Open Access Article. Published on 16 January 2023. Downloaded on 1/19/2026 10:50:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2023, 13, 2345

Received 22nd October 2022
Accepted 26th December 2022

DOI: 10.1039/d2ra06676a

Bioaugmentation with an aerobic denitrifying
bacterium with quorum quenching activity for
improved nitrogen removal and reduced
membrane fouling in anoxic/oxic membrane
bioreactort

Pengyuan Wei,> Jun Li, ©*? Jing Zhang,*® Yi Zhang,? Rong Luo,? Chaofan Xie?
and Zhaozhao Wang®

In this study, an aerobic denitrifying bacterium with quorum quenching activity, Acinetobacter sp. WZL728,
was inoculated into the anoxic/oxic membrane bioreactor (A/O-MBR) to study its effects on A/O-MBR
performance. The pollutant removal and membrane fouling between A/O-MBR with WZL728 (EMBR) and
A/O-MBR without WZL728 (CMBR) were compared. WZL728 increased the total nitrogen removal
efficiency from 75.05% in CMBR to 91.03% in EMBR and extended the filtration cycle from 5.44 days in
CMBR to 9.57 days in EMBR, which indicated that WZL728 improved the pollutant removal performance
and mitigated membrane fouling of A/O-MBR. The concentration of N-acyl-homoserine lactones in the
biocake of EMBR (EMBRB) was 11.23% of that in the biocake of CMBR (CMBRB). The content of
extracellular polymeric substances (EPS) in EMBRB was 69.00% of that in CMBRB. The abundance of
bacteria associated with EPS secretion (Alpthaproteobacteria) decreased and the abundance of bacteria
(Clostridia)
diphosphate-N-acetylgalactosamine associated with protein and polysaccharide synthesis were

associated with EPS degradation increased in EMBRB. Valine, alanine and uridine
significantly lower in EMBRB than those in CMBRB, which revealed the reason for the decrease of

protein and polysaccharide content of EPS within EMBRB. This study provides useful information for

rsc.li/rsc-advances

1. Introduction

In recent years, eutrophication has caused serious environ-
mental problems." Nitrogen is one of the main nutrients
causing eutrophication.”> To solve the problem of nitrogen
pollution, wastewater treatment plants usually use biological
nitrogen removal due to its high efficiency and low cost.' Among
them, the anoxic/oxic (A/O) process has become one of the most
widely used technologies in engineering due to its simple
operation and stable pollutant removal. However, with
increasingly stringent wastewater discharge standards, the
effluent from the single A/O process no longer met the existing
wastewater discharge standards.
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improving A/O-MBR performance by probiotics.

The membrane bioreactor (MBR) is an activated sludge
treatment process combined with membrane filtration, which
combines the biodegradation of activated sludge and the effi-
cient separation of membrane, so it has the advantages of both,
such as good solid-liquid separation, excellent effluent quality
and small footprint.>* The combination of A/O and MBR (A/O-
MBR), a process that the secondary sedimentation tank of A/O
is replaced with membrane module for solid-liquid separation,
can further improve the effluent quality. However, membrane
fouling in practical applications severely limited the further
spread and application of the technology.** Many methods had
been tried to reduce membrane fouling, including physical
methods (e.g., backwashing and air spraying), chemical methods
(e.g., chemical cleaning), and biological methods (e.g., phage).**
Whereas these methods did not fundamentally mitigate
membrane fouling. The biocake was the important factor
contributing to membrane fouling and EPS was the main
component of the biocake.>* Therefore, EPS played a key role in
the membrane fouling.* EPS secretion was usually attributed to
the communication mechanism called quorum sensing (QS) in
which bacteria secreted EPS through signaling molecules.>”*
Generally the abundance of Gram-negative bacteria in MBR was
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significantly higher than that of Gram-positive bacteria.” The N-
acyl-homoserine lactones (AHLs) was the main signaling mole-
cules used by Gram-negative bacteria to secreted EPS.? Therefore,
AHLs had been reported as the main signaling molecules
responsible for EPS secretion in MBR.>'® Degradation of AHLs,
quorum quenching (QQ), is an important way to mitigate
membrane biofouling. QQ enzymes had been successfully
applied in MBR to reduce biofouling.>'* However, due to the
stability and cost of QQ enzymes, the practical QQ approach was
needed. Considering that the membrane of A/O-MBR had high
efficiency retention effect, the functional bacteria in the reactor
were not easily lost. Therefore, inoculation of QQ bacteria
(bacteria that could produce QQ enzymes) into the reactor might
be a simpler and more economical way to mitigate biofouling.
Previous studies had shown that the inoculation with QQ
bacteria could significantly reduce biofouling in MBRs.”'" In
addition, the A/O-MBR process had internal circulation, which
made it difficult to maintain the ideal anoxic condition in the
anoxic tank and affected the denitrification efficiency. It was
reported that simultaneous nitrification denitrification was
achieved by inoculating an aerobic denitrifying bacterium into
the oxic tank of A/O-MBR, which improved the total nitrogen
(TN) removal efficiency of A/O-MBR.*?

Therefore, in this study, an aerobic denitrifying bacterium
with QQ activity (Acinetobacter sp. WZL728, OM967252), which
was previously screened,*® was inoculated into the oxic tank of
A/O-MBR to improve denitrification performance and reduce
membrane biofouling. This study intended to: (i) evaluate the
effect of strain WZL728 on the nitrogen and chemical oxygen
demand (COD) removal; (ii) investigate the effect of strain
WZL728 on membrane fouling by observing filtration cycles,
transmembrane pressure (TMP) and fouling resistance; (iii)
analyze the changes in the content and composition of AHLs
and EPS in the biocake; (iv) assess the effect of strain WZL728
on microbial community structure in the biocake; (v) explore
the effect of strain WZL728 on microbial metabolism through
differential metabolites. This study revealed that strain WZL728

View Article Online

Paper

improved nitrogen removal performance and mitigated
membrane biofouling of A/O-MBR through microbial commu-
nity and metabolomics, which was beneficial for further appli-
cation of strain WZL728 in A/O-MBR.

2. Materials and methods

2.1. A/O-MBR setup and operation

Two identical laboratory-scale A/O-MBRs were run in parallel
(Fig. 1), one for the A/O-MBR with the addition of strain
WZL728 (EMBR) and the other for the A/O-MBR without the
addition of strain WZL728 (CMBR). The volume of the reactors
was 9 L, including 3 L of anoxic tank and 6 L of oxic tank. The
synthetic wastewater was pumped into the anoxic tank by
a peristaltic pump and then stirred by a mechanical stirrer.
The detailed composition of synthetic wastewater was shown
in ESL.f The nitrogen source and carbon source of synthetic
wastewater were provided by NH,Cl and CH;COONa, respec-
tively. The main parameters of influent water were as follows:
NH,"-N 41.44 + 1.71 mg L™ ", TN 42.24 + 1.80 mg L', COD
422.49 4+ 17.51 mg L~ ". The C/N ratio of the influent water was
about 10. The oxic tank was equipped with a polyvinylidene
fluoride (PVDF) hollow fiber membrane (average pore size 0.01
um, surface area 0.06 m”) and a perforated aeration device.
CMBR and EMBR were operated at a constant filtration flux of
15 L (m~2 h™'). A peristaltic pump was used to extract the
filtrate from the membrane module with a 10 min extraction
cycle (9 min extraction and 1 min rest). According to the
previous study,'* a recirculation ratio of 300% facilitated the
removal of pollutant and reduced energy consumption.
Therefore, a peristaltic pump was set up to return the nitrifi-
cation solution from the oxic tank to the anoxic tank with
a recirculation ratio of 300%. The dissolved oxygen (DO) was
kept at about 0.4 mg L " in the anoxic tank and 3 mg L ™" in the
oxic tank. The mixed liquor suspended solids (MLSS)
concentration and mixed liquor volatile suspended solids
(MLVSS) concentration were approximately 7500 mg L~ " and
4500 mg L™, respectively. The sludge load was 0.13 kg COD

| ~— | — |
| AHLs I ‘ |
| I |
| 3 M: | o
| | ~— |
| I QQ enzymes R 4 I
I - I I |
e ! L=t ;‘_" el
7 N |
| // \\ |
Efﬂut pump 'l y X ‘| ~
e I 4 1 )
Membrane module | // L] | (P}~ Pressure sensor
t t
| Influent Pump |

Strain

2

Aeration
device

Oxic Anoxic

&

CMBR

Fig.1 The schematic diagram of CMBR and EMBR.
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per (kg MLVSS d). The hydraulic retention time (HRT) of
CMBR and EMBR was 12 h, including 4 h in the anoxic tank
and 8 h in the oxic tank. The SRT was controlled at 30 d by
discharging a certain volume of sludge daily. The temperature
in the reactors was maintained at about 24 °C and the pH was
maintained at about 7.3. A pressure sensor was installed to
detect the TMP. When the TMP rose to 40 kPa, the membrane
module was taken out for cleaning (tap water rinse, 1% NaClO
solution wash and 10% citric acid soak for 8 hours).

The seed sludge from the aeration tank of a wastewater
treatment plant (Beijing, China) was inoculated in CMBR and
EMBR. From day 0 to day 30 (Start-up phase), the both reac-
tors were acclimated to the synthetic wastewater. Thereafter,
the A/O-MBRs underwent a relatively stable phase and ran for
30 days (Phase I). An aerobic denitrifying bacterium with QQ
activity (Acinetobacter sp. WZL728, OM967252), which had
been previously isolated," was inoculated into LB medium
for enrichment. When the strain was in logarithmic phase,
the aerobic denitrification performance, QQ activity and
growth rate of the strain were at a high level.”® The bacterial
solution of WZL728 with OD600 of 1.0 was used as the inoc-
ulum. According to previous bioaugmentation studies,>** the
inoculum volume was 20 mL per day. During the phase Il, the
inoculum of WZL728 (ODggo = 1.0, 20 mL) was inoculated
daily into the oxic tank of EMBR. Bioaugmentation was
considered successful when the pollutant concentration in
the effluent and the filtration cycles were stable. During the
whole operation, the samples of influent and effluent were
taken to determine NH,"-N, NO, -N, NO; -N, TN and COD
in daily.

2.2. Determination of fouling resistance, AHLs and EPS

During the last four cycles of each of CMBR and EMBR, the
membrane modules on day 4 were removed, and the fouling
resistance, AHLs and EPS were measured. The fouling resis-
tance (Ry), including membrane resistance (R,,), biocake resis-
tance (R ) and pore blocking resistance (R,;,), was determined by
referring to He et al.* The content of AHLs and EPS in the bio-
cake was determined by the following method.

Specifically, the biocake was scraped off the membrane
module and placed in a centrifuge tube containing 100 mL of
PBS. The centrifuge tube was shaken to distribute biocake
evenly. To ensure the accuracy of the experimental results, the
biocake samples from the last four cycles of EMBR and CMBR
were separately mixed for the subsequent experiments. The
AHLs was extracted by the revised method.® Specifically, 40 mL
of the suspension was centrifuged at 11 000g for 8 min. The
upper liquid obtained by centrifugation was mixed with an
equal volume of ethyl acetate and the mixture was then shook at
200 rpm for 1.5 hours. The upper organic phase was separated
and dried in a rotary evaporator. Finally, 1 mL of formic acidi-
fied acetonitrile (0.1%) was used to dissolve the residue. The
resulting solution was filtered through a syringe filter. The
content of AHLs in the filtrate was determined by liquid
chromatograph-mass spectrometer (LC-MS), and the detailed
procedure was referred to Tabraiz et al.® The EPS was obtained

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by referring to Shao et al.*® The EPS was considered to consist of
protein (PN) and polysaccharide (PS), and the contents of PN
and PS were determined by Lowry method and anthraquinone-
sulfuric acid method, respectively.*>*¢

2.3. Microbial community analysis

The 16s rRNA gene high-throughput sequencing was applied to
study the microbial community in CMBRB and EMBRB. The
biomass samples used for community analysis were as
described in Section 2.2 and stored at —20 °C before analysis.
The DNA was collected from CMBRB and EMBRB by Mag-Bind
Soil DNA Kit (OMEGA, USA). The polymerase chain reaction
(PCR) amplification of 16S rDNA was performed with bacterial
universal primers 341F (5-CCTACGGGAGGCAGCAG-3") and
805R (5-GACTACHVGGGTATCTAATCC-3) and the amplified
DNA sequences were sequenced by Illumina MiSeq platform.
The obtained results were clustered by OTU at 97% similarity
using Usearch (version 9.2.64). The relative abundance of
a taxon was set as the number of sequences associated with the
taxon divided by the total number of sequences in the sample.

2.4. Metabolomics analysis

Metabolomics was used to explore the differences in microbial
metabolism between CMBRB and EMBRB, and the biological
replicates were three for each group. Samples for metabolite
analysis was described in Section 2.2. The extraction and
detection of metabolites and data processing were performed by
Songon Co. Ltd. (Shanghai, China). Specifically, 500 uL of
solution (methanol : acetonitrile : water = 2:2:1 (V/V)) was
dosed into 25 mg of sludge sample. The mixture was then
grinded at 40 Hz for 3 min and sonicated in ice-water bath for
5 min and the above procedure was replicated 3 times. After-
wards, the sample was placed at - 40 °C for 1 h. Finally, the
sample was centrifuged at 13 800g for 15 min. The upper liquid
was gathered for LC-MS detection. The original LC-MS data was
transformed into mzXML format by ProteoWizard (version 3),
treated with an in-house XCMS-based program and annotated
by an in-house database (BiotreeDB).

2.5. Analysis methods

The concentration of nitrogen, COD, MLSS and MLVSS were
determined by standard methods."”” Metabolic differences
between CMBRB and EMBRB were observed by partial least
squares discriminant analysis (PLS-DA). Significance of metab-
olite differences between EMBRB and CMBRB was determined
by two-tailed #test. Fold change (FC) meant that the average
level of a metabolite in EMBRB divided by its average level in the
CMBRB. All tests were performed in three independent repli-
cations and the results were presented as mean =+ standard
deviation (SD).

3. Results and discussion
3.1. Pollutant removal

The Fig. 2 depicts the removal of nitrogen and organic matter in
the EMBR and CMBR. During the start-up phase (0-30 days) and
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Fig. 2 The performance of (a) CMBR and (b) EMBR for pollutant
removal at different phases.

phase I (30-60 days), the above reactors performed similarly for
pollutant removal. During the start-up phase, the NH,-N
concentration in the effluent of both reactors gradually
decreased and kept at about 1.20 mg L~" on day 8 (Fig. 2).
Interestingly, the accumulation of NO, -N and NO; -N
occurred in both A/O-MBRs during this phase. This might be
due to the slower growth of nitrite oxidizing bacteria and
denitrifying bacteria than ammonia oxidizing bacteria. Subse-
quently, the NO, -N concentration in the effluent of the both A/
O-MBRs gradually decreased until it was almost undetectable,
while the NO; -N concentration gradually decreased and
reached a stable level on the 18 day (11.03 mg L™"). In addition,
the COD removal efficiency gradually increased and stabilized
at approximately 91.26% on day 9. During the phase I, the two
reactors operated stably. The NH,'-N and NO; -N concentra-
tions in the effluent were kept at about 0.76 mg L' and
9.48 mg L', respectively, while NO, -N was almost undetect-
able in the effluent. The COD and TN removal efficiency were
maintained at approximately 92.66% and 75.05%, respectively.
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During phase II (60-150 days), strain WZL728 was inoculated to
the EMBR, and the NH,'-N concentration in the effluent
remained stable. The EMBR and CMBR showed no difference in
the NH,"-N removal. Although the inoculation of WZL728 had
no influence on NH,-N removal by EMBR, the NO; -N
concentration in effluent decreased significantly and finally
remained at about 2.75 mg L', which was clearly lower than
the NO; -N concentration in the effluent of CMBR
(9.50 mg L™"). According to the nitrogen mass balance (ESIT),
57.56% of nitrogen is removed by denitrification in CMBR and
73.29% of nitrogen is removed by denitrification in EMBR.
These were attributed to the aerobic denitrification function of
strain WZL728. Accordingly, efficiency
increased significantly and finally stabilized at approximately
91.03% (Fig. 2). In addition, the COD removal efficiency in
EMBR increased slightly and finally stabilized at about 99.05%,
which was due to the fact that organic carbon source was
required as electron donor for the denitrification. Thus, the
inoculation of Acinetobacter sp. WZL728 could improve the
degradation of NO; -N and enhance the TN removal efficiency
of the A/O-MBR.

the TN removal

3.2. Membrane fouling

During A/O-MBRs operation, the magnitude of the TMP re-
flected the degree of membrane fouling.'®* When the TMP rose
to 40 kPa, the membrane module was taken out for cleaning.
The profile of filtration cycles for EMBR and CMBR during the
whole operation period is shown in Fig. 3a. The average filtra-
tion cycle of the CMBR during phase I and II was 5.44 day. After
the addition of strain WZL728, the average filtration cycle of
EMBR was extended from 5.37 day during phase I to 9.57 day
during phase II, and the EMBR was able to operate stably during
phase II. In order to explore the reason for the prolonged EMBR
filtration cycle during phase II, the TMP was investigated for
each reactor from day 92 to day 112. The increase of TMP in the
reactors was divided into two phases: slow increase at the
beginning and rapid increase at the end (Fig. 3b). The main
reason for the slow increase of TMP at the beginning was that
the biocake was forming on the membrane. The rapid increase
of TMP at the end could be the result of the complete formation
of the biocake on the membrane leading to the loss of
membrane connectivity.’® It was noteworthy that the TMP
underwent a short period of slow increase followed by dramatic
increase in each filtration cycle of CMBR, while the period of
slow increase for TMP in each filtration cycle of EMBR was
significantly longer than that of CMBR, which resulted in the
prolongation of each filtration cycle of EMBR (Fig. 3b). In
addition, R, was 13.65 x 10'> m~' in CMBR, of which R, was
10.76 x 10> m™* accounted for 78.83%, however, R, was 7.35 X
10" in EMBR, of which R. was 4.53 x 10'? accounted for
61.63% (Table 1). These results indicated that the biocake
resistance was the primary factor in membrane resistance and
WZL728 reduced the fouling resistance mainly by reducing the
biocake resistance. Therefore, the addition of strain WZL728
was effective in slowing down the rise of TMP and prolonging
the filtration cycle, which was mainly achieved by mitigating the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The profile of (a) filtration cycles during the whole operation and (b) TMP at 92-112 d of CMBR and EMBR.

formation of the biocake and extending the TMP slow increase
phase.

According to past studies, many aerobic denitrifying bacteria
were added to MBRs to improve total nitrogen removal, such as
Acinetobacter sp. TSH1." However, in this study, the WZL728 (an
aerobic denitrifying bacterium with quorum quenching activity)
was added to the A/O-MBR, which not only improved its the
total nitrogen removal but also reduced its membrane fouling.

Table 1 Fouling resistance

This indicated that strain WZL728 had great potential for bio-
augmentation of MBR.

3.3. Effect of QQ bacteria on AHLs in the biocake

It was reported that QQ bacteria mitigated membrane fouling
by degrading AHLs.” To explore the reason for the prolongation
of the TMP slow increase phase of EMBR during phase II, the
concentration of AHLs was determined. As shown in Fig. 4, the

CMBR EMBR
Resistance distribution m! Percent of R, m! Percent of R,
R, 13.65 x 10" 100% 7.35 x 10'* 100%
R 1.17 x 102 8.57% 1.17 x 10 15.92%
R. 10.76 x 10*? 78.83% 4.53 x 10*? 61.63%
R, 1.72 x 10" 12.60% 1.65 x 10" 22.45%

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentrations of C8-HSL, 3-oxo-C8-HSL, C10-HSL, C12-HSL
and 3-0x0-C12-HSL in CMBRB were 0.17, 1.05, 0.23, 1.24 and
0.07 ng mg~ ' VSS, respectively. The concentrations of 3-0xo-C8-
HSL and C12-HSL were significantly higher than those of C8-
HSL, C10-HSL and 3-ox0-C12-HSL, which indicated that 3-oxo-
C8-HSL and C12-HSL might be the major AHLs during the
formation of the bioacake. The concentrations of C8-HSL, 3-
0x0-C8-HSL, C10-HSL, C12-HSL and 3-oxo-C12-HSL in EMBRB
were only 0.04, 0.11, 0.03, 0.12 and 0.01 ng mg~ "' VSS, respec-
tively. This indicated that the concentration of various AHLs in
EMBRB were lower than that in CMBRB, especially 3-oxo-C8-
HSL and C12-HSL. The contents of 3-0xo-C8-HSL and C12-
HSL in EMBRB were only 10.48% and 9.68% of those in
CMBRB, respectively. These should be due to the addition of
strain WZL728, which was capable of degrading AHLs with long
acyl chains (Fig. S1t). In addition, the concentration of total
AHLs (C8-HSL, 3-oxo-C8-HSL, C10-HSL, C12-HSL and 3-oxo-
C12-HSL) in EMBRB was only 11.23% of that in CMBRB, indi-
cating that the concentration of AHLs in EMBRB was much
lower than that in CMBRB. Therefore, strain WZL728 reduced
the content of AHLs in EMBRB by 88.77%, which was signifi-
cantly higher than the previously reported degradation effi-
ciency of AHLs by Acinetobacter guillouiae ST01 (78.06%).° This
led to a lower likelihood of QS occurring in EMBRB, slowing
down the formation of the biocake and extending the TMP slow
increase phase, and ultimately mitigating membrane fouling in
EMBR.

3.4. Effect of QQ bacteria on EPS in biocake

According to previous studies, EPS was the key component of
the biocake.® Therefore, in this study, the content and compo-
sition of EPS in CMBRB and EMBRB were compared to reveal
the reasons for the alleviation of membrane fouling by strain
WZL728.
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Fig. 5 The concentration of PS and PN in CMBRB and EMBRB.

As shown in Fig. 5, the content of soluble microbial products
(SMP) in CMBRB and EMBRB were 63.84 and 38.63 mg g~ ' VSS,
respectively. High levels of SMP in CMBRB exacerbated
membrane fouling by forming a gel layer,® which was consistent
with the rapid increase of TMP in CMBR (Fig. 3b). In addition,
the SMP in CMBRB contained 36.56 mg g ' VSS of PN and
27.28 mg g ' VSS of PS with PN/PS of 1.34, while the SMP in
EMBRB contained 25.81 mg g~ VSS of PN and 12.82 mg g~ ' VSS
of PS with PN/PS of 2.01. The relatively lower PS content of SMP
in EMBRB resulted in significantly higher PN/PS of SMP in
EMBRB. Importantly, PS played a key role in bacterial adhesion
to membrane in the early phases of membrane fouling.’
Therefore, the addition of strain WZL728 could not only effec-
tively reduce the content of SMP, but also relatively reduce the
content of PS and change the composition structure of SMP. In
addition, the loosely bound extracellular polymeric substances
(LB-EPS) content in EMBRB was only 57.13% of the LB-EPS
content in CMBRB, which showed that the content of LB-EPS
in EMBRB was significantly lower than that in CMBRB.
However, the PN/PS of LB-EPS in EMBRB was 1.95, which was
similar to that in CMBRB (1.89). Therefore, the addition of
strain WZL728 reduced the level of LB-EPS in biocake and did
not change the structure of LB-EPS. Interestingly, there was no
significant difference in the content and structure of tightly
bound extracellular polymeric substances (TB-EPS) between
EMBRB and CMBRB, which was inconsistent with the signifi-
cant difference in TMP between CMBR and EMBR. The struc-
ture of TB-EPS became dense during the continuous filtration
process, so the changes in external conditions did not easily
change the property of TB-EPS.? Overall, the levels of SMP and
LB-EPS in EMBRB were significantly lower than those in
CMBRB, which was consistent with the low concentration of
AHLs in EMBRB (Fig. 4). It was reported that AHLs was essential
for the regulation and secretion of EPS.® Thus, strain WZL728
slowed down the formation of the biocake and mitigated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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membrane fouling by degrading AHLs to reduce SMP and LB-
EPS content in the biocake.

3.5. Microbial community

During the formation of biocake, microorganisms played an
important role.® Therefore, the 16S rRNA gene high-throughput
sequencing was applied to identify microorganisms in CMBRB
and EMBRB.

At the phylum level, the dominant phylum in EMBRB and
CMBRB were both Proteobacteria, Bacteroidetes and Chloroflexi
(Fig. 6a). It was reported that Proteobacteria was the main
phylum in the formation of biocake leading to membrane
fouling.” The abundance of Proteobacteria in EMBRB (34.74%)
was significantly lower than that in CMBRB (42.32%).
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Proteobacteria belonging to Gram-negative bacteria used AHLs-
mediated QS to participate in biocake formation. Strain
WZL728 limited the involvement of Proteobacteria in the
formation of biocake by QQ, which contributed to slow down
membrane fouling of EMBR." Bacteroidetes was another wide-
spread phylum in wastewater biological treatment systems and
main microorganisms contributing to membrane biofouling,
which could accelerate the membrane fouling process by
attaching to the membrane through its pilus.” Similarly, Bac-
teroidetes also belonged to Gram-negative bacteria. Strain
WZL728 reduced its abundance in EMBRB by 4.45% through
QQ. In addition, Chloroflexi, which normally lived under
anaerobic conditions, grew inside biofilms and was not
susceptible to environmental influence.* Thus the addition of

Others
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Fig. 6 The distribution of the microbial community at (a) phylum and (b) class in CMBRB and EMBRB.
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strain WZL728 had no significant effect on its abundance.
Notably, the abundance of Firmicutes which belonged to Gram-
positive bacteria was upregulated from 5.56% in CMBRB to
11.34% in EMBRB, suggesting that strain WZL728 favored the
growth of Gram-positive bacteria by inhibiting the growth of
Gram-negative bacteria. In addition, Firmicutes was able to
degrade organic matter causing membrane fouling, which
might be a significant reason for the decrease of EPS in
EMBRB."®

At the class level, Alpthaproteobacteria belonging to Proteo-
bacteria and Sphingobacteriia belonging to Bacteroidetes were
dominant class in CMBRB and EMBRB (Fig. 6b). The abun-
dance of Alpthaproteobacteria in CMBRB was 23.65%, while in
EMBRB the abundance of Alpthaproteobacteria was 18.76%.
Previous studies had reported that Alpthaproteobacteria could
secret EPS, in which it relies on the AHLs-mediated QS system."’
The addition of strain WZL728 reduced the concentration of
AHLs in EMBRB, inhibited the EPS secretion of Alpthaproteo-
bacteria. Sphingobacteriia belonging to Bacteroidetes was able to
further aggravate membrane fouling.* The strain WZL728
inhibited the growth of Sphingobacteriia. The abundance of
Sphingobacteriia decreased from 15.23% in CMBRB to 12.58%
in EMBRB, which was consistent with the slowing of membrane
fouling in the EMBR (Fig. 3). In addition, the abundance of
Gammaproteobacteria in EMBRB (10.35%) was significantly
higher than that in CMBRB (6.68%) due to the inoculation of
Acinetobacter sp. WZL728 belonging to Gammaproteobacteria.
Clostridia belonging to Firmicutes was able to hydrolyze PS** and
its abundance increased by 5.48% in EMBRB. This was consis-
tent with the relatively low PS content of EPS in EMBRB and was
beneficial to mitigate membrane biofouling in EMBR.

Overall, the decrease in the abundance of the Gram-negative
bacteria associated with EPS secretion (Alpthaproteobacteria)
and the increase in the abundance of Gram-positive bacteria
associated with EPS degradation (Clostridia) in EMBRB revealed
the reason for its reduced EPS content. This suggested that
strain WLZ728 influenced the membrane fouling by altering the
concentration of AHLs and thus regulating the abundance of
bacteria associated with EPS secretion and degradation in the
biocake. In addition, the abundance of Gammaproteobacteria
increased accordingly in EMBRB due to the addition of strain
WZL728, which was consistent with the enhanced denitrifica-
tion performance in EMBR.

3.6. Metabolomics

The activities in microorganisms are carried out by numerous
macromolecules, and the changes in macromolecules are ulti-
mately reflected at the metabolic level. Metabolomics studies
the changes in the metabolites of microorganisms between
different environments. Therefore, in order to investigate the
differences in microorganism metabolism between CMBRB and
EMBRB, metabolomics was performed.

As shown in PLS-DA (Fig. 7a), there was a clear separation
between CMBRB and EMBRB, indicating that the metabolic
state in the biocake between the two reactors was significantly
different. This indicated that the inoculation of strain WZL728
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Fig. 7 (a) PLS-DA; (b) volcano plot based on FC and p-value. Red dots
indicated that the level of these metabolites was significantly higher in
EMBRB than that in CMBRB (FC > 2, p < 0.05). Blue dots indicated that
the level of these metabolites was significantly lower in EMBRB than
thatin CMBRB (FC < 0.5, p < 0.05); (c) differential metabolites screened
according to VIP value (>1), FC (>2 or <0.5) and p-value (<0.05). The
differential metabolites with VIP value in top 15 were listed. "**" indi-
cated p < 0.01.

leaded to completely different metabolic response of the
microorganisms in EMBRB. Specifically, 303 metabolites were
detected and 97 metabolites were significantly altered, of which
43 were upregulated (p < 0.05; >2-FC) and 54 were down-
regulated (p < 0.05; <0.5-FC) in EMBRB (Fig. 7b). This indicated
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that strain WZL728 interfered with the level of metabolites. The
variable importance in projection (VIP) values derived from the
weighting coefficients of PLS-DA were able to be used to rank
the segregation contribution of metabolites to CMBRB and
EMBRB. Therefore, the differential metabolites between
CMBRB and EMBRB were screened based on VIP values (>1), FC
(>2 or <0.5) and p-values (<0.05), and the results are shown in
Fig. 7c. The main amino acids affecting extracellular PN were
alanine (Ala) and valine (Val).** The levels of Ala and Val in
EMBRB were only 0.26 and 0.28 of those in CMBRB, respec-
tively. This might be an important reason why the PN level of
EPS in EMBRB was significantly lower than that in CMBRB. PS
of EPS produced by bacteria played a key role in aggravating
membrane fouling. Uridine diphosphate-N-acetylgalactos-
amine (UDP-GIcNAc), which was an important metabolite
involved in PS synthesis, was detected at significantly lower level
in EMBRB than that in CMBRB (0.21-FC, p < 0.01).>" It was re-
ported that AHLs mediated extracellular PS and PN production
through the regulation of PS and PN synthesis-related metab-
olites.”* Strain WZL728 mainly degraded 3-oxo-C8-HSL and C12-
HSL in EMBRB. Thus, the reason for the differences in PN and
PS of EPS between CMBRB and EMBRB may be that strain
WZL728 downregulated the levels of metabolites associated
with PN and PS synthesis by hydrolyzing 3-oxo-C8-HSL and C12-
HSL in EMBRB. Furthermore, UDP-GIcNAc has a higher VIP
value compared to Val and Ala (Fig. 7c), which might be an
important reason for the relatively lower PS content of EPS in
EMBRB (Fig. 3). Thus, strain WZL728 could reduce EPS content
by hydrolyzing AHLs and thereby reducing metabolites associ-
ated with the synthesis of PN and PS. This revealed the reason
for reduced EMBR membrane fouling from the metabolic
perspective. Nicotinamide adenine dinucleotides (NAD"), which
was involved in oxidation-reduction reactions, played an
important role in the conversion of nitrate to gaseous
nitrogen.?? Notably, NAD" was significantly upregulated (3.70-
FC) in EMBRB. This was consistent with the improved denitri-
fication performance in EMBR (Fig. 2).

The influent water used in this study was synthetic waste-
water, which still had a large gap with the real wastewater. The
real wastewater not only contained a wide variety of microor-
ganisms but also had complex water quality, which might have
an impact on the microbial community and metabolism in the
reactor. If the influent water of A/O-MBR is real wastewater,
whether inoculation of WZL728 can effectively improve the total
nitrogen removal and reduce membrane fouling deserves
investigation.

4. Conclusions

This study showed that an aerobic denitrifying bacterium with
QQ activity (strain WZL728) was able to improve the perfor-
mance of A/O-MBR by enhancing nitrogen removal perfor-
mance and reducing membrane biofouling. Due to the aerobic
denitrification function of WZL728, the denitrification perfor-
mance improved and the TN removal efficiency increased to
91.03% in EMBR. Compared to CMBR, the filtration cycle in
EMBR was extended by 1.76 times with the addition of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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strain, which was mainly achieved by extending the TMP slow
increase phase. During the slow increase phase of TMP, the
main AHLs (3-ox0-C8-HSL and C12-HSL) in EMBRB were
substantially degraded and the concentration of total AHLs in
EMBRB was only 11.23% of that in CMBRB due to the QQ
activity of WZL728. The decrease of AHLs reduced the content of
SMP and LB-EPS in EMBRB by 39.49% and 42.87%, respectively,
by adjusting the microbial community structure and microbial
metabolism. On the one hand, decreased abundance of Gram-
negative bacteria (Alpthaproteobacteria) associated with EPS
secretion and increased abundance of Gram-positive bacteria
(Clostridia) associated with EPS degradation led to the decrease
of EPS content in EMBRB. On the other hand, decreased levels
of metabolites (Ala, Val and UDP-GIcNAc) associated with PS
and PN synthesis led to the decrease of EPS in EMBRB. There-
fore, this study revealed how WZL728 improved the nitrogen
removal performance and mitigated membrane fouling, which
was beneficial for further application of the probiotics in
A/O-MBR.
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