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a b s t r a c t 

The optimal operation and functional stability of a wastewater treatment plant (WWTP) strongly de- 

pend on the properties of its microbial community. However, a knowledge gap remains regarding the 

seasonal dynamics of microbial community properties, especially phylogenetic group based assembly and 

co-occurrence patterns. Accordingly, in this study, influent and activated sludge (AS) samples were weekly 

collected from 2 full-scale WWTPs for one year (89 influent and 103 AS samples in total) and examined 

by high-throughput Illumina-MiSeq sequencing. The results suggested that the microbial community di- 

versity and composition in the influent fluctuated substantially with season, while those in the AS had a 

relatively more stable pattern throughout the year. The phylogenetic group based assembly mechanisms 

of AS community were identified by using “Infer Community Assembly Mechanisms by Phylogenetic-bin- 

based null model (iCAMP)”. The results showed that drift accounted for the largest proportion (52.8%), 

while homogeneous selection (18.2%) was the most important deterministic process. Deterministic pro- 

cesses dominated in 47 microbial groups (bins), which were also found (~40%) in the AS core taxa dataset. 

Moreover, the results suggested that Nitrospira were more susceptible to stochastic processes in winter, 

which may provide a possible explanation for nitrification failure in winter. Network analysis results sug- 

gested that the network structure of the AS community could be more stable in summer and autumn. 

In addition, there were no identical keystone taxa found in different networks (constructed from differ- 

ent plants, sources, and seasons), which supported the context dependency theory. The results of this 

study deepened our understanding of the microbial ecology in AS systems and provided a foundation for 

further studies on the community regulation strategy of WWTPs. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Wastewater treatment plants (WWTPs), which mostly use the 

ctivated sludge (AS) process, play a critical role in the protec- 

ion of our environment and human health ( Ju and Zhang 2015 ). 

S harbors a highly complex microbial community and heavily re- 

ies on it for the degradation of organic matter, nutrient removal, 

nd wastewater detoxification ( Wagner and Loy 2002 ). Thus, the 

unctional stability of WWTPs depends largely on the microbial 

ommunity in AS ( Wagner and Loy 2002 ; Falk; Song et al. 2009 ;

riffin and Wells 2017 ; Zhang et al., 2020 ). Previous studies have 
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evealed the repeated and predictable seasonal patterns of micro- 

ial community in natural ecosystems, such as lakes ( Shade et al., 

007 ) and oceans ( Fuhrman et al., 2006 ). For WWTPs, the sea- 

onality of the microbial community in AS has attracted the in- 

erest of environmental microbiologists ( Griffin and Wells 2017 ; 

ohnston and Behrens 2020 ; Petrovski et al., 2020 ). 

Previously, some researchers performed long-term studies on 

he dynamics of microbial community structure in AS systems 

y using different types of conventional molecular tools. For ex- 

mple, by using Terminal Restriction Fragment Length Polymor- 

hism (T-RFLP), successive shifts in AS bacterial community struc- 

ure were revealed through a weekly sampling campaign for one 

ear ( Wells et al., 2011 ); And, Flowers et al. used automated ribo- 

omal intergenic spacer region analysis (ARISA) to investigate the 

epeated seasonal pattern of overall community succession in an 

https://doi.org/10.1016/j.watres.2021.117295
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2021.117295&domain=pdf
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nhanced biological phosphorus removal plant throughout a two- 

ear sampling study (Flowers, Cadkin et al. 2013 ). However, given 

imitations due to PCR bias or low throughput, the taxonomic in- 

ormation and microbial community diversity could be underesti- 

ated. 

In recent years, the high-throughput sequencing of 16S rRNA 

mplicons has greatly deepened our understanding of microbial 

ommunity dynamics in AS. A previous study indicated that sea- 

onal variation had a stronger impact on the AS bacterial com- 

unity than any other variation ( Zhang et al., 2018 ). Temperature 

nd dietary habits could be the most important factors leading to 

ommunity dynamics ( Ju et al., 2014 ; Petrovski et al., 2020 ). In ad-

ition, the dynamics of some key functional groups, such as ni- 

rifying bacteria, were thoroughly investigated in a 55-week sam- 

ling campaign ( Johnston et al., 2019 ). Moreover, Jiang et al. high- 

ighted the importance of biotic associations in controlling the bac- 

erial communities in AS ( Jiang et al., 2018a ); And they captured 

he high-resolution overall view of community dynamics, espe- 

ially the bacteria involved in sludge bulking and foaming, by using 

 long-term and intensively sampled dataset ( Jiang et al., 2018b ). 

hese studies revealed the detailed dynamic patterns of microbial 

iversity and community composition in the AS system, which pro- 

ided a sound foundation for us to explore the dynamics of AS 

ommunity assembly mechanisms and co-occurrence patterns. 

The study of co-occurrence patterns will provide us with new 

nsight into the AS system and improve our understanding of 

he microbial community beyond those with simple diversity and 

omposition ( Jiang et al., 2018b ; Shi et al., 2016 ; Deng et al.,

012 ). Regarding community assembly mechanisms, there have 

een intensive debates about this longstanding issue ( Tilman 2004 ; 

ing et al., 2020 ). At present, it is generally accepted that both de-

erministic processes (including homogeneous selection and het- 

rogeneous selection) and stochastic processes (including homog- 

nizing dispersal, dispersal limitation, and drift) contribute to 

he assembly of the AS microbial community ( Wu et al., 2019 ; 

hang et al., 2020 ). However, some studies have reported contrast- 

ng results regarding the relative importance of these processes in 

ontrolling AS community assembly. Griffin et al. monitored six AS 

ioreactors for 1 year and found that the communities were highly 

ynchronized at the individual OTU, broad phylogenetic affiliation 

nd community-wide scale. Temperature was the most important 

river of the variations in alpha- and beta-diversity; thus, they in- 

icated that the communities were highly controlled by determin- 

stic processes ( Griffin and Wells 2017 ). A similar reactor synchrony 

as found by Johnston et al. ( Johnston et al., 2019 ). However, re-

ent global survey data ( Wu et al., 2019 ) indicated that stochastic 

rocesses were more important in AS community assembly, which 

as consistent with our previous findings in China ( Zhang et al., 

020 ; Sun et al., 2020 ). In addition, previous studies have had ma-

or limitations because the assembly mechanisms were evaluated 

t the “whole community” level. However, it was indicated that 

he actions of the assembly processes were typically at the geno- 

ype or population level rather than at the whole community level 

 Ofiteru et al., 2010 ; Ning et al., 2020 ). 

Different microorganisms respond differently to environmen- 

al changes (such as temperature, SRT, and biodegradability) 

 Zhang et al., 2020 ; Sun et al., 2020 ; Johnston and Behrens 2020 );

hus, it is reasonable to assume that different “microorganism 

roups” in AS would possess differentiated assembly mechanisms. 

owever, as only a few studies focus on this topic, there is 

till a knowledge gap remains regarding the phylogenetic group 

ased AS assembly mechanisms. Recently, Ning et al. proposed a 

ew framework named Infer Community Assembly Mechanisms by 

hylogenetic-bin-based null model (iCAMP), which considers as- 

embly mechanisms at the level of individual taxa/lineages rather 

han the whole community ( Ning et al., 2020 ). iCAMP showed high 
2 
ccuracy and sensitivity on a simulated community, and it showed 

igh effectiveness and robustness in grassland microbial commu- 

ities ( Ning et al., 2020 ). This framework provides us with a pow- 

rful tool to investigate the assembly mechanisms of different mi- 

roorganism groups in the AS system. 

In this study, influent and AS samples were weekly collected 

rom two full-scale WWTPs for one year (89 influent and 103 AS 

amples in total). High-throughput 16S rRNA gene amplicon se- 

uencing and multiple bioinformatics methods were used to reveal 

he seasonal dynamics of microbial community diversity, composi- 

ion, phylogenetic group based assembly, and co-occurrence pat- 

erns. This study will help to deepen our understanding of the mi- 

robial ecology in AS systems, and it provides a foundation for fur- 

her studies on the community regulation strategy of WWTPs. 

. Materials and methods 

.1. WWTPs and sampling 

Influent and AS samples were collected between January 2015 

nd January 2016 from two full-scale WWTPs (abbreviated as 

BD and BXH) in Beijing, China. GBD primarily treats municipal 

astewater with a capacity of 1,0 0 0,0 0 0 m 

3 per day for a popula-

ion of ~2,40 0,0 0 0 people. It employs an anaerobic/anoxic/aerobic 

A/A/O) process with the sludge retention time (SRT) of approxi- 

ately 10 days. BXH treats mainly municipal wastewater with a 

apacity of 10 0,0 0 0 m 

3 per day to provide reclaimed water to 

lympic venues and the Olympic park. It uses a A/A/O + membrane 

ioreactor (MBR) process with the SRT of about 17 days. 

A total of 89 influent samples (46 from GBD and 43 from BXH) 

nd 103 AS samples (52 from GBD and 51 from BXH) were col- 

ected at 52 time points. For each weekly influent sample, 200 ml 

f liquid was collected in four 50-ml sterile tubes. For each weekly 

S sample, 50 ml of liquid was collected from the inlet and outlet 

ones of the aeration tank, and combined as a single time point AS 

ample. Temperature, pH, conductivity and dissolved oxygen (DO) 

f the influent and AS samples were determined in situ by using 

 multi-parameter water quality measuring instrument (Thermo 

rion 4-Star, Thermo Fisher Scientific, MA, USA). All of the col- 

ected samples were briefly precipitated in situ for 30 min to de- 

ant the supernatant, and immediately transported to the labora- 

ory on ice within 2 h. Each 100 ml of influent sample and each 

 ml of AS sample were centrifuged at 15,0 0 0 g for 20 min and

5,0 0 0 g for 10 min, respectively. The supernatant of the influ- 

nt and AS samples was decanted, and the pellets were stored 

t −80 °C until the DNA was extracted. Chemical oxygen demand 

COD), ammonia-N, nitrite-N, nitrate-N, total nitrogen (TN), and 

otal phosphorus (TP) were determined for both influent and AS 

amples. Mixed liquor suspended solids (MLSS) and mixed liquor 

olatile suspended solids (MLVSS) were additionally determined 

or AS samples. All of these parameters were measured following 

he standard methods ( ChineseNEPA 2002 ) within 24 h after sam- 

le collection. 

.2. DNA extraction, illumina sequencing, and data accession 

Microbial genomic DNA was extracted by PowerSoil DNA iso- 

ation kit (MoBio Laboratories, Carlsbad, CA, USA) according to 

he manufacturer’s instructions. Then, the quality of extracted 

NA was examined by a ND-20 0 0 spectrophotometer (Nanodrop 

nc., Wilmington, DE, USA). DNA with the A260/A280 ratio be- 

ween 1.8–2.0, and the A260/A230 ratio higher than 1.7 was 

sed for sequencing. The variable region 4 (V4) of the 16S 

RNA gene was amplified using the forward primer 515F (5 ′ - 
TGCCAGCMGCCGCGGTAA-3 ′ ) and the reverse primer 806R (5 ′ - 
GACTACHVGGGTWTCTAAT-3 ′ ). 
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An effective and robust two-step PCR was used to amplify the 

equences ( Wu et al., 2019 ; Zhang et al., 2020 ). The detailed se-

uencing process was summarized in Text S1. The sequencing data 

enerated in this study were deposited into the National Center for 

iotechnology Information (NCBI, https://submit.ncbi.nlm.nih.gov ) 

atabase with the accession number PRJNA625560 . 

.3. Sequence processing and data analyses 

Raw sequences were processed by the galaxy platform of the 

nstitute for Environmental Genomics (IEG) Statistical Analysis 

ipeline ( http://ieg3.rccc.ou.edu:8081/ ). The detailed sequence pro- 

essing procedure was summarized in Text S2. After assembling 

nd quality filtering, a total of 9,151,618 high-quality sequences 

ere obtained from the whole sequencing dataset, which were 

lustered into 33,411 operational Taxonomic units (OTUs). To re- 

uce errors and perform a relatively fair comparison among all 

amples, the sequence number in each sample was rarefied to the 

ame depth (30,0 0 0 sequences per sample), except for four sam- 

les (2 influent samples and 2 AS samples). For these four samples, 

nrarefied sequences were retained (Table S2). 

All 192 samples were divided into 16 groups based on different 

easons (spring, March – May; summer, June – August; autumn, 

eptember – November; winter, December - February), different 

lants (GBD and BXH) and different sources (influent and AS). 

hese groups were abbreviated as: 1) samples from the influent of 

BD in different seasons: GBD_Inf_Spr, GBD_Inf_Sum, GBD_Inf_Aut, 

nd GBD_Inf_Win; 2) samples from the activated sludge of GBD 

n different seasons: GBD_AS_Spr, GBD_AS_Sum, GBD_AS_Aut, and 

BD_AS_Win; 3) samples from the influent of BXH in different sea- 

ons: BXH_Inf_Spr, BXH_Inf_Sum, BXH_Inf_Aut, and BXH_Inf_Win; 

nd 4) samples from the activated sludge of BXH in different sea- 

ons: BXH_AS_Spr, BXH_AS_Sum, BXH_AS_Aut, and BXH_AS_Win. 

ermutational multivariate analysis of variance (PERMANOVA) was 

sed to test the differences among groups. 

Richness, Shannon-Wiener (H) and inverse Simpson indices 

ere used to evaluate the alpha diversity of the microbial com- 

unities; Pielou’s (J) index was used to investigate the even- 

ess of the microbial communities. To identify the seasonal com- 

unity succession patterns, the relative abundance data of all 

amples were ordinated by nonmetric multidimensional scaling 

NMDS) analysis with Bray-Curtis distance. The microbial commu- 

ity composition was visualized by Circos ( Krzywinski et al., 2009 ). 

he diversity indices, NMDS, dissimilarity matrix, and Mantel test 

ere performed in R (version 3.4.4) using the vegan package 

 Dixon 2003 , version 3.2). The Infer Community Assembly Mech- 

nisms by Phylogenetic-bin-based null model (iCAMP) was used 

o investigate the assembly mechanisms of different microorgan- 

sm groups ( Ning et al., 2020 ). The R code for iCAMP was avail-

ble as an open-source R package, “iCAMP”, which can be down- 

oaded from the Comprehensive R Archive Network (CRAN, https: 

/cran.r-project.org/ ). And, the custom scripts for iCAMP were avail- 

ble from GitHub ( https://github.com/DaliangNing/iCAMP1 ). By us- 

ng iCAMP, five assembly mechanisms of different microorganism 

roups (called ‘bins’) were identified, including homogeneous se- 

ection (HoS), heterogeneous selection (HeS), dispersal limitation 

DL), homogenizing dispersal (HD), and drift (DR). A detailed ex- 

lanation of these mechanisms can be found in a previous study 

 Zhou and Ning 2017 ). Besides, the seasonality-induced changes in 

oS and DR were investigated in this study, and a change was de- 

ned as a positive value if the relative contribution of HoS or DR 

as higher in summer than in winter. 

Microbial ecological networks were constructed by using the 

olecular Ecological Network Analysis Pipeline (MENAP) ( http:// 

eg2.ou.edu/MENA/ ) to reveal the possible co-occurrence patterns 

mong microorganisms ( Zhou et al., 2010 ; Deng et al., 2012 ). Dur-
3 
ng the network construction procedure, only those OTUs detected 

n more than 85% of the samples were kept to eliminate unrep- 

esentative OTUs and reduce complexity. To identify the keystone 

axa, the following simplified classification was established: (i) pe- 

ipheral nodes (Zi ≤ 2.5, Pi ≤ 0.62; i.e., “Zi” indicates within- 

odule connectivities and “Pi” indicates among-module connec- 

ivities), which possessed only a few links that were almost al- 

ays associated with nodes within their modules; (ii) connectors 

Zi ≤ 2.5, Pi > 0.62), which were highly connected to several mod- 

les; (iii) module hubs (Zi > 2.5, Pi ≤ 0.62), which were highly 

onnected to numerous microbes in their own modules; and (iv) 

etwork hubs (Zi > 2.5, Pi > 0.62), which acted as both module 

ubs and connectors. For each network, 100 corresponding random 

etworks were generated with the same network size and aver- 

ge number of links. The Z-test was then used to investigate the 

ifferences in the topological parameters between the constructed 

etworks and the random networks to ensure that the ecological 

etworks were non-random. 

. Results and discussion 

.1. Seasonal dynamics of microbial community diversity 

It was demonstrated that the functions and stability of wastew- 

ter treatment systems were determined by the diversity and com- 

osition of AS communities ( Jousset et al., 2017 ), and WWTPs 

ith higher alpha diversity could be more stable ( Sun et al., 

020 ; Zhang et al., 2020 ). To determine how the alpha diver- 

ity of AS and influent communities changed across seasons, key 

iversity indices of these samples including richness, Shannon- 

iener index (H), Pielou’s evenness index (J), and inverse Simp- 

on’s index, were calculated to reveal their seasonal dynamic pat- 

erns. As shown in Fig. 1 , richness represented the number of 

bserved species and ranged from 904 (GBD_Inf_Spr) to 5606 

GBD_Inf_Aut) in these samples. The Shannon-Wiener index con- 

idering both the richness and relative abundance of each species 

aried from 2.90 (BXH_Inf_Spr) to 7.32 (GBD_Inf_Aut) in these 

ime series samples. Besides, the Pielou’s evenness index ranged 

rom 0.40 (BXH_Inf_Spr) to 0.85 (GBD_Inf_Aut), and the inverse 

impson diversity index varied from 3.46 (BXH_Inf_Spr) to 284.53 

BXH_Inf_Spr). 

The results showed that the microbial diversity of influent sam- 

les fluctuated dramatically across time points. Moreover, the max- 

mum and minimum values of each index all appeared in influent 

amples. For example, the maximum and minimum values of the 

nverse Simpson diversity index all occurred in BXH spring influent 

amples. This result was not surprising because the characteristics 

f influent wastewater are related to people’s living habits (such 

s eating habits and shower frequency) and production activities 

n different seasons, which are not subject to artificial control and 

uctuate frequently ( Martin and Vanrolleghem 2014 ; Chen et al., 

019 ; Petrovski et al., 2020 ). Thus, the microbial community could 

e affected by dramatic changes in substrates, such as COD (Mantel 

est, R = 0.205, P < 0.001) and nitrate-N (Mantel test, R = 0.509, 

 < 0.001). While in AS samples, the microbial diversity was rel- 

tively stable in different seasons. Here, the WWTPs performance 

as also determined. As shown in figures S1 – S3, the system per- 

ormance was relatively stable in terms of COD, ammonia-nitrogen 

nd total nitrogen removal, and almost all of the effluent quality 

ndices met the discharge standard during the sampling period. 

he performance of these two full-scale WWTPs was generally sta- 

le throughout the year, which may partially be attributed to the 

elatively stable microbial diversity in AS. However, the diversity 

f the AS community in summer was still significantly higher than 

hat in winter ( t -test; GBD, P < 0.01; BXH, P < 0.05). Previous stud-

es indicated that temperature was an important driver of repeat- 

https://submit.ncbi.nlm.nih.gov
https://dataview.ncbi.nlm.nih.gov/object/PRJNA625560
http://ieg3.rccc.ou.edu:8081/
https://cran.r-project.org/
https://github.com/DaliangNing/iCAMP1
http://ieg2.ou.edu/MENA/
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Fig. 1. Seasonal dynamic patterns of a) Shannon-Wiener (H) index; b) Richness; c) Pielou’s evenness (J) index; and d) Inverse Simpson index. GBD_Inf and BXH_Inf represent 

the influent of GBD and BXH; GBD_AS and BXH_AS represent the activated sludge of GBD and BXH. 
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ble seasonal alpha diversity patterns accompanied by population 

ynchrony and shifts in broad phylogenetic abundance (Flowers, 

ad kin et al. 2013 ; Griffin and Wells 2017 ). In this study, a sim-

lar sinusoidal temperature pattern was also observed (figure S4). 

herefore, the significant difference in AS microbial diversity be- 

ween summer and winter could be at least partly attributed to 

he changes in temperature (Mantel test, R = 0.289, P < 0.001). 

ollectively, these results suggested that the microbial diversity in 

he influent fluctuated substantially with season, while AS had a 

elatively more stable diversity pattern throughout the year. 

.2. Seasonal dynamics of microbial community composition 

To better understand the structure of microbial community, the 

axonomic affiliation at the phylum or class (for Proteobacteria) 

evel was visualized by Circos ( Fig. 2 , figure S5–7). Firmicutes, 

acteroidetes, Beta-, Gamma-, and Epsilon-proteobacteria were the 

ost dominant phyla (or classes) in the influent samples. In ad- 

ition, the composition of influent communities varied greatly in 

ifferent seasons, which may be attributed to sharp fluctuations 

n the influent characteristics ( Martin and Vanrolleghem 2014 ; 

heng et al., 2019 ; Petrovski et al., 2020 ). In the AS community,

he composition was more seasonally stable than that in the influ- 

nt community. Consistent with previous studies ( Xia et al., 2018 ; 

un et al., 2020 ), the most dominant phyla (or classes) in the 

S community were Alpha-, Beta-, Gamma-, Delta-proteobacteria, 

ctinobacteria, Acidobacteria, Chloroflexi, Nitrospirae, and Plancto- 

ycetes. However, even though the composition of AS community 

as similar in different seasons, the results of PERMANOVA sug- 

ested significant ( P < 0.001) differences among them. As shown 

n Table S3, there were significant differences among almost all 

roups, except for some influent groups ( P > 0.05). The results 

uggested that the AS community might have seasonal succes- 

ion patterns. Therefore, to explore the overall community dynam- 

cs, the community data were ordinated by NMDS. As shown in 

ig. 3 , all samples were clearly clustered into four groups: GBD 

nfluent, GBD activated sludge, BXH influent and BXH activated 

ludge. The results showed that there were significant differences 

etween the influent and AS communities. Moreover, the distance 

etween GBD_Inf and BXH_Inf was closer than that of GBD_AS and 
4 
XH_AS, indicating that the difference between the AS community 

as greater than that of the influent community, which could be 

elated to the different wastewater treatment processes. In addi- 

ion, there were no seasonal succession patterns in influent com- 

unities, but a continual succession was found (i.e., the continu- 

us variation of influent samples in the NMDS figure), which could 

e attributed to the irregular changes in influent characteristics. 

hile in AS communities, a clear seasonal succession pattern of 

icrobial community structure was found (i.e., the communities 

rom spring and winter were closer in the NMDS figure), which 

as due to the similar organic and nutrient removal functions per- 

ormed by the AS systems throughout the year. As indicated by 

revious studies, seasonal variation would only shift the microbial 

ommunity structures, but not enough to change the functional 

enes ( Griffin and Wells 2017 ; Liu et al., 2019 ). Besides, as one of

he most important factors influencing the community structure, 

emperature ( P < 0.001) was more similar in winter and spring 

Figure S4). Thus, it was reasonable that AS communities exhibited 

easonal succession patterns. 

To understand which microorganisms were responsible for the 

ifferences in the seasonal AS community, the top 50 dominant 

enera (accounting for 20.8% - 73.7% of the relative abundance) 

ere investigated. Besides, their putative functions were identi- 

ed by using the MiDAS 3 database ( Nierychlo et al., 2020 ). As 

hown in figure S8, the abundance of some genera was signifi- 

antly different among seasons. For example, for the top 15 gen- 

ra, the abundances of Ferruginibacter ( P < 0.001), Nitrospira ( P < 

.001), Dechloromonas ( P < 0.001), Zoogloea ( P < 0.01), Aridibac- 

er ( P < 0.001), Phaeodactylibacter ( P < 0.001), and Gemmobac- 

er ( P < 0.001) were significantly different between summer and 

inter, whereas Terrimonas, Dokdonella, Nitrosomonas, Chryseolinea, 

ewinella, Arenimonas, Comamonas , and Gp4 had no significant dif- 

erences. The in situ physiology of Ferruginibacter in activated 

ludge has not been determined ( Nierychlo et al., 2020 ). And, 

ridibacter were reported to metabolize a variety of monomeric 

ugars, organic acids, and complex proteinaceous substrates in 

astewater ( Nierychlo et al., 2020 ). Nitrospira are considered to be 

he most common and abundant Nitrite oxidizing bacteria (NOB) in 

WTPs ( Daims et al., 2001 ), and Dechloromonas are able to assim- 
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Fig. 2. Circular representation of seasonal microbial community composition at phylum or class (for Proteobacteria) level in GBD influent. The outmost two circles list the 

names of each group and each phylum (or class). The width of the connecting line on the outer ring represents the percentages of microorganisms in these groups (left side 

of the diagram) and correlates the relative abundance of different taxonomies (right side of the diagram). The microbial phyla (or classes) which relative abundance were 

lower than 2% were combined as “others”. 

Fig. 3. Nonmetric Multidimensional Scaling (NMDS) analysis of seasonal microbial community dynamics. “GBD” and “BXH” represent two different full-scale WWTPs; “Inf”

and “AS” represent influent and activated sludge, respectively. “Spr”, “Sum”, “Aut” and “Win” represent spring, summer, autumn, and winter, respectively. 
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late VFAs with nitrite as the electron acceptor under anoxic con- 

itions playing a role in denitrification (Ginige, Keller et al. 2005 ; 

cIlroy et al., 2016 ). However, even though the abundance of Ni- 

rospira and Dechloromonas was significantly different between sea- 

ons, the nitrogen removal performance of full-scale WWTPs was 

elatively stable throughout the year (figure S3), indicating that 

here might have been nitrogen removal functional redundancy 

n the system. Besides, Zoogloea were the abundant denitrifier in 

S system, and its overgrowth suggested the occurrence of non- 

iscous bulking ( Larsen et al., 2008 ). Therefore, the significantly 

igher abundance of Zoogloea may suggest higher risks of sludge 

ulking in winter. In summary, the results here revealed the dom- 

nant phyla (or classes) in influent and AS samples, the seasonal 

uccession patterns of AS community, and the seasonal dynamics 

f dominant genera in AS samples. 

.3. Assembly mechanisms across different phylogenetic groups in AS 

Given that the microbial diversity and community composi- 

ion were seasonally dynamic, we further investigated the driv- 

ng forces that shaped the community structure, i.e., the commu- 

ity assembly mechanisms. The community assembly mechanism 

s one of the most compelling questions in ecology, and it is the 

heoretical basis for regulation of the AS community via the oper- 

tional parameters of WWTPs ( Zhou and Ning 2017 ; Zhang et al., 

020 ; Ning et al., 2020 ). Previous studies have indicated that as- 

embly mechanisms mainly include deterministic and stochastic 

rocesses. The deterministic processes were divided into homoge- 

eous selection (HoS) and heterogeneous selection (HeS), while the 

tochastic processes included dispersal limitation (DL), homogeniz- 

ng dispersal (HD), and drift (DR) ( Zhou and Ning 2017 ). The whole

ommunity based AS assembly mechanism studies have demon- 

trated some controversy, especially in answering the question of 

hether deterministic or stochastic processes are predominant; 

nd, based on these controversial results ( Griffin and Wells 2017 ; 

ohnston et al., 2019 ; Wu et al., 2019 ), we hypothesized that some

hylogenetic groups were under strong selection, whereas others 

ould be under strong drift. However, this type of difference cannot 

e discerned by whole-community based metrics. In this study, the 

ssembly mechanisms of different microorganism groups (called 

bins”) in AS were investigated by using our newly developed tool 

iCAMP ( Ning et al., 2020 ). To the best of our knowledge, this is

he first attempt to distinguish the assembly mechanisms of differ- 

nt microorganisms in AS. 

The 33,411 observed OTUs were divided into 337 phylogenetic 

ins, and the assembly mechanisms of these bins were shown 

n Fig. 4 . More detailed information can be found in Supplemen- 

ary 2. Overall, drift accounted for the largest proportion of the 

ssembly mechanisms (DR, 52.8%), followed by dispersal limita- 

ion (DL, 22.1%) and homogeneous selection (HoS, 18.2%), while 

omogenizing dispersal (HD, 5.3%) and heterogeneous selection 

HeS, 1.6%) accounted for smaller proportions. The deterministic 

rocesses dominated in 47 bins (13.9% of the bin numbers and 

6.3% of the relative abundance), and the stochastic processes 

ominated in 290 bins (86.1% of the bin numbers and 63.7% of 

he relative abundance). Drift was found to be the most impor- 

ant stochastic process and is referred to as an inherent stochas- 

ic process encompassing birth, death, and reproduction ( Zhou and 

ing 2017 ). The results indicated the importance of stochastic 

rocesses in shaping the AS microbial community with an aver- 

ge stochasticity of approximately 75%, and this value was very 

imilar to the global survey data published by the Global Wa- 

er Microbiome Consortium ( Wu et al., 2019 ). We further investi- 

ated these stochastic-predominant bins. Most of them were af- 

liated to Proteobacteria (37.2%, mainly alpha-, beta-, gamma-, 

nd delta-proteobacteria), Firmicutes (12.1%), Bacteroidetes (10.0%), 
6 
ctinobacteria (7.2%), and Acidobacteria (4.5%). WWTPs are inher- 

ntly open systems ( Ofiteru et al., 2010 ) that continuously re- 

eive wastewater, which favors microorganism immigration from 

he influent. Influent is an important source for the AS commu- 

ity ( McLellan et al., 2010 ; Zheng and Wen 2019 ). And, some non-

rowing bacteria which entering the system with influent may also 

ad influence on the AS community, as previously demonstrated 

or anaerobic digesters in WWTPs ( Jiang et al., 2021 ). Thus, it is

ot surprising that so many phylogenetic groups in AS were pri- 

arily influenced by stochastic processes. Many long-term studies 

ave found that the community structure is affected by short-term 

ppeared OTUs (called ‘transient/intermediate taxa’) ( Jiang et al., 

018b ; Johnston et al., 2019 ; Zheng and Wen 2019 ). We speculated 

hat these short-term appeared OTUs were mainly influenced by 

tochastic processes; however, more data are needed to support 

his hypothesis. 

Deterministic processes, mainly homogeneous selection, were 

redominant in 47 bins. Homogeneous selection refers to selection 

nder homogeneous abiotic and biotic environmental conditions 

eading to more similar structures among communities ( Zhou and 

ing 2017 ). The results here indicated that these bins were se- 

ected under the selection pressure of WWTPs. The taxonomic in- 

ormation of these 47 bins was summarized in table S4. Overall, 

hey were mostly affiliated to Actinobacteria, Alpha-Proteobacteria, 

irmicutes, Bacteroidetes, and Nitrospirae. Then, the putative func- 

ions of these bins were identified by the MiDAS 3 database 

 Nierychlo et al., 2020 ). As shown in Fig. 5 , most of them (22 out

f 47) were aerobic heterotrophs, indicating that they may play 

n important role in organic degradation and nutrient removal. 

hemoautotrophs or mixtrophs were also observed. Seven out of 

7 bins were identified as positive or variable for nitrite reduction, 

ndicating that they were putative denitrifiers ( Nierychlo et al., 

020 ). NOB, Phosphorus accumulating organisms (PAO), and Glyco- 

en accumulating organisms (GAO) were also observed in these 

eterministic-predominant bins; however, there were very few of 

hem. As shown in Fig. 5 , most metabolic properties of these bins 

ere not assessed. We believe that these microorganism groups, 

hich can be selected by the deterministic processes in WWTPs, 

re of great significance and may be the basis for future regulation 

f activated sludge communities. Further researches are needed to 

dentify their functions. 

Based on the frequency and relative abundance, the core taxa in 

S have been studied on spatial ( Saunders et al., 2016 ; Wu et al.,

019 ) or temporal scales ( Griffin and Wells 2017 ; Jiang et al.,

018a ). However, some inconsistencies still exist. Twenty-eight 

TUs were defined as the core bacterial community in our previ- 

us global survey, in which Nitrospira was the most important NOB 

 Wu et al., 2019 ). Nonetheless, a recently published study found 

hat there were no members of the genus Nitrospira in the studied 

ystem, and the authors extended the definition of the core micro- 

iome ( Johnston and Behrens 2020 ). To some extent, the definition 

f “core taxa” was “plant-specific”. Besides, a previous study sug- 

ested that there should be no shared taxa between WWTPs if the 

ampling period was long enough ( Jiang et al., 2018a ). Neverthe- 

ess, we still hypothesized that there were core taxa in WWTPs, 

onsidering that the WWTPs performed similar nutrient removal 

unctions anywhere and at any time. Moreover, we further hypoth- 

sized that the assembly mechanisms of these core taxa should 

e deterministically dominated. In this way, they can exist under 

he selection pressure of WWTPs. To test this hypothesis, two lo- 

al core taxa datasets were collated. As shown in table S5, the 

ataset 1 contains 29 core taxa (relative abundance > 0.1% and fre- 

uency > 80%) of our large-scale spatial AS samples ( Zhang et al., 

020 ) and temporal AS samples (this study) from China; dataset 

 contains the core taxa (28 OTUs) of our previous global sur- 

ey ( Wu et al., 2019 ). As shown in Fig. 5 , 19 out of 47 (~40%)
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Fig. 4. Assembly mechanisms across different phylogenetic groups (bins) in AS. The phylogenetic tree was displayed at the center. a, the relative importance of different 

ecological processes in each bin (stacked bars in first annulus), and the legend was shown at upper left. Homogeneous selection (HoS), heterogeneous selection (HeS), 

dispersal limitation (DL), homogenizing dispersal (HD), and drift (DR); b, relative abundance of each bin (second annulus); c, seasonality-induced change of homogeneous 

selection (third annulus); d, seasonality-induced change of drift (fourth annulus). It is defined as a positive value if the relative contribution of HoS or DR is higher in 

summer than it in winter. 
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eterministic-dominated bins were found in core taxa dataset 1 or 

. In addition, 14 out of 47 bins were found in dataset 1, and 8

ut of 47 bins were found in dataset 2. There were 3 bins found

n both dataset 1 and 2: bin 248, bin 285, and bin 289, and their

axonomic information was summarized in table S4. Bin 248 was 

dentified as Nitrospira , which is considered to be the most com- 

on and abundant NOB in WWTPs ( Nierychlo et al., 2020 ). Bin 

85 was identified as Dokdonella , which is only known as an aer- 

bic heterotroph, and its in situ functions have not been studied 

 Nierychlo et al., 2020 ). Bin 289 was identified as Sideroxydans 

affiliated to family Comamonadaceae), which is little known to 

s. On the whole, the results here suggested that approximately 

0% of the deterministic-dominated bins were the core taxa in 

WTPs, and they might contribute to AS functions. Future stud- 

es are needed to investigate whether and how we can use these 

ins to regulate the AS community and functions of WWTPs. 

As mentioned above, HoS was the main contributor to deter- 

inistic processes, while DR accounted for the largest proportion 

f stochastic processes. Thus, as shown in Fig. 4 (c) and (d), we fur-

her investigated the seasonal changes in HoS and DR. Overall, the 

oS and DR process were significantly different between summer 

nd winter ( t -test, P < 0.001). There were 136 out of 337 bins that

ad higher DR in winter than summer (the negative/outer value 

n figure), while 134 out of 337 bins showed higher HoS in sum- 

er (the positive/inner value in figure). Previous studies have re- 
n

7 
ealed that seasonality significantly influences the microbial diver- 

ity and community composition in AS, and in this study, the re- 

ults suggested that the assembly mechanisms were also affected 

y seasonality. It is worth noting that Nitrospira showed a lower 

oS in winter, and the seasonality-induced change in HoS was 

5.7%. The results suggested that Nitrospira were more suscepti- 

le to stochastic processes in winter, which may affect population 

bundance. Considering that nitrification failure mainly occurs in 

inter ( Johnston et al., 2019 ), the results here may provide a pos- 

ible explanation from the assembly mechanism perspective. 

.4. Seasonal dynamics of microbial co-occurrence patterns 

As one of the deterministic processes, microbial co-occurrence 

atterns were reported to be the most important driver shaping 

ommunity assembly ( Ju and Zhang 2015 ). Accordingly, 16 net- 

orks were constructed with the same threshold value of 0.990. It 

as suggested that the network structures were non-random and 

nlikely to appear due to chance, as indicated by the significant 

ifferences between empirical networks and their 100 correspond- 

ng random networks, which had identical network sizes and aver- 

ge number of links (Table S6– S21). As shown in Fig. 6 , Tables 1

nd 2 , the influent networks differed greatly from the AS networks, 

specially in spring and winter. Influent assemblages formed larger 

etworks with more nodes and links than AS networks, which in- 
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Fig. 5. The putative functions (identified by MiDAS 3 database) of 47 deterministic-dominated bins. The two right-most columns represent the relationships between core 

taxa and deterministic-dominated bins. AOB, Ammonium oxidizing bacteria; NOB, Nitrite oxidizing bacteria; PAO, Phosphorus accumulating organisms; GAO, Glycogen accu- 

mulating organisms. 
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reased the density of connections in the influent community and 

reated more complex network patterns. Moreover, the topologi- 

al parameters of the influent networks ( Tables 1 , 2 ) changed dra-

atically compared to those of the AS networks. Studies have in- 

icated that nutrients are important drivers of network structures 

n microbiological systems ( Foster et al., 2012 ; Zhang et al., 2020 ).

herefore, changes in environmental conditions, such as COD con- 

entration, can contribute to the dynamics of network structure. 

onsidering that the influent COD concentration varied greatly in 

ifferent seasons (figure S1), it is not difficult to understand that 

he structure of influent networks also changed greatly with the 

easons. 

The AS networks had more stable seasonal topological parame- 

ers over time than the influent networks ( Tables 1 and 2 ), which
8 
ay be related to the stable function of the AS community over 

ime. Interestingly, the network had smaller but more numerous 

odules in summer and autumn, and more complex modules in 

pring and winter ( Fig. 6 ). In networks, a module is a group of

TUs that are highly self-connected, but has much fewer con- 

ections with OTUs outside the group ( Deng et al., 2012 ). Previ- 

us studies indicated that microbes within the same module may 

erform similar functions. From the perspective of network topo- 

ogical structure, more “small modules” could make the network 

ore stable if they could work simultaneously ( Deng et al., 2012 ; 

hang et al., 2020 ). The results were reasonable given that nutri- 

nts were important drivers of network structures ( Shi et al., 2016 ; 

hang et al., 2020 ). The seasonal patterns of AS network modules 

ould be a result of varying COD concentrations (i.e., nutrients) 
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Fig. 6. Succession of influent and activated sludge networks in four seasons. The nodes represent OTUs, and the links indicate significant correlation. The modules are 

randomly colored, and the modules with less than 5 nodes are colored gray. “GBD” and “BXH” represent two different full-scale WWTPs; “Inf” and “AS” represent influent 

and activated sludge, respectively. “Spr”, “Sum”, “Aut” and “Win” represent spring, summer, autumn, and winter, respectively. 

Fig. 7. Classification of nodes to identify putative keystone taxa within networks, a) GBD influent; b) GBD activated sludge; c) BXH influent; d) BXH activated slduge. The 

phylogenetic affiliations of the hubs and connectors are listed on the plot using the following abbreviations: α-Pro, Alphaproteobacteria ; β-Pro, Betaproteobacteria ; γ -Pro, 

Gammaproteobacteria ; δ-Pro, Deltaproteobacteria ; ε-Pro, Epsilonproteobacteria ; Bac, Bacteroidetes ; Fir, Firmicutes ; Fus, Fusobacteria ; Ver, Verrucomicrobia ; Chl, Chlamydiae ; Aci, 

Acidobacteria ; Nit, Nitrospirae ; Unc, Unclassified. The number in parentheses following the taxa information indicates the occurrence number. “Spr”, “Sum”, “Aut” and “Win”

represent spring, summer, autumn, and winter, respectively. 
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Table 1 

Topological properties of the constructed molecular ecological networks in GBD. “Inf” and “AS” represent influent and activated sludge, respectively. “Spr”, “Sum”, “Aut”

and “Win” represent spring, summer, autumn, and winter, respectively. 

Topological properties GBD_Inf_Spr GBD_Inf_Sum GBD_Inf_Aut GBD_Inf_Win GBD_AS_Spr GBD_AS_Sum GBD_AS_Aut GBD_AS_Win 

Average Connectivity 3.238 2.128 2.393 3.482 2.472 2.174 1.933 1.722 

Average clustering coefficient (avgCC) 0.256 0.242 0.290 0.398 0.248 0.205 0.198 0.139 

Average path distance (GD) 8.873 6.061 3.163 8.801 11.026 7.355 5.263 9.968 

Geodesic efficiency (E) 0.162 0.274 0.449 0.200 0.155 0.241 0.302 0.206 

Harmonic geodesic distance (HD) 6.162 3.650 2.228 5.006 6.434 4.144 3.312 4.862 

Centralization of degree (CD) 0.055 0.019 0.039 0.030 0.042 0.030 0.027 0.013 

Centralization of betweenness (CB) 0.124 0.017 0.007 0.058 0.104 0.023 0.011 0.024 

Centralization of stress centrality (CS) 0.627 0.165 0.010 420.796 1.516 0.092 0.024 0.062 

Centralization of eigenvector centrality (CE) 0.325 0.316 0.281 0.248 0.281 0.336 0.456 0.405 

Density (D) 0.006 0.005 0.005 0.008 0.005 0.005 0.004 0.004 

Reciprocity 1 1 1 1 1 1 1 1 

Transitivity (Trans) 0.545 0.560 0.606 0.708 0.630 0.531 0.419 0.335 

Connectedness (Con) 0.420 0.050 0.027 0.139 0.154 0.066 0.043 0.055 

Efficiency 0 0.939 0.869 0.957 0.977 0.953 0.940 0.961 

Hierarchy 0 0 0 0 0 0 0 0 

Lubness 1 1 1 1 1 1 1 1 

Modularity(fast_greedy) 0.829 0.934 0.932 0.891 0.911 0.936 0.948 0.923 

Table 2 

Topological properties of the constructed molecular ecological networks in BXH. “Inf” and “AS” represent influent and activated sludge, respectively. “Spr”, “Sum”, “Aut”

and “Win” represent spring, summer, autumn, and winter, respectively. 

Topological properties BXH_Inf_Spr BXH_Inf_Sum BXH_Inf_Aut BXH_Inf_Win BXH_AS_Spr BXH_AS_Sum BXH_AS_Aut BXH_AS_Win 

Average Connectivity 4.864 2.627 4.319 6.210 2.301 2.439 2.336 2.196 

Average clustering coefficient (avgCC) 0.401 0.322 0.393 0.451 0.253 0.309 0.262 0.309 

Average path distance (GD) 4.919 6.374 9.320 6.468 5.963 6.923 6.574 5.184 

Geodesic efficiency (E) 0.288 0.222 0.180 0.206 0.243 0.221 0.244 0.309 

Harmonic geodesic distance (HD) 3.470 4.498 5.565 4.846 4.113 4.523 4.096 3.239 

Centralization of degree (CD) 0.062 0.014 0.023 0.059 0.026 0.022 0.021 0.014 

Centralization of betweenness (CB) 0.048 0.015 0.052 0.146 0.024 0.019 0.018 0.010 

Centralization of stress centrality (CS) 0.483 0.399 115.125 13.766 0.246 0.467 0.336 0.027 

Centralization of eigenvector centrality (CE) 0.186 0.333 0.214 0.187 0.366 0.340 0.332 0.345 

Density (D) 0.009 0.003 0.006 0.010 0.004 0.003 0.004 0.003 

Reciprocity 1 1 1 1 1 1 1 1 

Transitivity (Trans) 0.753 0.453 0.790 0.665 0.448 0.486 0.506 0.467 

Connectedness (Con) 0.123 0.084 0.144 0.440 0.076 0.079 0.060 0.034 

Efficiency 0.941 0.971 0.967 0.980 0.966 0.970 0.956 0.932 

Hierarchy 0 0 0 0 0 0 0 0 

Lubness 1 1 1 1 1 1 1 1 

Modularity(fast_greedy) 0.833 0.928 0.920 0.774 0.914 0.931 0.943 0.921 
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cross the sampling time. In fact, our results indicated that the 

OD concentrations of GBD ( P < 0.01) and BXH ( P < 0.02) were

ignificantly higher in spring and winter than in summer and au- 

umn. Thus, these variations may induce more complex network 

tructures in spring and winter. Altogether, the results here re- 

orted the undocumented seasonal dynamics of network topolog- 

cal parameters of long-term, intensively sampled influent and AS 

ommunity from full-scale WWTPs, and demonstrated that the AS 

etwork structures could be more stable in summer and autumn. 

Different nodes played distinct roles in the network developed 

rom microbial abundance data. Previous studies indicated that 

eystone taxa possess disproportionately more important roles in 

aintaining network structure than other microorganisms in a net- 

ork, and the disappearance of these putative keystone taxa may 

ause networks to disassemble ( Shi et al., 2016 ; Faust and Raes 

012 ). As shown in Fig. 7 , some OTUs were identified as module

ubs or connectors in these ecological networks. Briefly, most of 

hese keystone taxa were affiliated to Proteobacteria, Firmicutes, 

nd Bacteroidetes. More detailed taxonomic information was listed 

n table S22. We found that only two identified keystone taxa re- 

eatedly appeared, and no taxa acted as either a module hub or 

onnector in different networks as the environmental conditions 

hanged over time. These results support the context dependency 

heory ( Power et al., 1996 ), which means that the keystone taxa 

A

10 
an only play crucial roles under certain environmental conditions. 

esides, the AS system is considered to be a highly functional re- 

undant system ( Vuono et al., 2015 ; Zhang et al., 2020 ); thus,

ifferent microorganisms may play the same ecological role over 

ime, which may explain the unique keystone taxa detected in 

ifferent AS networks. Interestingly, we found that the Shannon- 

iener index was significantly negatively correlated with network 

onnectivity (links) in both influent and AS samples (Figure S9). 

e assume that the lower temperature could act as a strong envi- 

onmental filter for community assembly. Thus, in spring and win- 

er, lower temperature would promote the development of niches 

opulated by dominant microorganisms, which would lead to de- 

reased diversity and more complex co-occurrence patterns over 

ime due to shared niches. The negatively correlated relationship 

etween diversity and network connectivity highlights the signif- 

cance of investigating co-occurrence among microorganisms, as 

hey are important dimensions of community organization uncap- 

ured by univariate diversity metrics ( Shi et al., 2016 ; Zhou et al.,

010 ). 

. Conclusion 

The analysis of the microbial community of 89 influent and 103 

S time-series samples from two full-scale WWTPs led to the fol- 
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owing conclusions: the microbial community diversity and com- 

osition in the influent fluctuated substantially with season, while 

hose in the AS had a relatively more stable pattern throughout 

he year. Firmicutes, Bacteroidetes, Beta-, Gamma-, and Epsilon- 

roteobacteria were the most dominant phyla (or classes) in in- 

uent samples, while Alpha-, Beta-, Gamma-, Delta-proteobacteria, 

ctinobacteria, Acidobacteria, Chloroflexi and Nitrospirae predomi- 

ated in AS samples. Drift accounted for the largest proportion of 

he phylogenetic group based assembly mechanisms (52.8%), while 

omogeneous selection (18.2%) was the most important determin- 

stic process. Deterministic processes dominated in 47 microbial 

roups (bins), which were also found (~40%) in the AS core taxa 

ataset. Moreover, the results suggested that Nitrospira were more 

usceptible to stochastic processes in winter, which may provide 

 possible explanation for nitrification failure in winter. In addi- 

ion, network analysis results suggested that the network struc- 

ure of the AS community could be more stable in summer and 

utumn. There were no identical keystone taxa found in different 

etworks, which supported the context dependency theory. Net- 

ork complexity was negatively correlated with diversity, indicat- 

ng that community organization was not captured by univariate 

iversity metrics. 
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