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HIGHLIGHTS [ l

* High density spatiotemporal sampling was adopted
to investigate a municipal WWTP.

+ Spatially independent corridors showed high
microbial community similarities. ]

o Three distinct stable states of the microbial [
community were observed over a year.

* Conserved function over microbial community
succession was observed in the WWTP.
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ABSTRACT: Insights into the microbial communities in municipal wastewater treatment plants
(WWTPs) are critical for the optimization of biological nutrient removal process. However, our
understanding about the spatiotemporal characteristics of the microbial communities in WWTPs remains
limited. In the present study, 264 samples were collected biweekly from four spatially independent
corridors in a typical municipal WWTP. The annual compositional and metagenomic characteristics
were investigated based on multiple ecological indicators using statistical tests. The results revealed that
the microbial community compositions from the four corridors showed significantly high similarities, as
revealed by the statistical analysis at the operational taxonomic unit (OTU) level. Consistent with the
OTU level results, the functionality of the microbial communities in the four independent corridors also
showed significant similarity. In comparison, the dynamics of the microbial community over the year
showed two successional peaks of the microbial communities with the spatial similarity, and this resulted
in three alternative stable states of the microbial communities in a calendar year. The microbial
communities only drifted in July and November, suggesting an uneven community succession pattern

driven by seasonal variation in environmental conditions. The functional characteristics were found to be
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relatively conservative compared to the microbial community succession, which revealed the decoupling

between the composition and functionality of the microbial community in the municipal WWTP. The

present study provides an in-depth overview of the microbial communities in a municipal WWTP and

will be useful for the establishment of the connection between ecological characteristics and the

operational stability of WWTPs.

KEYWORDS: Activated sludge, Microbial community, Spatial similarity, Successional pattern,

Metagenomics

1 Introduction

In typical municipal wastewater treatment plants
(WWTPs), carbon and nutrient removal and resource
recovery are primarily achieved by complex microbial
communities (Xia etal, 2018; Woo etal.,, 2022).
Currently, efficient pollutant removal of WWTPs is
primarily mainly achieved by optimizing the microbial

community based on  operational parameter
management. Nevertheless, an understanding of the
microbial communities in WWTPs have been

overlooked. From the perspective of microbial ecology,
WWTP is a semi-artificial ecosystem that
accommodates thousands of bacterial genera with high
biomass concentrations ranging from 2 to 10 g/L that
mediate specific engineered functions (Zhang et al.,
2012; Tong etal., 2019; Chen etal.,, 2023). Recent
studies have suggested that the operational stability and
performance of WWTPs are closely related with the
characteristics of the microbial communities (Cao et al.,
2020; Wang et al., 2021; Dottorini et al., 2023). These
findings highlight the importance of an in-depth
understanding of the microbial communities in
WWTPs.

Ecological surveys in WWTPs at spatial and temporal
scales have deepened our understanding of the
microbial communities within WWTPs (Woo etal.,
2022). Numerous studies have verified the existence of
shared bacteria (so called ‘core bacteria’) in different
WWTPs. Most of these members are involved in
functions that are highly related with the WWTP
operational efficiency (Zhang et al., 2023). In addition,
the distinct spatial heterogeneity of microbial
communities in WWTPs has been revealed by global
crossover research, although these WWTPs had similar
engineered functions (Zhang etal., 2012; Wu etal.,
2019). Similar to the spatial differences, the distinct
diversity of the microbial communities over time has
also been widely reported. Seasonal succession and
incomplete annual regression of microbial communities
have been verified based on multiple temporal sampling
intervals ranging from daily to trimonthly (Jiang et al.,

2018b; Wang et al., 2021).

Recent studies have revealed significant differences
in the microbial community in WWTPs with similar
influent, processes and located in similar regions (Wu
etal., 2019; Yang etal., 2020). WWTPs normally
include more than one independent corridor to reduce
the loading rate of a single reactor. Physicochemical
parameters are commonly used to maintain consistent
operation and performance of these independent
corridors (Cui et al., 2023). However, the ecological
features of these corridors during long-term operation
have received less attention. Whether the microbial
communities in these corridors maintain identical
composition during perennial independent operation
over time remains unclear. The relationship among the
microbial communities fundamentally determines
whether these spatially separated corridors should be
independently operated as different systems. Beyond
the spatial features, the characteristics of the microbial
community under the stable operation period of
WWTPs remains unclear. Considering that the most
recent studies of WWTPs primarily focused on either
the long-term sampling of a single WWTP or a single
sampling site for each WWTP with different types of
processes (Cao et al., 2020; Chen et al., 2022), a high-
resolution investigation at both the spatial and temporal
scales will contribute to a more comprehensive
understanding of microbial communities in municipal
WWTPs.

In this study, the microbial community from four
independent corridors of a typical municipal WWTP
are characterized biweekly as the biotic feature of the
WWTP in a calendar year. Since previous studies have
revealed distinct microbial communities across
WWTPs over space and time, the primary goal of the
present study is to characterize the spatiotemporal
properties of the microbial communities from four
independent corridors in a typical municipal WWTP
during long-term operation. To address this goal, the
composition, structure, and successional dynamics of
the microbial communities in the WWTP are analyzed.
To elucidate the spatiotemporal functionality of the
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microbial communities, representative samples are
selected for metagenomics sequencing. The implication
of microbial ecology for guiding WWTP operational
strategies is also discussed. The results of the present
study provide further understanding of the potential
ecological parameters for optimizing biochemical
processes in WWTPs.

2 Materials and methods

2.1 Characteristics of the high-capacity WWTP and
activated sludge sampling

2.1.1 Overview of the WWTP

The activated sludge was collected biweekly from four
physically separated corridors in a full-scale WWTP
from January 2022 to January 2023 (Fig. 1). The
primary portion of the influent of the WWTP was
domestic wastewater, while industrial and chemical
wastewater only accounted for a small proportion. The
influent contained 46.4 mg/L of NH,*—N, 4.6 mg/L of
PO, —P and 305 mg/L of chemical oxygen demand
(COD). The mean influent quantity of the WWTP was
1000000 m3/d. The preliminary treatment units
included grilles, lift pump houses, aerated grit
chambers, and primary sedimentation tanks. The
anaerobic-anoxic-oxic (AAQ) process was adopted for
simultaneous biological nitrogen and phosphorous
removal. The hydraulic retention time (HRT) of the
process was maintained at 810 h based on the
pollutant removal efficiency of the WWTP. The sludge
retention time (SRT) was controlled at 12—15 d based
on the suspended solids concentration of the
biochemical tank. And the average concentrations of

NH, "N, PO,*—P and COD in the effluent were 2.4,
0.6, and 45 mg/L, respectively (Guo et al., 2017). The
WWTP included four independent corridors. Each
corridor had the same influent quality, volume,
operational conditions. In addition, the four corridors
had independent sedimentation tanks and sludge return
systems. Overall, the four corridors were identical,
except for the physical separation.

2.1.2 Sampling strategy and procedures

The activated sludge of the four corridors were sampled
in triplicate at the end of the biochemical tanks at one
meter below the surface. The retrieved activated sludge
samples were concentrated using gravity sedimentation
to remove the excess moisture. The sampling procedure
at 22 time points from the four corridors in triplicate
resulted in a total of 264 samples being sequenced.
Eight representative sampling points were selected for
the metagenomics analysis to investigate the functional
characteristics of the microbial communities during
different seasons and in different corridors. Before
DNA was extracted, the activated sludge samples were
freeze-dried by a freeze dryer (Free Zone, Labconco,
USA).

2.2 DNA extraction, amplicon and metagenomic gene
sequencing

DNA was extracted from the freeze-dried activated
sludge samples by FastDNA® SPIN Kit for Soil (MP
Biomedicals, USA) following the standard protocol.
The purity and contamination of the extracted DNA
were checked by a spectrophotometer (ND-1000,
NanoDrop® Technologies, USA). DNA libraries was
constructed prior to high-throughput sequencing by
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Fig. 1 Schematic diagram of the spatiotemporal sampling strategy in the wastewater treatment plant (WWTP). The activated
sludge from the four corridors was sampled from January 2022 to January 2023 in triplicate, which resulted in 264 samples. All
samples were sequenced based on the V3—V4 region of 16S rRNA gene. The samples colored with dark gray were selected for

the metagenomic sequencing.
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bridged polymerase chain reaction (PCR) amplification.
The bacterial 16S rRNA gene was captured by the
universal primers, 338F (5'-ACTCC TRCGG GAGGC
AGCAG-3') and 806R (5'-GGACT ACCAG GGTAT
CTAAT-3"). The PCR reaction system included 0.4 x
107 mol/L of paired primers, 1 x 107 mol/L of four
kinds of deoxy-ribonucleoside triphosphate, 1 x 1076
mol/L of FastPfu polymerase, 4 x 107° L of 5 times
PCR buffer, and 10 ng of template DNA. The bridged
PCR reaction was conducted for 30 cycles with an
initial denaturation step and a final extension step.
Paired-end sequencing of the amplicon library were
performed on a Miseq PE 300 platform (250 base pair
for both sides, Illumina, USA). For the metagenomic
sequencing, the extracted DNA from activated sludge
samples was fragmented to an average insert size of
400 bp by Covaris M220 (Gene Company Limited,
China) for the subsequent library construction. Then the
paired-end library was constructed using NEXTFLEX
Rapid DNA-Seq (Bioo Scientific, USA). The high
throughput sequencing targeted on the environmental
samples was performed on the Illumina Novaseq 6000
(Illumina, USA) following the standard protocol with
NovaSeq Reagent Kits. The raw metagenomic and 16S
rRNA gene sequencing data sets were uploaded to the
Sequence Read Archive Database of the National
Center for Biotechnology Information under the
bioproject number of PRINA1029465.

2.3 Amplicon and metagenomic sequences processing

The raw amplicon sequencing data generated by Miseq
PE 300 platform were pre-treated using Usearch
(version 11) in Linux system (Edgar, 2013). In short,
the barcode and primers of each amplicon was cut after
sequencing. The clean amplicons with low sequencing
qualities (error rates > 1%) were filtered out. The
paired-end reads with high quality were merged to
obtain the full-length amplicons. The reads with low
abundance were filtered out after the quality control.
The high-quality reads were clustered into unique
operational taxonomic units (OTUs) using Usearch.
Chimeric sequences were identified and deleted from
the amplicon data set according to the Ribosomal
Database Project (RDP) reference database (Cole et al.,
2014). Each qualified OTU was further aligned to the
SILVA rRNA database to obtain reliable taxonomies
(Quast etal., 2013). The data processing resulted in a
total of 5891409 high quality reads from 264 samples.
The retrieved reads were clustered into 821 OTUs. All
samples were rarefied to 10000 reads (based on the
lowest read depth in all samples) prior to further
analysis. The rarefaction curves of the richness index

for each sample were checked to ensure that the
sequencing depth of the high-throughput sequencing
was technically adequate.

For the metagenomic sequencing data, the adaptors of
paired-end reads were cut after sequencing. Fastp
(version 0.20.0) was used to identify and remove the
low-quality reads or those with lengths less than 50
base pair (Chen etal., 2018). MEGAHIT (version
1.1.2) was used to assemble the high-quality reads into
contigs after quality control (Li etal., 2016). The
contigs with lengths less than 300 base pair were
deleted from the assemblage data set. Prodigal was used
to predict the open reading frames (ORF) based on each
assembled contig (Hyatt et al., 2010). Then the Cluster
Database at High Identity with Tolerance (CD-HIT,
version 4.6.1) was used to construct a non-redundant
gene catalog with a sequence identity and coverage rate
of 90% (Fu etal., 2012). The abundance of genes
retrieved from the high-quality contigs were counted
with 95% similarity threshold wusing the Short
Oligonucleotide Analysis Package (SOAPaligner,
version 2.21) (Li etal., 2008). The gene annotation
procedure was conducted by Diamond (version 0.8.35)
(Buchfink et al., 2021) against the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database with an
E-value threshold of 1075 (Kanehisa and Goto, 2000).

2.4 Bioinformatic analysis

To minimize the bias of a single estimator on the
microbial community diversity, multiple alpha diversity
estimators including the OTU richness, ACE, Chaol,
and Shannon indices, were calculated using the R

package, “Vegan”. The Spearman correlation
coefficients of the alpha diversity indices were
calculated to investigate the  spatiotemporal

characteristics of the microbial communities from
different activated sludge samples. A principal
coordinate analysis (PCoA) was visualized using the
“ggplot2” and “vegan” packages in R software. The
Spearman correlation coefficients of the bray-Curtis
dissimilarity among different corridors were compared
using a Mantel test. The retrieved results of Mantel test
was characterized as network diagram on Gephi 0.9.2
(Bastian and Jacomy, 2009). The Spearman correlation
coefficients of the bacterial species with relative
abundance greater than 0.1% were also calculated to
characterize the co-occurrence patterns of the bacteria
at different time and/or space.

2.5 Mathematical statistics

Shapiro-Wilk test was performed to examine whether

4 https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5

Zhaoyang Li et al., Front. Environ. Sci. Eng. 2025, 19(2): 23

https://doi.org/10.1007/s11783-025-1943-5

the ecological parameters follows a normal distribution.
The homoscedasticity of the data sets was checked
using either Bartlett’s test or the Fligner-Killeen test.
The selection of test method depends on whether the
data followed a normal distribution. Depending on the
normality of the data set, pairwise significant
differences in the retrieved values were analyzed using
either a Student’s #-test or a Wilcoxon rank sum test.
The significance of the differences in the variance of
the alpha diversity indices were examined by either
analysis of variance (ANOVA) or the Kruskal-Wallis
rank sum test, depending on the normality and
homoscedasticity of the data set. Post hoc comparisons
were conducted using either Tukey’s honest significant
differences test or pairwise Wilcoxon rank sum test.

3 Results

3.1 The spatial similarity of the microbial
communities in the four independent corridors

A total of 821 bacterial OTUs were detected in all
corridors with the absence of OTU763 in corridor 3 that
revealed high similarity of the microbial communities
among the different corridors at the OTU level (Fig. 2A).
The microbial community richness indices among the
four corridors were distributed over a large range of
355-681 during annual operation (Fig. 2B). There was
no significant difference of the richness indices among
the four corridors, as did other alpha diversity indices
(Fig. 2B; Wilcoxon rank sum test, p < 0.1; the other
indices are shown in Fig. S1). The pairwise Pearson
correlation coefficients of the OTU abundance ranged
from 0.661 to 0.848 (Mantel test, p < 0.01), indicating
significantly high similarities of the microbial
community compositions of the four corridors at the
OTU level (Fig. 2C). The richness index of the
microbial communities in the different corridors
showed high correlations over the year (0.557-0.816,
p < 0.01; Fig. 2D). The correlation coefficients of the
ACE and Chaol indices between the different corridors
ranged from 0.432 to 0.701 (p < 0.01). In addition, the
coefficients of the composited indices also ranged from
0.681 to 0.800 (p < 0.01). In addition, the Shannon
index showed high correlations of 0.370-0.520 between
the four individual corridors (p < 0.01, Fig. 2E),
indicating high alpha diversity similarities among the
four independent corridors. The pairwise Pearson
correlation coefficients of the Bray-Curtis dissimilarity
metrics ranged from 0.634 to 0.789 (Fig. 2F, Bray
Curtis dissimilarity with Mantel test, p < 0.01),

indicating significantly high similarities of the
microbial communities among the four corridors. These
results suggested that the composition and structures of
the microbial communities in the four individual
corridors showed high similarity over time.

3.2 The successional pattern of the microbial
communities in a typical year

A microbial community dynamics analysis was
performed to characterize the successional pattern of
the four independent corridors. The average richness
index of the microbial communities was stable at 589.4
during the first 29 d and then decreased from 577.3 to
551.8 on day 47 (GBDO04, Student’s t-test, p < 0.05;
Fig. 3A). The value then gradually increased from
558.5 to 6394 in 106 d (GBD06-GBD10) and
remained stable for 129 d (GBD10-GBD17; Student’s
t-test, p > 0.1). At the end of the year, the richness
index dramatically decreased from 635.3 to 523.5 in 11
days and remained stable for another 45 d
(GBD19-GBD22; Student’s t-test, p > 0.1). Among the
369 d of the sampling period, the richness index of the
microbial communities significantly changed over 135 d
(36.6%, related to six sampling points), while
remaining relatively stable for 234 d (63.4%, related to
16 sampling time points). Other estimators showed
similar trends as the richness index (Fig. S2). The
dynamics of the alpha diversity of the microbial
communities in each corridor showed high consistency
with the others, while the outliers only had the minor
portion, and this may have been caused by the bias
during the sampling and data processing procedures
(Figs. 3B and S3).

The Bray-Curtis dissimilarities were statistically
compared to further investigate the successional
dynamics of the microbial community over the year.
According to the hierarchical clustering (Bray-Curtis
dissimilarity, average linkage method, Fig. S4), the
microbial communities were divided into three groups
by sampling time, except for a few outliers. A clear
temporal succession of the bacterial communities was
reflected in the PCoA (Fig. 4). Two distinct successions
of the microbial communities occurred at the transitions
of spring and summer (GBD07 — GBD17) and fall and
winter (GBD17-GBD22). The two microbial
community successions divided the community into
three alternative stable states that showed significantly
different alpha diversities (Fig. 3, Student’s #-test for
richness index, p < 0.05) and ¢ distributions in the first
two principal coordinates of the PCoA (Fig. 4, Bray-
Curtis dissimilarity, p < 0.05). Despite the seasonal
succession over the year, the microbial communities
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Fig. 2 Spatial similarities between the microbial communities in the different corridors of the WWTP. A: the global
distribution of retrieved OTUs in the different corridors; B: Annual distribution of Richness index of the microbial communities
from each corridor. Wilcoxon rank sum test was adopted to verify the significance of pairwise Richness index differences
among different corridors; C: The pairwise correlations of OTU distribution in each corridor based on Spearman’s rank
correlation coefficients. OTU table was rarefied to 10000 per sample. OTUs with rarefied abundance of higher than 10 in any
sample were kept in the data sets. The abundances of OTUs were log-transformed; D: The pairwise correlations of richness
(ACE, Chaol and Richness indices) between the microbial communities in different corridors base on Spearman’s rank
correlation coefficients; E: The pairwise correlations of evenness (Shannon index) between the microbial communities in
different corridors base on Spearman's rank correlation coefficients; F: The correlations of successional pattern of the microbial
communities in different corridors. The distance matrixes of the microbial communities from each corridor were calculated
based on Bray-Curtis dissimilarity. Mantel test was adopted to show the Pairwise correlations of the distance matrixes between

each corridor.

from the different corridors significantly clustered
together at each sampling time point and showed no
significant differences. The microbial communities
from the different corridors showed similar annual
successional patterns (¢ distribution, p < 0.05).
Proteobacteria, Actinobacteria, Chloroflexi,
Bacteroidetes, Nitrospirae, Firmicutes, Acidobacteria,
and Saccharibacteria were the most abundant eight
phyla in the WWTP (91.8%—-100% in the different
samples). All the phylum showed significant variations
in their relative abundance over the year (Fig. 5A).
Proteobacteria,  Actinobacteria, = Chloroflexi  and
Bacteroidetes are widely reported to constitute a large
proportion of the microbial communities in activated
sludge systems (Wu etal.,, 2019; Yang et al., 2020).
Although the relative abundances of Proteobacteria and
Bacteroidetes significantly fluctuated over the year
(13.19%-58.3% and 1.92%—18%, respectively), these
two phyla only had slightly significant difference
between corridors 2 and 3 (Wilcoxon rank sum test, p >
0.1, Fig. 5B). Actinobacteria was the second most
abundant phylum in the communities, and the relative
abundance ranged from 11.7% to 36.6% in the four
corridors during the year. The distributions of
Actinobacteria in corridors 1 and 2 were significantly
different from corridors 3 and 4 (Wilcoxon rank sum

test, p > 0.05, Fig. 5B). Since little attention has been
paid to Actinobacteria in the activated sludge systems,
some of its members are recognized as filamentous or
bulking bacteria and tend to dominate those reactors
with an elevated sludge volume index (Knoop and
Kunst, 1998; Anderson et al., 2012). However, it is
worth noting that no sludge bulking was observed
during the experimental period. Chloroflexi ranged
from 3.28% to 24.6% in the microbial communities and
remained relatively stable in the four corridors. Some

members of Chloroflexi were involved in the
degradation of complex organics such as
polysaccharides and proteins (Kindaichi et al., 2012;

Luo et al., 2022).

3.3 The functional characteristics of the microbial
communities over space and time

The Shannon index of the three levels of the KEGG
metabolic pathways and Orthology (KO) of each
corridor were calculated. The results revealed that the
functional composition of the microbial communities
among the different corridors showed significant
similarities, except there was a mild difference of KO
between corridor 2 and corridor 3 (Figs. 6A and 6B).
Metabolism was used as an example, and the energy
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metabolism, global and overview maps, and amino acid
metabolism were the top three secondary pathways. The
relative abundances of the three pathways accounted for
91.1%-91.7% of metabolism and 74.5%—74.8% of the
total genes. The nitrogen metabolism pathway, which is
highly related to the biological nitrogen removal
process, was the primary energy metabolism pathway
and showed little difference among the four corridors
(Fig. 6B). The PCoA based on three KEGG metabolic
pathways and the gene level further confirmed the
spatial stability of the functional composition in the
different corridors. The functional compositions of the
community in the four corridors (green triangle)
clustered into one group and were significantly

different from other time points (Fig. 7).

Compared with the seasonal succession of the
microbial community, the temporal variation in
functions was relatively conservative. After a slight
decrease, the Shannon index of the metabolic pathways
recovered to the initial states (GBD1) at GBD17 but
dramatically decreased to the minimum at GBD22 and
did not increase to the initial states within the year
(Figs. 6C and 6D). In addition, the Shannon index of
the KO continuously rose throughout the year and was
also significantly different from the previous year. The
functional composition of the microbial communities
was stable in the summer (GBD07-GBDI17) but
showed significant variation between fall and winter

8 https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5
https://doi.org/10.1007/s11783-025-1943-5

Zhaoyang Li et al., Front. Environ. Sci. Eng. 2025, 19(2): 23

https://doi.org/10.1007/s11783-025-1943-5

02
] ; 1
o L \ 130 )
S W P e \ \l }
= 0.0 - ma® ]
g\ ¥ A
%‘ L} V vpd i}'/l_ A ‘l :"’1
Y iy
g A K Lge i o’
N .
v W (e - 171
\\ \.‘ n
-02 “ > - w Bl
: " e~ e 0
~ e ts
\\ L o - # rys
- - . Pl
- N e e 4
\“ ~ o P4
-~ -~ _—— L
-~ _————
“-.s‘_._ /
N . e o e
-4 e
—=0.50 =025 0.00 025 0.50
PCol 29.2%
—— e .
Days NN Serics

300 200 100 ® Corridor 1 A Corridor 2 M Corridor 3 4 Corridor 4

Fig. 4 Principal coordinates analysis (PCoA) of the annual samples from the four different corridors at OTU level. The density
curve and boxplot show that the distributions of the three groups were significantly different. The two axes represent a total of
48.3% interpretation. The confidence ellipse based on the ¢ distribution has a confidence level of 0.05.

(GBD17-GBD22), which was similar as the variation
in the microbial communities.

4 Discussion

4.1 Temporal diversity of microbial communities
over the spatial stability in the WWTP

Typical WWTPs normally include more than one
relative independent corridor with similar influent and
capacities. A global-scale research of WWTPs reported
that the microbial communities manifested large spatial
differences (Wu etal., 2019). However, the spatial
similarities of the independent corridors in a single
WWTP that is supposed to be an important piece of
information for WWTP operation optimization, has
been rarely reported. This study provided multiple
pieces of evidence for the spatial similarity of the
microbial communities in the different corridors with

biweekly-level intensive longitudinal sampling. The
ecological analysis indicated that the microbial
communities remained spatially stable over seasonal
dynamics (Figs. 1 and 4). The combined ecological
characteristics including the OTU composition, alpha
diversity index, and Bray-Curtis dissimilarity
statistically proved the similarity of the microbial
communities in the different corridors (Fig. 1).
Therefore, the four independent corridors of the WWTP
could be treated as the same engineering ecosystem,
and operated under similar parameters. In addition, the
microbial communities in the four corridors showed
similar successional patterns (Figs. 3 and 4). Since the
current microbial ecological theories have concluded
that microbial community assembly is driven by
deterministic and/or stochastic processes (Jiang et al.,
2018a; Chen et al., 2022), the result of the present study
provided strong evidence for microbial community
assemblages during long-term operation driven by
deterministic processes. The operational parameters and
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seasonal condition played more important roles than
stochastic operational disturbances in the microbial
community assemblages.

The present study also provided an ecological
understanding of the biological wastewater treatment
system, which is a typical complex semi-artificial
ecological system. In previous studies, constant
operational parameters and performance with stable
composition and function of the microbial community
was expected in a WWTP (Zhu and Anderson, 2017).
Interestingly, this study elucidated two peaks of
community succession in a natural year that resulted in
three different alternative stable states of the microbial

community with a legal effluent of the WWTP. The
microbial communities significantly drifted at GBD9
(July 30th) and GBD18 (November 21st), while they
remained relatively stable for most of the year (Figs. 3
and 4). The alternative stable states of the microbial
communities over seasonal factors has been widely
observed in many WWTPs (Ju and Zhang, 2015; Wang
et al., 2021). In WWTPs, the microbial communities are
affected by complex uncontrollable factors and
controllable parameters (Yu etal., 2023). Since the
operational parameters are relatively stable during
annual operation, some uncontrollable seasonal
conditions might significantly impact the microbial
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community (Yu et al., 2023). The seasonal variation in
the  environmental condition under  natural
environmental conditions might have been responsible
for microbial community succession among the three
alternative stable states. Although it is still difficult to
conclude the precise succession pattern of the microbial
community, the results obtained in this study provided
an overview that the potential microbial community
dynamics under the stable operation of municipal
WWTPs have been overlooked. Due to the
inhomogeneous succession of the microbial community

over time, sampling intervals should be determined in
combination with the variation of the environmental
conditions and operating parameters when developing
an ecological survey in WWTPs. According to the
results of our study, the biweekly sampling strategy
captured most of the features of the microbial
communities. However, weekly, even daily sampling
are recommended during the intense successional
period of microbial communities (e.g., GBD9 and
GBD18 in this study). In general, more comprehensive
studies based on well-designed sampling plans are
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required to clarify the peak period of the microbial
community succession during environmental
fluctuations or parameter adjustments.

4.2 Spatiotemporal conservation of function over
microbial community succession

How the microbial community structure relates to the
functional performance is a continuous topic in
microbial ecology. From the perspective of engineering,
stable microbial community under constant operational
parameters is expected in WWTPs. However, the
results of the present study revealed that the microbial
communities drifted among three alternative stable
states. In addition, the diverse microbial communities
could lead to the uncertainty in WWTP operations.
Furthermore, the metagenomics analysis showed that

the functional composition of the microbial
communities remained relatively conserved under the
three alternative states (Figs. 3 and 4). This result
suggested that the stability of the WWTP could be
related to the functionality of a microbial community
rather than the taxonomic relationships. In other words,
stable nutrient removals were achieved by different
microbial communities with nutrient metabolic
capacities under seasonal variation in the environmental
conditions. In most cases, microbial communities tend
to drift into multiple alternative stable states during
environmental variation (Shade et al., 2012; Philippot
et al., 2021). However, different microbial communities
might contain similar functional compositions. Such
phenomena have been reported in multiple habitats
including wastewater treatment reactors, the ocean, and
with plant tissue (Fernandez et al., 1999; Louca et al.,
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2016; 2018). The decoupling of function and taxonomy
can be fundamentally explained by the Insurance
Hypothesis (Yachi and Loreau, 1999). When the
abundance of a certain member decreases, other
members in the same ecological niche can complement
the required functions, resulting in the functional
stability of the ecosystem during community
succession. Considering that specific functions related
to nutrient removal are required in WWTPs, more
attention should be paid to the microorganisms that
possess key functions instead of focusing on their
taxonomy.

5 Conclusions

A successful application of microbial ecology in
wastewater treatment engineering was achieved in the
present study. The spatial stability of the microbial
communities in the independent corridors was verified.
Distinct temporal differences in the microbial
communities over spatial stability were observed. Two
seasonal community successions appeared in a natural
year, which divided the microbial communities into
three alternative stable states. The functional
composition of the microbial community was
conservative compared to their dynamics, resulting in a
decoupling between composition and function of the
microbial communities in the WWTP. For typical
municipal WWTPs with multiple parallel corridors, a
single corridor could represent the microbial
community characteristics of the WWTP. Future
studies should focus on the relationships between the
compositional and functional characteristics of
microbial communities in WWTPs.
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