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Prokaryotic communities play important roles in sewer sediment ecosystems,
but the community composition, functional potential, and assembly mechanisms
of sewer sediment prokaryotic communities are still poorly understood. Here,
we studied the sediment prokaryotic communities in different urban functional
areas (multifunctional, commercial, and residential areas) through 16S rRNA gene
amplicon sequencing. Our results suggested that the compositions of prokaryotic
communities varied significantly among functional areas. Desulfomicrobium,
Desulfovibrio, and Desulfobacter involved in the sulfur cycle and some
hydrolytic fermentation bacteria were enriched in multifunctional area, while
Methanospirillum and Methanoregulaceae, which were related to methane
metabolism were significantly discriminant taxa in the commercial area.
Physicochemical properties were closely related to overall community changes
(p < 0.001), especially the nutrient levels of sediments (i.e., total nitrogen and total
phosphorus) and sediment pH. Network analysis revealed that the prokaryotic
community network of the residential area sediment was more complex than the
other functional areas, suggesting higher stability of the prokaryotic community
in the residential area. Stochastic processes dominated the construction of
the prokaryotic community. These results expand our understanding of the
characteristics of prokaryotic communities in sewer sediment, providing a new
perspective for studying sewer sediment prokaryotic community structure.

KEYWORDS

sewer sediment, prokaryotic community function, sulfur cycle, co-occurrence pattern,
assembly mechanism

1 Introduction

Urban sewer system, commonly known as “the blood vessel of a city”, serves sewage
collection and transportation functions, but also is a “biochemical reactor” that can change
the form of pollutants, responsible for many important ecological functions (Mathioudakis
and Aivasidis, 2009), serving as a reflection of urban ecology. Different from natural
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environments such as soil/water which have been around for
millions of years, the sewer system is an artificial environment
and is a comparatively new habitat for microorganisms
(McLellan and Roguet, 2019). The feature of the prokaryotic
community in sediment has caught the attention of environmental
microbiologists.

Most previous studies have used different types of molecular
tools to study specific sediment microorganisms (e.g., sulfur-
oxidizing, sulfate-reducing, and methanogenic bacteria) in
sewer systems (Dong et al., 2017; Shi X. et al., 2020). There are
fewer comprehensive studies on the composition and functional
characteristics of prokaryotic communities in sewer sediments.
In recent years, high-throughput sequencing technologies
have dramatically deepened our insights into prokaryotic
communities in diverse ecosystems (Song et al, 2023; Yang
etal., 2023). Jin et al. (2018) preliminarily explored the prokaryotic
succession patterns in biofilms along urban sewage networks
and explored the relationship between sewage quality and
prokaryotic communities. However, most sewer sediment studies
were conducted using lab-scale reactors (Ren et al, 2022
Sharma et al, 2023), which failed to accurately replicate the
intricate environmental conditions in actual sewer systems. In
different urban functional areas, the sediment physicochemical
properties showed regular change due to the various sources
of sewage which likely led to prokaryotic community change.
The sewage and sewer sediment properties are highly related to
land use patterns (Ekklesia et al., 2015; Maritz et al., 2019). As
a result, we assume that functional area could be an important
factor that shapes the prokaryotic community distribution
and functions in sewer sediment. Since various sewer systems
demand different management strategies, understanding the
prokaryotic variance across different functional areas could
contribute to precision management, improving sewer quality
and health.

Microbes do not exist in isolation and often establish
an intricate inter-species web that regulates the function and
structure of ecosystems (Freilich et al, 2010). Analyzing the
co-occurrence patterns could offer fresh perspectives on the
sediment habitat and enhance our comprehension of the
sediment prokaryotic community, going beyond considerations
of diversity and composition (Barberan et al., 2012; Faust
and Raes, 2012). Although a wide array of studies revealed
the prokaryotic community co-occurrence pattern in complex
sediment environments ranging from river to ocean (Djurhuus
et al, 2020; Zhang et al, 2021), there is still a knowledge
gap remains regarding the sewer sediment, a special artificial
habitat for prokaryotic co-occurrence. Intense debates and
discussions have surrounded this enduring issue concerning
community assembly mechanisms. Both stochastic processes
(including homogenizing dispersal, dispersal limitation, and drift)
and deterministic processes (including homogeneous selection and
heterogeneous selection) facilitate the assembly of prokaryotic
communities in diverse habitats. However, it is not yet clear how
the sediment prokaryotic community assemblies vary with the
functional areas.

Here we hypothesized that functional area could be a significant
factor that shapes the prokaryotic community distribution and
functions in sewer sediment. Physicochemical properties may
impose different stresses that drive community assembly processes,
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thereby shifting the prokaryotic community structure in the
sediment. To address the research needs discussed above and to
provide an improved basis for future sewer sediment monitoring
efforts, we profiled prokaryotic communities in sewer sediments
from typical urban functional areas, including multifunctional,
commercial, and residential areas. This study aims to (1)
characterize the prokaryotic diversity and composition of sewer
sediment; (2) elucidate the relationship between prokaryotic
community structure and physicochemical properties; (3) uncover
the prokaryotic co-occurrence and assembly patterns in the
sewer sediment in different functional areas. This study aims to
comprehensively provide insights into prokaryotic communities in
different functional areas, and provide new insights for the analysis
of urban sewer sediment prokaryotic communities.

2 Materials and methods

2.1 Sample collection

Typical multifunctional, commercial, and residential areas
were selected in Ningbo, China. In each functional area, two
separate main sewer systems were randomly selected. Under the
expert guidance of the Zhenhai Urban Planning and Survey
Research Institute of Ningbo, we selected an area in the city
where residential buildings were relatively concentrated as a
residential area, a district where retail businesses were clustered
and transactions were frequent as a commercial area, and a district
with multiple functions, such as residential, commercial, service,
and administrative areas, as a multifunctional area. A total of
15 sampling sites were strategically designated, spanning three
distinct functional areas. The specific information on sewer
is detailed in Supplementary Table 1. The in-field criteria
are as described by Crabtree (1989). There was a two-week
drying period before sampling. Determination of temperature,
dissolved oxygen, and pH of sewage at different sampling sites
using the Multiparameter Instrument (Pro-Plus, Xylem, America).
Additionally, the hydrogen sulfide concentrations in the manhole
were measured using the Hydrogen sulfide gas recorder (H,S Gas
Monitor (PPM) gas monitor, AcrulogTM, Australia). Sediments
were collected in quadruplicate using a shovel. The 60 collected
samples (fifteen sites by four replicates) were carefully placed into
sterile plastic bags with airtight seals. These bags were stored
in ice packs at controlled low temperatures to maintain sample
integrity. After transportation, sediments were preserved at 4°C for
sedimentary physicochemical property analysis and at —80°C for
DNA isolation, respectively.

2.2 Physicochemical analysis

The sediment metrics including sediment pH, total organic
carbon (TOC), total phosphorus (TP), total nitrogen (TN),
nitrate-nitrogen (NO3~-N), ammonium-nitrogen (NH4*-N), and
available sulfur (AS) contents, total solid (TS), volatile solid (VS),
and physical texture (sand, silt, and clay contents) were measured.
Determination of pH in sediments using a pH meter: water
(1:5) extract. Sediment TOC and TN were assessed with TOC

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1327523
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Xia et al.

analyzer (multi-N/C3100, analytic jena, Germany). Sediment TP
was measured using a digestion method. Sediment NH,"-N and
NO;3 ™ -N were determined by the method described in the Chinese
Committee of Agricultural Chemistry (1983). Sediment AS was
determined by the BaSOy4 turbidimetric method. Sediment TS
was measured by high-temperature burning weighing method and
sediment VS was measured by the Gravimetric method. Sediment
physical texture was measured by a laser diffraction particle
size analyzer (2000LD, Bettersize, China). The physicochemical
properties of each sediment sample were obtained from four
independent replicate samples. The temperature, pH, and dissolved
oxygen of sewage are detailed in Supplementary Table 2.

2.3 DNA extraction, PCR amplification
and sequencing

The PowerSoil® DNA kit (MoBio Laboratories, Carlsbad,
CA, USA) was used to isolate prokaryotic DNA from each
sample. For the prokaryotic community, we used the universal
primers 515F (5'-GTGCCAGCMGCCGCGGTAA-3') and 806R
(5'-GGACTACNVGGGTWTCTAAT-3') to amplify the V4 region
of the 16S rRNA gene. Next, the amplified and cleaned DNA
samples were sequenced using the pairwise end-to-end (2 x 300 bp)
method by an Illumina MiSeq platform (Illumina, Inc., San Diego,
CA, USA). The raw sequences were submitted to the NCBI
BioProject database. The accession number was PRINA1015661.

2.4 Illumina data processing

Use Usearch fastq_mergepairs command with default
parameters in USEARCH v.11 software to combine paired-end
reads (Edgar, 2010). In brief, redundant sequences and chimeras
are filtered using the USEARCH unoise3 algorithm. USEARCH
fastx_uniques was used to sort the retained clean markers in non-
redundant abundance order. We classified sequences with >97%
similarity as zero-radius operational taxonomic units (ZOTUs)
(Edgar, 2010). The sequences with the highest abundance and
coverage in each ZOTU were selected as representative sequences
and compared with the Greengenes Database (release 13.8) using
PyNAST to get taxonomic information of each ZOTU (DeSantis
et al., 2006; Caporaso et al., 2010).

2.5 Statistical analysis

Calculation of alpha diversity indices of the sediment
prokaryotic communities used the “vegan” package (Dixon, 2003).
Differences in prokaryotic community samples between functional
areas were analyzed by principal coordinate analysis (PCoA). The
significance of differences was tested by Permutational multivariate
analysis of variance (PERMANOVA). Linear discriminant
analysis effect size (LEfSE) was used to identify the taxa with
significant differences across functional areas (Chen H. et al,
2021). The program “functional annotation of prokaryotic taxa’
(FAPROTAX) was used to predict the environmental biochemical
functions of the prokaryotic communities in sediment. The
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effect of physicochemical properties on prokaryotic community
composition was investigated using redundancy analysis (RDA).
The two-way correlation network analysis was conducted using
the 200 most abundant genera in terms of taxonomic abundance
and physicochemical properties (performed using Network and
Gephi). The correlation matrix was constructed by performing
the Spearman’s rank correlation coefficient for each pairwise
comparison (with a threshold of Spearman coefficient >0.6
and p < 0.05).

2.6 Co-occurrence network and
community assembly analysis

Co-occurrence network analysis was based on Spear correlation
(Spearman | R| > 0.9, p < 0.01), occurring in more than 80% of the
samples. Subsequently, the prokaryotic co-occurrence network was
established in Gephi (0.9.7). The role of each node in the network is
identified by the inter-module connectivity (Pi) and intra-module
connectivity (Zi) of the module attributes (Guimera and Nunes
Amaral, 2005). The “keystone species” refers to nodes determined
to be network hub and module hub based on intra-module
connectivity (Zi) and inter-module connectivity (Pi) values. The
neutral community model was predicted by the “Hmisc” package.
The iCAMP method was used to determine the assembly process
(Ning et al., 2020).

3 Results

3.1 Sediment physicochemical properties
and prokaryotic community diversity

Sewer sediment physicochemical properties fluctuated
dramatically across functional areas (Supplementary Figure 1).
The hydrogen sulfide (H,S) concentration in the multifunctional
area (7.69 ppm) was found to be significantly higher compared to
the commercial area (3.06 ppm) and the residential area (3.2 ppm)
(p < 0.05). Moreover, the multifunctional area exhibited the
highest content of available sulfur (AS), total nitrogen (TN),
total phosphorus (TP), and total organic carbon (TOC) while
the residential area had the highest level of nitrate-nitrogen
(NO37-N) (Supplementary Figure 1). The pH was higher
in the commercial area compared to the multifunctional area
and residential area (Supplementary Figure 1). At the ZOTU
level, the functional area significantly affected the diversity of
sediment prokaryotic communities (Figure 1A). The Shannon
and Richness indices were significantly different among functional
areas (p < 0.05). Shannon index was the highest in multifunctional
area, followed by residential area and commercial area. Similarly,
the Richness index showed the same phenomena. Additionally,
the random forest (RF) analysis identified TS (total solid),
TOC (total organic carbon), and TP (total phosphorus) as
relatively important variables in regulating the diversity of
sediment prokaryotic communities (Supplementary Figure 2).
Differences in prokaryotic communities in sewer sediments
from three functional areas were analyzed using the principal
coordinate analysis (PCoA) (Figure 1B). Prokaryotic community
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(A) Differences of Shannon and Richness indices in sediment from different functional areas. Significance of differences is indicated by “a, b, c”
(p < 0.05; multiple comparison with ANOVA tests); (B) Principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity and PERMANOVA tests
showing the variation of sediment prokaryotic communities from different functional areas. ***p < 0.001.

composition differed
(p <0.001) (Figure 1B).

significantly among functional areas

3.2 Variation of sediment prokaryotic
community composition and function

Circos plot uncovered the distribution of sewer sediment
prokaryotic community composition in different functional
areas at the phylum level (Figure 2). Proteobacteria and
Bacteroidetes were the most abundant phyla in the sediment.
Proteobacteria exhibited significantly higher abundance in
the multifunctional sediment (p < 0.05), whereas the relative
abundance of Aminicenantes was found to be the highest in
the commercial area. Linear discriminant analysis (LDA) was
used to identify the differentially abundant taxa among different
functional areas (Supplementary Figure 3). Interestingly, various
functional taxa were identified as significantly discriminant taxa
in different functional areas. Desulfomicrobium, Desulfovibrio,
and Desulfobacter (Wang et al, 2023) are involved in the
sulfur cycle, and some hydrolytic fermentation bacteria, such
as Trichococcus, Ornatilinea, and Anaerolinea (Jin et al,
2018), were enriched within the prokaryotic communities in
the multifunctional area. In addition, Methanospirillum and
Methanoregulaceae (Qian et al., 2023), which were related to
methane metabolism were significantly discriminant in the
commercial area.

We conducted further analysis to investigate the distribution of
methanogenic archaea (MA) and sulfate-reducing bacteria (SRB) in
sediments across various functional areas. The relative abundances
of SRB in the multifunctional, commercial, and residential areas
were quantified as 1.96, 1.05, and 0.91%, respectively. Remarkably,
the multifunctional area exhibited a comparatively higher relative
abundance of SRB. Furthermore, we identified four primary genera,
namely Methanothrix, Methanobacterium, Methanospirillum, and
Methanomassiliicoccus, as the predominant members of the

accumulated MA community. The relative abundances of MA
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were determined to be 3.58% in the multifunctional area, 4.73%
in the commercial area, and 3.44% in the residential area. These
findings indicated that the commercial area has the highest relative
abundance of MA.

The ecological functions of prokaryotic communities present
in the sewer sediment were characterized by annotating them
into 76 functional groups and categorized into 5 major groups
including carbon cycle, nitrogen cycle, sulfur cycle, energy source,
and other predicted functions using “functional annotation of
prokaryotic taxa” (FAPROTAX) (Figure 3). Based on principal
coordinate analysis (PCoA), there was an obvious separation
among functional areas (Supplementary Figure 4). Permutational
multivariate analysis of variance (PERMANOVA) further revealed
that significant differences were observed in the prokaryotic
community functions among functional areas (p < 0.05). The top
30 most abundant functions were identified and presented as a
heatmap (Figure 3). According to the results, chemoheterotrophy,
methanogenesis, and fermentation were the most common
functions, and multiple sulfur metabolism-related function genes,
including dark oxidation of sulfur compounds, respiration of
sulfur compounds, and sulfate respiration were also observed.
Interestingly, we observed distinct patterns in the functional group
relative abundance associated with different ecological functions
(Figure 3). Specifically, the multifunctional area exhibited the
highest relative abundance of functions related to the sulfur
cycle. On the other hand, functional groups associated with
methanogenesis, the process involved in methane production, were
concentrated in the commercial area.

3.3 Physicochemical properties affecting
the prokaryotic community

Redundancy analysis (RDA) revealed that the prokaryotic
community structure was tightly related to physicochemical
properties (Figure 4). The first axis (RDA1) and second axis
(RDA?2) explained 49.4% of differences in the community structure.
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Circos plot showing the distribution of sewer sediment prokaryotic community composition at phylum level in different functional areas.

TP (R?* = 051, p < 0.01), TN (R*> = 0.36, p < 0.01), and
pH (R? = 041, p < 0.01), were significantly related to the
sediment prokaryotic community (Supplementary Table 3). Two-
way correlation network analysis was conducted to further
demonstrate the correlation between sediment physicochemical
properties and genus-level prokaryotic communities (Figure 5).
TOC, pH, and TN stood for the key hub nodes in the network,
showing complex connections with prokaryotes. TOC and TN were
positively correlated with most prokaryotes. On the contrary, pH
and TS showed negative correlations with most prokaryotes.

Given the disparities in the distribution of methanogenic
archaea (MA) and sulfate-reducing bacteria (SRB) in various
functional areas, we further investigated their correlation with
physicochemical properties. Spearman correlation analysis
revealed that the response sensitivity of MA and SRB to
physicochemical properties in sewer sediments was different
(Supplementary Figure 5). Most SRB was positively correlated
with total nitrogen (TN), total phosphorus (TP), total organic
carbon (TOC), nitrate-nitrogen (NO3~-N), ammonium-nitrogen
(NH4T-N), available sulfur (AS), and volatile solid (VS), while
negatively correlated with pH and total solid (TS). Methanothrix,
which was the most abundant genus of MA, was positively
correlated with total organic carbon (TOC), total phosphorus (TP),
and volatile solid (VS). In contrast, it was negatively correlated

with nitrate-nitrogen (NO3 ™ -N) and total solid (TS).

Frontiers in Microbiology

3.4 Co-occurrence pattern and keystone
species in sediment prokaryotic
communities

The co-occurrence patterns of prokaryotic ZOTUs (at least
80%) were visualized by network analysis (Figure 6A). More
positive edges were detected in all networks, implying that
prokaryotic ZOTUs tended to cooperate and coexist rather than
compete in the sewer sediment. The topological parameters
were summarized as shown in Table 1. The node numbers,
edge numbers, and average degree which can assess sediment
prokaryotic network complexity were the highest in the residential
sediment, whereas the lowest in the commercial area sediment.
On the contrary, modularity and positive proportion were the
highest in the commercial sediment. The potential topological
roles of taxa in the networks were assessed according to within-
module connectivity (Zi) and among-module connectivity (Pi)
values:(1) network hub (Zi > 2.5 and Pi > 0.62); (2) module
hub (Zi > 2.5 and Pi < 0.62); (3) connector (Zi < 2.5 and
Pi > 0.62); and (4) peripheral (Zi < 2.5 and Pi < 0.62) (Zhang et al.,
2023; Figure 6B). Thiobacillus, Methanospirillum, and Geobacter
were keystone species with the highest frequency of occurrence
in multifunctional, commercial, and residential areas, respectively.
In the multifunctional area, 1 network hub (ZOTU275, belonging
to Anaerolineaceae) was recognized. More specifically, 152
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keystone species including 140 connectors, 11 module hubs,
and 1 network hub were identified in the multifunctional sewer
network, which mainly belongs to Thiobacillus, Desulfovibrio,
and Methanobacterium. In the commercial area, we identified
a total of 63 connectors and 6 module hubs, which mainly
belonged to Methanospirillum, Holophaga, and Methanothrix. In
the residential area, keystone species mainly belonged to Geobacter,
Syntrophorhabdus, and Candidatus_Cloacamonas.

3.5 Assembly mechanisms across sewer
sediment in different functional areas

Considering that the composition and diversity of sewer
sediment prokaryotes were spatially dynamic, we investigated
the community assembly mechanisms driving forces that shaped
the community structure, which could provide the theoretical
basis for sediment prokaryotic community regulation. The neutral
model fitted the data of all three functional areas, producing the

Frontiers in Microbiology

lowest R?> (0.65) in residential area and the highest R?> (0.86)
in commercial area (Figure 7A). The majority of dots were in
the neutral range (86.2% ~ 91.2%), suggesting that stochastic
processes dominated the prokaryotic community assembly in sewer
sediments. Mitigation rates were higher in the multifunctional
area (m = 0.82) and the commercial area (m = 0.82) than in the
residential (m = 0.49) area, suggesting that the multifunctional area
and commercial area were less limited by dispersal (Figure 7A).
Among the three functional areas, the neutral part was consistently
dominant. In general, the result of the neutral model suggested that
the processes of random dispersal and ecological drift were more
significant than selection in assembling the prokaryotic community
in different functional areas.

In addition, we quantified the relative contribution of major
ecological processes that structure the prokaryotic community in
the sediments. The ecological processes mainly include stochastic
and deterministic processes. The stochastic processes included
homogenizing dispersal, dispersal limitation, and drift, while the
deterministic processes were divided into heterogeneous selection
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Redundancy analysis (RDA) of sewer sediment prokaryotic
communities with physicochemical properties. TP, total
phosphorus; TN, total nitrogen; AS, available sulfur; TS, total solid;
TOC, total organic carbon; VS, volatile solid; NOz ™ -N, nitrate-
nitrogen; NH4*-N, ammonium-nitrogen; pH, sediment pH; physical
texture (sand, and silt contents).

and homogeneous selection. Generally, our findings reveal that
stochastic processes significantly dominate the assembly of the
prokaryotic community, as shown in Figure 7B. Homogeneous
selection was the highest in the residential area sediments (39.2%)
(Figure 7B). Conversely, the importance of dispersal limitation
was lowest in residential sediments (9.1 and 0.2%, respectively)
(Figure 7B).

4 Discussion

4.1 Sediment prokaryotic diversity varies
with functional area

Our research revealed that, compared to various natural
sediment ecosystems, the Shannon index of the sewer sediment
was notably higher (Zhang et al, 2021; Wang et al, 2022).
This might be attributed to the varying environmental conditions
between artificial pipes and natural ecosystems. The organic matter
from sewage might be decomposed into numerous compounds
(Shi et al,, 2018; McLellan and Roguet, 2019), leading to the
increased species richness and diversity of the sewer sediment
prokaryotic community. In addition, the existence of foreign matter
such as fibers and plastics can create extra microhabitats and
ecological niches that afford diverse microorganisms the chance to
establish and flourish (Wright et al., 2020), thereby contributing
to overall diversity. Furthermore, the rapid flow velocity of
sewage creates a distinct physical environment compared to
natural ecosystems. The constant movement and turbulent flow of
wastewater could influence the distribution of microorganisms and
nutrient availability within the sediment (Gudjonsson et al., 2002),
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further contributing to the increased diversity observed in sewer
sediment compared to natural ecosystems.

Moreover, the prokaryotic diversity values (Shannon and
Richness indices) were significantly higher in the multifunctional
area sediments (Figure 1A), while they were significantly correlated
with total solid (TS), total organic carbon (TOC), total phosphorus
(TP), and volatile solid (VS) (Figure 4). In the multifunctional
area, higher levels of total phosphorus (TP) and total organic
carbon (TOC) were observed compared to the commercial and
residential areas (Supplementary Figure 1). These carbon and
phosphorus components are essential nutrients for the growth
and reproduction of prokaryotic communities (Wang et al,
2020; Yi et al, 2021), which leads to a higher a-diversity of
prokaryotic communities in multifunctional areas. In addition, the
p-diversity analysis yielded a distinct clustering of the samples
(Figure 1B). This finding is consistent with a previous study
on urban river sediments, which also showed similar clustering
patterns based on functional area types (Wang et al., 2021). In
urban sewer system, sewage is an important source for the sediment
community, so the various sources of sewage might contribute to
the different sediment prokaryotic structures of each functional
area (Figure 1B). Indicating that the sewer sediment of each
functional area owned its unique microbiome.

4.2 Dominant prokaryotic assemblages
and functions are altered with distinct
sewer habitats

Consistent with observations from previous studies, the
prokaryotic communities in sewer sediment were dominated
by Proteobacteria and Bacteroidetes (Figure 2). However, this is
different from natural habitats, which were mainly dominated
by Actinobacteria and Proteobacteria (Zhang et al., 2021).
The sewerage contains a high concentration of pollutants,
such as organic matter, nutrients, and heavy metals. The
physicochemical properties of the sewerage, including low
pH value and dissolved oxygen levels, were significantly different
from natural environments (McLellan and Roguet, 2019). These
differences may result in changes in sewer sediment prokaryotic
composition. Additionally, distinct sewer sediment prokaryotic
community compositions were observed among functional
areas. Desulfomicrobium, Desulfovibrio, and Desulfobacter, typical
sulfate-reducing bacteria (SRB), were more abundant in the
multifunctional area sediment (Supplementary Figure 3). Some
significantly discriminant taxa remain in the multifunctional area
sediment, including fermentation bacteria (FB) and hydrogen-
producing acetogen (HPA) (Supplementary Figure 3). The
hydrolysis and fermentation processes produce volatile fatty
acids and macromolecular acids, which provide appropriate
conditions for the SRB (Jin et al, 2015), which may lead to a
higher relative abundance of SRB, ultimately leading to relatively
high hydrogen sulfide concentrations in multifunctional areas.
Functional annotation of prokaryotic taxa (FAPROTAX) further
demonstrated that functions associated with sulfur cycling were
particularly notable in the multifunctional areas (Figure 3).
Combined with in-field measurements of hydrogen sulfide
concentrations, we should pay attention to the hydrogen sulfide
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risk in multifunctional area sewers. Recently, amounts of studies
have reported methane production from freshwater sewerage
systems, implying that sewer sediment is an important greenhouse
gas contributor to the environment (Chen et al, 2020; Chen
S. et al, 2023). Our work revealed that Methanospirillum, and
Methanoregulaceae, associated with methane production, were
more abundant in the commercial area sediments (Supplementary
Figure 3). Moreover, Syntrophomonas and Smithella also had
a higher relative abundance in commercial area (p < 0.05). It
was reported that they can form powerful symbiotic interactions
with methanogens (Mclnerney et al., 1981; Embree et al., 2013).
Meanwhile, the functional capacity for methane metabolism
was also predominantly concentrated in the commercial
area (Figure 3). Thus, we speculated that sewer sediments in
commercial areas may obtain higher potential in methanogenesis.

4.3 Local physicochemical properties

shape the prokaryotic distribution

Environmental factors play a crucial role in the formation of
microbial community composition and functional characteristics
(Nelson et al., 2016; Gibbons, 2017; Louca et al., 2017). It has been
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demonstrated that the structure of natural sediment prokaryotic
communities is correlated with TN, TOC pH, etc., (Bao et al,
2023; Feng et al.,, 2023). Our results revealed that sediment TN,
TP, TOC, and pH were the major elements strongly related
to the structure of the prokaryotic community (Figures 4, 5).
Nutrient levels affect the growth of prokaryotic communities in
sediments. In most sediment ecosystems, TN and TP serve as the
main limiting nutrients and play an essential role in regulating
prokaryotic community structure (Cai et al., 2022; Chen Y. et al,,
2023). Similarly, TOC, as a source of energy and carbon for
microbial metabolism, also influences the composition, diversity,
and function of microbial communities (Hu et al., 2022). The
significance of pH in forming microbial communities has been
widely documented across a variety of ecosystems (Fierer and
Jackson, 2006; Jones et al., 2019; Naz et al., 2022). It affects the
various life processes of aquatic organisms by influencing cellular
osmotic pressure, enzyme synthesis, and nutrient uptake (Santini
et al., 2022). A large number of studies have revealed that pH
could change nutrient effectiveness and organic carbon content,
thus directly or indirectly affecting the diversity, composition,
and abundance of microbial communities (Colman et al., 2016;
Dong et al,, 2022). In total, these physicochemical properties were
demonstrated to a crucial role in forming prokaryotic communities.
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Nonetheless, this study may not provide a complete explanation
for all the observed changes. Therefore, more comprehensive
investigations are needed to explore the potential influence of
other factors.

4 4 The co-occurrence networks
revealed a more complex co-occurrence
network in sewer sediment from
residential area

Microbial networks have been proven to be an efficient
method for revealing microbial co-occurrence patterns (Qiu
et al, 2021). In terms of global network topology, the findings
indicated that the residential area network was characterized
by a higher level of complexity and a lower proportion of
positive correlations (Figure 6A and Table 1). Conversely,
the commercial area characterized by the simplest network
exhibited the highest level of positive correlations (Figure 6A
and Table 1). Previous studies indicated that an increase
in complexity is generally accompanied by a decrease in
positive correlation proportion (Li and Xiao, 2023), which
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is consistent with our study. Complexity leads to stability,
suggesting a robust correlation between ecological stability and the
complexity of microbial networks (Okuyama and Holland, 2008).
Higher network complexity increases inter-specific interaction,
providing microbial communities with favorable characteristics
for effective resistance to environmental interference (Konopka
et al, 2015; Jiao et al, 2020), which leads to a significant
increase in the stability of microbial ecosystems. We speculated
the possible reason was that the sources and characteristics of
the sediment in residential area were relatively homogeneous.
Generally, in more homogeneous environments, the composition
of prokaryotic communities tends to be more stable, which
favors the formation of a complex and stable network. In
contrast, commercial area sewage was always characterized by
a large sewage flow rate, complex water quality, and significant
water quality fluctuations. These implied that the composition
of prokaryotes in commercial areas sediment might be variable,
leading to an unstable network. Previous studies indicated that
positive correlations represent cooperative relationships and can
enhance or maintain community stability and diversity through
ecological niche complementation or synergism (Coyte et al,
2015). Therefore, prokaryotic communities in commercial area
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TABLE 1 Topological properties of the sewer sediment co-occurrence
network from different functional areas.

Functional ultifunctional | Commercial | Residential
areas
516 293

Nodes 1448

Edge 1385 459 19530
Average degree 5.368 3.133 26.975
Modularity 0.6 0.817 0.72

Percentage of 29.24 24.18 32.7

negative

correlations

Percentage of 70.76 75.82 67.3

positive

correlations

Graph density 0.01 0.011 0.019
Clustering 0.342 0.376 0.511
coefficient

Average path 5.058 6.897 5.435
length

tend to cluster forming a more cooperative network to transfer
information and share resources, to enhance the stability of
the network.

10.3389/fmicb.2023.1327523

The key module hubs or nodes may be important members
of the prokaryotic community in a network, playing a vital role
in sustaining community stability (Shi Y. et al,, 2020). It has
been demonstrated that keystone species have more significant
roles in sustaining network structure than the other microbes,
and the deprivation of these key taxa may contribute to the
dissolution or even disintegration of the network (Shi Y. et al,
20205 Liu et al., 2022). Anaerolineaceae, which as the representative
group of the Chloroflexi, could degrade carbohydrates (e.g.,
amino acids) (Zhang et al., 2017), was the network hub in
the multifunctional area network. The highest occurrence of
keystone species in multifunctional area network is Thiobacillus
and Desulfovibrio, which are involved in nitrogen metabolism and
sulfur biogeochemical cycling (Chen et al., 2018; Li et al., 2023).
Desulfovibrio, a typical sulfate-reducing bacterium, was found to be
a keystone species in the multifunctional area network, indicating
that this network has specific ecological and geochemical functions
related to sulfate cycling, such as sulfide generation. Geobacter was
the keystone species of the residential area networks. Geobacter is
an oligotrophic bacterium that can transfer electrons to facilitate
the degradation of the chemical compound (Fan et al., 2019). In
addition, the keystone species of the commercial area such as
Methanospirillum were reported to be involved in methanogenesis,
which could convert certain compounds from organic waste and
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wastewater into methane. This implied that the emission of
greenhouse gases from commercial areas ought to be given greater
consideration.

4.5 Stochastic processes dominate
prokaryotic community assembly in
sewer sediment

A key target in microbial ecology is quantifying the
relative contribution of deterministic and stochastic processes
in microbiome assembly (Weigel et al, 2023). In different
ecosystems, the relative importance of deterministic and stochastic
processes seems to be different (Matar et al., 2017; Huo et al,
2023; Lin et al,, 2023). Considering that microbial diversity and
community composition vary across functional areas, we further
investigated the microbial assembly mechanisms. In this study,
the stochasticity process dominated the prokaryotic community
assembly across the three functional areas. Previous studies
showed that stochastic processes largely dominate the assembly of
microbial communities in some urban wastewater infrastructure
(Wu et al,, 2019), while deterministic processes were relatively
more important in some natural ecosystems (Chen Q. et al., 2021;
Lu et al., 2023). Natural ecosystems are typically relatively stable
and undisturbed systems, while engineered ecosystems are typically
dynamic and constantly changing systems that require adaptation
to changing environmental conditions. In a constantly perturbed
environment, microbial inhabitants may have been able to adapt
to such dynamics and be less responsive to deterministic factors
(Santillan et al., 2019). This may explain why stochastic processes
dominate the assembly of sediment prokaryotic communities in
this study.

Additionally, the specific contributions of subcategories
of stochastic and deterministic processes to the prokaryotic
community assembly differed across distinct functional areas.
Drift, a subcategory of stochastic processes, was 46.4, 31.1,
and 40.1% in the multifunctional, commercial, and residential
sediments, respectively, (Figure 7B). This could be explained
by the alpha diversity variation of sediment communities across
the three functional areas. The stochastic process regulates the
assembly of a high-diversity prokaryotic community, whereas the
deterministic process exhibits a more pronounced prominence
when bacterial diversity is lower (Xun et al, 2019). In this
study, the highest alpha diversity was found in multifunctional
sediments, followed by residential area and commercial area. As
a result, the proportion of drift process was the highest in the
multifunctional area, while lowest in the commercial area. The
neutral model fit well with the prokaryotic communities in all
areas, with R? values ranging between 0.647 and 0.858 (Figure 7A).
These results confirmed that stochastic (neutral) processes played
prominent roles in the prokaryotic community assembly of sewer
sediment. Comparative analyses among functional areas provide
the first informative insights into the patterns in the sewer
sediments community assembly. These findings contribute to a
better comprehension of the formation and evolution mechanisms
of sewer sediment prokaryotic communities, providing significant
reference value for future ecological restoration and control
strategies.
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5 Conclusion

In the study, we analyzed the dynamics of prokaryotic

communities in the urban sewer in different functional
areas using 16S rRNA gene amplicon sequencing. Significant
prokaryotic community diversity and composition differences
were observed among sediment from typical urban functional
areas (multifunctional, commercial, and residential areas), which
were mainly correlated with changes in sediment nutrient level
and pH. Prokaryotic microorganisms with different functions
were gathered in different functional areas. The residential area
network has the highest complexity and stability. Potential
keystone taxa identified by co-occurrence network analysis
also differed among functional areas. The stochasticity process
dominated the prokaryotic community assembly. The results of
this study will help improve the understanding of the prokaryotic
ecology in sewer sediment, providing a foundation for screening
of functional microorganisms and supporting a genomic basis
for the precise administration of sewer systems in different
functional areas. For urban sewer system ecosystems, functional
areas may be a new perspective for in-depth analysis of the
characteristics of communities. In future work, time-series
sampling should be conducted to confirm the observed pattern.
In addition, in-depth investigations on sediment prokaryotic
communities on a larger scale with greater depth are hoped to
further improve our insight into prokaryotic community assembly

in sewer sediment.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories and
accession number(s) can be found below: NCBI - PRJNA1015661.

Author contributions

JX: Data curation, Formal analysis, Investigation, Methodology,
Writing - original draft. KY: Data curation, Formal analysis,
Investigation, Writing - review & editing. ZY: Funding acquisition,
Investigation, Resources, Supervision, Writing - review &
editing. HS: Data curation, Investigation, Software, Supervision,
Writing - review & editing. LM: Investigation, Resources,
Supervision, Writing — review & editing. DL: Investigation,
Project administration, Supervision, Writing — review & editing.
HG: Investigation, Supervision, Writing - review & editing. SZ:
Investigation, Supervision, Writing - review & editing. DZ:
Formal analysis, Investigation, Resources, Supervision, Writing -

review & editing.

Funding

The author(s) declare financial support was received for
the research, authorship, and/or publication of this article. The
work was supported by the Zhejiang Provincial Natural Science

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1327523
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Xia et al.

Foundation of China (LY22C030005), National Natural Science
Foundation of China (grant number 41977348), National Key
Research and Development Program of China (2022YFC3203200),
Key Research and Development Program of Zhejiang Province
(2020C03082), Ningbo YouthScience and Technology Innovation
Leading Project (2023QL032), the Fundamental Research Funds
for the Provincial Universities of Zhejiang (SJLY2021006 and
SJLZ2021004), and K.C. Wong Magna Fund in Ningbo University.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Bao, Q., Liu, Z., Zhao, M., Sun, H., Hu, Y., and Li, D. (2023). Response of OC,
TN, and TP deposition mediated by aquatic photosynthetic community structures
in shallow karst surface waters under different land uses. Environ. Res. 223:115488.
doi: 10.1016/j.envres.2023.115488

Barberan, A., Bates, S. T., Casamayor, E. O., and Fierer, N. (2012). Using network
analysis to explore co-occurrence patterns in soil microbial communities. ISME J. 6,
343-351. doi: 10.1038/ismej.2011.119

Cai, W., Huang, Q., Li, H., Cheng, H., Li, Y., and Hu, J. (2022). Longitudinal
patterns of microbial communities in the water diversion rivers of South-to-North
water diversion project. Clean 50:2100303. doi: 10.1002/clen.202100303

Caporaso, J. G., Bittinger, K., Bushman, F. D., DeSantis, T. Z., Andersen, G. L.,
and Knight, R. (2010). PyNAST: A flexible tool for aligning sequences to a template
alignment. Bioinformatics 26, 266-267. doi: 10.1093/bioinformatics/btp636

Chen, H.,, Wang, Z., Liu, H., Nie, Y., Zhu, Y., Jia, Q,, et al. (2021). Variable sediment
methane production in response to different source-associated sewer sediment types
and hydrological patterns: Role of the sediment microbiome. Water Res. 190:116670.
doi: 10.1016/j.watres.2020.116670

Chen, H,, Ye, J., Zhou, Y., Wang, Z,, Jia, Q., Nie, Y., et al. (2020). Variations
in CHy and CO; productions and emissions driven by pollution sources
in municipal sewers: An assessment of the role of dissolved organic matter
components and microbiota. Environ. Pollut. 263:114489. doi: 10.1016/j.envpol.2020.
114489

Chen, Q.,, Hu, H,, Yan, Z,, Li, C,, Nguyen, B. T., Sun, A,, et al. (2021). Deterministic
selection dominates microbial community assembly in termite mounds. Soil Biol.
Biochem. 152:108073. doi: 10.1016/j.s0ilbio.2020.108073

Chen, S., Zhang, L, Liu, B,, Yi, H,, Su, H., Kharrazi, A., et al. (2023). Decoupling
wastewater-related greenhouse gas emissions and water stress alleviation across 300
cities in China is challenging yet plausible by 2030. Nat. Water 1, 534-546. doi:
10.1038/s44221-023-00087-4

Chen, Y., Chen, J., Xia, R., Li, W., Zhang, Y., Zhang, K, et al. (2023). Phosphorus -
The main limiting factor in riverine ecosystems in China. Sci. Total Environ.
870:161613. doi: 10.1016/j.scitotenv.2023.161613

Chen, Z, Lu, J., Gao, S, Jin, M., Bond, P. L., Yang, P., et al. (2018). Silver
nanoparticles stimulate the proliferation of sulfate reducing bacterium Desulfovibrio
vulgaris. Water Res. 129, 163-171. doi: 10.1016/j.watres.2017.11.021

Colman, D. R., Feyhl-Buska, J., Fecteau, K. M., Xu, H., Shock, E. L., Boyd,
E. S, et al. (2016). Ecological differentiation in planktonic and sediment-associated
chemotrophic microbial populations in Yellowstone hot springs. Fems Microbiol. Ecol.
92:fiw137. doi: 10.1093/femsec/fiw137

Coyte, K. Z., Schluter, J., and Foster, K. R. (2015). The ecology of the microbiome:
Networks, competition, and stability. Science 350, 663-666. doi: 10.1126/science.
aad2602

Crabtree, R. W. (1989). sediments in sewers. Water Environ. J. 3, 569-578. doi:
10.1111/j.1747-6593.1989.tb01437.x

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K.,
etal. (2006). Greengenes, a chimera-checked 16S rRNA gene database and workbench
compatible with ARB. Appl. Environ. Microb. 72, 5069-5072. doi: 10.1128/AEM.
03006-05

Frontiers in Microbiology

12

10.3389/fmicb.2023.1327523

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.
1327523 /full#supplementary-material

Dixon, P. (2003). VEGAN, a package of R functions for community ecology. J. Veg.
Sci. 14, 927-930. doi: 10.1111/j.1654-1103.2003.tb02228.x

Djurhuus, A., Closek, C. J., Kelly, R. P., Pitz, K. J., Michisaki, R. P., Starks, H. A.,
et al. (2020). Environmental DNA reveals seasonal shifts and potential interactions in
a marine community. Nat. Commun. 11, 254-259. doi: 10.1038/s41467-019-14105-1

Dong, Q., Shi, H,, and Liu, Y. (2017). Microbial character related sulfur
cycle under dynamic environmental factors based on the microbial population
analysis in Sewerage system. Front. Microbiol. 8:64. doi: 10.3389/fmicb.2017.
00064

Dong, Z., Li, H., Xiao, J, Sun, J, Liu, R, and Zhang, A. (2022). Soil
multifunctionality of paddy field is explained by soil pH rather than microbial diversity
after 8-years of repeated applications of biochar and nitrogen fertilizer. Sci. Total
Environ. 853:158620. doi: 10.1016/j.scitotenv.2022.158620

Edgar, R. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/btq461

Ekklesia, E., Shanahan, P., Chua, L. H. C., and Eikaas, H. S. (2015). Associations of
chemical tracers and faecal indicator bacteria in a tropical urban catchment. Water
Res. 75, 270-281. doi: 10.1016/j.watres.2015.02.037

Embree, M., Nagarajan, H., Movahedi, N., Chitsaz, H., and Zengler, K. (2013).
Single-cell genome and metatranscriptome sequencing reveal metabolic interactions
of an alkane-degrading methanogenic community. ISME J. 8, 757-767. doi: 10.1038/
isme;j.2013.187

Fan, K., Delgado-Baquerizo, M., Guo, X., Wang, D., Wu, Y., Zhu, M,, et al. (2019).
Suppressed N fixation and diazotrophs after four decades of fertilization. Microbiome
7,110-143. doi: 10.1186/s40168-019-0757-8

Faust, K., and Raes, J. (2012). Microbial interactions: From networks to models. Nat.
Rev. Microbiol. 10, 538-550. doi: 10.1038/nrmicro2832

Feng, L., Zhang, Z., Yang, G., Wu, G., Yang, Q., and Chen, Q. (2023). Microbial
communities and sediment nitrogen cycle in a coastal eutrophic lake with salinity
and nutrients shifted by seawater intrusion. Environ. Res. 225:115590. doi: 10.1016/
j.envres.2023.115590

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography of soil
bacterial communities. Proc. Natl. Acad. Sci. U. S. A. 103, 623-631. doi: 10.1073/pnas.
0507535103

Freilich, S., Kreimer, A., Meilijson, I, Gophna, U., Sharan, R., and Ruppin, E.
(2010). large-scale organization of the bacterial network of ecological co-occurrence
interactions. Nucleic Acids Res. 38, 3857-3868. doi: 10.1093/nar/gkq118

Gibbons, S. M. (2017). Microbial community ecology: Function over phylogeny.
Nat. Ecol. Evol. 1:32. doi: 10.1038/s41559-016-0032

Gudjonsson, G., Vollertsen, J., and Hvitved-Jacobsen, T. (2002). Dissolved oxygen
in gravity sewers — measurement and simulation. Water Sci. Technol. 2002, 35-44.
doi: 10.2166/wst.2002.0049

Guimera, R,, and Nunes Amaral, L. A. (2005). Functional cartography of complex
metabolic networks. Nature 433, 895-900. doi: 10.1038/nature03288

Hu, A., Choi, M,, Tanentzap, A. ], Liu, J. F,, Jang, K. S., Lennon, J. T,, et al. (2022).
Ecological networks of dissolved organic matter and microorganisms under global
change. Nat. Commun. 13:3600. doi: 10.1038/s41467-022-31251-1

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1327523
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1327523/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1327523/full#supplementary-material
https://doi.org/10.1016/j.envres.2023.115488
https://doi.org/10.1038/ismej.2011.119
https://doi.org/10.1002/clen.202100303
https://doi.org/10.1093/bioinformatics/btp636
https://doi.org/10.1016/j.watres.2020.116670
https://doi.org/10.1016/j.envpol.2020.114489
https://doi.org/10.1016/j.envpol.2020.114489
https://doi.org/10.1016/j.soilbio.2020.108073
https://doi.org/10.1038/s44221-023-00087-4
https://doi.org/10.1038/s44221-023-00087-4
https://doi.org/10.1016/j.scitotenv.2023.161613
https://doi.org/10.1016/j.watres.2017.11.021
https://doi.org/10.1093/femsec/fiw137
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1111/j.1747-6593.1989.tb01437.x
https://doi.org/10.1111/j.1747-6593.1989.tb01437.x
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1038/s41467-019-14105-1
https://doi.org/10.3389/fmicb.2017.00064
https://doi.org/10.3389/fmicb.2017.00064
https://doi.org/10.1016/j.scitotenv.2022.158620
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1016/j.watres.2015.02.037
https://doi.org/10.1038/ismej.2013.187
https://doi.org/10.1038/ismej.2013.187
https://doi.org/10.1186/s40168-019-0757-8
https://doi.org/10.1038/nrmicro2832
https://doi.org/10.1016/j.envres.2023.115590
https://doi.org/10.1016/j.envres.2023.115590
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1093/nar/gkq118
https://doi.org/10.1038/s41559-016-0032
https://doi.org/10.2166/wst.2002.0049
https://doi.org/10.1038/nature03288
https://doi.org/10.1038/s41467-022-31251-1
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Xia et al.

Huo, X., Ren, C., Wang, D., Wu, R, Wang, Y., Li, Z,, et al. (2023). Microbial
community assembly and its influencing factors of secondary forests in Qinling
Mountains. Soil Biol. Biochem. 184:109075. doi: 10.1016/j.s0ilbio.2023.109075

Jiao, S., Yang, Y., Xu, Y., Zhang, J., and Lu, Y. (2020). Balance between community
assembly processes mediates species coexistence in agricultural soil microbiomes
across eastern China. ISME J. 14, 202-216. doi: 10.1038/s41396-019-0522-9

Jin, P., Shi, X,, Sun, G., Yang, L., Cai, Y., and Wang, X. C. (2018). Co-Variation
between distribution of microbial communities and biological metabolization of
organics in urban sewer systems. Environ. Sci. Technol. 52, 1270-1279. doi: 10.1021/
acs.est.7b05121

Jin, P, Wang, B, Jiao, D.,, Sun, G., Wang, B., and Wang, X. C. (2015).
Characterization of microflora and transformation of organic matters in urban sewer
system. Water Res. 84, 112-119. doi: 10.1016/j.watres.2015.07.008

Jones, D. L., Cooledge, E. C., Hoyle, F. C., Griffiths, R. I, and Murphy, D. V. (2019).
PH and exchangeable aluminum are major regulators of microbial energy flow and
carbon use efficiency in soil microbial communities. Soil Biol. Biochem. 138:107584.
doi: 10.1016/j.s0ilbio.2019.107584

Konopka, A., Lindemann, S., and Fredrickson, J. (2015). Dynamics in microbial
communities: Unraveling mechanisms to identify principles. ISME J. 9, 1488-1495.
doi: 10.1038/isme;j.2014.251

Li, W., and Xiao, Y. (2023). Microplastics increase soil microbial network
complexity and trigger diversity-driven community assembly. Environ. Pollut.
333:122095. doi: 10.1016/j.envpol.2023.122095

Li, Y., Guo, L, Yang, R, Yang, Z., Zhang, H., Li, Q,, et al. (2023). Thiobacillus spp.
and Anaeromyxobacter spp. mediate arsenite oxidation-dependent biological nitrogen
fixation in two contrasting types of arsenic-contaminated soils. J. Hazard. Mater.
443(Pt A):130220. doi: 10.1016/j.jhazmat.2022.130220

Lin, W,, Fan, F,, Xu, G., Gong, K., Cheng, X,, Yuan, X, et al. (2023). Microbial
community assembly responses to polycyclic aromatic hydrocarbon contamination
across water and sediment habitats in the Pearl River Estuary. . Hazard. Mater.
457:131762. doi: 10.1016/j.jhazmat.2023.131762

Liu, S., Yu, H,, Yu, Y., Huang, J., Zhou, Z., Zeng, ., et al. (2022). Ecological stability
of microbial communities in Lake Donghu regulated by keystone taxa. Ecol. Indic.
136:108695. doi: 10.1016/j.ecolind.2022.108695

Louca, S., Jacques, S. M. S., Pires, A. P. F., Leal, J. S., Gonzalez, A. L., Doebeli, M., et al.
(2017). Functional structure of the bromeliad tank microbiome is strongly shaped by
local geochemical conditions. Environ. Microbiol. 19, 3132-3151. doi: 10.1111/1462-
2920.13788

Lu, X, Yu, X,, Burkovsky, L, Esaulov, A., Li, X,, Jiang, Y., et al. (2023). Community
assembly and co-occurrence network complexity of interstitial microbial communities
in the Arctic (investigation of ciliates in the White Sea intertidal zone). Mar. Pollut.
Bull. 188:114656. doi: 10.1016/j.marpolbul.2023.114656

Maritz, J. M., Ten Eyck, T. A., Elizabeth Alter, S., and Carlton, J. M. (2019).
Patterns of protist diversity associated with raw sewage in New York City. ISME J.
13, 2750-2763. doi: 10.1038/541396-019-0467-z

Matar, G. K., Bagchi, S., Zhang, K., Oerther, D. B, and Saikaly, P. E. (2017).
Membrane biofilm communities in full-scale membrane bioreactors are not randomly
assembled and consist of a core microbiome. Water Res. 123, 124-133. doi: 10.1016/j.
watres.2017.06.052

Mathioudakis, V. L., and Aivasidis, A. (2009). Heterotrophic denitrification kinetics
in a pressurized sewer biofilm reactor. Desalination 248, 696-704. doi: 10.1016/j.desal.
2009.01.008

Mclnerney, M. J., Bryant, M. P., Hespell, R. B., and Costerton, J. W. (1981).
Syntrophomonas wolfei gen. nov. sp. nov., an anaerobic, syntrophic, fatty acid-
oxidizing bacterium. Appl. Environ. Microb. 41, 1029-1039. doi: 10.1128/aem.41.4.
1029-1039.1981

McLellan, S. L., and Roguet, A. (2019). The unexpected habitat in sewer pipes for the
propagation of microbial communities and their imprint on urban waters. Curr. Opin.
Biotech. 57, 34-41. doi: 10.1016/j.copbio.2018.12.010

Naz, M., Dai, Z., Hussain, S., Tarig, M., Danish, S., Khan, I. U, et al. (2022). The soil
pH and heavy metals revealed their impact on soil microbial community. J. Environ.
Manage. 321:115770. doi: 10.1016/j.jenvman.2022.115770

Nelson, M. B, Martiny, A. C., and Martiny, J. B. H. (2016). Global biogeography of
microbial nitrogen-cycling traits in soil. Proc. Natl. Acad. Sci. U. S. A. 113, 8033-8040.
doi: 10.1073/pnas.1601070113

Ning, D., Yuan, M., Wu, L., Zhang, Y., Guo, X., Zhou, X, et al. (2020). A quantitative
framework reveals ecological drivers of grassland microbial community assembly in
response to warming. Nat. Commun. 11:4717. doi: 10.1038/s41467-020- 18560-z

Okuyama, T., and Holland, J. N. (2008). Network structural properties mediate the
stability of mutualistic communities. Ecol. Lett. 11, 208-216. doi: 10.1111/].1461-0248.
2007.01137.x

Qian, L, Yu, X. L, Gu, H, Liu, F, Fan, Y. J, Wang, C, et al. (2023).
Vertically stratified methane, nitrogen and sulphur cycling and coupling mechanisms
in mangrove sediment microbiomes. Microbiome 11:71. doi: 10.1186/s40168-023-
01501-5

Frontiers in Microbiology

13

10.3389/fmicb.2023.1327523

Qiu, L., Zhang, Q., Zhu, H,, Reich, P. B., Banerjee, S., van der Heijden, M. G. A,,
et al. (2021). Erosion reduces soil microbial diversity, network complexity and
multifunctionality. ISME J. 15, 2474-2489. doi: 10.1038/s41396-021-00913- 1

Ren, D., Zuo, Z., Xing, Y., Ji, P., Yu, T, Zhu, D, et al. (2022). Simultaneous control
of sulfide and methane in sewers achieved by a physical approach targeting dominant
active zone in sediments. Water Res. 211:118010. doi: 10.1016/j.watres.2021.118010

Santillan, E., Seshan, H., Constancias, F., Drautz-Moses, D. 1., and Wuertz, S.
(2019). Frequency of disturbance alters diversity, function, and underlying assembly
mechanisms of complex bacterial communities. NPJ Biofilms Microbiomes. 5:8. doi:
10.1038/s41522-019-0079-4

Santini, T. C., Gramenz, L., Southam, G., and Zammit, C. (2022). Microbial
community structure is most strongly associated with geographical distance and PH
in salt lake sediments. Front. Microbiol. 13:920056. doi: 10.3389/fmicb.2022.920056

Sharma, E., Sivakumar, M., Kelso, C., Zhang, S., Shi, J., Gao, J., et al. (2023). Effects
of sewer biofilms on the degradability of carbapenems in wastewater using laboratory
scale bioreactors. Water Res. 233:119796. doi: 10.1016/j.watres.2023.119796

Shi, X., Gao, G., Tian, J., Wang, X. C, Jin, X, and Jin, P. (2020). Symbiosis of
sulfate-reducing bacteria and methanogenic archaea in sewer systems. Environ. Int.
143:105923. doi: 10.1016/j.envint.2020.105923

Shi, X, Sang, L., Wang, X. C,, and Jin, P. K. (2018). Pollutant exchange between
sewage and sediment in urban sewer systems. Chem. Eng. J. 351, 240-247. doi: 10.
1016/j.cej.2018.06.096

Shi, Y., Delgado-Baquerizo, M., Li, Y., Yang, Y., Zhu, Y., Pefuelas, J., et al. (2020).
Abundance of kinless hubs within soil microbial networks are associated with high
functional potential in agricultural ecosystems. Environ. Int. 142:105869. doi: 10.1016/
j.envint.2020.105869

Song, Y., Zhang, S., Lu, J., Duan, R., Chen, H., Ma, Y., et al. (2023). Reed restoration
decreased nutrients in wetlands with dredged sediments: Microbial community
assembly and function in rhizosphere. J. Environ. Manage. 344:118700. doi: 10.1016/j.
jenvman.2023.118700

Wang, F., Dong, W., Zhao, Z., Wang, H., Li, W., Chen, G,, et al. (2021). Heavy
metal pollution in urban river sediment of different urban functional areas and its
influence on microbial community structure. Sci. Total Environ. 778:146383. doi:
10.1016/j.scitotenv.2021.146383

Wang, H. L, Yang, Q., Li, D., Wu, S. H,, Yang, S., Deng, Y. R, et al. (2023). Stable
isotopic and metagenomic analyses reveal microbial-mediated effects of microplastics
on sulfur cycling in coastal sediments. Environ. Sci. Technol. 57, 1167-1176. doi:
10.1021/acs.est.2c06546

Wang, X., Ren, Y., Yu, Z., Shen, G., Cheng, H., and Tao, S. (2022). Effects of
environmental factors on the distribution of microbial communities across soils and
lake sediments in the Hoh Xil Nature Reserve of the Qinghai-Tibetan Plateau. Sci.
Total Environ. 838(Pt 2):156148. doi: 10.1016/j.scitotenv.2022.156148

Wang, X., Zhang, Z., Yu, Z., Shen, G., Cheng, H., and Tao, S. (2020). Composition
and diversity of soil microbial communities in the alpine wetland and alpine forest
ecosystems on the Tibetan Plateau. Sci. Total Environ. 747:141358. doi: 10.1016/j.
scitotenv.2020.141358

Weigel, B., Graco-Roza, C., Hultman, J., Pajunen, V., Teittinen, A., Kuzmina, M.,
et al. (2023). Local eukaryotic and bacterial stream community assembly is shaped by
regional land use effects. ISME Commun. 3:65. doi: 10.1038/s43705-023-00272-2

Wright, R. J., Erni-Cassola, G., Zadjelovic, V., Latva, M., and Christie-Oleza, J. A.
(2020). Marine plastic debris: A new surface for microbial colonization. Environ. Sci.
Technol. 54, 11657-11672. doi: 10.1021/acs.est.0c02305

Wu, L., Ning, D., Zhang, B., Li, Y., Zhang, P., Shan, X, et al. (2019). Global
diversity and biogeography of bacterial communities in wastewater treatment plants.
Nat. Microbiol. 4, 1183-1195. doi: 10.1038/s41564-019-0426-5

Xun, W., Li, W., Xiong, W, Ren, Y., Liu, Y., Miao, Y., et al. (2019). Diversity-
triggered deterministic bacterial assembly constrains community functions. Nat.
Commun. 10, 3810-3833. doi: 10.1038/s41467-019-11787-5

Yang, Q., Zhang, P., Li, X,, Yang, S., Chao, X,, Liu, H,, et al. (2023). Distribution
patterns and community assembly processes of eukaryotic microorganisms along an
altitudinal gradient in the middle reaches of the Yarlung Zangbo River. Water Res.
239:120047. doi: 10.1016/j.watres.2023.120047

Yi, Y., Lin, C., Wang, W., and Song, J. (2021). Habitat and seasonal variations in
bacterial community structure and diversity in sediments of a Shallow lake. Ecol. Indic.
120:106959. doi: 10.1016/j.ecolind.2020.106959

Zhang, B., Xu, X., and Zhu, L. (2017). Structure and function of the microbial
consortia of activated sludge in typical municipal wastewater treatment plants in
winter. Sci. Rep. 7:17930. doi: 10.1038/s41598-017-17743-x

Zhang, J., Xu, Z., Chu, W,, Ju, F,, Jin, W,, Li, P., et al. (2023). Residual chlorine
persistently changes antibiotic resistance gene composition and increases the risk of
antibiotic resistance in sewer systems. Water Res. 15:120635. doi: 10.1016/j.watres.
2023.120635

Zhang, L., Yin, W., Wang, C., Zhang, A., Zhang, H., Zhang, T., et al. (2021).
Untangling microbiota diversity and assembly patterns in the World’s largest water
diversion canal. Water Res. 204:117617. doi: 10.1016/j.watres.2021.117617

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1327523
https://doi.org/10.1016/j.soilbio.2023.109075
https://doi.org/10.1038/s41396-019-0522-9
https://doi.org/10.1021/acs.est.7b05121
https://doi.org/10.1021/acs.est.7b05121
https://doi.org/10.1016/j.watres.2015.07.008
https://doi.org/10.1016/j.soilbio.2019.107584
https://doi.org/10.1038/ismej.2014.251
https://doi.org/10.1016/j.envpol.2023.122095
https://doi.org/10.1016/j.jhazmat.2022.130220
https://doi.org/10.1016/j.jhazmat.2023.131762
https://doi.org/10.1016/j.ecolind.2022.108695
https://doi.org/10.1111/1462-2920.13788
https://doi.org/10.1111/1462-2920.13788
https://doi.org/10.1016/j.marpolbul.2023.114656
https://doi.org/10.1038/s41396-019-0467-z
https://doi.org/10.1016/j.watres.2017.06.052
https://doi.org/10.1016/j.watres.2017.06.052
https://doi.org/10.1016/j.desal.2009.01.008
https://doi.org/10.1016/j.desal.2009.01.008
https://doi.org/10.1128/aem.41.4.1029-1039.1981
https://doi.org/10.1128/aem.41.4.1029-1039.1981
https://doi.org/10.1016/j.copbio.2018.12.010
https://doi.org/10.1016/j.jenvman.2022.115770
https://doi.org/10.1073/pnas.1601070113
https://doi.org/10.1038/s41467-020-18560-z
https://doi.org/10.1111/J.1461-0248.2007.01137.x
https://doi.org/10.1111/J.1461-0248.2007.01137.x
https://doi.org/10.1186/s40168-023-01501-5
https://doi.org/10.1186/s40168-023-01501-5
https://doi.org/10.1038/s41396-021-00913-1
https://doi.org/10.1016/j.watres.2021.118010
https://doi.org/10.1038/s41522-019-0079-4
https://doi.org/10.1038/s41522-019-0079-4
https://doi.org/10.3389/fmicb.2022.920056
https://doi.org/10.1016/j.watres.2023.119796
https://doi.org/10.1016/j.envint.2020.105923
https://doi.org/10.1016/j.cej.2018.06.096
https://doi.org/10.1016/j.cej.2018.06.096
https://doi.org/10.1016/j.envint.2020.105869
https://doi.org/10.1016/j.envint.2020.105869
https://doi.org/10.1016/j.jenvman.2023.118700
https://doi.org/10.1016/j.jenvman.2023.118700
https://doi.org/10.1016/j.scitotenv.2021.146383
https://doi.org/10.1016/j.scitotenv.2021.146383
https://doi.org/10.1021/acs.est.2c06546
https://doi.org/10.1021/acs.est.2c06546
https://doi.org/10.1016/j.scitotenv.2022.156148
https://doi.org/10.1016/j.scitotenv.2020.141358
https://doi.org/10.1016/j.scitotenv.2020.141358
https://doi.org/10.1038/s43705-023-00272-2
https://doi.org/10.1021/acs.est.0c02305
https://doi.org/10.1038/s41564-019-0426-5
https://doi.org/10.1038/s41467-019-11787-5
https://doi.org/10.1016/j.watres.2023.120047
https://doi.org/10.1016/j.ecolind.2020.106959
https://doi.org/10.1038/s41598-017-17743-x
https://doi.org/10.1016/j.watres.2023.120635
https://doi.org/10.1016/j.watres.2023.120635
https://doi.org/10.1016/j.watres.2021.117617
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	Toward an intensive understanding of sewer sediment prokaryotic community assembly and function
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 Physicochemical analysis
	2.3 DNA extraction, PCR amplification and sequencing
	2.4 Illumina data processing
	2.5 Statistical analysis
	2.6 Co-occurrence network and community assembly analysis

	3 Results
	3.1 Sediment physicochemical properties and prokaryotic community diversity
	3.2 Variation of sediment prokaryotic community composition and function
	3.3 Physicochemical properties affecting the prokaryotic community
	3.4 Co-occurrence pattern and keystone species in sediment prokaryotic communities
	3.5 Assembly mechanisms across sewer sediment in different functional areas

	4 Discussion
	4.1 Sediment prokaryotic diversity varies with functional area
	4.2 Dominant prokaryotic assemblages and functions are altered with distinct sewer habitats
	4.3 Local physicochemical properties shape the prokaryotic distribution
	4.4 The co-occurrence networks revealed a more complex co-occurrence network in sewer sediment from residential area
	4.5 Stochastic processes dominate prokaryotic community assembly in sewer sediment

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


