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The preservation of anaerobic ammonia oxidation (anammox) consortia is crucial for the rapid start-up and the
process stability of the anammox based bioreactor. This work proposed and evaluated the feasibility of an
anammox consortia preservation strategy, inwhich the anammox sludgewas transformed into intermediate an-
oxic sulfide oxidation (ASO) functional microorganisms. Initially, the ASO process was successfully started up by
inoculating anammox sludge and the overall sulfide and nitrate removal rates stabilized at 57.5 ± 0.22 and
10.0± 0.18 kgm−3 day−1, respectively. Then, the bioreactor functionwas reversely transformed into anammox,
whose nitrogen removal rate reached 1.68 kgm−3 day−1. Granule characteristics analysis revealed that both bio-
mass and extracellular polymeric substance content returned to their original states after the reverse start-up. Al-
though the population of Candidatus_Kuenenia was greatly declined during ASO process, its richness was
successfully recovered after the reverse start-up of the anammox process. The inferred metagenomes analysis
demonstrated that the shifts in functional microorganisms were related to variation in themainmetabolic path-
ways. The specific activities of anammox and ASO both are regarded as key indicators for the successful start-up
of bioreactor. This work revealed a novel technique for the preservation of anammox consortia and might be a
potential strategy for overcoming the drawback of long start-up time.

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

Anaerobic ammonia oxidation (anammox) process has attracted in-
creasing attentions due to its advantages of high nitrogen removal rate,
reduced sludge production and lowenergy consumption. The anammox
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process, in which anammox bacteria, as biocatalysts, oxidize ammo-
nium into nitrogen gas, is an innovative and energy-efficient technology
for the depletion of nitrogen from wastewater (Lackner et al., 2014; Qu
et al., 2019; Zhu et al., 2011). It has been successfully maintained on a
full scale in Europe and Asia (Bhattacharjee et al., 2017). The main-
stream implementation of anammox-based autotrophic nitrogen re-
moval technology for municipal wastewater treatment may change
the current energy-intensive practice into an energy-neutral or
energy-positive practice. However, due to the slow growth rate and de-
mandingmetabolic functions of anammox bacteria, such as novel nitro-
gen removal, the start-up of the anammox process remains difficult
(Kuenen, 2008).

Since pure anammox bacteria are still not yet available (Zhao et al.,
2018), research on the anammox process is focused on anammox con-
sortia. To achieve the rapid start-up and the stable operation of a biore-
actor, it is essential to inoculate and maintain a sufficient amount of an
anammox consortium (Ali and Okabe, 2015). Nevertheless, the enrich-
ment and cultivation of vast active anammox consortia remains chal-
lenging for wastewater practitioners. To address the above concern,
the development of methods to preserve anammox consortia to offset
the drawback of the low growth rate of anammox bacteria might be
promising for its practical application. To obtain sufficient seeding bio-
mass, previous studies have developed and explored the feasibilities of
different preservation techniques for the long-term storage of
anammox consortia, such as cryopreservation (Heylen et al., 2012; Ji
and Jin, 2014), lyophilization (Rothrock et al., 2011), and immobiliza-
tion (Ali et al., 2014; Hsia et al., 2008). However, due to the complex
procedures and high overall cost, cryopreservation and lyophilization
may not be feasible methods of mass sludge preservation. Other tech-
nologies have experienced challenges with biomass survival and reacti-
vation (Chen and Jin, 2017).

Thus, more practical approaches need to be developed. As a scarce
biological resource, some studies have confirmed the feasibility of
anammox sludge and amixture that could be used as inoculation sludge
for the start-up of ASO processes (Guo et al., 2016; Shi et al., 2019; Xu
et al., 2019). ASO process can remove sulfide and nitrogen simulta-
neously (Cai et al., 2010). The startup of ASO process with anammox
sludge as inoculum has higher operation load (Guo et al., 2016; Shi
et al., 2019). In the case of an insufficient supply of anammox sludge,
the abovementioned methodologies were difficult to bring into effect.
Therefore, we envisioned a shift from a conventional culture model
with an underutilization of anammox consortia as an inoculum of the
ASO process to a breakthrough concept of anammox preservation
with ASO sludge as an intermediate.

The focus of the present work was to investigate the feasibility of
using ASO sludge as an intermediate to preserve anammox sludge. In
other words, we used ASO sludge originated from the anammox sludge
before preservation, to reversely start up the anammox process in an
upflow anaerobic sludge blanket (UASB) reactor. Because ASO sludge
was domesticated by anammox sludge, the process of starting
anammox with ASO sludge in this study was defined as reverse start-
up. First, the UASB reactor was inoculated with anammox biomass
and fed sulfide and nitrate as substrates. Then, the substrate load was
gradually increased by changing the sulfide and nitrate concentrations
or hydraulic retention time (HRT) to achieve the highest ASO perfor-
mance. Finally, the ASO sludge was used to reverse start-up the
anammox process. The coexistence of anammox and ASO microorgan-
isms and their relationships with the predicted metabolic functions
were confirmed by 16S rRNA sequencing.

2. Material and methods

2.1. Experimental configuration and operation

A laboratory-scale UASB reactor with a working volume of 0.8 L was
inoculated with initial suspended solids (SS) and volatile suspended
solids (VSS) contents of 1.58 and 1.26 g L−1, respectively. The inoculum
sludge was taken from a laboratory-scale anammox reactor, which was
enriched with Candidatus_Kuenenia and had been incubated at 35 ±
1 °C for more than two years. The inoculum sludge was not received ni-
trate and sulfide in its feeds. Nitrate and sulfide were supplemented in
the form of KNO3 andNa2S·9H2O, respectively. The reactorwas fed syn-
thetic wastewater containing NH4Cl (0.2 g L−1), Na2HPO4 (3.0 g L−1),
NaHCO3, KH2PO4 (3.6 g L−1), MgSO4 (0.08 g L−1), and trace elements
(Shi et al., 2017). The reactor was placed in a thermostat at 35 ± 2 °C,
and the pH of the influent was maintained at 7.5 ± 0.2 by adding
NaHCO3. The optimum sulfide/nitrate ratio of 5:2 (mol mol−1), as sug-
gested by the theoretical reaction described by Eq. (1), was set to main-
tain steady-state operation.

S2− þ 0:4NO−
3 þ 2:4Hþ→S0 þ 0:2N2 þ 1:2H2O ð1Þ

The whole experiment involved two different processes (ASO and
anammox processes) (Table 1). The ASO process was divided into
three phases according to the strategy of increasing load, and the de-
tailed influent substrate concentration and load rate of each phase are
presented in Table 1. When the performance of ASO process deterio-
rated, the type of influent substrate will be changed rapidly. Finally,
the function of the reactor was reversed from ASO to anammox by
substituting the influent substrate with ammonium and nitrite. Influent
and effluent samples were routinely collected to measure nitrate, ni-
trite, ammonium and pH using standard methods (APHA et al., 2005).
The concentration of sulfide was obtained using flow injection analysis.
Five sampleswere collected on the initial day and at the end of each op-
erational phase for granule characteristics and 16S rRNA sequencing
analysis, and these samples were designated AS1, AS2, AS3, AS4 and
AS5.

2.2. Extracellular polymeric substance (EPS) extraction and spectrum
analysis

EPS extraction was performed according to the ‘heating’ method,
and the extracellular protein (PN) and polysaccharide (PS) concentra-
tions were measured using the Lowry and anthrone methods, as pro-
posed by Jin et al. (2013a).

2.3. Batch tests

A 150 mL serum bottle with a working volume of 120 mL was used
as the test container to determine the anammox and ASO activity. The
activity experiments of sludge samples collected from the reactor in-
cluded two types, the anammox activity and ASO activity. All the bottles
were inoculated in a thermostatic shaker (150 rpm) at 32 ± 1 °C. The
biomass concentrationwas about 1.8 g L−1 in each bottle, and these bot-
tles were spargedwith pure argon gas (99.99%) to removal O2. All batch
tests were performed in triplicate. The batch test was conducted with
5 h, and liquid samples were periodically taken for ammonium, nitrite,
nitrate and sulfide analyses. The anammox activity was analyzed
based on the concentration consumption of ammonium and nitrite,
and the ASO activity was calculated according to the concentration con-
sumption of sulfide. Another batch tests were used to identify whether
the biological reaction induced the transformation processes for sulfide
and nitrogen in this study. This batch test was conducted with the ab-
sence of sludge. The detail information about batch test presented in
Table 2.

2.4. Microbial community analysis

Microbial DNAwas extracted using the TopTaq DNA Polymerase Kit
(Transgen, China) according to the manufacturer's protocol. The DNA
concentration was determined using a Nanodrop 2000 spectrophotom-
eter (ND-one, Thermo Fisher Scientific, USA). The V3–V4 region of 16S



Table 1
The properties of granular sludge on different operation periods.

Phase Influent sulfide
concentration
(mg L−1)

Influent nitrate
concentration
(mg L−1)

Influent ammonium
concentration
(mg L−1)

Influent nitrite
concentration
(mg L−1)

Hydraulic
retention
rate (h)

Sulfide load rate
(kg m−3 day−1)

Nitrogen load rate
(NLRASO)
(kg m−3 day−1)

Nitrogen load rate
(NLRan)
(kg m−3 day−1)

Start I 60–300 10.5–52.5 – – 4 0.18–0.90 0.03–0.15 –
Start II 360–900 63–157 – – 4 1.08–2.63 0.19–0.64 –
Start III 360 63 – – 4–0.1 2.16–86.3 0.37–14.1 –
Re-start
IV

– – 70–280 70–280 4 – – 0.43–1.72
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rRNA genes was amplified with the primer pair 341F/805R (Shi et al.,
2019). The PCR products were pooled and purified by adding Agencourt
AMPureXP PCR Purification Beads (Beckman Coulter, USA) and then se-
quenced on theMiSeq sequencingplatform (Illumina, USA). The rawse-
quences obtained from Illumina sequencing were optimized, and the
low-quality sequences, adapter primers, barcodes and primers were re-
moved using theQIIMEpipeline (Caporaso et al., 2010). Sequenceswere
also clustered into operational taxonomic units (OTUs) with 97% se-
quence similarity by using the QIIME pipeline.

The relationship between different operation statuses and the total
microbial composition was analyzed by weighted and unweighted
UniFrac distance (Lozupone et al., 2011). Microbial metagenome com-
position was predicted from 16S rRNA gene-based microbial composi-
tions. Microbial functional profiles were inferred from the Kyoto
Encyclopedia of Gene and Genomes (KEGG) database using the
PICRUSt2 algorithm (Douglas et al., 2019). A total of 5536 inferred
genes were categorized into 159 KEGG functional pathways.

3. Results

3.1. Variation in performance during the culture of functional
microorganisms

3.1.1. Removal of sulfide and nitrogen from the ASO consortia
According to the strategy of increasing load, the ASO process can be

divided into three operational phases (start I, start II and start III) (Fig. 1,
Table 1). In start I (influent sulfide concentration: 60–300 mg L−1), the
influent sulfide and nitrate concentrations were initially fixed at
60 mg L−1 and 10.5 mg L−1, respectively, and the HRT was kept at 4 h
(Fig. 1). The apparent color of the granules turned completely black
when the influent sulfide increased to 300 mg L−1. The reactor showed
high sulfide and nitrate removal performance,with a sulfide removal ef-
ficiency (SRE) and nitrate removal efficiency (NREASO) of 99.1 ± 0.7%
and 95.7 ± 1.3%, respectively. In start II (influent sulfide concentration:
360–900mg L−1), the sulfide removal rate (SRR) increased from 0.18 to
2.63 kg m−3 day−1, with a stable SRE of 98%. Upon increasing the influ-
ent nitrate concentration to 136mg L−1, the increase in NRRASO reached
0.38 kg m−3 day−1. According to reported sulfide and nitrate removal
rates (0.04–0.29 kg S m−3 day−1 and 0.17–0.59 kg N m−3 day−1) (Cai
et al., 2010), the start-up of the ASO reactor was accomplished. How-
ever, the subsequent increase in influent nitrate concentration to
157 mg L−1 led to the reduced stability of the reactor, as indicated by
the increase in the effluent nitrate concentration to 52.8 mg L−1. The
Table 2
The experiment conditions applied during each batch test.

Batch
experiment

With or
without
sludge

Substrate concentration
(mg L−1)

Measured
parameters

NH4
+-N NO2

−-N NO3
−-N S2−-S

Specific anammox
activity
measurement

− 60 60 − − NH4
+-N,

NO2
−-N,

NO3
−-N

+

Specific anoxic sulfide
oxidation activity
measurement

− − − 10.5 60 NO3
−-N,

S2−-S+
NRRASO decreased to 0.34 ± 0.12 kg m−3 day−1, while NREASO de-
creased from 91.2 ± 4.5% to 52.9 ± 10.8%. Moreover, the over accumu-
lation of nitrite, with a concentration of 39.4 ± 5.7 mg L−1, was
detected. To avoid the inhibition ofmicroorganisms by the accumulated
nitrite or nitrate in the reactor (Cai et al., 2010; Shi et al., 2019), the in-
fluent sulfide and nitrate concentrations were decreased to 360 mg L−1

and 63 mg L−1, respectively. These levels were maintained for 38 days
until the reactor performance was fully restored, with both the steady
SRE and NREASO higher than 95% (data not shown).

Under these circumstances, effluent nitrite was almost negligible.
Therefore, the optimal influent substrate concentrations were main-
tained with a gradual shortening of the HRT during the subsequent op-
eration (Fig. 1). In the start III period, by keeping the influent substrate
concentrations constant, the HRT was shortened from 4 to 0.15 h with
the SRR and NRRASO reaching 57.52 ± 0.22 kg m−3 day−1 and 10.0 ±
0.18 kg m−3 day−1, respectively. However, a further reduction in the
Fig. 1. Profile of sulfide and nitrogen removal during ASO start-up. (A) Time course of
influent and effluent sulfide (S2−), nitrate (NO3

−) and nitrite (NO2
−) concentration,

sulfide and nitrate removal rate. (B) Time courses of sulfide removal rate (SRR),
nitrogen removal rate (NRRASO), and hydraulic retention time (HRT).
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HRT to 0.1 h caused a decrease in NREASO to 59.9±7.83%. Additionally, a
high concentration of nitrite accumulated in the reactor (approximately
14.1 mg L−1), and the reactor hardly continued working. Hence, the re-
verse start-upof the anammoxprocesswas initiated by changing the in-
fluent substrate (ammonium and nitrite). Meanwhile, the HRT was
increased from 0.15 h to 4 h.

3.1.2. Nitrogen removal via the anammox consortia
Interestingly, at the beginning of the restart IV stage, the reactor im-

mediately showed extremely high nitrogen removal although the bio-
mass hydrolysis was observed (Fig. 2A and B). To acclimate the
microorganisms to the specific synthetic wastewater, the influent con-
centration was increased stepwise from 70 to 280mg L−1, as described
previously (Shi et al., 2019). The nitrogen removal rate (NRRan) in-
creased from 0.36 to 1.68 kgm−3 day−1, with a stable nitrogen removal
efficiency (NREan) higher than 90% during the whole process (Fig. 2C),
which suggested that the reverse anammox was successfully start-up
according to Jin et al. (2008).

The nitrogen removal ratio was also stable during restart IV. Both RS
(the nitrite-to-ammonium consumption ratio) and RP (the nitrate-to-
ammonium conversion ratio) varied considerably in the early stages
of restart IV, and the nitrogen removal performance fluctuated in this
stage. In the final stages of restart IV, the average values of RS and RP
were 1.14 ± 0.05 and 0.18 ± 0.03, respectively (Fig. 2D), which was
in agreement with previously reported values (RS, 1.1–1.32 and RP,
0.18–0.26) for the anammox reaction (van der Star et al., 2007; Zhao
et al., 2018).
Fig. 2. Profile of nitrogen removal during reverse anammox start-up, (A) time course of influen
rate. (B) Time coursed of influent and effluent nitrite (NO2

−-N) concentration, nitrite load rate an
(NRR) and nitrogen removal efficiency (NRE). (D) Time courses of influent and effluent nitr
ammonia conversion ratio (RP).
3.2. Granule characteristics

As shown in Table 3, the biomass concentration showed a significant
increasing trend. The SS content gradually increased from the initial
8.72 g L−1 to 14.53 g L−1, while the VSS content exhibited the contrast-
ing trend, indicating that the content of volatile organic matter de-
creased. The settling velocity of granular sludge in the ASO reactor
decreased from 1.87 ± 0.62 cm s−1 to 1.65 ± 0.66 cm s−1, but it then
gradually increased to 2.38 ± 0.75 cm s−1 (Table 3). The settling veloc-
ities reported in this study were closer to those reported by Tang et al.
(2011) for anaerobic granules (2.02–2.44 cm s−1). In addition, the gran-
ule diameters decreased to 1.94 ± 0.61 mm; however, the diameters
were still higher than those reported by Yang and Jin (2013) (1.38 ±
0.02 mm) and Arne Alphenaar et al. (1993) (1.2 mm). Similarly, as
many previous studies have shown, the exponential increase in the vis-
cosity of the liquid-solid suspensions with the increased SS concentra-
tion in the biological system was observed (Mu and Yu, 2006;
Seyssiecq et al., 2003; Tixier et al., 2003). The same trend was observed
for anaerobic granular sludge in this study (p b 0.05). The apparent vis-
cosity increased rapidly from 1.02 to 2.19 and further increased to 5.44
throughout the operation of the ASO reactor. Predictably, the above
granule characteristics all returned to their original characteristics
after the start-up of the reverse anammox process.

To identify the variation in EPSs during the operation process, the
concentrations of PS and PN and the PN/PS ratio were measured.
Changes in the concentrations of PN and PS showed different trends,
as shown in Table 3: (a) an increased PS concentration was detected,
t and effluent ammonia (NH4
+) concentration, ammonia load rate and ammonia removal

d nitrite removal rate. (C) Time courses of nitrogen load rate (NLR), nitrogen removal rate
ate (NO3

−-N) concentration, nitrite-to-ammonia consumption ratio (RS) and nitrate-to-



Table 3
The properties of granular sludge on different operation period.

Sample SS
(g L−1)

VSS
(g L−1)

VSS/SS Diameter
(mm)

Settling velocity
(cm s−1)

Apparent
viscosity

Polysaccharide
(mg g−1 VSS)

Protein
(mg g−1 VSS)

PN/PS

AS1 8.72 4.30 0.49 2.90
± 0.49

1.87 ± 0.62 1.02 28.2 ± 4.76 213.4 ± 17.8 7.68
± 0.64

AS2 7.85 4.99 0.63 2.17
± 0.82

1.65 ± 0.66 2.19 31.9 ± 0.48 117.0 ± 15.4 3.66
± 0.50

AS3 10.50 3.51 0.33 2.03
± 0.47

2.52 ± 0.92 4.67 33.9 ± 1.32 221.7 ± 12.6 6.25
± 0.62

AS4 14.53 2.46 0.16 1.94
± 0.61

2.38 ± 0.75 5.44 39.7 ± 2.41 27.3 ± 5.83 0.69
± 0.18

AS5 7.45 4.63 0.62 2.71
± 0.85

1.93 ± 0.82 2.13 30.3 ± 2.62 198.5 ± 5.82 6.44
± 1.20
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with the highest content of 39.7± 2.41mg g−1 VSS; (b) the PN concen-
tration showed periodic variation, first decreasing and then increasing
during ASO start-up; however, intriguingly, the PN concentration of
the samples at the end of start I (AS2) reduced to half of that of the in-
oculum level (AS1); and (c) the change in the ratio of PN/PS was the
same as the change in PN and was lower at the end of start III. The EPS
compositions increased when the influent substrate was changed
(Table 3).
Fig. 3. The evolution ofmicrobial community structure. (A) Principal coordinates analysis (PCoA
different stages. (C) Relative abundance of 20 kinds of predominant bacterial community type
3.3. Variation in the microbial community structure

To identify the microbial phylotypes during the whole operation
process, 16S rRNA gene amplicon sequencing and principal coordinate
analysis (PCoA) were performed. The PCoA plot of the five samples re-
vealed the clustering of the sludge samples. The AS1 and AS5 samples
were closely clustered and exhibited clear distinctions in community
structure compared with the other microbial samples (Fig. 3A), which
) plot of bacterial taxa among different phases. (B) Pearson relative of each sample during
detected in samples.
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was the same as the result shown in Fig. 3B. There were also significant
differences inmicrobial community structure between the AS3 and AS4
samples.

Analysis of the shifts in the microbial community during the whole
process indicated that the influent substrate was themain driver of mi-
crobial community transformation (Figs. 3C, 4). The samples (AS2 and
AS3) treatedwith sulfide and nitrate during start II and start III clustered
in a group (Fig. 4). The samples (AS1 and AS5) that had similar influent
substrate compositions (ammonium and nitrite) also clustered in a
group. This is consistent with the PCoA results. Interestingly,
Sulfurimonas and Sulfurovum, which are affiliated with Proteobacteria,
were the main contributors to sulfide oxidation. Their total abundance
increased from 0.01% to 60.27% during the ASO process. Furthermore,
it is worth noting that the abundance of Candidatus_Kuenenia, which
was also affiliated with Proteobacteria and was the functional microor-
ganism in the anammox process, decreased from 11.9% to 0.16% during
the ASO process. However, when the influent substrate was changed to
Fig. 4. Heatmap showing the relative abundance of 50 kinds of predominant bacteria genus (
ammonium and nitrite (restart IV phase), the abundance of
Candidatus_Kuenenia increased to 15.1%.

3.4. Variation in the predicted metabolic potentials

Microbial functions were further explored based on the inferred
metagenomes using PICRUSt2 as a reliable tool (Douglas et al., 2019).
Of the 159 KEGG pathways tested, 40 pathways significantly enriched
during culture of microorganisms are shown in Fig. 5. Several main
pathways related to cellular processes, genetic information processing,
metabolism and organismal system were observed. The shifts in meta-
bolic potential were found to be correlated with the microbial commu-
nity (Fig. S1). Particularly, Candidatus_Kuenenia was positively
correlatedwith lipoic acidmetabolism (r2= 0.96, p b 0.05) and the bio-
synthesis of vancomycin group antibiotics (r2 = 0.89, p b 0.05).
Sulfurovum was correlated with biotin metabolism (r2 = 0.93,
p b 0.05) and flagellar assembly (r2 = 0.92, p b 0.05). Moreover,
genus with b1% relative abundance are defined as “others”) detected in the five samples.



Fig. 5. Relative abundance of the predicted gene of metagenome related to KEGG pathway at level 1 and level 2.
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Sulfurimonas showed a high correlation with thiamine metabolism
(r2 = 0.87, p b 0.05). Interestingly, almost all pathway abundances in
sample AS5 were the same as those in AS1. In other words, these func-
tional microorganisms that were altered during the operation process
were significantly related to these pathways.
Fig. 6. Specific anammox activity andASO activity based on batch test andmain functional
microorganisms abundance based on 16S rRNA sequencing analysis. ASO means anoxic
sulfide oxidation process.
3.5. Specific anammox activity and ASO activity

Batch testswere performed to confirm that transformation of sulfide
and nitrogen was caused by biological reaction before the ASO process
start-up. The concentrations of ammonium, nitrite, nitrate and sulfide
were not consumed in these serum bottles without the addition of
sludge. Hence, the microorganisms in sludge could responsible for the
depletion of sulfide and nitrogen. The specific anammox and ASO activ-
ities were analyzed by a series of batch tests. The results showed that
the anammox activity presented a significantly decreasing trend during
the start-up stage of ASO process (Fig. 6). Then, the anammox activity
recovered and increased to 13.8 mg N g−1 VSS h−1 after 100 days. The
specific ASO activity showed the opposite trend to the anammox activ-
ity result that the ASO activity up to 7.10±1.24mg S g−1 VSS h−1 in the
end of start II period. The ASO activity went down to 2.63 ±
0.43 mg S g−1 VSS h−1 when the substrate compositions were changed
to ammonium and nitrite. As shown in Fig. 6, the undulatory activities of
anammox and ASOwere all linked to the abundance of main functional
microorganisms.
4. Discussion

4.1. Performance reveals the feasibility of anammox consortia preservation

The most important reason for obtaining a high-load ASO process
may be the granular structure of the inoculated sludge with
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anammox-function bacteria. Furthermore, the main reason to limit the
ASO performance may be the formation of elemental sulfur under the
high influent sulfide concentration. There are two types of biologically
produced sulfur: internal sulfur and external sulfur (Berg et al., 2014).
Internal sulfur is contained in the periplasmic invagination and is
often surrounded by a pure and structurally functional protein enve-
lope. External sulfur globules are not enclosed in a membrane and can
be harvested during the wastewater treatment process. The elemental
sulfur produced in the ASO process was granular in structure, which
was consistent with the result of Janssen et al. (1996). These elemental
sulfurs were deposited inside or outside the bacterial cells. The forma-
tion and retention of elemental sulfur would inevitably lead to an in-
crease in the SS content. Notably, the elemental sulfur produced in the
process significantly reduced the content of EPS, especially PN. A hy-
pothesis that may explain this result is that the extracellular sulfur pro-
duced by sulfide oxidation covers the outside of granules and contracts
the space where microorganisms secrete proteins. It was worth noting
that elemental sulfur can be observed in the reactor in the end of the ex-
periment, which may explain the existence of ASO functional
microorganism.

The variation of substrate could lead to serious disturbance ofmicro-
bial niche in the bioreactor (Guo et al., 2016). The performance fluctu-
ated greatly in the initial stage of ASO process start-up, then both SRR
and NRRASO increased with the rise of loading rate. The above data
were in accordance with the specific ASO activity and ASO functional
microorganisms (Sulfurimonas and Sulfurovum), which indicated that
the new microbial community had been constructed. Interestingly, ac-
cording to the results of activity and 16S rRNA sequencing, these two
competing processes, anammox and ASO processes, can take place si-
multaneously during the whole operation period of ASO process. It
was not merely provide a basis for the following reverse start-up of
anammox, but also expand the implementation of anammox for a
wide range of environment with the specific condition identified and
controlled for, e.g., ASO and anammox as well as others.

It wasworth noting that 16S rRNA sequencing analyses revealed the
autotrophic sulfur oxidizing bacteria were dominating the microbial
community in the end stage of ASO process, including Sulfurimonas
(39.6%), Sulfurovum (20.7%) and Thiobacillus (17.3%). Thus, upon the
substitution of the influent substrate with ammonium and nitrite,
these autotrophic microorganisms would not hydrolyze to release or-
ganics (Tang et al., 2013). Moreover, ASO sludge as the inoculum sludge
had the dense granular structure and low specific anammox activity.
Consequently, no significantly ammonium or nitrite accumulation was
observed during the reverse anammox start-up. Furthermore, because
of the lack of organics and high effluent nitrate concentration, both de-
nitrification and dissimilatory nitrate reduction to ammoniumwere not
the potential reaction in this system. The high specific anammox activity
and functional microorganism (Candidatus_Kuenenia) abundance in the
end of the experiment also indicated that anammox was the main pro-
cess to remove nitrogen. Itwasworth noting that RPwas still lower than
the theoretical value (van der Star et al., 2007),which demonstrated the
existence of microorganisms that can consume nitrate. In the reverse
anammox start-up phase, the ASO functional microorganism
(Sulfurovum) had relatively high abundance (4.01%) and anammox con-
sortia also present ASO activity; thus the elemental sulfur residue in the
reactor might have been used as electron donor by autotrophic desul-
furization denitrification bacteria for nitrate reduction.

4.2. Characteristic functional microorganisms in the system

In this work, Candidatus_Kuenenia was identified as the only func-
tional bacteria in the inoculum of anammox sludge, with an abundance
of 11.9%. A previous study illustrated that anammox consortia are sensi-
tive to sulfide, and the presence of 32 mg L−1 sulfide for 13 days signif-
icantly reduced anammox activity (Jin et al., 2013b). However, in this
study, the anammox abundance remained high (10.8%) with influent
sulfide concentrations of up to 300 mg L−1. The steady abundance
may be induced by the complete sulfide oxidation driven by nitrate
(Fig. 1). However, partial nitrate accumulated in the reactor, which
may produce ammonium or nitrite by nitrate reductase-induced deni-
trification. Thus, Candidatus_Kuenenia maintained high activity by
maintaining the anammox reaction in start I. With the consistently in-
creasing SLR and NLRASO, those microorganisms enriched in the
anammox consortia began to decay (such as Candidatus_Kuenenia,
Nitrosomonas and Vulcanibacillus). In contrast, Sulfurimonas and
Sulfurovum indeed jointly dominated the microbial community. Nota-
bly, Sulfurimonas and Sulfurovum alternated as themost dominant func-
tional microorganism between start II and start III. The two bacterial
genera are capable of nitrate reduction coupled to sulfide oxidation.
Thus, clear niche differences may exist between the Sulfurimonas and
Sulfurovum clades. Selection in a laboratory-scale reactor is likely
based on the apparent affinity for the substrate. Therefore, based on
these phenomena, we hypothesized that Sulfurimonas is a growth rate
(K-select) strategist, while Sulfurovum is an affinity (r-select) strategist
(MacArthur andWilson, 2001). Sulfurimonas showed a competitive ad-
vantage under high sulfide concentration, while Sulfurovum survived
better with a high sulfide load rate. In our previous study, the
Sulfurovum genus was enriched in the nitrite-ASO process, and
Sulfurimonas was a negligible genus of microorganisms (Shi et al.,
2019). Moreover, the abundance of Candidatus_Kuenenia was signifi-
cantly reduced to 0.80% when the anammox sludge became black (cor-
responding to the end of start I). Afterwards, Sulfurimonas abundance
rose swiftly and dominated the microbial community in the nitrite-
ASO process. The most significant difference between the two ASO pro-
cesses was the dominance of anammox bacteria at the end of start I. The
most likely reason for this difference was the difference in nitrogen
oxide (nitrite and nitrate). Nitrite is unstable and can be oxidized to ni-
trate under certain environmental conditions (Patnaik and Khoury,
2004), which leads to environmental turmoil in the nitrite-ASO process.
Herein, microorganisms were selected via r-selection to resist external
environmental disturbances. Nevertheless, nitrate is the more stable
form of oxidized nitrogen in wastewater, and microorganisms tend to
select K at first, but then the internal environment of the reactor fluctu-
ates (varied load rate and HRT) drastically. Hence, the functional micro-
organisms must choose the r strategist. To evaluate this hypothesis, the
microbial community in the reverse anammox process was analyzed.
During the process of reverse anammox start-up, Candidatus_Kuenenia
and Sulfurovum coexisted and were concurrently the dominant func-
tional microorganisms. The 16S rRNA sequencing and batch test results
indicated that anammox and ASO-related bacteria likely occurred con-
currently in the reactor. Although previous studies have reported the
co-existence of anammox bacteria with ammonium oxidizing bacteria,
nitrite oxidizing bacteria, and even denitrifying bacteria in the
anammox system (Lotti et al., 2014; Tao et al., 2013; Tsushima et al.,
2007), a conceptual model only based on this study descripting these
functions and their potential interactions is represented in Fig. S2.

4.3. Variation in the predicted metabolic potential and quorum sensing

PICRUSt2 was employed to predict the functional profiles or the al-
teration in the composition of functional genes of the human
microbiome, soils or marine sediments (Douglas et al., 2019; Wang
et al., 2016; Wu et al., 2016). However, the environmental samples
contained substantial unexplored diversity, with a relatively high
Nearest Sequenced Taxon Index (NSTI) score (Douglas et al., 2019), in-
dicating that the resultswere incomplete and should be carefully exam-
ined (Wang et al., 2016). Hence, it is appropriate to explore the variation
in the composition of all functional genes at a higher abundance level in
KEGG. The enrichment or depletion of certain pathways during the
whole process suggests important functional changeswith the variation
in the influent substrate. Notably, the metabolism pathway abundance
always remained above 70%, which may play an important role in
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adjusting the reaction mechanisms among the microbial communities.
In short, the environmental factors driving the predicted metabolic
pathway are similar to those driving the functional microorganisms.

Since the whole process refers to the variation in the abundance of
functional microorganisms, clarifying the microbial interactions in the
reactor is important. Quorum sensing (QS) communication among mi-
croorganisms is one of themost significant discoveries regardingmicro-
bial communities. QS bacteria produce and release signal molecules
(autoinducers, AIs), which can enhance sludge aggregation and the en-
vironmental stress resistance of microorganisms (Tan et al., 2014). Al-
though the KEGG pathway (ko02024) provided strong evidence for
quorum sensing, this kind of pathway could not be detected among
the predicted microbial functions. The reason for this inconsistency
may be an insufficient sequencing depth that omitted some potential
key enzymes necessary to reconstruct the quorum sensing pathway.
However, LuxS, specifically the class of carbon-sulfur lyases, was identi-
fied in all samples by the PICRUSt2 algorithm. LuxS is related to the syn-
thesis of the autoinducer AI-2, which regulates quorum sensing in most
microorganisms. Hence, from the genetic perspective, LuxS existed in
the community consortia of this systemandmayhave induced potential
quorum sensing. Thus far, multiple subtypes of Proteobacteria, which
were the most abundant bacteria in this study, have been identified
that can be regulated by signaling molecules (Kimura, 2014). Signal
molecules for QS were also detected in the anammox bioreactor (Sun
et al., 2018; Tang et al., 2018); thus, the hypothesis is that LuxS allows
anammox biomass to distinguish between high and low cell population
densities and to coordinately control functional gene expression in re-
sponse to different culture environments. Once the number of cells
reached the bacterial quorum during reverse anammox start-up, LuxS
recognized the high signalingmolecule concentration and activated tar-
get genes to enrich anammox bacteria.

4.4. A potential novel technology for anammox consortia preservation

This research also confirms that it is feasible to grow anammox and
ASO microorganisms in coexistence in a UASB reactor. This process
shows potential for the development of a novel anammox consortia
preservation technology. Researchers have demonstrated the existence
of specific signal molecules in anammox consortia (Sun et al., 2018;
Tang et al., 2018). Anammox functional bacteria were reactivated in
this proof-of-concept study. Based on these findings, the inoculated
sludge of a process containing anammox sludge can be used to activate
the anammox process instantly. For example, the mixture of anammox
and return sludge from a wastewater facility can be used to start-up
ASO or nitrification processes. Then, it is capable of restarting the
anammox process by inoculation with the above ASO or nitrification
sludge. The proportion of anammox sludge for inoculum could be fur-
ther determined through optimization, which was not conducted in
this study. As a proof-to-concept study, this study focused on verifying
the feasibility of this technique. It is likely that a very small amount of
anammox sludge was used as inoculated sludge for the floc process,
and thus, these floc could culture anammox granules. A better under-
standing of these organisms in terms of their metabolic functions and
microbial community in certain processes will facilitate the develop-
ment and optimization of anammox sludge preservation and culture.

5. Conclusions

This study elucidated the feasibility of ASO as the intermediate of
anammox preservation for the reverse start-up anammox process. A
high-performance ASO process was operated successfully by using
anammox consortia as inoculum to simultaneously remove sulfide
and nitrate. The genera Sulfurimonas and Sulfurovumwith different eco-
logical growth strategies competed during the culture of ASO microor-
ganisms. The specific anammox activity was recovered quickly when
the substrate compositions were changed to ammonium and nitrite.
Candidatus_Kuenenia, as the functional genus in the initial sludge, was
re-enriched after restarting the anammox process. However, it is
worth noting that the new anammox consortia contained
Candidatus_Kuenenia and Sulfurovum because of the existence of ele-
mental sulfur. The results of this work suggest that this approach
could be applied for the preservation of anammox biomass.
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