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significant difference in the size, settling velocity, mechanic strength of AGS, mature aer-
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obic granules could be successfully obtained in all four reactors after 70 days’ operation,
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indicating the alternating ammonia nitrogen feeding strategy was the most critical factor

Alternating nitrogen feeding

for AGS formation. Based on the results of redundancy analysis, the presence of an inor-
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ganic carbon source could facilitate the cultivation of AGS with nitrification function, while
the moderate temperature and fluctuant N/COD might benefit the cultivation of more stable AGS. In addition, superimposed stress conditions could result in the difference in the
microbial population between four reactors, but the population diversity and abundance of
microorganisms were not the determinants of AGS formation. This study provided an effective method for the cultivation of AGS by using alternating ammonia nitrogen feeding
strategy.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
As a novel wastewater treatment technology, aerobic granular sludge (AGS) exhibits efficient and outstanding organic removal performance basically depending on the following specific characteristics: (1) rapid solid-liquid separation efficiency,
which can improve sludge sedimentation efficiency and reduce the required space and operating cost of the secondary
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settling tank; (2) superior tolerance to shock loads, which can
avoid sludge loss and maintain sufficient biomass; (3) microintegration of multi-functional microorganism populations,
which can accomplish simultaneous nitrification and denitrification, anaerobic phosphorus release and aerobic phosphorus absorption in the internal microstructure of the granules
(Adav et al., 2009b; Liu et al., 2005b). In recent years, due to its
superior application value, AGS process has been applied from
laboratory training to pilot testing and large-scale practical applications, for example, the AGS process named as Nereda, has
begun to be gradually promoted in industrial and municipal
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wastewater treatment (Pronk et al., 2015). However, rapid cultivation of stable AGS remains a key step in the successful application of this technology.
Since the successful cultivation of AGS in the sequencing
batch reactors (SBRs) was first reported (Morgenroth et al.,
1997), a large number of explorations were carried out around
the formation process and the mechanisms of AGS were proposed. Selective pressure theory believed that AGS was formed
by some selective operation conditions to screen and cultivate microorganisms (Liu et al., 2005a). Extracellular polymeric
substances (EPS) adhesion theory suggested that EPS were key
to microbial aggregation as intermediaries that link microorganisms together (Sheng et al., 2010). Signal molecule induction theory suggested that a variety of signaling molecules
have been shown to induce microbial behaviors from floating
to attached growth (Ren et al., 2010; Yang et al., 2014). These
theories have important guiding significance for explaining
the aggregation behavior of microorganisms, however up to
now, it is still impossible to determine the key factors and specific parameters that can guide the formation of AGS, such as
effective operation condition, key components and secretion
mode of EPS, the formation process of crystal nucleus, and the
manner in which the signal molecules are induced. Therefore,
it is still necessary to reveal the detailed process and mechanism of aerobic granulation and to explore a reproducible
pathway that can continuously culture stable granules.
From the perspective of microbial physiology, almost all
of the microbial behaviors are controlled by the stress conditions of the external environment, and the effects of various wastewater parameters and typical environmental factors had been confirmed during the transition from flocculent sludge to granular sludge, such as organic carbon source
types (Sun et al., 2006), influent organic loading (Wan et al.,
2015a), pH (Wan et al., 2015b; Yang and Yu, 2008), C/N ratio
(Luo et al., 2014), temperature (Song et al., 2009), settling time
(Adav et al., 2009a), and culture process design (Liu et al., 2014;
Zhou et al., 2016). However, it is still unclear which factors are
critical, and even the conclusions of some impact factors are
inconsistent (Zhou et al., 2014), which results in the lack of
a reproducible culture mode for AGS. Among them, the feeding strategy of influent nitrogen is of little concern in the AGS
culture process. In general, the high-strength ammonia nitrogen feeding is usually considered to be a stress condition because of the resulting high concentration of free ammonia (FA)
which may induce a decrease in the hydrophobicity of the surface of the microorganism and inhibit the production of extracellular polysaccharides (Wang et al., 2007; Yang et al., 2004).
However, some studies have also found that FA concentration
does not affect the metabolism of mature granules (Chen et al.,
2015; Peyong et al., 2012). In the preliminary study, the granulation had achieved by an alternating nitrogen feeding way (the
NH4 + -N concentration increased stepwise at a 3-day interval
from 100 to 300 mg/L, to 600 mg/L, and then back to 100 mg/L)
within 42 days (Wan et al., 2016). Therefore, alternating nitrogen feeding might be an efficient and reproducible cultivation
strategy. However, it is difficult to establish the relationship
between the single stress condition and the aerobic granulation in the actual cultivation process, because several superimposed environmental conditions might be usually used in
the real cultivation of granules.

Therefore, in this study, parallel comparison tests were set
up to explore the effects of three environmental conditions
(including the ratio of nitrogen to chemical oxygen demand
(N/COD), temperature, and organic/inorganic carbon sources)
on the cultivation of AGS by using an alternating nitrogen
feeding strategy. The validity of aerobic granulation induced
by the alternating nitrogen feeding strategy was verified, and
the granulation mechanism under the superimposed stress
conditions was clarified by the analysis of microbial community and characterization of the AGS. This study provided an
effective cultivation method for the formation of AGS and offered a deeper insight into the aerobic granulation mechanism.

1.

Material and methods

1.1.

Reactor setup and aerobic granular sludge cultivation

Four SBRs (R1, R2, R3, and R4) were set up to cultivate aerobic granule sludge with suspended solids (SS) of (6000 ± 200)
mg/L. Each SBR column was 180 cm in height and 6 cm in diameter with a total volume of 5.0 L (giving 2.3 L working volume). Fine air bubbles were introduced from an aeration pump
through a porous disc equipped at the bottom of each reactor.
The operation cycle was 4 h which consisted of 5 min feeding,
10 min settling, 210 min aeration and 5 min effluent discharge,
giving a volumetric exchange ratio of 70%. The inoculation
seed sludge was from a eastern wastewater treatment plant in
Shanghai, China. The synthetic wastewater contained sodium
acetate and sodium propionate as carbon sources with a ratio of 2:1 (Wan et al., 2015a). Other major components included 0.4 g/L peptone, 0.25 g/L yeast, 0.03 g/L CaCl2 , 0.025 g/L
MgSO4 •7H2 O, 0.02 g/L FeSO4 •5H2 O, 4 g/L NaHCO3 , 0.66 g/L
KH2 PO4 . Calcium (II) chloride (CaCl2 , purity >96.0%), ferrous
(II) sulfate hydrate (FeSO4 •5H2 O, purity >99.0%), sodium hydrogen carbonate (NaHCO3 , purity >99.5%) and potassium dihydrogen phosphate (KH2 PO4 , 99.5%) were purchased from
Sinopharm Chemical Reagent (Shanghai, China). Peptone
(FMB grade) and yeast extract (FMB grade) were obtained from
Sangon Biotech (Shanghai, China).
In four reactors, the effects of some stress conditions (inorganic carbon source, temperature, N/COD) on granule formation and pollutant removal performance were investigated
by using the same alternating nitrogen feeding strategy. The
concentrations of the influent ammonia nitrogen in four reactors were set in the same strategy (Table 1). Among four
reactors, R1 and R2 were conducted to explore the necessity
of adding an inorganic carbon source, so no inorganic carbon
source (NaHCO3 ) was fed in R2. And R1 and R3 were set to
compare the effect of constant or uncontrolled water temperature circumstances. The same alternating nitrogen feeding
strategy was adopted for the four reactors in order to investigate the influence of this strategy on the formation of aerobic
granular sludge, as well as the role of other influencing conditions in the cultivation process. Therefore, the outer layers
of the two reactors (R1 and R2) were equipped with a circulating water device to control the water temperature of the inner
tube at (30 ± 1)°C, while R3 and R4 were kept at room temperature (15–20°C). The impact of N/COD was investigated in R3
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Table 1 – Parameter settings of influent concentration for
70-day operation process.
Ammonia nitrogen∗

COD (mg/L)
Day

R1, R2, and R3

R4

(mg/L)

1–16
17–21
21–24
25
26
27
28
29
30
…
69
70

1500
1500
1500
1500
1500
1500
1500
1500
1500
…
1500
1500

125
250
750
1500
750
250
1500
750
250
…
250
1500

50
100
300
600
300
100
600
300
100
…
100
600

∗
From day 25, the concentrations of the influent ammonia nitrogen in four reactors (R1–R4) were switched every 3 days in the order
of 600, 300, 100 mg/L until the end of the experiment. In R4, the ratio
of influent COD/N maintained at 2.5.

the emission fluorescence from 300 to 550 nm at 1 nm
increments while varying the excitation wavelength from
200 to 400 nm at 10 nm increments. Quantitative analysis
of polysaccharide and protein in EPS were conducted by
phenol-sulfuric acid method (Dubois et al., 2002) and the
Lowry method (Lowry et al., 1951), respectively.

1.4.

1.2.

Characterization of the aerobic granular sludge

The macroscopic morphologies of the AGS at different stages
were taken with a digital camera, and the size distributions of
the granules were determined by Image J software (Xiao et al.,
2008). The average settling velocity was determined by calculating the average time of randomly selective 20 aerobic granules that fell freely in certain height water in the measuring
cylinder. The mechanic strength of granules was measured
by ultrasonic vibration method (Wan et al., 2013a). The hydrophobicity of the bacterial surface was determined using
a hexadecane separation method (Wan et al., 2014) with minor modification as following. Each AGS sample was sonicated
until the granules were completely homogenized. The upper
supernatant of each sample was taken and the absorbance
of supernatant at 600 nm was recorded as A0 . Then 1 ml of
hexadecane was added in the sample, and the mixture was
vortexed for 90 s and allowed to stand for 10 min. The absorbance of the mixture at 600 nm was recorded as A1 , and
the relative hydrophobicity (RH) was calculated as follows: RH
(%) = 100 × (A0 –A1 )/A0 .

1.3.

Extraction of cyclic diguanylate and analysis

Extraction of the intercellular second messenger cyclic
diguanylate (c-di-GMP) molecules was performed by revised
procedures from Wan et al. (2013b). The concentration of c-diGMP was measured by high-performance liquid chromatography (HPLC, Agilent 1260, Agilent Co. Ltd., USA). The HPLC was
performed with a C18 column at 40 °C, detection at 254 nm
by diode array detector (DAD). Runs were performed in mixed
solvent (95% of solvent A as 0.9% NaCl and 5% solvent B as
100% acetonitrile) at 1.0 mL/min. Sodium chloride (NaCl, purity >99.5%) were obtained from Sangon Biotech (Shanghai,
China). The acetonitrile (purity >99.99%) was acquired from
Fisher Chemical (America).

1.5.
and R4. Based on the above, the influent COD concentration of
R1, R2, and R3 remained at 1500 mg/L throughout the whole
operation, while the influent COD concentration of R4 was alternating but maintained a constant N/COD (1: 2.5, m/m). Four
reactors were operated for 70 days.
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Microbial community analysis

In order to investigate the microbial community of the aerobic granules in the mature stage, the granules on day 50 (early
stage) and day 69 were sampled and identified. Three granules were randomly selected from each reactor, and the analysis of microbial community similarity between each granule was conducted by PCR-DGGE (Wan et al., 2015b), including
DNA extraction, PCR amplification, DGGE, silver staining, and
finally the DGGE fingerprints were obtained by a scanner. The
microbial community analysis included DNA extraction, PCR
amplification, single-molecule amplification of samples, and
high-throughput sequencing (Yang et al., 2014). Among them,
ROCHE Emulsion-PCR technology was used to prepare sample single-molecule amplification, and the high-throughput
sequencing platform was Ion Torrent PGM (Life Technologies,
Grand Island, NY, USA).

1.6.

Other analytical methods

The online monitoring values of pH were collected by the
portable device (Multi 340i, WTW, Germany). The concentrations of chemical oxygen demand (COD), ammonia nitrogen,
nitrate nitrogen, and nitrite nitrogen were quantified according to APHA (APHA, 1998). The concentrations of FA were calculated based on previous study (Yang et al., 2004). All the experiments were carried out in triplicate. Redundancy analysis
(RDA) was used to assess the correlation between the environmental factors (N/COD, the concentration of inorganic carbon,
and temperature) and AGS properties (Wang et al., 2017).

EPS extraction and analysis

The EPS of granules was extracted according to the
formaldehyde-NaOH method described by previous literature (Liu and Fang, 2002). The supernatant of the EPS was
obtained by centrifugation and the components of EPS were
analyzed by three-dimensional excitation-emission matrix (3D-EEM) fluorescence spectrometer (Aqualog, Horriba,
Japan). EEM spectra were collected by continuous scanning

2.

Results and discussion

2.1.

Granulation process and morphology of AGS

The macroscopic morphology of the aerobic granules in the
granulation process (day 1, 25, 50, 69) in the four SBR reactors was shown in Fig. 1. The granulation process could be
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Fig. 1 – Morphology of the aerobic granular sludge sampled on day 1 (1d), day 25 (25d), day 50 (50d), or day 69 (69d) in four
reactors (R1–R4). (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.)

divided into three stages which were similar to the previous
granules cultivation using alternating COD loading strategy
(Sun et al., 2016). The first stage was the formation period of
aggregates (1–24 days). In this stage, the initial ammonia nitrogen concentration changed slowly. When cultured for 24 days,
the light-yellow-color floc sludge dominated with some small
aggregates appeared in all four reactors. The second stage is
the granulation period (25–49 days). At this stage, the influent concentration of nitrogen ammonia was fed frequently
from low to high, and aerobic granular sludge was successfully cultivated in the four reactors. However, the morphology of the granules in four reactors was obviously different.
Among them, the dark-yellow granules in R1 had the darkest color; the color of yellow granules in R2 and R4 were similar; granules in R3 was yellowish. The particle sizes of the
granules of R1, R2, R3, and R4 were (0.64 ± 0.03), (1.20 ± 0.05),
(1.25 ± 0.06), and (0.60 ± 0.02) mm, respectively, and the gran-

ules of R1 and R4 were more uniform in size than R2 and R3
(Appendix A Fig. S1). Compared with the previously reported
autotrophic nitrifying granular sludge (0.32 mm) (Shi et al.,
2010) and rapidly increasing nitrogen-loaded nitrifying granules (0.37 mm) (Chen et al., 2015), the size of the granules cultivated in this study were larger and the granulation period was
shorter, which indicates that the formation of aerobic granule
sludge could be promoted by the alternating nitrogen feeding
strategy, and the shapes of the AGS were approximately circular and stable in the long-term operation.
The third stage is the mature stage of the granules (50–
70 days), the influent nitrogen feeding continued to alternate, and the particle size of the R1, R2, R3, and R4 were further increased to (1.72 ± 0.10), (3.04 ± 0.14), (1.67 ± 0.07), and
(1.26 ± 0.05) mm, respectively. The color of the granules was
much deeper than the second stage. In summary, although the
temperature, N/COD, and inorganic carbon source used in the
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four reactors were different, mature granules were successfully cultivated in all reactors which adopt a consistent alternating nitrogen feeding strategy, which indicated that the alternating ammonia nitrogen feeding strategy might be the key
condition for AGS granulation.

2.2.

Organic and nitrogen removal performance

2.2.1.

Performance of COD removal

The performance of COD removal efficiency was shown in
Fig. 2a. The influent COD concentrations of R1, R2, and R3
were maintained at 1500 mg/L, and the influent COD concentration of R4 changed with the influent ammonia nitrogen concentration, maintaining constant nitrogen to carbon
ratio (N/COD = 1:2.5, m/m). In the first stage (day 1–24), the
removal rate of COD in the four reactors was basically stabilized at about 93%, and the effluent COD was lower than
100 mg/L. When the ammonia nitrogen concentration was
frequently switched between 100 and 600 mg/L (day 15–24),
the COD removal efficiency could still be stable. In the second
stage, compared with R2 and R3, the effluent COD concentrations of R1 and R4 were relatively stable (basically maintained
below 300 mg/L), but raised overall. The effluent concentration
of R2 fluctuated widely, and that of R3 gradually increased. In
the third stage, the aerobic granular sludge was completely
formed, while the COD concentration of the four reactors fluctuated greatly. However, in the latter of the stage, the effluent COD concentration of all the reactors decreased, indicating the carbon metabolism function gradually recovered. In
conclusion, the strategy of granulation by alternating nitrogen
feeding did not affect the removal of COD significantly, which
was similar to the previous results which indicated that the
increased ammonium concentration (even when the ammonia nitrogen concentration was as high as 400 mg/L) did not
inhibit the oxygen uptake rate (OUR) of mature granules, COD
could still be stably removed (Peyong et al., 2012).

2.2.2.

Performance of nitrogen species

The variations of nitrogen concentration during the 70 days’
operation of the four reactors were shown in Fig. 2b. At the
beginning of the first stage, due to the new feeding synthetic
wastewater (influent COD of 1500 mg/L, ammonia nitrogen of
50 mg/L), the growth of microorganisms was in the adaptation
stage. With the gradual adaptation of the microorganisms, the
ammonia nitrogen removal rate of R1 had reached 96.3% on
day 10 and then maintained above 90%, and the nitrite accumulation concentration was stable at around 50 mg/L. The
ammonia nitrogen in the effluent of R2 and R4 did not decrease significantly, and the ammonia nitrogen in the effluent
of R3 began to improve on day 14 and gradually descended.
Between day 17 and day 24, the influent ammonia nitrogen
concentration began to increase from 100 to 300 mg/L, and
the effluent ammonia nitrogen concentrations of R1, R2, R3,
and R4 also gradually increased. Previous literature mentioned
that larger N/COD favors the enrichment of nitrifying bacteria (Liu et al., 2004a). The effluent nitrite of R1, R3, and R4 began to accumulate, while the effluent nitrite concentration of
R2 was still maintained below 20 mg/L. The effluent nitrate
concentration of R1 and R2 underwent a process of first increasing and then decreasing, the concentration of R1 reached
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58.9 mg/L on day 21. The effluent nitrate concentration of R3
and R4 kept at a low level. This might be due to a continuous
increase in nitrogen load which induced the increase of FA and
the accumulated nitrous acid (FNA) in the reactor, which inhibited the activity of the nitrifying bacteria.
In the second stage, the effluent ammonia nitrogen concentrations of R1, R2, R3, and R4 fluctuated up and down as the
nitrogen feeding alternated between 100, 300, and 600 mg/L.
The effluent ammonia nitrogen concentrations of R1 and R4
were generally lower than those of R2 and R3. The effluent
nitrite concentration in each reactor also exhibited the same
tendency as the ammonia nitrogen, while the concentration
of nitrate in the effluent gradually decreased to below 5 mg/L.
At this stage, the removal effect of nitrogen was poor. After
day 50 (in the third stage), the effluent ammonia nitrogen of
R1, R2, R3, and R4 were still fluctuating up and down, but the
effluent nitrite concentrations of R1 and R4 were gradually reduced to below 5 mg/L. At this time, the nitrate concentrations
of the four reactors were also reduced to 2 mg/L or less, which
might be caused by the low efficiency of ammonia nitrogen
oxidation and nitrite oxidation.

2.3.
Characteristics of aerobic granular sludge and
microbial community structure
2.3.1.

Properties of AGS

After 70 days of operation, mature AGS was successfully cultured in the four reactors. It could be seen from the properties of the granules in Fig. 3 that different stress conditions
could lead to significant differences in structure and characteristics between the AGS in four reactors. The size of granules has a positive correlation with the settling velocity of
AGS. The particle sizes of R1 and R2 were larger than those
of R3 and R4, while the settling rates of granules of R1 and
R2 were also faster than those of R3 and R4. This result indicated that moderate environmental temperature was more favorable for microbial proliferation and the increase of particle
density than low-temperature fluctuation conditions. Additionally, the particle size and settling velocity of R2 were larger
than those of R1, indicating that in the absence of inorganic
carbon source, the heterotrophic metabolism was dominant,
and the microbial proliferation was faster and the particle
density was greater. The particle size and settling velocity of
R3 were also larger than those of R4, indicating that the alternating carbon-nitrogen ratio was more favorable to microbial
proliferation and particle density increase than the constant
carbon-nitrogen ratio. The structural strength of the AGS was
studied by the ultrasonication method (Fig. 3f). It was found
that the disintegration rate of granules of R1–R4 increased
from 0.0026 to 0.0071, and the order of structural strength
of the AGS was R1>R2>R3>R4, indicating that the structural
strength of AGS cultivated under medium-temperature condition was significantly higher than that under low-temperature
fluctuation circumstances.
In the bacterial cell, c-di-GMP is a signal molecule that regulates multiple functions of cells, such as adhesion, secretion,
biofilm formation and the like (Wan et al., 2014). In Fig. 3b,
both the c-di-GMP contents of R1 and R2 were significantly
less than that of R3 and R4. Among them, c-di-GMP content of
R3 was up to 351 μg/g MLSS, indicating that low-temperature
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Fig. 2 – (a) Variation of temperature and performance of the COD removal, (b) changes of nitrogen species concentrations in
R1–R4 operated at different stress conditions.
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Fig. 3 – Properties of aerobic granules in four reactors on day 69: (a) size and settling properties of the granules; (b) content of
c-di-GMP; (c) components of extracellular polymeric substances; (d) hydrophobicity of granules; (e) fluorescence intensity of
EPS components; (f) mechanic strength of the granules (K referred to the rate of disintegration of the granules).

condition was more conducive to the production of c-di-GMP.
The c-di-GMP content of R1 and R2 was 34.8 and 59.3 μg/g
MLSS, respectively, that is, when inorganic carbon source was
absent, the bacteria produced more signal molecules.
EPS plays a key role in maintaining the structural stability
of the granules (Sheng et al., 2010). The protein and polysaccharide content of AGS in the four reactors were shown in
Fig. 3c. The overall level of extracellular protein was higher
than that of polysaccharide, and the polysaccharide content

was lower than 25 mg/g MLSS, which might be due to inhibition of FA (Yang et al., 2004). However, the contents of polysaccharide of AGS cultured at a low-temperature (R3 and R4) were
higher than that of the granules cultured at a medium temperature (R1 and R2), and the contents of R1 and R2 were similar. On the contrary, the content of protein of AGS at a lowtemperature cultivation circumstance was lower than that at
medium temperature. In the case of the absence of inorganic
carbon source, the protein content was higher, that is, R2 > R1.
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Fig. 4 – DGGE fingerprints of aerobic granules on (a) day 50 and (b) day 69 and similarity analysis of microbial community on
(c) day 50 and (d) day 69. R1–50(1–3) refers to three randomly selected granules sampled on day 50 in the R1 reactor, and
R1-50-1 refers to one of three randomly selected granules sampled on day 50 in the R1 reactor. And the rest can be done in
the same manner.

When a low temperature, the content of protein with fluctuation N/COD was higher than that with constant ratio (R3 > R4).
The relative hydrophobicity of R1, R2, R3 and R4 were 28.8%,
34.9%, 15.5%, 26.1%, respectively (Fig. 3d). It could be seen
that the hydrophobicity of AGS was stronger under medium
temperature than at low temperature, while at the same lowtemperature conditions, the hydrophobicity of AGS cultivated
at constant N/COD was higher than at fluctuant N/COD.
The fluorescence intensities of the components of EPS were
analyzed by EEM as shown in Fig. 3e. Among them, peaks at
the excitation wavelength of 285 nm and the emission wavelength of 375 nm are considered to be protein-like related
to biological substances, while peaks at the excitation wavelength of 320 nm and the emission wavelength of 380 nm are
related to humic acid-like organics (Chen et al., 2003). The fluorescence intensities of R1 and R2 at the area of both the humic
acids-like and protein-like organics were significantly higher
than those of R3 and R4, indicating that medium-temperature
condition was more favorable for the AGS to secrete extracellular protein than the low-temperature conditions.

population between the three random granules in each reactor was highly consistent, with the lowest degree of separation
being near zero, i.e. the similarity is close to 100%. After cutting
the granules, it could be found that there were obvious stratified structures inside the granules, which was consistent with
the description of structured aerobic granular sludge reported
by Wan et al. (2015b). That is to say, in the process of aerobic
granulation, the transformation of the microbial status from
floating to aggregate did not happen randomly, but the microbial community were self-assembled in a cooperative manner
to reconstitute a micro-ecological circle in the form of a single granule; different microbial populations occupied different
niches within the granule. This apparent stratified structure
also confirmed that the mature aerobic granular sludge cultured in the same reactor not only has a relatively uniform
appearance and morphological structure, but also the microbial population structure and spatial distribution of every single granule with a high degree of similarity.

2.3.2.

More detailed bacterial population information could be obtained by high-throughput sequencing results, in which the
dilution curve and the Shannon-Wiener curve tended to be
flat (Appendix A Figs. S2 and S3), indicating that the amount
of sequencing data was reasonable and large enough to reflected the majority of microbial information in the samples.
Fig. 5 showed the bacterial species of more than 1% of
the population of mature granules on day 69. There were six

Similarity of dominant microbial population structure

In general, PCR-DGGE technology can be used to analyze the
microbial community with a population of more than 0.5%. As
shown in Fig. 4, the DGGE map showed the microbial population structure on days 50 and 69, and, the difference in microbial population structure between the four reactors was significant, with the largest degree of separation exceeding 0.07,
that is, the similarity was less than 93%. However, the bacterial

2.3.3. High-throughput analysis of microbial community
structure
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Fig. 5 – Comparison of diversities and abundances of microbial communities of aerobic granules in four reactors.

categories in the main distribution of the bacterial population, including Proteobacteria, Bacteroidetes, Actinobacteria,
Chloroflexi, Firmicutes, Saccharibacteria, in which the relative abundance of Proteobacteria was more than 50%, occupying a dominant position in the population in all samples. At
the species classification level, Thauera sp. and Leucobacter sp.
has absolute advantages in R1 and R2, and the abundance is
61.9%, 9.4% and 45.7%, 13.6%, respectively. Obviously, Thauera
sp. dominated in R1 and R2 was a common species in sewage
treatment with denitrification and the ability to degrade organic matter (Wang et al., 2014). The dominant populations of
R3 were Thauera sp., Pseudomonas sp., Leucobacter sp., Gelidibacter sp., Paracocccus sp., and the relative abundances of 5.0%,
46.0%, 6.1%, 24.6%, 4.9%, respectively. The dominant popula-

tion of R4 was similar to R3, and the corresponding abundance
was 9.0%, 8.5%, 8.0%, 24.5%, 21.6%, respectively. Thus, compared with R1 and R2, the dominant species in R3 and R4 at low
temperature has undergone a great transformation, in which
the abundance of Thauera sp. was very low, and the dominant
Pseudomonas sp. was typical of low-temperature bacteria.
Yang et al. (2014) found that when the organic loading
rate (OLR) suddenly increases, Thauera sp., Pseudomonas sp.,
Arthrobacter sp. could stimulate to secrete additional alginatelike exopolysaccharides (ALE), which could be used as a viscous material for the formation of granules, indicating that a
sudden increase or decrease in organic load might help stimulate the expression of some functional bacterial populations.
In addition, the abundance of Sphingobacterium sp. in R1 was
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significantly higher than that of R2, R3, and R4, the relative
abundance was 2.05%, 0.65%, 0.84%, and 0.38%, respectively.
Some studies had suggested that Sphingomonas sp. was a key
species to maintain the structure and function of granular
sludge (Wan et al., 2015b), which might be the reason for the
best stability of the granules in R1.
In summary, AGS is formed by the aggregation of microorganisms, and the diversity and abundance of the population
can affect the performance and function of the AGS. Single stress conditions (temperature, inorganic carbon source,
N/COD) could induce the variation in the microbial population, in accordance with the change of the corresponding
properties of AGS, but not affect the final formation of AGS.
Therefore, the population diversity and abundance of microorganisms were not the determinants of AGS formation.

2.4.
Significance role of the stress conditions on
granulation
In this study, three stress conditions, including inorganic
carbon source addition or not, temperature, and constant/fluctuant N/COD, were superimposed with alternating
nitrogen feeding strategy to achieve mature aerobic granulation. Among them, the alternating nitrogen feeding strategy was used in all four reactors and the changes in FA
concentration might be a key factor in granulation process.
Yang et al. (2004) also confirmed that the control of FA could
promote the formation of AGS, but the concentration of FA in
the cultivation could not exceed 23.5 mg/L. The concentration
of FA can be calculated based on previous studies (Yang et al.,
2004), and the concentration of FA relied on temperature, ammonia nitrogen concentration, and pH, which dynamically
changed during the culture process. In the present study, the
influent concentration of FA did not exceed 10 mg/L, and the
effluent concentration ranged between 24.5 and 110.9 mg/L
due to the difference in pH and temperature. From the results
of successful granulation in all four reactors, high concentrations of FA seemed not to affect the formation of AGS. The
FA in the solution is neutral, which could enter through the
cell membrane by passive diffusion, resulting in proton imbalance and pH increase in the microbial cells (Liu et al., 2019).
Moreover, the alternating nitrogen feeding strategy provided a
non-steady state stress of FA to microorganisms. From the perspective of microbial physiology and ecology, microbes usually possessed self-regulated stress responses when encountered with some stress conditions. For individuals of the microorganism, the effect of FA could be prevented by initiating
a sodium-potassium pump (Liu et al., 2019), while for the bacteria population, the formation of microbial aggregates was a
way to reduce the diffusion of FA into the cells, which is one
of the possible mechanisms of granulation promoted by FA.
The alternating nitrogen feeding also interfered with the expression of adaptive genes in the intracellular environment,
thereby further accelerating the process of aggregation. Therefore, in this study, alternating nitrogen feeding strategy was
the significant and key stress condition for the rapid formation of AGS, and it was reproducible when superimposed with
inorganic carbon source addition limit, temperature control
and constant/fluctuant carbon-nitrogen ratio.

Although the other three stress conditions did not affect
the formation of the granules, they still caused large differences in AGS properties and functions, the results of redundancy analysis were shown in Fig. 6. Concerning the removal of carbon and nitrogen removal, the effect of temperature was undoubtedly most pronounced. Firstly, the temperature could directly affect the reaction rate of intracellular enzymes, which led to differences in the growth and metabolism
behavior of bacteria under different temperature conditions
(Wan et al., 2014). Secondly, the temperature was positively
correlated with cell membrane fluidity and nutrient transport,
which resulted in the difference in the absorption of nutrient substrates and the secretion of metabolites. Similar to the
findings of Song et al. (2009), both the excellent performance of
the AGS and the best removal efficiency of the contaminants
were obtained at 30°C in the study. Since the growth and reproduction of microorganisms were more favorable at 30°C, the
particle size of the granules was larger, which was positively
correlated with the higher settling velocity. However, even after long-term domestication at low temperatures, better substrate degradation could be obtained, which was consistent
with the results of previous report (Bao et al., 2009). Moreover,
the dominant populations in the granules also correlated with
the stress conditions. Low-temperature conditions were not
conducive to the growth of Thauera sp. and Leucobacter sp. but
favored the reproduction of Gelidibacter sp.. Pseudomonas sp.
could adapt to the influence of alternating N/COD ratio and
have a higher abundance under low-temperature conditions,
and constant N/COD is beneficial to the growth of Paracocccus
sp.. Moreover, the different stress conditions still resulted in a
large difference in the microbial population structures among
the granules of four reactors, which suggested that the diversity and abundance of the microbial population were not the
determining factors for the granulations. These microorganisms had the ability to aggregate and integrated into granules
through EPS.
Secretion of EPS was a population behavior in which bacteria responded to stress conditions (Sutherland, 2001). In
the aerobic granulation process, EPS is recognized as an adhesion molecule to promote the aggregation between bacteria, which is based on the discovery that the EPS content is positively correlated with the granulation process
(Liu et al., 2004c). The polysaccharides and proteins in EPS
have been found to be components with adhesion function
(Liu and Sun, 2011; Tay et al., 2001; Xu et al., 2010; Yang et al.,
2014). In this study, the constant N/COD and temperature
were positively correlated with the content of humic acid
and protein, and negatively correlated with polysaccharide,
which meant that the EPS components secreted by the bacteria depend on the stress conditions, and the polysaccharides and proteins might have the function of promotion of
aggregate adhesion of microorganisms. It should be noted
that the proteins and polysaccharides in microbial EPS were
not pure substances but complex mixtures including short
peptides, peptides, α-polysaccharides or β-polysaccharides
(Adav et al., 2008). Some of these proteins or polysaccharides
were key adhesion functional biomacromolecules, such as Psl
polysaccharide whose content could be directly controlled
by the intracellular signal molecule c-di-GMP (Wan et al.,
2015b).
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Fig. 6 – Results of the redundancy analysis (RDA) to evaluate the relationship between the aerobic granular sludge (AGS)
properties and some environmental factors. Red arrows represent various environmental factors such as inorganic carbon,
N/COD and temperature (Temp). Blue arrows represent the AGS properties. The length of the arrow indicates the correlation
between AGS properties and environmental factors, i.e., a longer line indicates a greater correlation. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

In addition, the mechanic strength and relative hydrophobicity of granules could be regarded as derived properties
of EPS. The mechanic strength had a relatively higher positive correlation with protein. Although hydrophobic interaction is a weak, non-covalent interaction between non-polar
molecules, it often plays a key role in the spatial folding of
protein polypeptide chains, the formation of biofilms, and the
interaction between biomacromolecules. Hydrophobicity can
strengthen the cell-cell interaction and is a prerequisite for
the formation of aerobic granules (Liu et al., 2003, 2004b). The
neutral amino acid in the protein and the aromatic ring structure of amine and humic acid could increase the hydrophobicity of the cell surface (McSwain et al., 2005) and enhance
the aggregation of microorganisms (Liu et al., 2004c).
Comparing the results of alternating nitrogen feeding superimposed with the other three stress conditions respectively, it was found that there were significant differences
in the formation rate and properties of the granules between four reactors, but eventually, the granulation could be
achieved successfully. This indicated that the fluctuant ammonia nitrogen feeding was a key factor in the granulation.
The relationships between the other three stress conditions
and AGS properties were roughly summarized as follows: (1)
The fluctuant ratio of N/COD was favorable for the size, sedimentation, stability and GMP content of granules, thereby re-

duced microbial hydrophobicity; (2) Low-temperature conditions could help to enhance GMP content, which was detrimental to size, sedimentation, stability of granules; (3) No addition of inorganic carbon source (sodium bicarbonate) was
beneficial to size, sedimentation and GMP content of AGS,
which is detrimental to the stability of the granules. Therefore, the presence of an inorganic carbon source could facilitate the cultivation of AGS with nitrification function, while
the moderate temperature and fluctuant N/COD might benefit
the cultivation of more stable AGS.

3.

Conclusions

Four parallel comparison experiments were established to
study aerobic granulation processes induced by alternating
nitrogen feeding strategy superimposed with some environmental stress conditions (N/COD, temperature, and inorganic
carbon sources). Mature aerobic granules were successfully
cultured in all reactors, indicating that the alternating nitrogen feeding strategy was the key to the effective cultivation of
AGS. All the reactors exhibited excellent organic removal performance. The differences in the apparent properties and internal microbial communities of AGS depended on the superimposed various environmental stress conditions. This study
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provided an effective reproducible cultivation strategy for the
formation of AGS, which is beneficial to the promotion and
application of AGS.
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