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wastewater treatment plant†
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The dynamics of bacterial communities in a full-scale wastewater treatment plant (WWTP) were

investigated using Illumina MiSeq sequencing and PICRUSt (phylogenetic investigation of communities

by reconstruction of unobserved states) over a one-year period. Results showed that the temporal

dynamics of structure, diversity and abundance of bacterial community were not obvious. The persistent

species had low diversity but high relative abundance. Dechloromonas, Thauera, Nitrosomonas and

Nitrospira were the four dominant persistent genera. The intermittent and transient genera showed

different dynamics with persistent genera. Variation partitioning analysis suggested that water quality

indexes (13.40%) had the greatest contribution to bacterial community variation, followed by

temperature (9.20%). Quantitative polymerase chain reaction analysis revealed the stable abundances of

nitrifying and denitrifying bacteria, and the occurrence of complete ammonia oxidizers (Comammox) in

the full-scale WWTP. Functional prediction showed that the bacterial functional compositions were also

relatively stable, and metabolism was the most dominant functional category. Many genes involved in

the nitrogen metabolism pathway were predicted to be present with high gene counts, e.g., nirB, nirD,

nasA, norB, nirK, nosZ and nifH. Most of these genes were predicted to be mainly contributed by

Rhizobiales, Burkholderiales, Rhodocyclales and Actinomycetales. Overall, the composition and function

of bacterial community in a long-term monitoring were relatively stable, which is important for

maintaining the high wastewater treatment capability in full-scale WWTPs.
1. Introduction

Biologically activated sludge processes have been extensively
used for treating municipal and industrial wastewater due to
their high removal efficiency of nutrients and low operational
cost. The performance and stability of these processes rely on
the structure and function of microorganisms within the acti-
vated sludge. Bacteria, protozoans, fungi and lamentous
organisms, the main groups of activated sludge, have been
shown to actively participate in the biological treatment of
wastewater.1 Especially, bacteria play important roles in the
removal of pollutants.2 The bacterial community structure and
composition within or between activated sludge systems have
been widely investigated.3,4 Although some signicant bacterial
community members have been identied, such studies do not
capture the dynamics of bacterial community structure. More-
over, the bacterial community dynamics are thought to be
ed Municipal Wastewater Treatment and

hnology, Beijing 100124, China. E-mail:

om; Fax: +86-10-67391983; Tel: +86-10-

tion (ESI) available. See DOI:

hemistry 2017
inuenced by changing environmental or operational vari-
ables.5 Furthermore, variations in microbial community struc-
ture are oen closely associated with changes in the functions
of microbes.6 Study on temporal dynamics is an alternative way
for correlating environmental or operational variables with
bacterial community and function, which is critical for
improving treatment performance and predicting responses to
unexpected environmental shis.

Previously, regarding the temporal bacterial community
dynamics in activated sludge systems, researchers mainly focus
on specic microbes, e.g., nitriers7 or denitriers8 in lab-scale
bioreactors or pilot-scale wastewater treatment plants
(WWTPs), lacking an overview of the bacterial community
dynamics in full-scale WWTPs. In recent years, the dynamics of
bacterial community in full-scale WWTPs were investigated
using conventional molecular technologies and next-generation
sequencing (NGS). The one-year dynamics of bacterial
communities in full-scale WWTPs have been investigated using
terminal restriction fragment length polymorphism9 and pyro-
sequencing.6 Moreover, a few researchers focus on the long-
term studies of the bacterial community using NGS. Pyrose-
quencing has been applied to investigate the 5-year temporal
dynamics of bacterial community in a full-scale WWTP treating
saline domestic sewage containing �30% seawater, suggesting
RSC Adv., 2017, 7, 56317–56327 | 56317
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there is no signicant seasonal succession.10 Recently, the
metagenomic technique is employed to investigate both the
bacterial community and function in a municipal WWTP over 4
years, but this study only focused on the dynamics of two
seasons (winter and summer).11 Compared with metagenomic
technique, a relatively uncomplicated and effective way to
investigate the bacterial function is using PICRUSt (phyloge-
netic investigation of communities by reconstruction of unob-
served states) based on 16S rRNA gene. PICRUSt, as
a bioinformatics tool, has been applied to predict the bacterial
functional composition in some simple habitats, such as
human and animal gut.12 Recently, PICRUSt is also used to
study bacterial functional composition in some complex envi-
ronments, including soil,13 sediment,14 wastewater15 and acti-
vated sludge.16,17 Overall, the combination of NGS and PICRUSt
will be an effective method to investigate the dynamics of
bacterial community and function in full-scale WWTPs, and
could provide useful information for improving treatment
performance.

The biological technology for nitrogen removal aimed to
protect water bodies from eutrophication is of great interest for
many researchers. Biological nitrication and denitrication are
the widely used methods for nitrogen removal in WWTPs.
Nitrication is catalyzed by ammonia oxidizing bacteria (AOB),
ammonia oxidizing archaea (AOA), complete ammonia oxidizers
(Comammox) and nitrite oxidizing bacteria (NOB). Denitrica-
tion is performed by denitrifying bacteria (DNB). Nitrication
failure occurs frequently in many WWTPs because the nitriers
(especially AOB) are highly sensitive to several environmental
factors.18 Denitrication is oen limited by lack of available
organic carbon source for the wastewater with low C/N ratio.19

Therefore, a better understanding of the microbial ecology of
nitriers and DNB in WWTPs is important for the complete
nitrogen removal from wastewater. In previous studies, the
diversity and abundance of AOB and AOA in full-scale WWTPs
have been well investigated,20,21 however, little is known about
their temporal dynamics. The newly discovered Comammox are
widespread in both natural and engineered ecosystems,
including soils, freshwater ecosystems, drinking water systems
and WWTPs.22,23 The occurrence of Comammox raises many
fundamental questions to be further solved, e.g., the diversity
and abundance of Comammox, the contributions of Comammox
to nitrication and the re-evaluation of earlier studies regarding
nitrication.24 Although Comammox have been successfully
detected in nine full-scale WWTPs,25 the dynamics of them are
still unknown. Compared with DNB in natural habitats, only
a few studies investigate the diversity and abundance of DNB in
WWTPs.26 Overall, a better insight into the dynamics of nitriers
and DNB in full-scale WWTPs allow researchers to look beyond
a mere engineering problem in order to develop promising
strategies for improved process performance.

Bulking and foaming are two of the most frequently occur-
ring operational problems in full-scale WWTPs, and these
problems are mainly associated with the excessive growth of
bulking and foaming bacteria (BFB).27,28 In early studies, BFB
were identied by microscopy27 or conventional molecular
techniques.28,29 Recently, some NGS techniques, e.g., Ion
56318 | RSC Adv., 2017, 7, 56317–56327
Torrent platform and pyrosequencing, have been applied to
investigate the BFB community in Macau Peninsula WWTP30

and 14 global WWTPs.31 Other than their notoriety, BFB also
play important roles in normal activated sludge because they
are signicant builder for bioocs.31 Therefore, BFB play
double-edged roles in activated sludge. Previous studies mainly
focused on the BFB community in bulking or foaming activated
sludge samples, but their compositions and dynamics have not
been comprehensively characterized in normal activated sludge
samples.31

In this study, Illumina MiSeq sequencing and PICRUSt were
employed to characterize temporal dynamics of composition
and predicted functional ecology of bacterial community in
a full-scale WWTP. The detailed objectives were: (1) to investi-
gate the dynamics of bacterial community structure and diver-
sity; (2) to investigate the dynamics of genera related to nitrogen
removal and BFB; (3) to assess the relationships between
bacterial community and environmental or operational vari-
ables; (4) to explore the dynamics of the absolute abundance of
bacterial 16S rRNA gene and functional genes related to
nitrogen removal; (5) to elucidate the dynamics of bacterial
functional composition and the variations in genes involved in
nitrogen metabolism pathway.
2. Materials and methods
2.1 Sample collection

The sampling site is a full-scale WWTP (YF-WWTP) treating
municipal wastewater in Beijing, China (40.05� N, 116.26� E).
The plant is designed as a Carrousel 3000 oxidation ditch
process for carbon and nitrogen removal. The treatment capacity
was 2 � 104 m3 d�1, and the dissolved oxygen (DO) in outer,
middle and inner channel was 0.2–0.3, 0.5–1.5 and 1.5–2.5 mg
l�1, respectively. Activated sludge sample (�200 ml) was
collected monthly from the outer channel of the oxidation ditch
process with water sampler from March 2015 to February 2016,
and twelve samples were obtained. At sampling, the samples
were xed in 50% (v/v) ethanol, kept in 50 ml sterilized centri-
fuge tubes, stored on ice and delivered to the laboratory within
2 h. Subsequently, the samples were freeze-dried by using Lab-
conco Freezone 1 L (Labconco, USA) and stored at �20 �C until
DNA extraction. The 12 activated sludge samples were named as
YF.1, YF.2, YF.3, YF.4, YF.5, YF.6, YF.7, YF.8, YF.9, YF.10, YF.11
and YF.12, and the numbers presented the month of sampling.
Moreover, some important environmental and operational
variables were monitored, including inuent and effluent BOD,
COD, NH4

+–N, mixed liquid suspended solids (MLSS), sludge
retention time (SRT), hydraulic retention time (HRT), dissolved
oxygen (DO) and temperature (T) (Table S1, in ESI†).
2.2 DNA extraction, Illumina MiSeq sequencing and
sequence processing

For each sample, microbial genomic DNA was extracted from
0.05–0.10 g of dried activated sludge using a Fast DNA® SPIN
Kit for soil (Qiagen, CA, USA) according to the manufacturer's
instructions. The concentration and purity of DNA extracted
This journal is © The Royal Society of Chemistry 2017
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were determined by Nanodrop-1000 (Thermo Fisher Scientic,
USA).

Illumina MiSeq sequencing was applied to investigate the
dynamics of bacterial community structure and composition.
The hypervariable regions V3–V4 of bacterial 16S rRNA gene
were PCR-amplied with primer set 338F and 806R in an
Applied Biosystems 9700 PCR system (ABI GeneAmp® 9700).
Each sample was amplied in triplicates. The amplicons were
pooled, puried with AxyPrep DNA Gel Extraction Kit (Axgen,
USA) and quantied using a QuantiFluor™-ST (Promega, USA).
Aer purication, the amplicons from individual products were
pooled and normalized in equimolar amounts. Finally, the
library was constructed and sequenced on Illumina MiSeq
PE300 sequencer (Illumina, USA) in Majorbio Co., Ltd
(Shanghai, China). All sequences obtained have been deposited
in the Sequence Read Archive (SRA) database under accession
number of SRP093567.

Aer sequencing, the barcodes, primers and adapters were
removed. The raw paired-ended (PE) reads were merged using
Fast Length Adjustment of SHort reads (FLASH).32 Quantitative
Insights Into Microbial Ecology (QIIME) pipeline package was
applied for post-sequencing analysis.33 Sample was raried to
28 230 sequences per sample. The normalized sequences of all
samples were clustered into operational taxonomic units
(OTUs) using the UCLUST algorithm by setting 97% similarity.
The taxonomic classication of OTUs were performed using the
GreenGenes database. Subsequently, the alpha diversity
indices, including OTU number, Chao 1, ACE, Shannon index
and Simpson index and the rarefaction curves were generated to
evaluate the richness and diversity of bacterial communities.
Beta diversity, including principal coordinate analysis (PCoA)
and cluster analysis (CA) based on the weighted UniFrac
distance metrics were used to compare bacterial composition
and structure across different samples. The dynamics of
bacterial populations were investigated based on the occur-
rence frequency of OTUs. In this study, the occurrence
frequency was calculated by dividing the number of months in
which an OTU was detected by the number of total months. The
AOB, NOB, DNB and BFB that have been reported previously
were selected to further investigate their dynamics in the full-
scale WWTP.4,10,11,28,29
2.3 Quantitative analysis of microbial communities

The abundances of bacteria, AOA, AOB, Candidatus Nitrospria
inopinata, NOB and DNB were quantied by quantitative poly-
merase chain reaction (qPCR) in a MX3005P Thermocycler
(Agilent Technologies, USA) with GoTaq® qPCR Master Mix
(Promega, USA). Ca. N. inopinata is a Comammox enrichment
culture.22,23 The qPCR was performed in a 20 ml reaction mixture
consisting of 7.2 ml of aseptic water, 0.4 ml of each primer (10
mM), 10 ml of GoTaq® qPCRMaster Mix (Promega, USA) and 2 ml
of template DNA (�20 ng). Each reaction was performed in
triplicate. The primer sets and protocols for qPCR are summa-
rized in Table S2 (in ESI†). Plasmids containing target genes
were used as standards. The standard curves were generated
from 10-fold serial dilutions of plasmids, and the copy number
This journal is © The Royal Society of Chemistry 2017
ranges of them are listed in Table S2 (in ESI†). The amplication
efficiencies of qPCR assays ranged from 90.0 to 112.0%, and R2

values were in the range of 0.994 to 0.999.

2.4 Statistical analysis and network analysis

The statistical signicance among datasets, e.g., structure,
diversity and abundance of bacterial community, was assessed
by PerMANOVA in PAST (http://folk.uio.no/ohammer/past/).
Correlations between bacterial community and some important
variables were investigated by calculating their Spearman's rank
correlation coefficients (SRCCs). A correlation between two
items was considered statistically robust if the SRCC $0.6 or
#�0.6 and the P-value#0.05. Cytoscape (version 3.0.2) soware
was used to visualize the network graphs.34 In the correlation
network, each node stands for one genus or one variable, and
each node-connecting edge represents a positive or negative
correlation between nodes. For nodes representing genera, the
positive correlations suggest their co-occurrences. For genera
and variables, the positive correlations indicate that the vari-
ables may be benecial for the accumulation of these genera.
Furthermore, the contributions of the environmental variables
to the core genera structure were quantied by variation parti-
tioning analysis (VPA) using R (version 2.15).

2.5 Functional prediction analysis

The PICRUSt v1.0.0 pipeline was applied to predict the putative
metabolic functions of bacterial communities in activated
sludge samples based on the 16S rRNA-derived OTUs.12 Firstly,
the OTU table was normalized by dividing each OTU abundance
by the known or predicted 16S copy number abundance with
the script normalize_by_copy_number.py. Secondly, the nal
functions for metagenome were predicted with the script pre-
dict_metagenomes.py, generating a table of Kyoto Encyclopedia
of Genes and Genomes (KEGG) Orthologs (KOs). Thirdly, the
predicted metagenomes were collapsed into higher categories
(e.g. KOs into KEGG pathways) with the script catego-
rize_by_function.py. PCoA based on the Bray–Curtis distances
was created to compare the bacterial functions among samples
with QIIME.33 Finally, the predictive genes involved nitrogen
metabolism pathway and the bacterial orders contributed to
these genes were further investigated using the script meta-
genome_contributions.py script with the – l option. The KOs of
nitrogen cycle used in the script are summarized in Table S3 (in
ESI†). Moreover, the weighted Nearest Sequenced Taxon Index
(NSTI) score for each sample was further calculated to evaluate
the accuracy of the metagenome predictions using the –

a option of predict_metagenomes.py.

3. Results and discussion
3.1 Dynamics of bacterial community structure and diversity

Dynamics in bacterial community structure were evaluated by
PCoA (Fig. 1). The bacterial communities in 12 activated sludge
samples were separated into ve Groups. Especially, Group IV
contained eight samples collected from different seasons, sug-
gesting there was similar bacterial community structure. For
RSC Adv., 2017, 7, 56317–56327 | 56319
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Fig. 1 Dynamics of bacterial community structure of 12 activated
sludge samples collected monthly in a full-scale WWTP as revealed by
principal coordinate analysis.
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the other four Groups, only one sample was included in each
Group, and these samples were discrete, suggesting their
dissimilar bacterial community structure. The results were
further supported by CA analysis (Fig. S1, in ESI†). However, the
dissimilarity of the ve Groups was not signicant (PERMA-
NOVA p > 0.05). These results suggest that the dynamics of
bacterial community structure in the full-scale WWTP was not
obvious. The 5-year temporal dynamics of bacterial community
also show no signicant seasonal succession.10

The bacterial diversity indexes of the ve Groups based on
OTUs, Chao 1, ACE, Shannon index and Simpson index revealed
that there were no obvious temporal variations of the richness
and diversity of bacterial communities (PERMANOVA p > 0.05)
(Table S3, in ESI†). Moreover, all the rarefaction curves arrived
to plateau phases and the Good's coverage values were above
95%, suggesting that most of the microorganisms had been
detected by Miseq sequencing.
3.2 Dynamics of bacterial populations based on the
occurrence frequency of OTUs

3.2.1 Ecological categories of bacterial communities. In
this study, the bacterial communities of activated sludge were
divided into three ecological categories based on the occurring
frequency of OTUs: persistent OTUs ($85%), intermittent OTUs
(35–85%) and transient OTUs (#35%). Most of the transient
OTUs and intermittent OTUs had the average relative abun-
dances lower than 0.25% and 0.50%, respectively (Fig. 2a).
Nevertheless, the persistent OTUs had higher average relative
abundances and some of them were higher than 1% (Fig. 2a).
These results suggested that the more frequently an OTU was
observed the higher relative abundance was detected. However,
for all the OTUs, no individual OTU exceeded 2.50% relative
56320 | RSC Adv., 2017, 7, 56317–56327
abundance. As shown in Fig. 2b, 722 persistent OTUs (28.70% of
total OTUs) accounted for 77.56% of the total sequences. By
contrast, the 1129 intermittent OTUs and 665 transient OTUs
accounted for 44.87% and 26.43% of the total OTUs, but they
only accounted for 18.41% and 4.03% of the total sequences,
suggesting the lower diversity but higher relative abundance of
dominant species than minority species in activated sludge.
Although different occurrence frequency was used for bacterial
community categories in a previous study,10 their results also
suggest that the persistent OTUs are generally more abundant
than intermittent and transient OTUs, and the minority species
possess an extremely high diversity. Overall, the persistent
OTUs may play important roles in WWTPs.

3.2.2 Dynamics of bacterial populations. The dynamics of
dominant persistent, intermittent and transient genera (>1%
relative abundance at least one sample) were further investi-
gated. As shown in Fig. 2c, these dominant genera mainly
belonged to Proteobacteria (especially the b-Proteobacteria), fol-
lowed by Actinobacteria, Firmicutes, Bacteroidetes, Nitrospirae
and Verrucomicrobia. These phyla are also frequently detected in
activated sludge in different WWTPs.11,35

In this study, 12 dominant persistent genera were detected.
Among them, Dechloromonas and Thauera showed high relatively
abundance in each Group, except Group II. Nitrosomonas and
Nitrospira were more abundant in Group I, IV and V. Dechlor-
omonas and Thauera have been reported as DNB to remove
nitrate.36 Members of Thauera exhibit high denitrication rate.37

Nitrosomonas is known to play an important role in ammonia
oxidation in WWTPs.20,21 Nitrospira is widely considered to be an
important NOB to perform nitrite oxidation. These four domi-
nant persistent genera are important for the nitrogen removal in
the full-scale WWTP. Candidatus_Microthrix, one of the bulking
bacteria (BB), was abundant in each Group. This genus is oen
responsible for bulking in activated sludge, but is still the natural
member of the bacterial community in activated sludge.28 Flex-
ibacter showed higher relative abundance in Group III–IV, espe-
cially, it was abundant in sample YF. 3 and YF.4. Except these six
genera, the other six persistent genera only abundant in some of
the ve Groups, including Propionivibrio, Reyranella, Arcobacter,
Trichococcus, Enterococcus and Ferruginibacter. Propionivibrio is
a novel glycogen accumulating organism (GAO), which is closely
related to Candidatus Accumulibacter, but do not store excessive
amounts of polyphosphate.38 Arcobacter was abundant in Group
III and some of samples in Group IV. Enterococcus showed
highest relative abundance in Group III. Some species of Arco-
bacter and Enterococcus are a cause of some serious diseases not
only for human but also for animals.39 Trichococcus is also the
main BB, which was abundant in Group II–III and two samples in
Group IV. Overall, these dominant persistent genera may play
critical roles in the removal of pollutants, and showed different
dynamics in the full-scale WWTP.

The dominant intermittent and transient genera were more
abundant in Group I–III. There were six dominant intermittent
genera, including Acinetobacter, OM27_clade, Brevundimonas,
Arthrobacter, Bacillus and Prosthecobacter. Prosthecobacter
showed the highest relative abundance in Group I. Acineto-
bacter, Brevundimonas, Arthrobacter and Bacillus were abundant
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Defining the one-year activated sludge microbiome in a full-scale WWTP by their occurring frequency. The mean relative abundance of
OTUs (a) is shown relative to the 0.97-OTU's percentage occurrence (X axis). The number and relative abundance of OTUs of different
occurrence frequencies (persistent, intermittent and transient) are shown in (b). The genera with relative abundance higher than 1% of total
sequences at least one sample are shown in (c). The occurrence frequency was calculated by dividing the number of months in which an OTU
was detected by the number of total months.
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in Group II. Acinetobacter,OM27_clade and Arthrobacterwere the
main intermittent genera in Group III. Only three dominant
transient genera were detected. Stenotrophomonas and Strepto-
myces showed highest relative abundance in Group II. Coryne-
bacterium was most abundant in Group III. In summary, the
persistent, intermittent and transient genera showed different
temporal dynamics.
3.3 Dynamics of denitrifying bacteria and bulking and
foaming bacteria

Nitrogen removal is one of the main tasks of WWTPs. The
dynamics of genera related to nitrication and denitrication
need to be further investigated. In this study, Nitrosomonas and
Nitrospira were the genera related to nitrication, and their
This journal is © The Royal Society of Chemistry 2017
dynamics have been given in section 3.2. Thus, here, we only
focused on the dynamics of DNB, except the DNB mentioned
above. As shown in Fig. 3, eight DNB were detected, including
Hyphomicrobium, Comamonas, Zoogloea, Paracoccus, Thermo-
monas, Acidovorax, Pseudomonas and Azoarcus. Hyphomicrobium
was widely distributed in each group with higher relative
abundance than the other DNB. Comamonas and Zoogloea were
most abundant in Group II and Group I, respectively. Compared
with the other four Groups, Paracoccus was also more abundant
in Group II. Whereas, the relative abundance of the other four
DNB was lower than 0.04%.

Moreover, in addition to causing bulking or foaming prob-
lems, many of BFB are natural members of the communities in
WWTPs and have versatile roles, including lipid,
RSC Adv., 2017, 7, 56317–56327 | 56321
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Fig. 3 Distributions of denitrifying bacteria (DNB), bulking bacteria (BB) and foaming bacteria (FB) across different Groups in the full-scaleWWTP.
The mean relative abundance of each genera is shown in the figure.
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polysaccharides and protein degradation and poly-
hydroxyalkanoates storage.40 Therefore, the BB and foaming
bacteria (FB) were further investigated, except the BFB
mentioned in section 3.2. Ten BB were detected in the full-scale
WWTP with the relative abundance lower than 1.06%. Myco-
bacterium was more abundant in Group II–V than that Group I.
The relative abundance of Roseiexus and Chryseobacterium was
highest in Group I and Group II, respectively. Deuviicoccus was
more abundant in Group II and V than the other three Groups.
Haliscomenobacter showed higher relative abundance in Group
IV, V and I than Group II and III. The other ve BB with relative
abundance lower than 0.13% were Beggiatoa, Streptococcus,
Thiothrix, Sphingobacterium and Acidovorax. Only three FB were
found, including Bidobacterium, Gordonia and Rhodococcus,
and their relative abundances were lower than 0.40%. Bido-
bacterium was detected in all the ve Groups, and showed
higher relative abundance in Group II–V. Gordonia and Rhodo-
coccus were more abundant in Group II and III. The BFB
observed in the full-scale WWTP may be opportunistic BFB,
which could cause bulking or foaming problems only under
certain operational conditions.

3.4 Network analysis and variation partitioning analysis of
genera and environmental variables

Network interface was applied to investigate the relationships
between environmental and operational variables and some
56322 | RSC Adv., 2017, 7, 56317–56327
genera. The results of network analysis can provide an aware-
ness of the variables that favor or disfavor particular
microbes,4,10 which is helpful for guiding the operation of
WWTPs. As shown in Fig. 4a, the network had 34 nodes and 33
edges. MLSS showed positive correlations with Dechloromonas,
Ferruginibacter, Anaerolinea, OM27_clade and Nitrosomonas,
suggesting that the increase in MLSS may promote the accu-
mulation of these genera. HRT was positively correlated with
Nitrosomonas and Nitrospria, indicating the long HRT is in favor
of the accumulation of nitriers. In addition to MLSS and HRT,
the positive correlation was observed between T and Nitrospria,
suggesting increases in MLSS, HRT and T play important roles
in keeping good nitrication performance in WWTPs. Negative
correlations were observed between T and most of the BFB, e.g.,
Acidovorax, Streptococcus, Beggiatoa, Bidobacterium and Tri-
chococcus. Also, DO was negatively correlated with Candida-
tus_Microthrix. The results suggest that low T or low DOmay be
in favor of the accumulation of BFB. Therefore, T and DO are
important factors for the occurrence of bulking or foaming
problems in full-scale WWTPs. These ndings were consistent
with previous studies.41–44 Most of the sludge bulking events
have oen been observed at times when the T is low (e.g., winter
and spring) because low T is advantageous for the growth of
BFB.41,42 Also, low DO has been conrmed to have a strong
negative effect on sludge settleability, leading to the prolifera-
tion of BFB.43,44 However, a few studies suggested that high T
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Relationships between environmental factors and dominant genera. (a) Network analysis. (b) Variation partitioning analysis. Each diagram
represents the biological variation partitioned into the relative effects of each factor or a combination of factors. WQI: water quality indexes; OP:
operational parameters; T: temperature.
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also could cause lamentous bulking and biological foam-
ing,30,45 which was different from this study. Moreover, the
inuent BOD and COD concentrations showed positive corre-
lations with Dechloromonas and Thauera, two abundant DNB in
theWWTP, suggesting that carbon source is an important factor
for denitrication. Effluent BOD concentrations were positively
correlated with some genera, e.g., Kurthia, Carnobacterium and
Brevundimonas. Overall, MLSS, HRT, DO, T and some important
water quality indexes (WQI) of wastewater are important for the
stable performance of WWTPs.

VPA was further applied to quantitatively assess the contri-
butions of WQI (inuent and effluent BOD, COD, NH4

+–N),
operational parameters (OP: MLSS, SRT, HRT and DO) and T to
bacterial community dynamics. Fig. 4b shows that 35.20% of
the variations could be explained by these three components.
WQI had the greatest contribution (13.4%) to the variation of
bacterial communities, followed by T (9.20%) and OP (8.46%).
In a previous study,6 wastewater characteristics (20.30%) have
been conrmed to be the greatest contributors to bacterial
community variance, followed by OP (19.9%) and bioreactor
scale (3.6%). Moreover, the contribution of WQI and OP to
bacterial community variations was only 3.62%, and it was
lower than 0.35% for the other two or three major components,
This journal is © The Royal Society of Chemistry 2017
suggesting that interactions among the three major compo-
nents had less inuence than the individual components. This
agreed with the nding of Wang et al.46 and Wen et al.,47 who
suggest that the contributions of interactions among WQI, OP
and geographic locations to the bacterial community variations
in different full-scale WWTPs are much lower than individual
components. However, 64.80% of the core genera communities
could not be explained by these three components. In previous
studies, about 30–50% of the bacterial community variance
could not be explained by the similar components.46,47 It is
reasonable to expect that some additional factors, such as
unmonitored WQI and OP, stochastic dispersal and immigra-
tion,48 phage predation49 and inhibitory chemicals46 may play an
inuential role in shaping bacterial communities in full-scale
WWTPs. Overall, the relative inuence of deterministic and
stochastic factors in structuring microbial communities needs
future investigation.

3.5 Quantication of bacterial 16S rRNA gene and functional
genes of nitrogen removal microorganisms

qPCR was further applied to investigate the dynamics of the
absolute abundance of bacterial 16S rRNA gene and functional
genes related to nitrication and denitrication. As shown in
RSC Adv., 2017, 7, 56317–56327 | 56323
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Fig. 5, the abundance of bacterial 16S rRNA gene in the ve
Groups was close, ranging from 1.31� 1011 (Group III) to 8.83�
1011 copies per g sludge (Group II). The abundance of AOB amoA
gene was varied between 7.76 � 106 (Group III) and 8.83 � 107

copies per g sludge (Group III), and it was nearly one order of
magnitude higher than AOA amoA gene. The abundance of AOA
amoA gene in Group II was lower than that in the other Groups.
The average abundance of AOA amoA gene in the full-scale
WWTP was 1.39 � 106 copies per g sludge. In addition to AOB
and AOA, nitrication also could be performed by Comammox,
which can completely oxidize ammonia to nitrate. In this study,
Ca. N. inopinata (a Comammox enrichment culture) was
successfully quantied in the ve Groups, suggesting the
occurrence of Comammox in the full-scale WWTP. The abun-
dance of Ca. N. inopinata amoA gene was higher in Group III, IV
and V than Group I and II, ranging from 9.56 � 104 to 7.63 �
105 copies per g sludge. Moreover, only NOB belonged to
Nitrospira was successfully quantied, which was consistent
with the results of MiSeq sequencing. The abundance of
Nitrospira was high, ranging from 5.36 � 108 (Group II) to
1.49 � 1010 copies per g sludge (Group I).

For denitrication, nitrite reductase is the key enzyme.50

Therefore, the abundance of two different nitrite reductase
genes (nirK and nirS genes) was determined. Except the Group
II, the abundance of nirS gene was higher than that of nirK gene.
Compared with Group I and V, the abundance of nirK gene was
higher in the other three Groups. While, the abundance of nirS
gene was close in different Groups. In this study, the average
abundance of nirK and nirS genes was 1.40� 109 and 4.67 � 109

copies per g sludge, respectively. Statistical analysis further
suggests that there were no signicant variations among the
abundances of these genes in different Groups (PERMANOVA p
> 0.05). Overall, the abundances of total bacteria and key genera
related to nitrogen removal were relatively stable in one-year
monitoring in the full-scale WWTP.
3.6 Predictive analysis of bacterial functions

PICRUSt was applied to infer the potential functions of bacterial
communities. The predictive accuracy of PICRUSt can be eval-
uated by weighted NSTI score, which is a measure of the
Fig. 5 Quantification of total bacteria and genera related to nitrification
16S rRNA gene and functional genes. Ca. N. inopinata is a Comammo
different nitrite reductase genes (nirK and nirS genes) was determined b

56324 | RSC Adv., 2017, 7, 56317–56327
phylogenetic distance between the OTUs in a given sample and
the reference OTUs.12 Here, the NSTI score of each activated
sludge sample ranged from 0.11 (YF.11) to 0.25 (YF.9), with
a mean of 0.18 � 0.03. The prediction accuracy of PICRUSt
decreases with increasing NSTI scores. However, PICRUSt still
produce accurate metagenome predictions with a mean NSTI of
0.17.12 Thus, in this study, the PICRUSt predictions of activated
sludge samples were sketchy and should be treated with
caution. Whereas, higher mean NSTI values were also reported
in complex environmental communities, e.g., Guerrero Negro
hypersaline microbial mats (0.23)12 and coastal sediments
(0.186).51 The mean NSTI value in activated sludge was
comparable with that in coastal sediments. The lower degree of
accuracy is mainly related to the unexplored diversity in
complex environmental (lost in the closed reference OTU
picking procedure).12,51 Overall, the predictive results still could
provide some important insights into bacterial functions in the
full-scale WWTP.

Similar as the bacterial communities, the bacterial functions
across samples were also grouped into ve Groups as revealed
by PCoA analysis (Fig. S2, in ESI†) and were relatively stable
(PERMANOVA p > 0.05). This might be partly related to the
functional redundancy. Complex microbial communities are
believed to have functional redundancy and lead to stable
function.52 In this study, metabolism (49.5–51.0%) was the most
dominant functional category in different Groups, followed by
genetic information processing (16.2–17.0%), environmental
information processing (12.4–14.2%) and cellular processes
(3.3–4.4%) (Fig. S3, in ESI†). Whereas, human diseases and
organismal systems accounted for extremely low percentages.
The top 35 bacterial potential functions in different Groups
were further selected, and their relative abundances in each
Group were close (Fig. S4, in ESI†). In general, transporters, ABC
transporters, two-component system and secretion system were
the main pathways under environmental information process-
ing. DNA repair and recombination proteins and bacterial
motility proteins were the main pathways under genetic infor-
mation processing and cellular processes, respectively. 21
important metabolism pathways were found, e.g., oxidative
phosphorylation, carbon xation pathways in prokaryotes,
pyruvate metabolism, methane metabolism and nitrogen
and denitrification. Their abundances are quantified by qPCR based on
x enrichment culture. For denitrification, only the abundance of two
ecause nitrite reductase is the key enzyme in this process.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Predictive analysis of genes involved in nitrogen metabolism pathway. (a) The dynamics of counts for genes catalyzed different reactions
in nitrogen cycle in different Groups. The biological processes are arranged according to the oxidation states of nitrogen (from+5 in nitrate to�3
in ammonia). (b) The relative contributions for bacterial orders to some nitrogen metabolism genes in different Groups. Phylogenetic investi-
gation of communities by reconstruction of unobserved states (PICRUSt) was applied for the predictions of bacterial functional compositions.
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metabolism. Overall, the dynamics of bacterial functions in the
full-scale WWTP were not obvious.

Moreover, WWTPs are of great importance in nitrogen cycle,
thus, the genes involved in nitrogen metabolism pathway
(PATH: ko00910) were further investigated. In total, 24 func-
tional genes were found. Fig. 6a shows the dynamics of counts
for genes involved in nitrogen cycle. The biological processes
This journal is © The Royal Society of Chemistry 2017
were arranged according to the oxidation states of nitrogen
(from +5 in nitrate to �3 in ammonia). For dissimilatory nitrate
reduction, nirB gene was most abundant, showing higher gene
count in Group II–V than Group I, followed by nirD, nrfA and
narI/V genes. The nirD and nar I/narV genes were more abun-
dant in Group III–V, while nrfA gene showed highest gene count
in Group I. The nasA and nirA were the dominant genes
RSC Adv., 2017, 7, 56317–56327 | 56325
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responsible for assimilatory nitrate reduction in the full-scale
WWTP, and their dynamics in different Groups was not
obvious. For denitrication, eight genes were identied. The
narH/narY/nxrB, nosZ, narG/narZ/nxrA and norB genes were
predicted to be more abundant than nirK, norC, napA and napB
genes. The narH/narY/nxrB and nosZ genes were more abundant
in Group I. The other genes showed similar dynamics, and their
gene counts were higher in Group IV and V than Groups I–III.
The nifH, nifK and nifD genes were important for nitrogen
xation, showing more abundant in Group IV and V. The counts
of genes involved in ammonia oxidation were much lower than
the other genes mentioned above. Based on the results of qPCR,
the abundances of AOB and AOA amoA genes were also lower
than the genes involved in denitrication and nitrite oxidation,
which were consistent with the predict results.

The relative contributions for bacterial orders to some genes
of interest were further investigated (Fig. 6b). These genes
appeared primarily among 13 taxonomically diverse orders, and
many of them were predicted to be contributed by Rhizobiales,
Burkholderiales, Rhodocyclales and Actinomycetales. Rhizobiales
was important for the presence of nirB gene in each Group. The
nirB gene also predicted to mainly occur in Burkholderiales and
Rhodocyclales in Group III and IV, and this gene was largely
contributed by Actinomycetales in Group II. Burkholderiales,
Actinomycetales and Rhodocyclales contributed the most
percentages to narH/narY/nxrB gene in Group III and V, Group II
and V, and Group I, respectively. The orders contributed to
narG/narZ/nxrA gene in each Group were similar as narH/narY/
nxrB gene. Saprospirales and Rhodocyclales were the main orders
contributed to nosZ gene in each Group. For norB gene, Rho-
docyclales, Burkholderiales and Rhodobacterales showed highest
contributions in Group I and III, Group II and IV, and Group V,
respectively. The nirK gene in Group I, III and V were largely
contributed by Rhodobacterales, while Actinomycetales and Rhi-
zobiales were the main contributors for this gene in Group II
and IV. The orders responsible for ammonia oxidation were
different from the orders mentioned above. For hao gene, Phy-
cisphaerales was the main contributor in Group I, III, IV and V,
and NB1-j was the main contributor in Group II. The relative
contributions of PHOS-HE93 andMyxococcales to hao gene were
higher in Group IV and V. The amoA gene was predicted to occur
in Nitrosomonadales. Overall, the predicted genes and their
contributed orders may play important roles in nitrogen cycle.
However, the predictive results need further validation based on
the actual gene presence and expression using transcriptomic
or metabolomics.

4. Conclusions

Our results demonstrated that the temporal dynamics of bacte-
rial community structure, diversity and abundance were not
obvious in one-year monitoring in the full-scale WWTP. The
intermittent and transient genera showed different dynamics
with persistent genera. Dechloromonas, Thauera, Nitrosomonas
and Nitrospira were the four dominant persistent genera. WQI
had the greatest contribution to bacterial community variation,
followed by T and OP. qPCR analysis revealed the occurrence of
56326 | RSC Adv., 2017, 7, 56317–56327
Comammox. The bacterial functions were relatively stable. Many
genes involved in the nitrogen metabolism pathway were pre-
dicted to be present with high gene counts. Our data show that
the combination of NGS and PICRUSt is a useful method for
understanding the information on both the microbial commu-
nities and potential functions in complex environments.
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