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Abstract Understanding microbial community composition
is thought to be crucial for improving process functioning and
stabilities of full-scale activated sludge reactors in wastewater
treatment plants (WWTPs). However, functional gene com-
positions of microbial communities within them have not been
clearly elucidated. To gain a complete picture of microbial
community, in this study, GeoChip 4.2 was used to profile the
overall functional genes of three full-scale activated sludge
bioreactors, the 16S rRNA gene diversities of which had been
unveiled by 454-pyrosequencing in our previous investiga-
tion. Triplicate activated sludge samples from each system
were analyzed, with the detection of 38,507 to 40,654 func-
tional genes. A high similarity of 77.3-81.2 % shared func-
tional genes was noted among the nine samples, verified by
the high 16S rRNA gene similarity with shared operational
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taxonomic units (OTUs) constituting 66.4-70.0 % of the
detected sequences in each system. Correlation analyses
showed that the abundances of a wide array of functional
genes were associated with system performances. For exam-
ple, the abundances of carbon degradation genes were strong-
ly correlated to chemical oxygen demand (COD) removal
efficiencies (»=0.8697, P<0.01). Lastly, we found that sludge
retention time (SRT), influent total nitrogen concentrations
(TN inf), and dissolved oxygen (DO) concentrations were
key environmental factors shaping the overall functional
genes. Together, the results revealed vast functional gene
diversity and some links between the functional gene compo-
sitions and microbe-mediated processes.

Keywords Activated sludge processes - Functional gene -
Treatment efficiencies - Environmental factors

Introduction

Wastewater treatment plants (WWTPs), applying at very large
scales (~10° m*/day), are probably the largest applications of
bioprocess engineering. It is both technically and economical-
ly important to achieve great stabilities and the highest effi-
ciencies of WWTPs, which largely depends on the composi-
tion and activity of their microbial community (Wagner et al.
2002). Most WWTPs applied activated sludge processes, such
as oxidation ditch (OD) and anaerobic-anoxic-oxic (A%0). A
clear illustration of microbial diversity and functions of acti-
vated sludge systems would help elucidate the role of micro-
organisms in pollutant degradation and transformation within
them.

Microorganisms are mostly uncultivable and of vast diver-
sity, and the detection and characterization of them are quite
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challenging (He et al. 2007). Early culture-dependent methods
are biased by the selection of species which obviously do not
represent the real dominance structure (Wagner et al. 1994).
Subsequent molecular ways target genomic DNA and do not
involve cultivation biases. However, some molecular tools
including clone library and fingerprinting techniques can ob-
tain incomplete results as they do not capture the whole
complexity of microbial communities. Therefore, high-
throughput approaches such as Illumina, 454-pyro
sequencing, PhyloChips, and GeoChips have become
flourished recently, as they provide more complete insights
into overall microbial communities.

Despite the microbiological methods used, plenty of
the studies on microbial communities of activated
sludge bioreactors have been conducted to profile taxo-
nomic information based on 16S rRNA genes, using
technical approaches of clone library (Wells et al.
2011; Yang et al. 2011), denaturing gradient gel elec-
trophoresis (DGGE) (Yang et al. 2011), terminal restric-
tion fragment length polymorphism (T-RELP) (Wells
et al. 2011; Yang et al. 2011), fluorescence in situ
hybridization (FISH) (Mielczarek et al. 2012, 2013),
[llumina (Albertsen et al. 2012), 454-pyrosequencing
(Hu et al. 2012; Wang et al. 2012a), and PhyloChips
(Xia et al. 2010). However, 16S rRNA gene-based ways
may not be efficient in distinguishing some closely
related but ecologically distinct groups of microorgan-
isms as a consequence of the low evolutionary rate of
16S rRNA genes (Palys et al. 1997). Alternatively, the
characterizations of protein-coding genes (functional
genes) may be ideal for monitoring the status of waste-
water treatment systems, as functional genes provide a
better opportunity for distinguishing very closely related
ecological populations (Palys et al. 1997). Therefore,
understanding functional gene structures of microbial
communities may provide a more complete and accurate
picture of activated sludge systems than only focusing
on the taxonomic information relying on 16S rRNA
genes.

Although some of the previous investigations targeted
certain microorganisms in activated sludge systems based on
functional genes, such as ammonia-oxidizing bacteria and
archaea (AOB and AOA) (Whang et al. 2009; Wang et al.
2011, 2012b; Gao et al. 2014), denitrifying bacteria
(Srinandan et al. 2011), and sulfur-oxidizing bacteria (SOB)
(Luo et al. 2011), to date, few studies profiling overall func-
tional genes have been reported. As wastewater contains an
array of organic compounds including a wide range of lipids,
proteins, and carbohydrates, and inorganic materials like
metals (Gray 2010), we expect that the composition of func-
tional genes of activated sludge is complicated. This prompted
us to carry out a study to profile the overall functional genes;
thus, a high-throughput tool based on functional gene markers
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is needed to this end. The GeoChip, a comprehensive func-
tional gene array, is one of such tools, as it provides incom-
parable insight into many individual functional genes in the
same sample sets (Wang et al. 2009).

Having been shown to be highly specific and sensitive to
the targets and of good quantitative capability (He et al. 2007),
GeoChips are proved to be powerful for analyzing functional
diversity and particularly useful for providing direct linkages
of microbial genes/populations to system processes and func-
tions (He et al. 2007). Recently, GeoChip 3.0 and the GeoChip
4 series have been applied to the investigations of industrial
WWTPs (Zhang et al. 2013) and municipal wastewater treat-
ment systems (Sun et al. 2014; Wang et al. 2014), respectively.
The studies successfully revealed some linkages between
functional potential and environmental parameters. The latest
GeoChip in 2011, GeoChip 4.2, containing approximately
82,000 probes and covering 141,995 coding sequences in
microbial functional processes such as nitrogen, carbon, phos-
phorus cycling, metal resistance, and organic contaminant
degradation (Tu et al. 2014), could provide a good coverage
of functional genes.

In this study, three full-scale activated sludge systems with
relatively stable treatment efficiencies were investigated. The
systems were located in the same city and did not have
geological differences. The wastewater characteristics and
operational parameters differed, and they might lead to some
differences of microbial community structures. With the 16S
rRNA gene profiles unveiled in our previous study, functional
gene composition, richness, and evenness of the systems were
analyzed by GeoChip 4.2 to achieve a full understanding of
their microbial populations. Earlier studies using the methods
of T-RFLP and clone library indicated that the detected rich-
ness (numbers of operational taxonomic units (OTUs)) and
dominant phyla and OTUs did not change much (Wells et al.
2011) and revealed relatively stable AOB structures (Wang
et al. 2011) in full-scale wastewater treatment systems with
relatively stable treatment efficiencies during a year of mon-
itoring. Other studies applying FISH suggested that the rela-
tive abundances of filamentous bacteria (Mielczarek et al.
2012), and abundant polyphosphate-accumulating organisms
(PAOs) (Mielczarek et al. 2013) showed minor changes in
full-scale WWTPs with good treatment efficiencies during 3-
year investigations. From this perspective, we considered that
a single grab of sample from functionally stable systems could
be effective, as it could at least reveal microbial richness and
abundant groups. Moreover, replicates of each system were
analyzed to avoid possible errors of the GeoChip analysis. The
scientific questions we address are (1) whether and how
microbial compositions vary among the three systems, (2)
what are the major factors shaping overall functional gene
structures, and (3) whether there are direct links between
compositions of specific functional genes and pollutant re-
moval efficiencies.
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Materials and methods
Location description and sampling

The full-scale activated sludge systems (LFA, LFB, and BH)
were located in two WWTPs in the same city of Guangdong
Province of China, having no differences in geology. LFA and
LFB lied in the same WWTP, treating domestic wastewater
and with the same inoculation sludge. BH lied in the other one
treating domestic wastewater mixed with a small amount of
food industrial wastewater (approximately 5 %). LFA applied
the treatment process of adsorption-biodegradation (AB) with
the biological zone divided into anaerobic, anoxic, and oxic
parts. LFB applied the process of T-type oxidation ditch (OD).
BH applied the modified University of Cape Town (MUCT)
process, which is similar to the A%O process with returned
sludge into different parts. In spite of fluctuations in municipal
wastewater characteristics and pH and seasonal temperature
variations of the bioreactors, the treatment systems kept good
removal efficiencies of chemical oxygen demand (COD), total
nitrogen (TN), and total phosphorus (TP) through biological
processes, except that the phosphorus removal of BH relied on
both biological processes and chemical precipitation (the ad-
dition of polymerization aluminum chloride, PAC). The aver-
age data (monthly) of their influent and effluent characteristics
were collected.

On 13 August, 2011, mixed-liquor suspended sludge
(MLSS) samples were taken from the aeration tanks of each
system. At each site, three 50-ml samples were collected. Each
sample was dispensed into a 50-ml sterile Eppendorf tube and
centrifuged at 14,000g for 10 min. The pellets were stored at
—80 °C for analysis. Meanwhile, the pollutant concentrations
of influents and effluents were measured using standard
methods (Chinese 2002) through analyzing the 24-h compos-
ite samples of this day. Temperatures, pH, and DO concentra-
tions of the aeration tanks were measured by probes (Thermo
Orion, MA, USA). Data of their MLSS concentrations and
sludge retention time (SRT) were collected.

DNA extraction and purification

Genomic DNA was extracted from the pellets of activated
sludge samples through joint use of freezing and sodium
dodecyl sulfate (SDS) for cell lysis (Zhou et al. 1996). The
extracted products were then purified employing the Wizard®
SV Genomic DNA Purification Kit (Promega, Madison, WI).

DNA amplification, labeling, and hybridization

DNA (1,000 ng) was labeled, purified, and dried as previously
described (Lu et al. 2012). All labeled DNA was resuspended
in a 10-pl hybridization solution as previously described (Wu
et al. 2006) and was hybridized with GeoChip 4.2 on a MAUI

hybridization station (BioMicro, Salt Lake City, UT, USA) at
42 °C with 40 % formamide for 16 h. Microarrays were
scanned by a ScanArray 5000 Microarray Analysis System
(PerkinElmer, Wellesley, MA, USA) at 100 % laser power.

Statistical analysis

Signal intensities of the spots were measured with ImaGene
6.0 (Biodiscovery Inc., El Segundo, CA, USA). Low-quality
spots were removed before further data analysis as previously
reported (He et al. 2010). The genes detected in only one out
of three replicates from the same system were removed.
Intensities of the genes were then transformed to the natural
logarithmic form and normalized with mean signal intensity as
described previously (Wu et al. 2008).

Hierarchical cluster analyses of overall functional genes
and genes from several categories and detrended correspon-
dence analysis (DCA) were done with R code (http://www.
r-project.org/) to unveil functional gene similarities.
Canonical correspondence analysis (CCA) by R code was
performed to evaluate the effects of environmental parameters
on overall functional genes. To select attributes in CCA
modeling, variation inflation factors (VIF) were applied to
examine whether the variance of canonical coefficients was
inflated by the presence of correlations with other attributes.
The attributes with VIF values larger than 20 were considered
to be affected by other attributes and consequently removed
(Yang et al. 2014). The Mantel test by R code was done to test
the correlations of functional gene compositions and environ-
mental variables. The magnitudes of the correlations were
decided by the r and P values. If the correlations are statisti-
cally significant (P<0.05), they can be considered good or
strong when the r values are equal to 0.68 (absolute value) or
higher, and r values (absolute value) between 0.36 to 0.67
generally suggest modest or moderate correlations (Taylor
1990).

Detailed information of the detected genes and their signal
intensities is available at the Gene Expression Omnibus
(www.ncbi.nlm.nih.gov/geo/, accession number GSE53744).

Sample collection, DNA extraction, 454-pyrosequencing
analysis, and data processing

The sampling locations of pyrosequencing analysis were the
same as those of the GeoChip 4.2 analysis. Activated sludge
samples were collected on 22 December, 2010, approximately
8 months earlier than the sampling for GeoChip 4.2 analysis.
Detailed information of sample collection, DNA extraction,
454-pyrosequencing analysis, and data processing is shown in
our previous study (Wang et al. 2012a). The samples from
LFA, LFB, and BH were represented as A2, A1, and B in that
study, respectively. 16S rRNA gene sequences are available at
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NCBI Sequence Read Archive (http:/www.ncbi.nlm.nih.gov/
sra/, accession numbers SRR952788 and SRR954283).

Results
Bioreactor performance and operational conditions

BH received wastewater of slightly higher COD and higher
TN (TN inf). Monthly average data of wastewater character-
istics of the systems during January to September of 2011
were shown in Table S1 (Supplementary Material). Their
effluent COD values (COD eff) maintained below 30 mg/I;
their effluent TP concentrations (TP eff) were below 1.3 mg/l;
and the TN removal efficiencies of LFA, LFB, and BH were
46.5-70.4, 74.3-87.1, and 69.7-75.7 %, respectively. Geo-
graphic locations, influent and effluent characteristics, and
temperatures and pH of the aeration tanks of the sampling
day of the three systems were shown in Table 1. Some oper-
ational parameters (DO, SRT, and MLSS concentrations) are
also shown (Table 1). The DO concentration of LFA was the
highest, and the SRT of LFB was the longest.

Overall functional gene diversity

A total of 38,507 to 40,654 genes were detected among the
nine samples, including a variety of genes involved in 15
microbial functional processes, such as carbon cycling, nitro-
gen cycling, phosphorus cycling, and metal resistance. Each
sample showed high functional gene diversity and evenness as
indicated by the x-diversity indices (Table 2). The detected
numbers and total signal intensities of the genes in each
category did not show significant differences (Fig. S1,
Supplementary Material).

Similarity of functional gene compositions

Most of the detected genes were present within all samples,
the total signal intensities of which accounting for 77.3 to
81.2 % in each sample. Besides, any two of the nine samples
had 83.1-92.1 % overlapped genes (Table 2), indicating a
great functional gene similarity of the investigated systems.
This was verified by the high 16S rRNA gene similarity of the
systems revealed by 454-pyrosequencing, with shared OTUs
constituting 66.4-70.0 % of the detected sequences and the
Bray-Curtis coefficients of any two systems being ap-
proximately 0.60. Replicate samples from the same loca-
tion shared more functional genes. Correspondingly, hi-
erarchical cluster analysis of overall functional genes
showed that the replicates of each system grouped
(Fig. S2, Supplementary Material), which was verified
by the DCA result (Fig. S3, Supplementary Material).
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Table 1 Treatment processes and capacities, wastewater characteristics, and operating parameters of the three systems

SRT MLSS
(day) (mg/l)

pH®

CODg inf* TN inf* NH,-Ninf® TPinf* CODg eff® TNeff® NH, eff® TPeff® Temperature® DO°

(1,000 m*/day) (mg/l)

Capacity

Latitude

System Process Longitude

(mg/l)

O

(mg/l)  (mg/) (mg/l)  (mg/) (mg/l)

(mg/l)

(mg/l)

4,800

18

1.27+0.06 6.84+0.02 20

3.26+0.08 6.41+0.01

03+0  25.0+0.1

0.4+0

1.7+0.1
0.6+0
3.9+0

14.940.1

20.0+0.5

2.7+0.1
2.7+0.1
4.1+0

11.7+0.1
11.7£0.1

150.0+2.6 27.8+0.8

AB 114.15 22.54 100
250

OD

LFA
LFB
BH

4,700

24.6+0.1

8.4+0.1
14.6+0

15.7+0.1
18.4+0.1

150.0£2.6 27.8+0.8

330.1£2.5

22.54

114.15

4,600

15

2.10+£0.07 6.41+0.05

24.7+0.2

0.1+0.1

54.5+£0.5 35.6+0.2

114.10 22.53 180

MUCT

AB the process of adsorption-biodegradation, OD the process of oxidization ditch, MUCT the process of the modified University of Cape Town

2 Concentrations of COD, TN, NH," -N, and TP of the influents (24-h composite samples)
® Concentrations of COD, TN, NH," -N, and TP of the effluents (24-h composite samples)

¢ Temperatures, DO concentrations, and pH values of the aeration tanks
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Table 2 Diversity indices and overlapped genes of the nine samples investigated

LFA1 LFA2 LFA3 LFB1 LFB2 LFB3 BHI1 BH2 BH3

LFA1 0 91.9 % 92.1 % 86.8 % 87.3 % 87.3 % 85.6 % 83.7 % 85.6 %
LFA2 0 89.4 86.1 % 85.0 % 86.5 % 84.6 % 83.1 % 84.3 %
LFA3 0 85.5 % 86.3 % 86.1 % 84.9 % 83.4 % 84.7 %
LFB1 0 90.2 % 90.9 % 853 % 84.5 % 85.5 %
LFB2 0 92.1 % 86.1 % 84.5 % 86.4 %
LFB3 0 852 % 84.4 % 86.0 %
BHI 0 872 % 91.4 %
BH2 0 89.8 %
BH3 0
Richness” 39,613 38,507 38,584 39,875 40,376 40,647 39,558 38,874 40,654
H° 10.58 10.55 10.56 10.59 10.60 10.61 10.58 10.56 10.61
11/D¢ 39266 38174 38251 39535 40017 40281 39227 38519 40313
Je 0.9996 0.9996 0.9996 0.9996 0.9996 0.9996 0.9996 0.9996 0.9996

LFA1, LFA2, and LFA3 are the triplicates from system LFA; LFB1, LFB2, and LFB3 are the triplicates from system LFB; BH1, BH2, and BH3 are the

triplicates from system BH
 Detected gene number

® The Shannon-Weiner index (higher number represents higher diversity)

¢ The Reciprocal of Simpson’s index (higher number represents higher diversity)

9 The Pielou’s evenness index

Genes involved in important functional processes
Carbon-cycling genes

A total of 5,220 carbon-cycling genes were detected, involved
in methanogenesis and methane oxidation, carbon compound
degradation, carbon fixation, and acetogenesis. Among them,
carbon degradation genes were of the largest numbers (75.8—
76.4 %) and the highest abundances (75.7-76.4 %).

Degradation genes of 3,994 of several polysaccharides
including starch, chitin, lignin, cellulose, and hemicellulose
genes were detected. LFB and BH showed higher signal
intensities of the degradation genes of each polysaccharide
than LFA (Fig. 1). Moreover, BH was of the largest number of
carbon degradation genes, with 172 genes only present within
BH, 116 genes unique to LFB, and 79 genes unique to LFA.
The abundances of carbon degradation gene and COD inf
values showed a strong correlation, as revealed by the Mantel
test results (#=0.7483, P<0.05).

There were 223 detected genes involved in methane me-
tabolism, the total signal intensities of which accounted for
3.8-4.1 % of those of carbon-cycling genes; 121 genes asso-
ciated with methane production were detected, and 110 genes
were from Archaea; 102 genes (mmoX and pmoA) participat-
ing in methane oxidation were detected, 65 of which were
from uncultured microorganisms. Of the 37 genes with known
affiliations, most were from Gammaproteobacteria and
Alphaproteobacteria. Among them, the genes from the

families of Methylococcaceae (seven genes) and
Beijerinckiaceae (six genes) were relatively abundant.

Nitrogen-cycling genes

Nitrogen-containing substances in wastewater are inorganic or
organic. For biological removal of amino nitrogen and hetero-
cyclic nitrogen compounds, their conversion to ammonia is
the first step. Then ammonia must be nitrified, and the nitrate
denitrified to yield nitrogen. Depending on the kind of nitro-
gen compounds present in wastewater, nitrogen removal

Starch B LFA
800 I LFB
I BH
=
2 Chitin )
Q Hemicellulose
£
®©
5
K& Lignin
g 400+ Cellulose
N
©
£
(e}
z
0-

Degradation genes of each polysaccharide

Fig. 1 Normalized signal intensities of the degradation genes of each
polysaccharide
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usually requires up to three processes in sequence: ammonifi-
cation, nitrification, and denitrification. Of the detected
nitrogen-cycling genes, the abundances of the genes partici-
pating in ammonification, nitrification, and denitrification
were 12.1-12.5, 13.8-14.1, and 42.7-43.5 % in each sample,
respectively. The total signal intensities of the genes
associated with each process of nitrogen cycling and
the numbers of the genes involved in important
nitrogen-cycling bioprocesses in wastewater treatment
were shown in Fig. S4 (Supplementary Material).

In ammonification, 466 genes (418 ureC and 48 gdh genes)
were detected within all samples. Urea amidohydrolase (ure)
encodes urease, serving to degrade amines (Wang and
Marcotte 2008). The Mantel test results showed a significant
correlation between TN inf values and ammonification gene
compositions within all samples (#=0.6546, P<0.01).

In nitrification, 535 genes (512 amoA and 23 hao genes)
were detected. Their total signal intensity of LFB was the
highest, followed by that of BH (Fig. S4b, Supplementary
Material). Besides, more genes were present within LFB and
BH, with 9 genes unique to LFA, 20 genes only present within
LFB, and 20 genes unique to BH. The unique nitrification
genes of each system were shown in Fig. S5 (Supplementary
Material). The Mantel test results revealed that nitrification
gene abundances were moderately correlated to influent am-
monia concentrations (NH,"-N inf) (»=0.6302, P<0.01) and
TN inf values (»=0.622, P<0.01) within all samples. The
genes from the ammonia oxidizers which are often found in
wastewater treatment systems were detected. Eleven genes
were from Nitrosomonas, and three of them were from
Nitrosomonas eutropha (114309057, 40809666, and
114332295), which are a model ammonia oxidizer (Wagner
et al. 2002). Two genes were from Nitrosococcus (6117983
and 11640747). Eighteen genes were from Nitrosospira,
which have been reported to be present in WWTPs (Whang
etal. 2009). The total signal intensity of the nitrification genes
from Nitrosomonas of BH (8.61+0.10) was slightly higher
than that of LFA (8.52+0.13) and LFB (8.06+0.56), which
was verified by the higher signal intensity of gyrB genes from
Nitrosomonas within BH (5.17+0.52) than that of LFA (3.62+
0.02) and LFB (4.28+0.65). GyrB genes were used as a
phylogenetic marker within GeoChips. Notably, 110 amoA
genes from AOA were detected.

In denitrification, 1,597 genes were detected. Their total
intensity within LFB was the highest, followed by that within
BH (Fig. S4b, Supplementary Material). The Mantel test re-
sults revealed a significant correlation between the abundances
of denitrification genes and TN inf concentrations within all
samples (r=0.7291, P<0.01). As denitrifiers are phylogenetic
diverse, the phylogenetic diversity of denitrifying bacteria was
analyzed according to the GeoChip data. Most of them were
from environmental clones rather than cultured isolates. Only
12.2 % genes were from cultured microorganisms. Among
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them, Proteobacteria were predominant (10.7 %). The detect-
ed Proteobacteria consisted mainly of Alphaproteobacteria
(48.0 %), Gammaproteobacteria (26.3 %), and
Betaproteobacteria (22.2 %). In Alphaproteobacteria, 22
genes were from Pseudomonas, five genes were from
Paracoccus, and four genes were from Rhodobacter. Strains
of these genera have been isolated from activated sludge as
efficient denitrifying bacteria (Magnusson et al. 1998).

Notably, eleven /zo genes encoding hydrazine oxidoreduc-
tase were detected, the total signal intensities of which consti-
tuted 0.2-0.3 % of those of nitrogen-cycling genes. This
indicated the existence of anaerobic ammonium-oxidizing
(annamox) bacteria. The detection of annamox genes in this
investigation indicated that annamox is a process which may
commonly exist in WWTPs.

Phosphorus-cycling genes

Phosphorus can lead to eutrophication as it would stimulate
the excessive growth of phytoplankton in many surface wa-
ters. Therefore, the removal of phosphorus is substantially
important. In total, 655 genes (ppx, ppk, and phytase) related
to phosphorus cycling were detected, with 433 genes (66.1 %)
present in all samples.

Polyphosphate kinase (ppk) is responsible for
polyphosphate (polyP) synthesis; 241 ppk genes were present,
170 (70.5 %) of which were present in all samples (Fig. S6,
Supplementary Material). For model bacteria, the ppk genes of
which are highly conserved (Tzeng and Kornberg 1998): one
gene from Acinetobacter sp. ADP1 (50084932), one gene
from Neisseria meningitides (254671991), one gene from
Deinococcus radiodurans R1 (15807656), and one gene from
Vibrio cholerae RC385 (254222220) were detected.

Exopolyphosphatase (ppx) is a highly processive enzyme
catalyzing hydrolysis of terminal residues of long-chain polyP
to phosphate (Pi) (Komberg et al. 1999). A total of 382 ppx
genes were detected; 247 (64.7 %) of them were present in all
samples.

Relationships between community structures
and environmental factors

To determine the effects of environmental variables, CCA was
performed using six environmental variables (COD inf,
NH,"-N inf, TN inf, pH, DO, and SRT). The VIF values of
the variables other than SRT, TN inf, and DO were over 20
and removed. SRT, TN inf, and DO were evaluated as key
factors shaping the overall functional gene compositions
(Fig. 2), which was confirmed by the Mantel test. The Mantel
test results showed that overall functional gene compositions
were strongly correlated to SRT (#=0.7497, P<0.01) and TN
inf (r=0.706, P<0.05) and moderately correlated to DO con-
centrations (#=0.5429, P<0.05).
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Fig. 2 Canonical correspondence analysis (CCA) of GeoChip 4.2 hy-
bridization signal intensities and influent quality data as well as opera-
tional parameters. The amount of explained cumulative variation for axis
1 and axis 2 was 48.0 and 38.8 %, respectively

Relating removal efficiencies of COD and TN
to corresponding functional gene structures

Pollutant removal rates are important indicators of WWTPs’
efficiency. In this study, good biological removal rates of
COD and TN were achieved within all systems (Table 3),
which were determined by the equation of (influent substrate
concentrations — effluent substrate concentrations)/influent
substrate concentrations. The Mantel test results revealed
some links between COD and TN removal rates and corre-
sponding functional gene structures (Table 3). The composi-
tions of carbon-cycling and carbon degradation genes were
strongly associated with COD removal rates, and the abun-
dances of the genes involved in nitrogen-cycling, ammonifi-
cation, nitrification, and denitrification genes showed moder-
ate correlations to TN removal rates. As not all of the systems
achieved phosphorus removal relying merely on biological
processes, phosphorus removal efficiencies were not directly

linked to phosphorus utilization gene structures when doing
correlation analyses.

16S rRNA gene compositions revealed
by 454-pyrosequencing

16S rRNA gene compositions of these systems had been
unveiled by using 454-pyrosequencing (Wang et al. 2012a)
investigating the samples collected 8 months earlier than those
collected this time for GeoChip analysis, with 10,886 to
11,056 effective sequences detected within each system. The
systems harbored highly similar microbial communities. At
phylum level, Proteobacteria were the predominant group
within all systems, accounting for 34.8-38.1 %, followed by
Bacteroidetes (26.9-28.1 %) and Chloroflexi (14.2-17.2 %).
As for some key groups, such as the genera of Nitrosomonas
and Nitrosospira which are important AOB known in
WWTPs, they were of very low abundances within all the
systems, accounting for 0.2 to 0.5 and 0 to 0.3 %, respectively.

Discussion
Compositions of microbial communities

This study showed a full picture of functional genes of three
full-scale activated sludge systems. Vast and various
functional genes were detected, which confirmed the
powerfulness of GeoChip in analyzing activated sludge
samples.

The compositions of the functional genes from certain
categories detected in this study were consistent with those
of'an earlier study sequencing DNA and cDNA using Illumina
Hi-seq2000. The dominance of denitrification genes in
nitrogen-cycling genes was also reported in that study, which
showed that denitrification genes sequences and their expres-
sion activities accounted for the largest in the processes of

Table 3 Relationship between functional gene signal intensities and substrate removal rates by the Mantel test

Pollutant System Removal efficiency (%) Functional gene category ™ P
COD LFA 86.7+0 Carbon cycling 0.8503 <0.01
LFB 89.5+0.1 Carbon degradation 0.8697 <0.01
BH 94.4+0.1
N LFA 46.4+0.8 Nitrogen cycling 0.5261 <0.05
LFB 69.8+0.4 Ammonification 0.4781 <0.05
Nitrification 0.4663 <0.01
BH 73.2+0 Denitrification 0.5211 <0.05

The signal intensity of different functional genes among nine samples was used as the first matrix; the corresponding substrate removal rates were used as

the second matrix

% rm, Mantel’s correlation coefficient
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denitrification, ammonification, nitrogen fixation, and nitrifi-
cation (Yu and Zhang 2012).

Similarity of microbial communities

High similarities of microbial communities of the investigated
systems were detected, both in functional genes and 16S
rRNA genes, consistent with some previous investigations.
They have suggested that microbial populations showed a
surprisingly consistent composition within wastewater treat-
ment systems at different geographic locations (Xia et al.
2010; Wang et al. 2012a) and indicated higher microbial
similarities (higher Jaccard’s similarity coefficients) of the
WWTPs in the same city (Wang et al. 2012a). Geographic
location has been reported to be the most important factor
shaping bacterial communities especially nonfecal groups in
untreated sewage (Shanks et al. 2013). According to this, the
influent bacterial community structures of the systems located
in the same city may be quite similar, compared to those of
geographically dispersed systems. Moreover, wastewater con-
stituents and temperature of the systems in the same city are
also similar. Therefore, it is reasonable that the investigated
systems showed very high similarities of microbial
communities.

Attributing functional gene differentiations to environmental
factor variations

In spite of the high proportions of shared genes, functional
gene structures of the investigated systems did show some
differentiations, and we tried to link the differences to envi-
ronmental factors by statistical analyses. The correlations
between the concentrations of certain pollutants in influents
and the abundances of corresponding functional genes sug-
gested that wastewater characteristics did play a role in shap-
ing the overall functional gene structures. Some details might
be a reflection of this. COD inf of BH was higher than that of
the other two systems, and more carbon degradation genes
were present within BH too. TN inf and NH,'-N inf of BH
were higher than those of LFA and LFB, and the nitrifica-
tion genes and gryB genes from Nitrosomonas, which are
suggested to be r-strategists (Andrews and Harris 1986),
also showed slightly higher signal intensities within BH.
Data of 454-pyrosequencing did not show such indications.
The possible reason might be that Nitrosomonas might not
be easily detected by the 454-pyrosequencing analysis due
to their low abundances. Their comparisons among the
investigated systems revealed by 454-pyrosequencing
might be inaccurate. Besides, the total intensity of nitrifi-
cation genes was slightly higher within BH than LFA,
although LFA was of higher DO and longer SRT which
might otherwise promote the nitrification process within
it. Moreover, CCA results showed that SRT, TN inf, and
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DO were effective environmental factors shaping function-
al gene structures. Some discussions which might explain
their importance are presented below.

SRT influences several processes in the activated sludge
process such as nitrification. Longer SRT may favor the
growth of slow-growing nitrifiers. The highest nitrification
gene intensity within LFB might be due to its longest SRT,
although LFA was of a higher DO concentration and BH was
of higher TN inf and NH,"-N inf. Besides, higher SRT allows
longer contacting time between pollutants and bacteria, giving
a better hydrolyzation and degradation of organic molecules
(Massé et al. 2006). This might give an explanation to the
result that LFB was of higher intensity of carbon degradation
genes than LFA.

TN inf is an important environmental variable for the
growth and activity of the organisms involved in nitrogen
cycling. Nitrogen loadings especially ammonia concentra-
tions have been found to affect the compositions of AOB
(Sui et al. 2014). With the MLSS concentrations being similar
(Table 1), the nitrogen loadings of these systems mainly
depend on the TN inf values. As discussed above, the higher
signal intensity and higher number of nitrification genes of
BH than those of LFA and the slightly higher signal intensity
of nitrification genes from Nitrosomonas of BH than that of
the other two systems might result from the highest TN inf of
BH.

As with DO, many studies found that it did exert an effect
on various categories of microbial groups in activated sludge,
including AOB and nitrite-oxidizing bacteria (NOB) (Wang
et al. 2012b; Liu and Wang 2013), denitrifying phosphorus-
accumulating organisms (DPAOs), and denitrifying glycogen-
accumulating organisms (DGAOs) (Yuan and Oleszkiewicz
2011), as well as heterotrophic bacteria (Wells et al. 2011). In
the present study, DO was also evaluated as a key factor
shaping the overall functional genes by CCA, and the highest
signal intensity of denitrification genes within LFB might be
due to the lowest DO value of its aeration tanks.

When performing CCA, treatment processes were not taken
into account. There has been a great controversy on whether
treatment processes play a role in shaping a microbial structure.
An earlier study indicated that the AOB community of two
different treatment processes—A?O and reversed AO—
treating identical water did not show significant differences
(Wang et al. 2010). However, it was reported that the diversity
of microbial community in samples from membrane bioreactors
(MBRs) was the lowest compared with that of oxidization ditch
and A%0/AO systems in another study (Hu et al. 2012). Whether
the distinction of treatment processes impacts the microbial
populations of a WWTP may depend on how much the treat-
ment processes differ, and what kind of the microbes we focus on
if the specific groups (e.g., AOB) or the overall microbial com-
munity. In this study, the applied three treatment processes all
included anoxic and oxic parts and were similar to some extent.
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Therefore, the treatment processes were thought to be similar
and were not included when analyzing the effects of environ-
mental variables on overall functional gene diversity in this
study.

Relationship between functional gene structures and treatment
efficiencies

The relationship between microbial community diversity and
community functioning is an important issue in microbial
ecology. In this study, some links between COD and TN
treatment efficiencies and corresponding functional gene
structures were detected by the Mantel test. The links were
supported by some details as well. The highest number of
carbon degradation genes was present within BH, and BH and
LFB showed stronger signal intensities of carbon degradation
genes than LFA. Correspondingly, the treatment efficiency in
COD removal of BH was also the highest, followed by that of
LFB. In addition, LFB and BH were of stronger signal inten-
sities of nitrification genes and denitrifications genes, and their
TN removal efficiencies were higher too. The results are
similar to a previous study to some extent, which indicated
that denitrifying gene abundances could be used as a proxy for
N,O emission rates in soils (Morales et al. 2010). These links
suggested that the highly diverse functional genes probably
contributed to good treatment efficiencies of each system, and
understanding functional gene compositions might help un-
veil treatment efficiencies of the investigated systems.
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