
Citation: Zhang, S.; Wang, C.; Xie, Y.;

Chen, R.; Huang, M.; Hu, X.; Wang,

B.; Guo, W.; Huang, H.; Wang, R.;

et al. Self-Aggregation and

Denitrifying Strains Accelerate

Granulation and Enhance

Denitrification. Water 2022, 14, 1482.

https://doi.org/10.3390/w14091482

Academic Editors: Ramaraj Boopathy,

Eldon R. Rene and Mark Zappi

Received: 18 March 2022

Accepted: 28 April 2022

Published: 6 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Self-Aggregation and Denitrifying Strains Accelerate
Granulation and Enhance Denitrification
Shujia Zhang 1, Chunyan Wang 2, Yijia Xie 3, Rongfan Chen 1, Mengyuan Huang 1, Xiaoling Hu 1, Bin Wang 1,
Wenbin Guo 1, Haiyun Huang 1, Rongrong Wang 1, Dao Zhou 1 and Hongyu Wang 1,2,*

1 School of Civil Engineering, Wuhan University, Wuhan 430072, China; midori_zsj@163.com (S.Z.);
crf0017@126.com (R.C.); huangmy09@whu.edu.cn (M.H.); huxiaoling19@163.com (X.H.);
binwang0205@163.com (B.W.); whugwb2020@163.com (W.G.); 2021282100091@whu.edu.cn (H.H.);
wrrong77@163.com (R.W.); daozhou@whu.edu.cn (D.Z.)

2 Henan Key Laboratory of Industrial Microbial Resources and Fermentation Technology, Nanyang Institute of
Technology, Nanyang 473004, China; cywang@nyist.edu.cn

3 Central and Southern China Municipal Engineering Design & Research Institute Co., Ltd.,
Wuhan 430010, China; 2015301550071@whu.edu.cn

* Correspondence: hywang96@126.com; Tel.: +86-27-61218623; Fax: +86-27-68772229

Abstract: A long start-up period is one of the main factors limiting the practical application of aerobic
granular sludge (AGS). Bioaugmentation could be a good strategy to accelerate aerobic granulation. In
this research, four denitrifying strains were isolated from mature AGS. Mycobacterium senegalense X3-1
exhibited the strongest self-aggregation ability and good denitrification ability. Ensifer adhaerens X1
showed the strongest denitrification ability but poor self-aggregation ability. Additionally, strain X3-1
demonstrated the highest extracellular polymeric substances (EPS) contents accompanied by relatively
high N-acyl-homoserine lactones (AHLs) concentrations, which could illustrate its predominant
aggregation ability—AHLs produced by bacteria regulate EPS secretion to accelerate cell aggregation.
Strain X3-1 and X1 were chosen as inoculated bacterium to verify the effects of bioaugmentation
on AGS granulation and denitrification. Granulation was achieved in the sequential batch reactors
(SBRs) added strain X3-1 10 days earlier than the control group. The particle morphology and TIN
removal rate of X3-1 were both superior to the latter. The introduction of strains reduced the richness
and diversity of the microbial community, but the key functional bacteria, Candidatus_Competibacter,
proliferates in the SBR inoculated with X3-1. Conclusively, it is suggested Mycobacterium senegalense
X3-1 could be a prospective strain for enhancing AGS formation and denitrification.

Keywords: aerobic granular sludge; bioaugmentation; self-aggregation; calcium precipitation;
N-acyl-homoserine lactones

1. Introduction

Aerobic granular sludge (AGS) is a wastewater biological treatment process with good
application prospects in recent years, with an edge on good settlement performance, high
sludge activity, large biological density, strong impact resistance, and efficient nitrogen and
phosphorus removal [1,2]. Nevertheless, it is restricted in practical application since the
formation mechanism of AGS is not clear yet. Moreover, the start cycle was too long and
the granulation process was easily affected by many factors [3], which contributed to the
increase in capital expenditures [4]. Therefore, accelerating the granulation process can
popularize AGS applications and create economic value.

At present, most of the research on AGS focuses on the rapid cultivation of AGS and
the problem of instability during AGS operation. In the research on strengthening AGS
start and operation, it was a common practice to add metal ions (Ca2+, Mg2+, Fe3+, etc.)
and inert carriers to accelerate the formation of granular sludge [5]. Moreover, optimizing
the operating conditions and choosing optimized seeding sludge also had been attempted
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to reduce start-up time and facilitate the formation of granules [6]. However, research on
bioaugmentation for the rapid formation of AGS is still relatively limited.

AGS could form biological aggregates through self-flocculation without the help of
external materials [7], profiting from the significant role of microorganisms during the
formation of AGS. Different bacteria had specific metabolism and functions, and their
capability of aggregation was different [8]. Some species were reported to be devoted to the
early aggregation and the later granulation process. Jiang et al. isolated Propioniferax-like
PG-02 with strong phenol degradation and Comamonas sp. PG-08 with strong aggregation
ability [9]. SBR-seeded PG-08 achieved granulation on day 21 which was 14 days later than
SBR seeded both PG-02 and PG-08 on day 7, and the latter SBR exhibited better phenol
degradation capability. Liang et al. screened out Rhizobium sp. NJUST18 and Shinella granuli
NJUST29 (both with strong aggregation ability but relatively poor pyridine degradation
ability). The highest EPS contents and the second highest messenger cyclic diguanylate (c-di-
GMP) contents were detected in the combination of NJUST18 and NJUST29 and it only takes
42 days to form the AGS in the SBR inoculated with NJUST18 and NJUST29 [10]. However,
it has not been reported that inoculating SBRs with strains capable of aggregation and
denitrification ability enhanced aerobic sludge granulation and denitrification. In addition,
the mechanisms and the succession changes of the microbial community involved in the
accelerated aerobic granulation through bioaugmentation have not been fully understood.

On the other hand, adding metal ions is a good way to accelerate the granulation.
There have been many kinds of research concerning the promoting effect of multivalent
cations during the granulation process [5]. These cations formed nucleation with negatively
charged cells in terms of neutralizing, absorbing, and bridging. Granulation was achieved
faster within 16–21 days by adding 100 mg/L Ca2+ than no Ca2+ addition, in addition,
the Ca2+ granules added were of better settling properties and had a more compact struc-
ture [11]. It was reported that feeding 40 mg/L of Ca2+ was more propitious to faster
granulation than the addition of 40 mg/L of Mg2+ [12]. However, there is more research
focused on changing the cation concentration or the kinds of cation to achieve rapid gran-
ulation. Reports of calcium precipitation induced by calcium-precipitating bacteria to
accelerate AGS formation are still rare.

Therefore, the present study aimed at figuring out the mechanism of cell aggregation
and exploring the effects of bioaugmentation on enhancing aerobic granules formation and
denitrification of X3-1.

2. Materials and Methods
2.1. Isolation of Calcium-Precipitating Strain

Four strains capable of calcium precipitation and denitrification were isolated from
mature and stable aerobic granule sludges (AGS) by the manner of enrichment culture,
plate coating, and streaking. The mature AGS was cultivated by other members of our
research group and the seed sludge was from Longwangzui Wastewater Treatment Plant in
Wuhan, Hubei, China. 16S rRNA gene sequencing was used for identifying the four strains,
the results of which were deposited in the GenBank database for phylogenetic analysis.

In this research, calcium precipitation, aggregation activity, and denitrification capa-
bility were the most important three aspects to select strains for the further batch reactor
characterization. The inocula were prepared in an enrichment medium (EM) on a rotary
shaker at 150 rpm and 30 ◦C. The mixed liquid was centrifuged at 8000 rpm for 10 min
when the bacterium grew into the exponential phase (approximately 24 h after inoculation).
Then the sediment was washed three times with basal medium (BM). At last, the bacterial
sediment was re-suspended by vortex and diluted with basal medium (BM) to an optical
density at 600 nm (OD600) of approximately 1.0. The sediment, prepared as above, was
inoculated into 300 mL basal medium (BM) at inoculum size of 10%. Batch experiments
were conducted in basal medium (BM) on a rotary shaker at 150 rpm and 30 ◦C, while the
medium was kept under aerobic conditions. The bacteria were cultured for about 5 days.
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Each liter of enrichment medium (EM) consists of 3 g peptone, 0.12 g NaNO3, 0.1 g
KH2PO4, 0.05 g MgSO4·7H2O, 0.5 g NaCl, 0.5 g CaCl2, and 2 mL L−1 trace elements
solution [13]. Each liter of basal medium (BM) consists of 1.3 g C4H4Na2O4·6H2O, 0.2 g
glucose, 0.12 g NaNO3, 0.1 g KH2PO4, 0.05 g MgSO4·7H2O, 0.5 g NaCl, 0.5 g CaCl2, and
2 mL L−1 trace elements solution [13]. The composition of the trace element solution is as
follows (per Liter): 1.0 g EDTA, 1.0 g ZnSO4, 0.8 g MgSO4·7H2O, 0.8 g FeSO4·7H2O, 0.8 g
CuSO4·5H2O, and 0.2 g CoCl2·6H2O and 1.0 mol·L−1 NaOH or HCl solution was used to
adjust the pH of the basal medium (BM) to 7.5. The chemicals used were analytical-grade
reagents. Before use, the BM and HM were put into the autoclave and sterilized at 121 ◦C
for 30 min. Drugs mentioned above were purchased from Sinopharm in China.

2.2. Auto-Aggregation and Coaggregation Indices

Aiming at cultivating aerobic granules quickly, good aggregation performance is an
important index to screen out proper strains. The obtained calcium-precipitating strains
detected aggregation activity to evaluate the precipitation capability. Considering settling
performance, calcium precipitation, and denitrification, the best strains in these three
aspects, respectively, are screened out and combined.

Absorption spectrophotometry was employed for auto-aggregation and coaggregation
assay [14], which were carried out on a rotary shaker at 150 rpm and 30 ◦C, and the
batch reactors were 500 mL Erlenmeyer flasks. The four strains were inoculated into
basal medium (BM) at an OD600 of approximately 1.0 and an inoculum size of 10% after
enrichment culture and washed three times with basal medium (BM). A total of 5 mL
of mixture samples were collected and transferred to 10 mL centrifuge tubes every 12 h.
Meanwhile, their initial optical density (OD0) was tested at 600 nm. Then the mixture
samples were left to be still for 30 min. After that, 3 mL supernatant at 1 cm below liquid
level was collected and tested for optical density at 600 nm (OD30). The auto-aggregation
index of the mixture samples was calculated as follows:

Auto− aggregation index (%) = 100× (OD0 −OD30)/OD0 (1)

The index above could be defined as the coaggregation index when it was employed
in the combined bacterial batch reactor.

2.3. Aerobic Granules Cultivation in SBRs

Three column-type sequencing batch reactors were used to explore the aggregation
performance of calcium-precipitating strains for the acceleration of AGS.

The height of the SBRs was 300 mm, and the inner diameter was 110 mm. The actual
working volume was 2.2 L with an exchange volume rate of 50%. The hydraulic retention
time (HRT) was 12 h and the operation cycle was 6 h, consisting of 2 min of feeding, 120 min
of anaerobic, 90 min of oxic, 130 min of anoxic, and 15 min of sedimentation, and 5 min
of discharging [15]. By reducing settling time, rapid formation of granular sludge was
achieved [16]. The fast-settling sludge can be screened to realize granulation accounting
for the hydrodynamic shear force [17]. During the experiments, the temperature ranged
from 20 to 25 ◦C, which was relatively stable.

The seed sludge was collected from the Longwangzui WWTP in Wuhan, China. Per
liter of the synthetic wastewater consists of NaAc 323.7 mg, NH4Cl 76.5 mg, KH2PO4
14.6 mg, CaCl2 10.6 mg, and MgSO4·7H2O 10 mg and 1 mL of trace solution [18]. Bac-
terial inoculation was carried out at 10% of the reactor volume and the OD600 of bacte-
rial mixture was approximately 1.0, which corresponded to a biomass concentration of
1300 ± 100 mg L−1 dry biomass before mixing. For the combination of two strains, each
strain was seeded with 650 ± 100 mg L−1 dry biomass.

2.4. Analytical Methods

The concentration of NH4
+-N, NO2

–N, and NO3
−-N were analyzed using standard

methods [19]. The concentration of TIN consisted of the concentration of NH4
+ -N, NO2 –N,
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and NO3 –N. A laser particle analyzer was used to measure the sludge particle sizes (Mas-
tersizer 2000, Malvern, UK). An optical microscope was used to observe the morphology of
the AGS.

2.5. EPS Extraction and Analysis

EPS was extracted from AGS by a modified heat method [20]. EPS included loosely
bound EPS (LB-EPS) and tightly bound EPS (TB-EPS). Briefly, 9 mL of bacterial liquid or
sludge suspension was collected in a 10 mL tube and the liquid level was marked on the
tube. After the sludge was fully settled, the supernatant was poured. Then the bacterium
or sludge left in the tube was suspended again with 0.9% NaCl solution which was similar
to the salinity in the SBR until the liquid level reached the marked line before. After that,
the bacterial liquid or sludge suspension was sheared by a vortex mixer for 1 min, which
was later centrifuged at 4000 rpm for 10 min. The supernatant was recovered and was
regarded as the LB-EPS. To extract TB-EPS, the sludge pellet left in the tube after extraction
of LB-EPS was washed with 0.9% NaCl solution and centrifuged at 4000 rpm for 10 min
three times. The residual pellet was resuspended and heated at 80 ◦C for 30 min. After
centrifugation at 10,000 rpm for 20 min, the supernatant was filtrated with a 0.45 µm water
filter membrane, which was regarded as the TB-EPS of the sample. The protein (PN) was
measured by a modified Lowry method with bovine serum albumin as the standard and the
polysaccharides (PS) were detected by a sulfuric acid–anthrone colorimetric method [21,22].
LB-EPS was regarded as the sum of LB-PN and LB-PS, so as TB-EPS and EPS.

2.6. AHLs Extraction and Analysis

After centrifugation at 8000 rpm for 10 min, AHLs in the water phase were extracted
and analyzed [23]. A total of 35 mL of supernatant was filtrated with a 0.45 µm water filter
membrane and extracted twice with an equal volume of ethyl acetate. A rotary evaporator
and nitrogen blow equipment was used for solvent removal. After re-dissolution with 1 mL
acetonitrile and filtration with a 0.22 µm water filter membrane, the sample was analyzed by
ultra-performance liquid chromatography (UPLC Exion-LC, Shimadzu, Japan) coupled with
a triple quadrupole mass spectrometry (QTRAP READY 5500+, ABSxiex, Shanghai, China).
The column was InertSustain C18 (100 × 2.1 mm, 2 µm) at 40 ◦C. The mobile phase consisted
of 0.1% formic acid in pure water (A) and methanol (B) with a flow rate of 300 µL/min.

2.7. Microorganism Community Analysis

The community for AGS was determined on the 65th day. The general primer set 338F
(5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)
were used for amplification as the procedures [24]. The DNA extraction, PCR amplification,
and pyrosequencing were conducted sequentially on the Illumina MiSeq platform (PE300,
San Diego, CA, USA). The detailed bioinformatics analysis was conducted referred to a
previous report by He et al. [25].

3. Results and Discussion
3.1. Characterization of Isolates

Through a specific medium, four strains capable of calcium precipitating and den-
itrification were isolated from mature aerobic granules. Based on their 16S rRNA gene
sequencing, the four strains were identified as Ensifer adhaerens X1, Photorhabdus luminescens
X2, Mycobacterium senegalense X3-1, Achromobacter sp. X4 and 16S rRNA sequences of these
four isolates were deposited in the GenBank database under accession NO. OL639676,
OL639677, ON197551, OL639679, respectively. After analyzing their bacterial properties
including aggregation and denitrification ability, two strains, Ensifer adhaerens X1 and
Mycobacterium senegalense X3-1, were chosen as the inocula for SBRs. The secretion of extra-
cellular polymeric substances (EPS) and the concentration of N-acyl-homoserine lactones
(AHLs) were detected to demonstrate the mechanism involved in aggregation. Lastly, the
selected strains were added to SBRs to verify their effect on granulation, denitrification,
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and microbial communities. This research helps reveal the mechanism of aggregation and
provides the experimental basis for the application of bioaugmentation in AGS. As depicted
in Figure 1a, NO3

−-N concentration, Ca2+ concentration, TIN removal, and aggregation
index were evaluated under aerobic conditions. Nitrogen and calcium sources were served
by NaNO3 and CaCl2, respectively. The initial concentration of Ca2+ was set at 200 mg·L−1.
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efficiency, Ca2+ removal efficiency, and aggregation index of X1, X2, X3-1, X1 + X2, and X1 + X3-1.

NO3
−-N conversion and TIN removal efficiency are vital indices for strains inoculated

into SBRs. The denitrification of aerobic granular sludge mainly comes from denitrifying
bacteria. From Figure 1a, NO3

−-N concentration and TIN removal efficiency had similar
varying trends, which meant most TIN were from NO3

−-N, and NO3
−-N was rarely

converted to NO2
−-N. The TIN removal efficiencies of X1, X2, X3-1, and X4 were 100%,

85.08%, 64.91%, 38.98% within 36 h, respectively. The final concentrations of NO3
−-N in

the system inoculated with X1, X2, X3-1, and X4 were 0 mg·L−1, 3.22 mg·L−1, 5.99 mg·L−1,
and 12.75 mg·L−1, respectively. The system inoculated with X1 had the highest NO3

−-N
conversion rate and TIN removal rate compared to other strains, which were both 99.21%
within 12 h. While X4 showed a relatively terrible capability of nitrogen removal.

It was known that calcium removal efficiency and aggregation index were vital indices
based on the crystal nuclei hypothesis and self-agglomerative principle. Calcium removal
efficiency suggested the biomineralization capability of the four strains. As illustrated in
Figure 1a, the four strains all had the excellent capability of calcium precipitation, which
suggested basal medium showed a significant effect on the bacterial screening process. The
calcium removal efficiencies of the system inoculated with X1, X2, X3-1, and X4 were as high
as 91.45%, 100%, 91.85%, and 89.71% within 120 h, respectively. The final concentrations of
calcium in the system inoculated with X1, X2, X3-1, and X4 were 17.38 mg·L−1, 0 mg·L−1,
17.16 mg·L−1, and 20.67 mg·L−1, respectively. Strain X4 decreased calcium concentration
within 36 h from 200.87 mg·L−1 to 55.53 mg·L−1 with a removal rate of 4.04 mg·L−1·h−1.
Strain X3-1 was the fastest strain to reduce calcium concentration to 20.17 mg·L−1 at 3.5 d
with a removal efficiency of 90.40%. Nevertheless, strain X2 removed calcium almost
completely, which suggested it had more excellent mineralization performance among the
four strains. Otherwise, the peak spectrum of precipitation analyzed by XRD illustrated
the precipitation produced during the batch experiments as CaCO3 and MgCO3.
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Auto-aggregation index exhibits microbial auto-aggregation ability and single-species
nuclei produced during microbial growth can enhance the formation of microbial aggre-
gates in the SBRs. As demonstrated in the last part of Figure 1a, the auto-aggregation
capability of the nine strains was compared by spectrophotometry. Based on the aggre-
gation index at the beginning, the indices of X2, X3-1, and X4 increased except for strain
X1. It could be proposed that X2, X3-1, and X4 had auto-aggregation capability with ag-
gregation indices as high as 36.23%, 69.34%, and 41.23%, respectively. There was no doubt
that strain X3-1 showed the strongest auto-aggregation property. Nevertheless, strain X1,
which possessed the most excellent denitrification capability, was hardly auto-aggregated.
Apparently, the calcium-precipitation ability of strains was not positively correlated with
self-aggregation ability, so there was something else that regulated cell aggregation and the
mechanisms should be further explored.

From what had been analyzed above, among the four strains, strain X1 exhibited
the most illustrious denitrification ability, on the contrary, strain X4 could hardly convert
NO3

−-N. As for calcium removal, the four strains all had excellent calcium removal ef-
ficiency. When it came to the auto-aggregation index, strain X3-1 showed incomparable
auto-aggregation ability, while strain X1 was the opposite extreme. Although strain X1
showed poor auto-aggregation capability, its denitrification capability was quite strong.
Hence, X1, X2, and X3-1 were chosen as the inoculation strains for further combined batch
experiments. X1 was aimed at denitrification, and X2 and X3-1 were aimed at rapid granu-
lation. According to the different properties of the three strains, they were combined as
X1 + X2 and X1 + X3-1.

3.2. Characterization of Combined Strains
3.2.1. Removal and Aggregation Index of Combined Strains

The performance of single strains, X1, X2, X3-1, and their combined strains, X1 + X2,
X1 + X3-1, were depicted in Figure 1b. In general, compared to the single strains, their
combined strains had a downtrend in denitrification and an average level in calcium
removal efficiency and aggregation capability. When the system was inoculated with the
combinations of X1 + X2 and X1 + X3-1, the NO3

−-N convert efficiencies were 51.42% and
46.19%, respectively, whose TIN removal efficiencies were 51.38% and 44.96%, respectively.
However, the NO3

−-N convert efficiencies and the TIN removal efficiencies of X1, X2, and
X3-1 all exceeded 70%, which probably suggested the antagonist effect of X1 and X2, X1, and
X3-1. The denitrification capability of the combination of X1 and X2 was slightly superior to
that of the combination of X1 and X3-1, probably because of the better denitrification ability
of X2 compared with X3-1. The antagonist effect was probably owing to the competition on
carbon sources between strains. These isolated strains were denitrifying bacteria. During
denitrification, denitrifying bacteria require organic carbon sources as electron donors and
use oxygen from NO3

− for anoxic respiration. When two or more denitrifying strains were in
the same environment and carbon source was scarce, nitrogen would not be fully removed.

Nevertheless, the antagonist effect of the combinations had a tiny impact on calcium
removal efficiency. The calcium removal efficiencies of X1, X2, X3-1, X1 + X2, and X1 + X3-1
were 91.45%, 100%, 91.85%, 88.15%, and 90.53%, respectively. The capabilities of calcium
precipitation of the combined strains were still excellent.

As for the aggregation index, the combination was almost the average level of the
corresponding single strains. Compared to the combination of X1 and X2, the combination
of X1 and X3-1 showed stronger co-aggregation capability, with the aggregation index of
27.79%, which probably accounted for more excellent auto-aggregation performance of
X3-1. The aggregation index of X1 + X2 and X1 + X3-1 was higher than that of X1 but
lower than that of X2 and X3-1, which could be probably interpreted by the rather poor
aggregation activity of X1.

Therefore, we could draw the inference that the combination of X1 + X3-1 exhibited
higher aggregation ability but poorer denitrification ability than the combination of X1 + X2.
Nevertheless, overall, the single strain X3-1 showed the most excellent aggregation ability
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and acceptable denitrification ability, which was favorable for the rapid cultivation of
granular sludge capable of denitrification.

3.2.2. EPS Secretion of Combined Strains

To figure out the mechanism involved in aggregation, it is necessary to detect the
concentration of the EPS and N-acyl-homoserine lactones (AHLs) in the systems mentioned
above. The concentrations of protein (PN), polysaccharide (PS), and the ratio of PN to
PS of the five systems are exhibited in Figure 2. EPS plays an important role during the
cell adhesion and the formation of aggregates and EPS is attached to the carrier surface or
other bacteria [26]. EPS was typically reported to maintain the stability of the microbial
community [27]. In Figure 2, the PN and PS content in EPS varied in systems inoculated
with different stains but the common point was that the concentrations of PN in EPS were
much lower than those of PS in EPS. Some studies have found that the PS content in
EPS forms the cross-network structure with cells and it is propitious to the change of cell
surface property and cell aggregates [27]. The concentrations of average EPS content of
systems inoculated with X1, X2, X3-1, X1 + X2, and X1 + X3-1 were 100.82, 149.38, 169.95,
111.82, and 129.30 mg/g MLVSS, respectively. The average PS contents in EPS of systems
inoculated with X1, X2, X3-1, X1 + X2, and X1 + X3-1 were 90.05, 122.78, 133.35, 106.53, and
121.60 mg/g MLVSS, respectively. The orders of the EPS and PS contents of the systems
mentioned above both were X3-1 > X2 > X1 + X3-1 > X1 + X2 > X1, which were consistent
with the order of the aggregation indices. It could be confirmed that EPS could promote
cell adhesion and accelerated the aggregation of the bacterium. Therefore, the high PS
and EPS contents of X1 + X3-1 could probably promote microbial aggregating to facilitate
the formation of granular sludge in the early stage of SBRs and maintain sludge particle
stability [28,29].
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Besides the high EPS and PS secretion capability of X1 + X3-1, the combination also
showed better PN secretion capability compared to other strains. It was proposed that
the PN is the core component of EPS in AGS and it is of significance for the internal
structure establishment of granules and facilitates the formation of microbial aggregates
and the sludge granulation [30]. According to Higgins, the PN in EPS played a more
compact role in granulation than PS, it was found that adding protein degrading enzymes
significantly reduced the sludge flocculation performance while adding polysaccharide
degrading enzymes had little effect on the flocculation performance [31]. The average PN
contents in EPS of systems inoculated with X1, X2, X3-1, X1 + X2, and X1 + X3-1 were 10.77,
26.60, 36.60, 5.29, and 7.71 mg/g MLVSS, respectively. The higher PN contents of X1 + X3-1
might suggest the combination was more favorable for AGS formation than X1 + X2.

The increase in PN/PS can reduce the repulsive force between the particles, thus
accelerating the formation of granular sludges. The overall EPS showed negative surface
charge values and the surface charge was correlated with the ratios of PN to PS, which was
specifically manifested that the higher the PN/PS was, the lower the absolute value of the
sludge surface charge was, and the better the effect of sludge granulation was [32]. The phe-
nomenon mentioned above was also consistent with Liu’s research [30]. Therefore, it was
suggested that the ratio of PN to PS could be regarded as an indicator of granulation [30].
It can be explained that PN is positively charged accounting for the hydrolysis of amino
groups, while the PS has negative charges due to the hydrolysis of hydroxyl groups [33].
The higher the PN/PS ratio was, there were more charges for PN to neutralize, and the
absolute value of the overall surface charge was lower, which was more conducive to
granulation [30]. In Figure 2, the PN/PS ratios of the systems inoculated with X1, X1 + X2,
and X1 + X3-1 were within the range of 0–0.3, exhibiting mild variation during the batch
reactor experiments. In the system inoculated with X2, the PN/PS ratio increased from 0.09
to 0.67 within 72 h, which climbed the top of the curse with the PN/PS ratio of 0.69 at the
84th h. The PN/PS ratio of the system inoculated with X3-1 had been growing throughout
the whole incubation period and the maximal ratio was 0.93 after 120 h, which was also the
highest value among the five systems. It could be inferred that strain X3-1 could probably
promote the process of granulation.

3.2.3. N-acyl-homoserine Lactones (AHLs) of Combined Strains

AHL-mediated QS (Quorum sensing) can induce the bacterial attached growth, pro-
mote the EPS production and accelerate the sludge granulation process [34,35], thus it is
necessary to detect the concentrations of the N-acyl-homoserine lactones (AHLs) in the
five batch reactors. There were two kinds of N-acyl-homoserine lactones (AHLs) detected,
3OC6-HSL and 3OC12-HSL, respectively, the concentration changes of which during the
whole incubation period are depicted in Figure 3. In Figure 3a, 3OC6-HSL was only de-
tected in the system inoculated in X1 + X3-1 of 1.39–1.59 ng/L. From Figure 3b, 3OC12-HSL
was not detected in X1, and the order of the concentrations was X1 + X3-1 > X1 + X2 > X3-1 >
X2 > X1. The part of the order of single strains was identical to the order of EPS production,
which illustrated that 3OC12-HSL probably regulated the EPS secretion. According to
the research of Zhang et al., 3OC12-HSL had a significant positive correlation with ATP
and EPS content, and the increase in the content of ATP could promote the EPS synthesis,
thus conducive to maintaining particle stability [36]. In general, the concentrations of
N-acyl-homoserine lactones (AHLs) of the combined strains were both higher than those of
the single strains, respectively. It is inferred that N-acyl-homoserine lactones (AHLs) in
systems inoculated with combined strains might regulate other microbial activities and
Quorum sensing (QS) between different strains might be more active.
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3.3. Performance of Granular Sludge in Sequencing Batch Reactors (SBRs)
3.3.1. Particle Size Distributions

To confirm the performance of X1 and X3-1 in terms of accelerating granulation, a
blank control group (R1) and two SBRs inoculated with X3-1 (R2), X1 + X3-1 (R3) were
operated in parallel. As shown in Figure 4, until day 62, sludge flocs were still dominant in
R1, while signs of granulation had begun to show in R2 and R3 and a large cluster of small
particles was observed in R2 and R3. On day 71, small particles begun to appear in R1 and
particles in R2 and R3 obviously became larger (d1(0.5) = 93.31 mm, d2(0.5) = 178.37 mm,
d3(0.5) = 160.73 mm). When it came to day 109, the particle sizes of the three SBRs were not
different obviously from the naked eye, but the particles in R1 were much looser and lots of
flocs were observed under an optical microscope, which suggested that the particles were
cracked and the particle size was heterogeneous. Nevertheless, there was no doubt that the
particles in R2 had the most compact structure with smooth edges. Moreover, flocculent
sludge almost vanished and the particle size was well-proportioned in R2.
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3.3.2. EPS Secretion

When it came to EPS secretion, it could be inferred from Figure 5A that the total
TB-EPS concentrations in R2 and R3 during the whole operation period were higher than
those in R1, especially on day 92. Moreover, the average PN/PS value in R2 was higher
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than that in R1 and R3 but close to R3 (the average PN/PS values were 0.22, 0.29, and 0.27,
respectively). As was illustrated in Section 3.2.2, the total EPS content was significant to
bacterial aggregation ability and higher EPS contents facilitate the cell aggregates in the
early stage of granulation and the PN/PS value was an indicator to quantify the process
of granulation because the hydrophobicity of protein was propitious to the capability of
aggregating [37,38].
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3.3.3. Denitrification Performance

Inoculating the isolated strains had little impact on the nitrogen removal of the SBRs.
The concentrations of NH4

+-N, NO3
−-N, NO2

−-N, and TIN removal of SBRs after rela-
tively stable granulation (day 61–day 89) are illustrated in Figure 5B–D. During the whole
operation period, good removal of NH4

+-N and TIN was achieved in three SBRs. The
concentrations of NH4

+-N and NO2
−-N hovered around 0 mg/L demonstrating the com-

plete nitrification. A difference appeared in NO3
−-N that the concentration of R2 was

relatively low (2.11 ± 0.72 mg/L) compared to that of R1 (4.15 ± 0.26 mg/L) and R3
(4.74 ± 0.46 mg/L), which revealed the better denitrification ability of R2 (TIN removal
rate of R1, R2, and R3 were 80.61 ± 1.13%, 86.79 ± 2.08%, and 77.60 ± 1.76%, respectively).
In general, nitrogen removal performance was improved in R2 but the converse in R3
inferred that denitrification was influenced by not only a single strain but also the diverse
microbial community.

3.3.4. Richness and Diversity of Bacteria Phylotype

To investigate the diversity and structure of the microbial communities in the aerobic
granules, Illumina pyrosequencing was employed. A comprehensive evaluation of the
richness and diversity of the microorganism community of the four sludge samples was
revealed in Table 1. The coverage indices of the four samples were all higher than 0.99,
indicating that sequences extracted from samples could represent microbial communities
well. Through the comparison of OTU, Ace, and Chao indices, it was suggested that casting
calcium-precipitating strains obtained scarcer microbial communities in SBRs. The Ace
index was in line with the Chao index and also verified the reduction of bacterial richness.
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The order of Shannon estimators was Seed > R1 > R2 > R3, and it was contrary to the order
of the Simpson estimator, which illustrated that inoculating with the calcium-precipitating
strains also lowered the microbial diversity [39]. Compared with the indices of the seeding
sludges, the microbial richness and diversity were both largely decreased on account of
the introduction of strains. In addition to the fact that diversity decreased during AGS
formation [40,41], it was probably because the introduction of inoculated bacteria increased
the competition for nutrients between inoculated and indigenous bacteria, which was
also found between inoculated algae and bacteria in seed sludge [42]. In a word, it was
concluded that the granular sludges accelerated by calcium-precipitating strains had lower
richness and diversity than the seeding aerobic flocculent sludges and the granular sludges
formed by hydraulic shear.

Table 1. Similarity-based OTUs, richness, and diversity estimators of microbial communities of the
granular consortia sampled in seed sludge, R1, R2, and R3, respectively.

Sample OTU Shannon Simpson Ace Chao Coverage

Seed 1042 5.114 0.015 1281.6 1280.1 0.994
R1 1027 4.815 0.030 1357.1 1330.1 0.991
R2 969 4.650 0.042 1209.0 1258.8 0.993
R3 938 4.263 0.064 1246.0 1268.6 0.992

3.3.5. Microorganisms Community

The taxonomic affiliation of the dominant bacterium at phylum, class, and genus
levels were shown in Figure 6. It was distinct from Figure 6a that the dominant phyla
and classes from the four SBRs were similar, notwithstanding some shifts in the relative
abundances. Proteobacteria was the first predominant phylum in all the sludge samples, ac-
counting for 39.6%, 59.8%, 51.5%, and 65.8% in seeding sludges, R1, R2, and R3, respectively.
Proteobacteria (including Alphaproteobacteria and Gammaproteobacteria at class level detected
in Figure 6b) comprise most microorganisms relevant to biological nitrogen removals, such
as ammonium-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB) and denitrifying
bacteria (DNB) [43]. The following dominant bacteria phyla were Bacteroidota (15.2%, 8.7%,
15.2%, and 10.8%), Chloroflexi (13.6%, 12.1%, 9.4%, and 5.2%), and Patescibacteria (13.8%,
3.3%, 7.7%, and 6.2%), and Chloroflexi were the second dominant phyla in R1, yet other sam-
ples were Bateroidota. Briefly, Proteobacteria, Bacteroidota, Chloroflexi, and Patescibacteria were
ubiquitous in the activated and granular sludges [44,45]. Bateroidota could degrade high
molecular weight compounds [46] and utilized the second substrate from hydrolytic fermen-
tation for proliferation under the anaerobic oligotrophic condition. A variety of metabolic
functions were possessed by Chloroflexi, and they were able to degrade macromolecules
and cell materials in hypoxia and aerobic environments [47]. Other phyla with relatively
high abundance were Acidobacteriota, Myxococcota, and Actinobacteria. Acidobacteriota and
Actinobacteriota, were mainly in relation to the degradation of organisms and the formation
of humus [48]. According to many studies, many filamentous bacteria leading to sludge
expansion belong to Actinobacteria [49]. Compared with the relative abundance of Actinobac-
teria in R2 and R3 (1.0% and 1.9%, respectively), the abundance in R1 of that was higher and
closer to that of seeding sludge, illustrating the risk of sludge expansion.
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Figure 6b shows the relative abundance on the class level in the four systems. The
first dominant class in all systems was Gammaproteobacteria (27.2%, 42.8%, 42.8%, and 54.2%
relative abundance of seeding sludge, R1, R2, and R3, respectively), which was recognized
as EPS secreting bacterium propitious to the granulation of aerobic sludge [45]. The relative
abundance of R3 was observably higher than that of the other three samples, which corre-
sponded with the results of the higher EPS content for R3. In addition, Gammaproteobacteria
was also capable of denitrification, demonstrating the potential for nitrogen removal [50].
The following predominant classes were Alphaproteobacteria (12.4%, 17.1%, 8.7%, and 11.6%),
Bacteroides (12.2%, 6.3%, 13.4%, and 9.5%), Anaerolineae (10.8%, 9.2%, 7.9%, and 3.8%), and
Parcubacteria (1.4%, 1.4%, 4.9%, and 4.3%), yet the relative abundance of Gracilibacteria in
seeding sludge was comparatively higher than other three samples. Compared to the other
three systems, Bacteroidia was enriched in R2, which was in favor of hydrolysis and fermen-
tation of organisms [51]. Anaerolineae was also capable of hydrolysis and fermentation of
organisms [52].

The top 50 dominant genera analyzed from the four systems were revealed in the heatmap
(Figure 6c). The two genera with the highest relative abundance were Candidatus_Competibacter
and Defluviicoccus, which both had the capability of denitrification, thus named denitrifying
glycogen accumulating organisms (DGAOs). Candidatus_Competibacter showed the highest
relative abundance in R3 (43.0%), followed by R2 (32.9%), and the lowest in R1 (26.0%).
Moreover, they were higher than that of seeding sludge, suggesting the significance of Can-
didatus_Competibacter during the formation of the granular sludge. Candidatus_Competibacter
could produce a kind of special PS that was in a colloidal state and this increased the adhe-
sion of EPS and promoted cell aggregation and formation of compact granules in AGS [53].
The relative abundance of DGAOs was 20.2%, 35.0%, 35.0%, and 47.8% in seeding sludge,
R1, R2, and R3, respectively. Moreover, the nitrogen removal was bound up with the abun-
dance of DGAOs [54]. Filaments were closely linked to the granulation and the stability of
particles, and there were two frequently detected genera in the top 50 predominant genera,
Thiothrix, and norank_f_Caldilineaceae. Compared to the relative abundance of filaments
in seeding sludge (1.2%), there was an increase in both R1 (1.8%) and R2 (2.7%), and a
decrease in R3 (0.5%). Generally speaking, filaments were regarded as a vital element
that contributed to sludge bulking, nevertheless, filamentous bacteria without excessive
reproduction could be served as the particle skeleton in the process of granular sludge
formation and it might explain why the particles of R2 were larger and more complete than
those of R3, and the surface of the particles was smoother in the case of more DGAOs in R3.

4. Conclusions

Four denitrifying bacterial strains were isolated from mature AGS. Mycobacterium senegalense
X3-1 had excellent aggregation and good denitrification ability. Strain X3-1 exhibited the
highest EPS production and relatively higher AHLs secretion, demonstrating its superiority
in promoting granulation. By more than 10 days earlier than R1 (blank control group), aero-
bic granules were successfully achieved in SBR inoculated with X3-1 and the particles were
much more compact. The introduction of strains reduced the richness and diversity of the
bacterial community. The relative abundance of Candidatus_Competibacter increased in the
systems inoculated with X3-1, thus leading to faster granulation and better denitrification
capability. In summary, it is suggested that strain X3-1 had the prospective potential for the
rapid formation and the stability of granules.
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