁcantly increased with
growing salinity (from 23.7 to 189.3 mg gVSS−1 and 7 to 89.3 mg
gVSS−1, respectively). Due to increased EPS, anammox bacteria maintained the activity in high saline surroundings. In this work, a positive
correlation was achieved between EPS production and 3OC6-HSL
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Fig. 3. Heatmap of microbial community shift at the genus level of anammox consortium (a); dominant microorganisms at genus level (b). S0, S10, S12 and S18 represent the samples from
salt-stressed reactor operated at 0, 10, 12, 18 g L−1 NaCl, respectively.
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Fig. 4. 3OC6-HSL release of anammox consortium under salt stress (a); EPS production,
PN/PS ratio under salt stress (b).

release. It was consistent with a previous report that 3OC6-HSL could
enhance EPS contents. QS could regulate the EPS production and maintain the bacterial activity.
4. Conclusions
QS and microbial community shift of FAB were ﬁrst investigated
under salt stress. “Candidatus Brocadia” was completely inhibited at
18 g L−1 NaCl. However, the abundance of “Candidatus Scalindua”
reached 8% at Phase VI. The dominant anammox bacteria changed
from FAB to MAB at 18 g L−1 NaCl. Besides, anammox bacteria tended
to activate the AHLs-mediated QS by releasing large amounts of
3OC6-HSL under salt stress. From Phase I to VI, 3OC6-HSL concentration increased from 0.22 ± 0.02 to 1.23 ± 0.09 μM. QS regulated the
bacterial activity and improved the salt tolerance of anammox
bacteria. Meanwhile, the EPS production was promoted by AHLs in
anammox bacteria to resist the high-salt surroundings when salinity
increased.
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