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• Exogenous EPS was used as protective
agents for the anammox sludge preser-
vation.

• Addition of exogenous EPS significantly
increased anammox activity in short
term.

• Adding A-EPS at 4 °C led to the optimal
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• The protein in EPS is a potential factor in
optimizing preservation performance.
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The preservation of anammox granules is of great significance for the rapid start-up of the anammox process and
improvement of performance stability. Therefore, it is necessary to explore an economical and stable preserva-
tion strategy. Exogenous extracellular polymeric substances (EPS) were used as protective agents for the preser-
vation of anammox granules in this study. In brief, EPS fromanammox sludge (A-EPS) anddenitrifying sludge (D-
EPS)were added to preserve anammox sludge at 4 °C and room temperature (15–20 °C). The results showed that
A-EPS addition at 4 °Cwas the optimal condition for the preservation of anammox granules. After 90days of pres-
ervation, the specific anammox activity (SAA) of the anammox granules remained at 92.7 ± 2.2 mg N g−1-

VSS day−1 (remaining ratio of 33.4%), while that of the sludge with D-EPS addition at the same temperature
was only 77.1 ± 3.2 mg N g−1 VSS day−1 (remaining ratio of 27.8%). The nitrogen removal efficiency of the ex-
perimental group with D-EPS at room temperature was 85.9%, and that of the A-EPS group reached 90.6% under
the same temperature conditions. The abundance of the functional geneshzsA,hdh and nirS of the sludge (4 °C;A-
EPS addition) after recovery were 138.5%, 317.1%, and 375.9%, respectively, of those of sludge from the D-EPS-
added group at the same temperature. RDA revealed the contribution of proteins to the preservation process.
Overall, this study provides an economical and robust strategy for the preservation of anammox granules.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Anaerobic ammonium oxidation (anammox) refers to the biological
process in which anammox bacteria use nitrite as an electron acceptor
to oxidize ammonium to nitrogen under anaerobic conditions (Ding
et al., 2013). Compared with traditional nitrification-denitrification bio-
logical nitrogen removal technology, the anammox process does not re-
quire external organic carbon or aeration, which makes it popular
worldwide (Van de Graaf et al., 1995). Nevertheless, the slow growth
rate of anammox bacteria and sensitivity to environmental conditions
are barriers to the application of this technology (Jin et al., 2012). Inoc-
ulation of mature anammox sludge is an effective means to accelerate
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the start-up of the anammox process and improve the resistance of the
process under various operational and environmental conditions. With
the inoculation of anammox sludge (0.02 g−1 VSS L−1) in an activated
sludge system, the start-up of the anammox process was shortened to
10 days (Wang et al., 2018). In research by Zhang et al. (2018), the ad-
dition of mature anammox sludge successfully alleviated the effect of
oxytetracycline (2mg L−1) stress on anammox performance. Therefore,
the preservation of anammox biomass is of great significance for
expanding the application of anammox. Additionally, annual mainte-
nance and seasonal closures are common in the field of biological
wastewater treatment, which also emphasizes the far-reaching signifi-
cance of strain preservation for the anammox process (Ali et al., 2014).

To date, numerous studies have explored preservation techniques
suitable for anammox bacteria, including freezing and lyophilization
(Viancelli et al., 2017), cryopreservation (Chen and Jin, 2017), and the
addition of protective agents (Heylen et al., 2012). In terms of the pres-
ervation temperature, a high temperature will increase the microbial
decay rate, while low a temperature may lead to irreversible cell dam-
age (Chen and Jin, 2017). Overall, 4 °C was considered as the ideal tem-
perature, which has also been widely used in sludge storage. A previous
study showed that anammox sludge preserved at 4 °C for two weeks
(without substrates and protective agent) retained 93% of the specific
anammox activity (SAA) (Ji and Jin, 2014). Another study compared
the characteristics and recovery performance of anammox granules
preserved at 35, 25, 4 and −30 °C without additives and reported that
4 °C was the optimal condition (Xing et al., 2016). From the perspective
of the microbial community, the addition of glycerin at −80 °C was
more conducive to the survival of anammox bacteria (Candidatus
Jettenia asiatica) (Ali et al., 2014). Additionally, a recent study showed
that the availability of hydrazine was beneficial to reducing the mortal-
ity of anammox bacteria during preservation and recovering the bacte-
rial activity (Ganesan and Vadivelu, 2020). Nevertheless, it is difficult to
apply of the above technologies due to the high cost. Therefore, explor-
ing amore economical and efficient preservation strategy is of great sig-
nificance for expanding the application of the anammox process.

Extracellular polymeric substances (EPS) represent a class of sub-
stances composed mainly of polysaccharides and proteins secreted by
microorganisms and attached to the surface of cell walls (Hou et al.,
2015). By affecting the ability of microorganisms to aggregate, EPS
play a crucial role in the formation of granular sludge and biofilms in
wastewater treatment systems (Jia et al., 2017). In addition, the dy-
namic monitoring of substances contained in EPS, such as protein and
humus, provides guidance for the evaluation of wastewater treatment
process performance (Z.-Z. Zhang et al., 2019). In recent years, several
studies have shown that the addition of exogenous EPS has a positive ef-
fect on the improvement of anammox bacterial activity and themainte-
nance of sludge structural stability (Guo et al., 2016; Liu et al., 2018).
Guo et al. (2016) compared the effects of five different exogenous EPS
samples on anammox bacterial activity, and the results showed that
denitrifying sludge EPS had the most significant enhancement effect
on anammox bacteria activity. In addition, EPS seems to play an impor-
tant role in the preservation of anammox sludge. A recent study found
that during the preservation of anammox sludge, the content of EPS de-
creased by approximately 50% within ten days (Ganesan and Vadivelu,
2020). Although existing studies have investigated the effects of sub-
strates, temperature, protective agents, and other factors on the preser-
vation of anammox sludge (Chen and Jin, 2017), the effects of
exogenous EPS on this process are still poorly understood. Furthermore,
EPS are massively producible in wastewater treatment plants (Kim
et al., 2020). Therefore, as a potential protective agent for the preserva-
tion of anammox biomass, EPS have promising economic benefits and
practical significance.

Adding exogenous EPS as protective agents for the preservation of
anammox sludge has been proposed in the present study. As previously
reported, denitrifying sludge EPS (D-EPS) showed great potential in im-
proving anammox activity in the short term (Guo et al., 2016; Liu et al.,
2018). In addition, D-EPS can be easily obtained from a wide range of
sources. Therefore, the short-term effects of EPS from anammox sludge
(A-EPS) and denitrifying sludge (D-EPS) on anammox bacteria activity
were explored. A-EPS and D-EPS were added to preserve anammox
sludge at 4 °C and room temperature to explore the effects of tempera-
ture and EPS on this process. Furthermore, six upflow anaerobic sludge
blanket (UASB) reactors were constructed to investigate the recovery
performance of anammox sludge under different preservation strate-
gies. The outcomes of this study provide a more efficient and economi-
cal strategy for the preservation of anammox sludge, which has
important implications for the application and optimization of the
anammox process.

2. Materials and methods

2.1. Experimental sludge and EPS extraction

The anammox sludge and denitrifying sludge used in the experi-
ments were obtained from bioreactors in our laboratory (Cheng et al.,
2019; Jin et al., 2013b). In brief, the SAA and specific denitrification ac-
tivity of the anammox sludge and denitrification sludge were 277.3 ±
9.1 and 504.5 ± 44.3 mg N g−1 VSS day−1, respectively. Candidatus
Kueneniawas the dominant bacteria in the anammox sludge, with a rel-
ative abundance of 39.3%. In addition, norank_o_SBR1031 (25.0%),
Limnobacter (5.8%) and Denitratisoma (3.2%) were the other main com-
ponents of themicrobial community. In terms of the denitrifying sludge,
Rhizobium (21.3%), uncultured Propionibacteriaceae (16.5%) and
Castellaniella (5.3%) were the dominant bacteria. A-EPS and D-EPS
were extracted by the heating method according to a previous study
(Z.-Z. Zhang et al., 2019). In brief, sludge samples were collected and
washed several times with distilled water and then centrifuged at
3200 rpm for 30 min. Subsequently, the remaining sludge was resus-
pended in 0.9% physiological saline and sterilized at 0.8 MPa and
105 °C for 60 min. The purpose of high temperature and high pressure
was to accelerate the separation of EPS from the sludge or anammox
bacteria. The sterilized mixture was centrifuged at 3200 rpm for
30 min, and the obtained supernatant solution contained EPS. Twenty
milliliters of EPS can be extracted from 5 mL of sludge. The extraction
rates of A-EPS and D-EPS were 176.45 ± 9.9 and 145.65 ± 8.4 mg g−1

VSS, respectively.

2.2. Batch test and preservation strategies

Abatch testwas implemented to determine the short-termeffects of
exogenous EPS on anammox bacterial activity. The experimentwas per-
formed in a serum bottle with a total volume of 150 mL, and different
amounts of A-EPS and D-EPS were added to the batch system. In addi-
tion, 10 mL of anammox sludge (approximately 0.4 g VSS), substrates,
and trace elements were added to each serum bottle, the volume of
which was finally made up to 120 mL. The contents of substrates and
trace elements are listed in Table S1 (Zhang et al., 2016), and the SAA
was determined according to the consumption rate of substrates. In ad-
dition, the relative anammox activity (rAA) was defined by Eq. (1):

rAA ¼ SAAi

SAA0
� 100% ð1Þ

where SAAi is the SAAwith different contents of EPS (A-EPS and D-EPS)
and SAA0 is the SAA without addition of EPS.

Experiments corresponding to each condition were set up in three
groups in parallel, and the experimental results were averaged. Accord-
ing to the results of the batch test, the amount of each exogenous EPS
type added during sludge preservationwas determined (Table 1). Addi-
tionally, according to previous studies (Ali et al., 2014; Chen and Jin,
2017), different preservation temperatures were taken into consider-
ation, including room temperature (15–20 °C) and low temperature



Table 1
Preservation conditions of anammox strains in each experimental group.

Preservation conditions Added
amount
(g g−1 VSS)

Name Preservation
time
(day)

Temperature Protective
agent

Room
temperature

– – RT-C 90
A-EPS a RT-A 90
D-EPS b RT-D 90

4 °C – – LT-C 90
A-EPS a LT-A 90
D-EPS b LT-D 90

The a and b represent the theoretical optimal amounts of A-EPS and D-EPS, respectively.
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(4 °C). Incubators (Jing Hong, Shanghai, China) were used to control the
temperature. As shown in Table 1, a total of six preservation strategies
were designed, including a control group without the addition of exog-
enous EPS. The sludge was preserved in sealed and opaque polyvinyl
chloride (PVC) containers for 90 days, and the sludge volumewas 0.5 L.

2.3. Continuous flow experiments and sample collection

Continuous flow experiments were carried out in six identical UASB
reactors to evaluate sludge recovery after preservation under different
strategies. The effective volume of each reactor was 1.5 L. The reactors
were operated at 35 ± 1 °C under dark conditions. The hydraulic reten-
tion time (HRT) was 2 h.

As described previously (Jin et al., 2013b), substrates, minerals and
trace elements were themain components of the synthetic wastewater.
The substrates consisted of (NH4)2SO4 andNaNO2 at amolar ratio of 1:1.
The concentrations of the substrates were adjusted according to the
performance of the reactors. Themineralmedium contained the follow-
ing (mg L−1): NaHCO3, 840; NaH2PO4, 10; MgSO4·7H2O, 300;
CaCl2·2H2O, 5.6; and trace element solutions I and II (1.25 mL L−1).
Trace element solution I contained the following (g L−1): EDTA
(5) and FeSO4·7H2O (9.14). Trace element solution II contained the fol-
lowing (g L−1): EDTA (15), CuSO4·5H2O (0.25), MnCl2·4H2O (0.99),
NaMoO4·2H2O (0.22), H3BO4 (0.14), NiCl2·6H2O (0.21), ZnSO4·7H2O
(0.43), and CoCl2·6H2O (0.24). Sludge samples before and after recov-
ery under various preservation strategies were collected.

To further evaluate the performance of the reactors in the continu-
ous flow experiment, the contribution rate of anammox to nitrogen re-
moval was calculated according to a previous study (Xu et al., 2020) as
Eq. (2).

anammox rate %ð Þ ¼ 1þ 1:32−0:26ð Þ � NHþ
4−NInf−NHþ

4−NEff
� �

TNIn−TNOut
� 100%

ð2Þ

where NH4
+-NInf and NH4

+-NEff are the concentrations of NH4
+-N in the

influent and effluent, respectively. TNIn and TNOut are the concentrations
of total nitrogen in the influent and effluent, respectively.

2.4. DNA extraction and quantification of functional genes

A Power Soil DNAKit (MoBio Laboratories, Carlsbad, CA)was used to
extract total DNA from sludge samples. To detect the extracted genomic
DNA, 1% agarose gel electrophoresiswas used. ANanoDrop rd-1000 sys-
tem (Thermo Scientific, USA) was used to determine the DNA concen-
tration. The extracted DNA samples were stored at −20 °C.

An iCycler iQ5 thermocycler (Bio-Rad, USA)was used to quantify the
anammox functional genes including hzsA, hdh, and nirS, which is based
on SYBR Green I quantitative polymerase chain reaction (qPCR). The
corresponding primers and annealing temperatures are shown in
Table S2. The qPCR reaction system was 25.0 μL and included 12.5 μL
of SYBR Premix ExTaq enzyme (TaKara, Japan), 1.0 μL of template DNA
(sample DNA or plasmid DNA used for the standard curve), 0.5 μL of
forward and reverse primers, and 10.5 μL of ddH2O. qPCR was per-
formed on a ten-fold gradient of plasmid DNA to obtain the standard
curve. Sterile water was used as a negative control, and each sample
was quantified in triplicate. To ensure a linear relationship over the con-
centration ranges used in this study, the r2 value of each standard curve
exceeded 0.99.

2.5. Other analyses

According to standard methods (APHA et al., 2005), ammonium
(NH4

+-N), nitrite (NO2
−-N), nitrate (NO3

−-N), suspended solids (SS),
and volatile suspended solids (VSS) were measured. Specifically,
phenol-hypochlorite spectrophotometry was used to measure NH4

+-N,
NO2

−-N was measured by N-(1-naphthyl)-ethylenediamine spectro-
photometry, and NO3

−-N was measured by ultraviolet spectrophotome-
try. The pH was determined daily using a pH meter (Mettler Toledo
Delta 320, Switzerland). The polysaccharide (PS) content in the EPS
was determined by the anthrone method (Gaudy, 1962), and the mod-
ified Lowry method was used to determine the protein (PN) content
(Raunkjær et al., 1994). Refer to the supplementary materials for spe-
cific measurement methods of PS and PN. In terms of sludge character-
istics andmolecular biological indicators, each sample was measured in
triplicate. The sludge was thoroughly mixed before sampling. Redun-
dancy analysis (RDA) was performed by CANOCO 4.5 software (Micro-
computer Power Co., USA). Pearson correlation analysis and t-test
were performed for the analysis of experimental data using the Statisti-
cal Package for the Social Sciences (SPSS) 18.0 (SPSS Inc., USA) software.

3. Results and discussion

3.1. Short-term effects of exogenous EPS on anammox activity

The effects of different volumes (2.5, 5, 7.5, 10, 12.5, 15, 18, 21, and
24 mL) of A-EPS and D-EPS on the activity of anammox were investi-
gated by batch test. Further, the addition of EPS was standardized as g
EPS-addition/g VSS-sludge (g g−1 VSS) by determining the concentra-
tion of EPS (A-EPS: 0.01, 0.02, 0.03, 0.04, 0.06, 0.07, 0.08, 0.09 and
0.11 g g−1 VSS; D-EPS: 0.03, 0.06, 0.08, 0.11, 0.14, 0.17, 0.20, 0.24 and
0.27 g g−1 VSS). The specific standardization process is shown in the
supplementary materials. As shown in Fig. 1, the activity of anammox
could be significantly increased in a short time by the addition of both
A-EPS and D-EPS (p < 0.05, t-test). This result was consistent with the
study by Guo et al. (2016). The anammox activity was determined
based on several key enzymes in the metabolic pathway. The positive
effect of EPS on the SAA might be attributed to the promoting effect of
some components on the bacteria activity (Liu et al., 2018). In addition,
acyl-homoserine lactone (AHL)-like signaling molecules present in EPS
likely upregulate anammox activity through quorum sensing pathways
(Jin et al., 2013a; Zhang et al., 2020).

The addition of 0.20 g g−1 VSS D-EPS led to a maximum rAA level of
214.4 ± 38.1%. In addition, when the amounts of A-EPS added was
0.07 g g−1 VSS, the rAA reached a maximum value of 191.3 ± 23.7%.
Furthermore, as shown in Fig. 1, when the addition of A-EPS and D-
EPS exceeded 0.07 and 0.20 g g−1 VSS, respectively, the anammox activ-
ity no longer increased, even though the SAA of the D-EPS group de-
creased significantly. This result was in line with a previous study by
Liu et al. (2018), which found that exogenous tightly bound D-EPS at
3.8mg L−1 led to a significant inhibitory effect on the anammox activity
(25.0 g of sludge by wet weight). Guo et al. (2016) also observed that
30 mL of D-EPS had a slight negative effect on anammox performance
(20.0 g of sludge bywet weight). This phenomenonmight be explained
by the following reasons. First, some of the aromatic proteins present in
EPS have a certain toxic effect on anammox bacteria, which may be the
cause of the decline in anammox activity under conditions with exces-
sive EPS (Liu et al., 2018; Tsai et al., 2008). Therefore, the optimal pro-
tein concentration in A-EPS and D-EPS (0.06 and 0.14 g g−1 VSS,



Fig. 1. Short-term effects of exogenous EPS (A-EPS and D-EPS) on anammox activity.
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respectively)might be a crucial parameter to avoid the inhibition. Addi-
tionally, excessive EPS provided a carbon source for the growth of
denitrifying bacteria; thus, the competition between denitrification
and anammox bacteria was also a potential factor causing the reduction
in relative SAA (Sun et al., 2019). From the results of the batch experi-
ments, the ideal addition amounts of A-EPS and D-EPS in the sludge
were 0.07 and 0.20 g g−1 VSS, respectively.

3.2. Nitrogen removal performance

Sludge that had been preserved for 90 days under different condi-
tions was removed for continuous flow experiments to evaluate the re-
covery performance. TheHRT of each reactorwas kept constant, and the
substrate concentration was gradually increased (80–280 mg L−1) to
recover the sludge performance. As shown in Fig. 2, the nitrogen re-
moval efficiency (NRE) of all reactors exceeded 85% within 17 days,
which demonstrated the ability of anammox bacteria to tolerate starva-
tion. This result was also consistent with research by Xing et al. (2016).
The stable structure of anammox granules and the protective effect
imparted by the EPS were potential reasons for this tolerance (Chen
and Jin, 2017; Xing et al., 2016).

At the end of the recovery phase, the nitrogen removal rates (NRRs)
of LT-A, LT-C, and LT-D were 6.8, 6.8, and 6.9 kg N m−3 day−1, respec-
tively; the NRRs of RT-A, RT-C, and RT-Dwere 6.8, 6.7, and 6.4 kg Nm−3

day−1, respectively. The NRR obtained at low temperature was slightly
higher than that at room temperature, indicating that the sludge pre-
served at 4 °C might recover more easily. Cryopreservation was more
conducive to the accumulation of bacteria and maintained the
sedimentability of the sludge and the integrity of biomass (Xing et al.,
2016). Furthermore, at low temperatures, the metabolic rate of
anammox bacteria and the activity decay rate were lower, which re-
sulted in better performance (Ji and Jin, 2014).

It is worth noting that the performance of reactor RT-D was the
worst, with the lowest NRE and NRR values of 85.9% and 6.4 kg N m−3

day−1, respectively. Thus, for the preservation of anammox sludge at
room temperature, the addition of D-EPS may be useless. This result
may be caused by the heterogeneity of D-EPS. D-EPS may have a higher
affinity for denitrifying bacteria in the preservation system, and there is
a certain overlap in the niche between denitrifying bacteria and
anammox bacteria (Ding et al., 2013). As heterotrophic bacteria,
denitrifying bacteria have a higher growth rate than anammox bacteria
(Liu et al., 2019). Exogenous EPS and cell degradation in the preserva-
tion process provided carbon source for denitrifying bacteria. Therefore,
the addition of D-EPS may strengthen the competition between
anammox bacteria and denitrifying bacteria, leading to poor perfor-
mance. However, at low temperatures, this competition was probably
alleviated to some extent due to lower metabolic and apoptosis rates,
which might be responsible for the excellent performance of LT-D.

In fact, there was no significant difference in the process perfor-
mance of the experimental reactor under low-temperature preserva-
tion. Therefore, to further explore the influence of exogenous EPS
under low temperature, the contribution of anammox to nitrogen re-
movalwas calculated. At the end of the recovery phase, the contribution
rates of anammox to nitrogen removal in LT-A, LT-C, and LT-D were
96.1%, 93.4% and 94.8%, respectively. This result preliminarily indicated
that the addition of A-EPS at low temperature has the potential to opti-
mize the preservation of anammox sludge.

3.3. SAA and EPS of sludge before and after recovery

3.3.1. Changes in the SAA
The SAAof sludge before and after recoverywas evaluated under dif-

ferent preservation strategies. As shown in Fig. 3, the SAA of the sludge
preserved at 4 °C was higher than that of the sludge preserved at room
temperature, whether before or after restoration. This result is consis-
tent with the nitrogen removal performance of each reactor in the re-
covery stage (Section 3.2). In a study by Rothrock et al. (2011),
anammox sludge preserved at −60 °C could not be successfully acti-
vated. Ali et al. (2014) found that after 45 days of preservation, sludge
preserved at 4 °C had a higher SAA than the sludge preserved at
−80 °C. An excessively low temperaturemay damage cells, and temper-
aturefluctuationsmay also cause a stress response in anammoxbacteria
(Liu et al., 2015). Therefore, 4 °C could be considered the optimal tem-
perature for the preservation of anammox sludge. Notably, the SAA ob-
tained after recovery was much higher than that before recovery. This
result may be due to the different substrate concentrations in the
batch experiments (as shown in Table S1). In addition, the overcapacity
of anammox bacteria may lead to an increased SAA when refeeding
after a long period of starvation (Hoekstra et al., 2019; Reino et al.,
2018).

Furthermore, the addition of A-EPS was more beneficial to the
preservation and performance recovery of anammox sludge. As
shown in Fig. 3, the SAA of sludge with the addition of A-EPS was
the highest of all groups at the same temperature. The SAAs of sludge
in LT-A before and after recovery were 92.7 ± 2.2 and 366.6 ±
29.8 mg N g VSS−1 day−1, respectively. Moreover, the SAA of sludge
in RT-A before and after recovery reached 71.2 ± 17.7 and 306.6 ±
15.8 mg N g VSS−1 day−1, respectively. A previous study showed
that trehalose, dimethyl sulfoxide, and trypticase soy broth can be
used as protective agents to improve the survival rate of anammox
bacteria during preservation (Heylen et al., 2012). Therefore, the ad-
dition of exogenous EPS may act as a protective agent in this study.
Compared with other protective agents, A-EPS are less exclusive to
anammox bacteria and less likely to cause an emergency response.
The reason is that A-EPS are an autocrine product of anammox
bacteria, which can provide milder conditions for the bacteria.



Fig. 2. Nitrogen removal performance of reactor under different storage strategies.
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Additionally, some acyl-homoserine lactone (AHL)-like signaling
molecules contained in A-EPS have a positive effect on the promo-
tion of SAA (Zhang et al., 2020). In the UASB reactor, the addition
of 150 μM C6-HSL led to an 18% increase in the SAA (J. Zhang et al.,
2019). The presence of EPS is also conducive to the formation of a
stable microbial community, which has the potential to improve
the performance (Flemming and Wingender, 2010).

Compared to the addition of A-EPS, the addition of D-EPS was not a
suitable choice. The SAA values of sludge in LT-D and RT-D after recov-
ery were 297.1 ± 46.9 and 293.67 ± 10.3 mg N g VSS−1 day−1, respec-
tively, which were even lower than those of the control group at
337.9 ± 53.5 and 296.2 ± 16.4 mg N g VSS−1 day−1. Although D-EPS
showed great potential to increase the activity of anammox bacteria in
the short term, D-EPS was not a good choice in terms of sludge
preservation.

3.3.2. Changes in EPS
The EPS of sludge samples before and after recovery were

mainly composed of PN. As shown in Table S3, before recovery,
the total contents of EPS in all sludge samples preserved at 4 °C
were lower than those in sludge samples preserved at room tem-
perature. Low temperature will inhibit the metabolic activity of
microorganisms and then reduce the amounts of EPS secreted by
anammox bacteria (He et al., 2018). Before recovery, the PN
content of EPS in sludge from RT-A and LT-A was 150.1 ± 4.8 and
132.0 ± 7.9 mg g VSS−1, respectively, representing the highest



Fig. 3. SAA before (a) and after (b) recover under different preservation conditions.
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levels in sludge samples at the same temperature. On the one hand,
this result may be due to the strong affinity between A-EPS and
anammox bacteria (Jia et al., 2017). On the other hand, some
AHL-like signaling molecules contained in A-EPS could also stimu-
late the synthesis and secretion of endogenous EPS (Zhang et al.,
2020).

During the recovery phase, the PS content in the EPS increased sig-
nificantly (p < 0.05, t-test). The PS content of RT-C, RT-A, and RT-D in-
creased by 34.4%, 40.6%, and 60.7%, respectively, after recovery.
Moreover, the PS content of LT-C, LT-A and LT-D also increased by
55.8%, 67.9% and 81.8%, respectively. PS is a key component supporting
the structure of EPS and plays an important role in the granulation pro-
cess of anammox sludge (Zhu et al., 2018). After 90 days of preservation,
the structure of anammox granules was damaged to some extent (Chen
and Jin, 2017). Therefore, increasing the PS content in EPS to reshape the
granular structure was a physiological response of anammox bacteria
during the recovery phase.

3.4. Quantification of functional genes

Enzymes encoded by the functional genes hzsA, hdh, and nirS control
the progress of the anammox pathway, including oxidation of NH4

+,
generation and reduction of N2H4, and reduction of NO2

− (Kartal et al.,
2011). The copy numbers of functional genes in the sludge before and
after recovery at room temperature were on the order of 7–9, and the
numbers in samples at 4 °C were on the order of 9–10 (Fig. 4). This re-
sult indicated that low temperaturewasmore conducive tomaintaining
themetabolic activity of anammox bacteria. This result was also consis-
tent with the reactor performance and the SAA finding.

It is worth noting that the abundance of nirS in sludgewith addedD-
EPS at room temperature was even higher than that at 4 °C. This result
indicated that the addition of D-EPS may maintain the metabolic
activity of NO2
− reduction in anammox bacteria at room temperature.

The promotion of anammox bacterial activity by addition of D-EPS in
the batch test (Section 3.1) may also be related to the increase in the
NO2

− reduction activity. A recent study showed that anammox bacteria
increase the expression of related proteins in the denitrification path-
way under starvation conditions, thereby metabolizing endogenous
carbon as a substrate to obtain energy (Ma and Wang, 2018), which
also explained the high abundance of nirS in this study. Additionally,
denitrifying bacteria are also one of the hosts of nirS (Cheng et al.,
2019). During the preservation process, the carbon sources generated
by the lysis of dead cells and the addition of exogenous EPS provide a
habitat for the growth of denitrifying bacteria (Sun et al., 2019), which
also provides a potential explanation for the high abundance of nirS.

In terms of the 4 °C preservation conditions, the abundance of hdh in
sludgewith addition of A-EPS before and after recoverywas 1.9 × 109±
1.9 × 108 and 2.9 × 109 ± 5.6 × 108 copies g−1 VSS, respectively, the
values of which were 130.1% and 220.4% higher than those of the D-
EPS addition group (before: 7.9 × 108 ± 8.8 × 107 copies g−1 VSS;
after: 9.0 × 108 ± 2.9 × 108 copies g−1 VSS). This result indicated that
the addition of A-EPS was more beneficial to the maintenance of the
N2H4 reductive activity at low temperature. In addition, as shown in
Fig. 4, the nirS abundance of sludge with addition of A-EPS before and
after recovery was 3.5 ± 0.2 × 109 and 1.0 ± 0.1 × 1010 copies g−1

VSS, respectively, representing the highest levels in the same group.
Maintaining high denitrification activity was conducive to the rapid
conversion of NO2

−, thus preventing its accumulation in microorgan-
isms. Previous studies have shown that the accumulation of NO2

− in mi-
croorganisms seriously inhibits many metabolic pathways, including
glycolysis, glycogen synthesis, denitrification and anammox
(Baumann et al., 1997; Hinze and Holzer, 1986; Wang et al., 2016).
Therefore, maintaining the NO2

− reducing metabolic activity of
anammox bacteria during the preservation process is very important
for the stable operation of the anammox process. Adding A-EPS at 4 °C
is an optional strategy to achieve this goal.

3.5. Correlations between the preservation performance and strategy

The complex relationship between the process performance and
preservation conditions, including the addition of A-EPS or D-EPS, and
temperature was interpreted by RDA. As illustrated in Fig. 5(a), the
sludge SAA and NRR of the reactor during the recovery process showed
a positive correlation with the addition of A-EPS but a negative correla-
tionwith temperature. This result is in linewith the previous conclusion
that adding A-EPS at low temperature (4 °C) was the optimal strategy
for anammox sludge preservation. Notably, the content of PN in EPS
was closely related to the addition of A-EPS but negatively correlated
with D-EPS, which indicated that PN played a more critical role in the
sludge preservation process. A previous study found that cells could
consume EPS and hydrazine dehydrogenase proteins to produce energy
in response to starvation stress in the anammox system (Ma et al.,
2017). Therefore, PN is considered a useful substrate for anammox bac-
teria during starvation. The greatest challenge to anammox bacteria
during sludge preservation was starvation. The PN provided by exoge-
nous EPS kept the bacteria at a low level of metabolismwithout starva-
tion (Ganesan and Vadivelu, 2020), resulting in good recovery
performance in this study.

3.6. Potential mechanism of the optimal preservation strategy

The feasibility of anammox sludge preservation with exogenous EPS
as protective agents was explored in this study under different temper-
atures. The results showed that adding A-EPS at low temperature (4 °C)
was the optimal strategy for anammox sludge preservation, which can
be interpreted from the following two aspects.

First, exogenous EPS and low temperature were more effective in
maintaining the sludge morphology and cellular structure. Previous



Fig. 4. Quantitative results of functional genes in anammox: (a) RT before restoration; (b) RT after restoration; (c) LT before restoration; (d) LT after restoration.
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studies demonstrated that anammox granules stored at 4 °C contained
anammox bacteria with better integrity and cellular structure (Chen
and Jin, 2017; Xing et al., 2016). Additionally, the existence of exoge-
nous EPS promotes the maintenance of the sludge morphology (Jia
et al., 2017). In the process of anammox sludge preservation, the break-
age of granules is often accompanied by biomass decay (Xing et al.,
2016). Therefore, low temperature and the presence of exogenous EPS
Fig. 5. Redundancy analysis (a) and the potential mec
optimized the preservation of anammox sludge on a physical level by
maintaining the sludge morphology and cell structure.

Second, from a metabolic perspective, low temperature and exoge-
nous EPS also played a positive role in the preservation process. On
the one hand, the abundances of functional genes (hzsA, hdh, and nirS)
at 4 °C were higher than those at room temperature (Fig. 4). This result
indicates that 4 °C was more conducive to maintaining the metabolic
hanism for the optimization of preservation (b).
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activity of anammox bacteria (Ji and Jin, 2014). On the other hand, as
shown in Fig. 5(b), the PN in exogenous EPS could be used as a potential
substrate to enable energy acquisition (denitrification pathway) by
anammox bacteria under starvation (Ma et al., 2017); thus, the meta-
bolic activity of the anammox bacteria was maintained. Moreover, the
denitrification pathway of anammox bacteria provides energy for the
tricarboxylic acid (TCA) cycle, thereby maintaining bacterial growth
(Lawson et al., 2017).

Furthermore, although both A-EPS and D-EPS can play the above
role as exogenous EPS, the preservation performance of A-EPS was ob-
viously better. On the one hand, the heterogeneity of D-EPS may influ-
ence the preservation performance. During long-term preservation,
anammox bacteria might reject D-EPS, which is beneficial for the
growth of denitrifying bacteria. Competition between denitrifying bac-
teria and anammox bacteria probably contributed to the deteriorated
preservation performance (Ding et al., 2013). On the other hand, the
complex components of D-EPS might be toxic to anammox bacteria
(Guo et al., 2016).

However, it is worth noting that the addition of D-EPS can signifi-
cantly increase the anammox activity in the short term. This effect
may be caused by the emergency response of anammox bacteria. A pre-
vious study showed that a low concentration of Cd(II) can promote the
anammox activity in the short term, while long-term exposure leads to
deteriorated of anammox performance (Xu et al., 2019). Similar results
were also reported in the anammox system in response to zinc stress (Li
et al., 2018). Therefore, further research is needed to comprehensively
interpret the components of EPS.

3.7. Implications of this work

The preservation of anammox sludge is quite significant for the prac-
tical application of the anammox process in the following aspects. On
the one hand, the preservation of anammox sludge is crucial for the
start-up of the anammox process. By inoculating mature anammox
sludge, the start-up period can be greatly reduced (Guo et al., 2016).
On the other hand, conventional maintenance is common in full-scale
biological wastewater treatment plants, which also emphasizes the im-
portance of strain preservation for the anammox process (Ali et al.,
2014). Satisfactory recovery performance can be achieved by using ex-
ogenous EPS as a protective agent for the preservation of anammox
sludge. In practical applications, large quantities of EPS can be obtained
without sludge consumption through centrifugal devices (Kim et al.,
2020). Moreover, it is worth noting that increased secretion of EPS is a
typical response of anammox bacteria to environmental stress (Jin
et al., 2013a; Zhang et al., 2015), such that secretion of EPS can be en-
abled in a short period by switching the operating conditions of the
existing anammox installations. Overall, obtaining EPS from the existing
anammox system for use in the preservation of other sludge has a cer-
tain applicability.

4. Conclusions

This study evaluated the feasibility of exogenous EPS as protective
agents for the preservation of anammox sludge. Exogenous A-EPS and
D-EPS significantly increased the activity of anammox bacteria in the
short term. Adding A-EPS at 4 °C was the optimal strategy for preserva-
tion. Under this condition, the anammox sludge still retained 33.4% SAA
(92.7 ± 2.2 mg N g−1 VSS day−1) after 90 days of preservation, and the
nitrogen removal performance of the sludge was well recovered within
17 days, with 90.6% NRE. The PN content of exogenous EPS is a key fac-
tor in optimizing the preservation.
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