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To determine if there is a core microbial community in the microbial populations of different wastewater treatment plants
(WWTPs) and to investigate the effects of wastewater characteristics, operational parameters, and geographic locations on mi-
crobial communities, activated sludge samples were collected from 14 wastewater treatment systems located in 4 cities in China.
High-throughput pyrosequencing was used to examine the 16S rRNA genes of bacteria in the wastewater treatment systems. Our
results showed that there were 60 genera of bacterial populations commonly shared by all 14 samples, including Ferruginibacter,
Prosthecobacter, Zoogloea, Subdivision 3 genera incertae sedis, Gp4, Gp6, etc., indicating that there is a core microbial commu-
nity in the microbial populations of WWTPs at different geographic locations. The canonical correspondence analysis (CCA)
results showed that the bacterial community variance correlated most strongly with water temperature, conductivity, pH, and
dissolved oxygen (DO) content. Variance partitioning analyses suggested that wastewater characteristics had the greatest contri-
bution to the bacterial community variance, explaining 25.7% of the variance of bacterial communities independently, followed
by operational parameters (23.9%) and geographic location (14.7%). Results of this study provided insights into the bacterial
community structure and diversity in geographically distributed WWTPs and discerned the relationships between bacterial
community and environmental variables in WWTPs.

Biological wastewater treatment is a multibillion dollar in-
dustry, the largest application of biotechnology in the

world. By harnessing and concentrating microorganisms in
bioreactors, the beneficial activities of naturally occurring mi-
croorganisms are accelerated, enabling removal of oxygen-de-
pleting organics, toxins, and nutrients and preventing the dis-
charge of pathogens. Despite the environmental and economic
importance of these processes, the knowledge of the microbial
communities within biological wastewater treatment is incom-
plete, primarily because of a lack of suitable tools for their
analysis. Culture-dependent methods are biased by the selec-
tion of species which obviously do not represent the real dom-
inance structure (4, 6). The applications of conventional mo-
lecular techniques in the last 2 decades, such as fluorescence in
situ hybridization (FISH), denaturing gradient gel electropho-
resis (DGGE), terminal restriction fragment length polymor-
phism (T-RFLP), quantitative PCR, 16S rRNA clone libraries,
etc., have provided new insights into microbial community
structure. However, these methods generally have difficulty de-
tecting most of the low-abundance organisms in a wastewater
microbial community, thus providing incomplete information
about the microbial diversity and community within the bio-
logical WWTPs (30).

Recently developed pyrosequencing technology can generate
hundreds of thousands of short sequences (14) and significantly
improve researchers’ ability to investigate the low-abundance
microorganisms (24). This new approach has been extended to
environmental systems in recent years (1, 9, 15, 19, 21). How-
ever, to our knowledge, there are few reports using pyrose-
quencing technology to compare bacterial communities be-
tween various WWTPs operated at different geographic
locations. More recently, Zhang et al. (33) and Xia et al. (30)
have observed that some core populations of bacteria were
shared by multiple activated sludge samples from different
wastewater treatment plants. However, they did not examine

the relationships between microbial community structures and
environmental variables, thus it is not clear how wastewater
characteristics, operational parameters, and geographic loca-
tions influence the bacterial community structures.

In this study, we collected activated sludge samples from 14
municipal wastewater treatment systems located in different geo-
graphic regions of China and analyzed these samples via pyrose-
quencing technology to obtain the bacterial community struc-
tures and diversities. The objective was to address the following
two questions. (i) Is there a core microbial community in the
microbial populations of municipal WWTPs at different geo-
graphic locations? (ii) How do wastewater characteristics, opera-
tional parameters, and geographic locations affect bacterial com-
munity structures in WWTPs?

MATERIALS AND METHODS
Mixed-liquid samples. Activated sludge samples were collected from the
aeration tanks of 14 full-scale wastewater treatment systems located in
different cities of China: Shenzhen, Wuxi, Beijing, and Harbin. Details of
the locations, treatment processes, influents, and operational parameters
of the 14 systems are listed in Table 1.

Among these wastewater treatment systems, G1 and G2 are laborato-
ry-scale systems, I is a pilot-scale system, and the others are full-scale
wastewater treatment systems. Systems A1, A2, D1, D2, E1, and E2 are
located in plants A, D, and E, respectively. The 14 systems were operated
using different treatment processes: oxidation ditch, anaerobic/anoxic/
aerobic (A2O), anoxic/aerobic (AO), membrane bioreactor (MBR), ab-
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sorption biodegradation (AB), modified University of Cape Town
(MUCT), and modified sequencing batch reactor (MSBR) processes (Ta-
ble 1).

Activated sludge samples were collected from the aeration tanks of 14
wastewater treatment systems in the winter of 2010. For archiving, each
40-ml sample was dispensed into a 50-ml sterile Eppendorf tube and
centrifuged at 14,000 � g for 10 min. The supernatant was decanted, and
the pellet was stored at �80°C prior to analysis.

DNA extraction. Microbial genomic DNA was extracted by freeze-
mechanical lysis as previously described (34). DNA quality was assessed
by the 260/280-nm and 260/230-nm absorption ratios, measured by an
ND-2000 spectrophotometer (Nanodrop Inc., Wilmington, DE) and aga-
rose gel electrophoresis.

PCR amplification and purification. The extracted DNA samples
were amplified with a set of primers targeting the hypervariable V4 region
of the 16S rRNA gene. The forward primer is 5=-AYTGGGYDTAAAGN
G-3=, and the reverse primers are an equal-portion mixture of four prim-
ers, i.e., 5=-TACCRGGGTHTCTAATCC-3=, 5=-TACCAGAGTATCTAA
TTC-3=, 5=-CTACDSRGGTMTCTAATC-3=, and 5=-TACNVGGGTATC
TAATCC-3= (31). Barcodes that allow sample multiplexing during
pyrosequencing were incorporated between the 454 adapter and the for-
ward primers.

Pyrosequencing and sequence analysis. The composition of the PCR
products of the V4 region of 16S rRNA genes was determined by pyrose-
quencing using a Roche 454 FLX titanium sequencer (Roche, Nutley, NJ).
Samples in this study were individually barcoded to enable multiplex se-
quencing. After pyrosequencing, Python scripts were written to remove
sequences containing more than one ambiguous base (N) and sequences
shorter than 150 bp. RDP Classifier (version 2.2) was used to assign all
effective sequences to taxonomic ranks with a set confidence threshold of
50%.

Data analysis. Shannon-Weaver index (H), evenness index (E), Jac-
card index, and detrended correspondence analysis (DCA) were per-
formed using R (v.2.13.1; http://www.r-project.org/) with a 3% cutoff in
nucleic acid sequences. The contributions of wastewater characteristics
(W), operational parameters (O), and geographic locations (G) to the
variances of bacterial communities were assessed with variance partition-
ing analysis using CCA by R (v.2.13.1). All wastewater characteristics and
operational parameter data were log2(x � 1) transformed for standard-
ization. Spatial variables measured as latitude-longitude coordinates were
converted into projected coordinates and are represented by a cubic
trend-surface polynomial to capture broad-scale spatial trends (10).

RESULTS AND DISCUSSION
Composition of bacterial community. By using 454 pyrose-
quencing, 7,422 to 11,151 effective sequence tags were yielded for

each sample, resulting in 139,951 sequences in total from all 14
samples. RDP Classifier was used to assign these sequence tags to
different operational taxonomic units (OTUs) with a 3% nucleo-
tide cutoff. A total of 21,944 OTUs were recovered from the 14
samples. Individual samples contained much smaller numbers of
OTUs, from 2,176 to 4,123 (Table 2). Thus, individual samples
contained between 10 and 19% of the total OTUs. With a 5%
nucleotide cutoff, a total of 11,628 OTUs were obtained. Each
sample contained 1,338 to 2,573 OTUs, accounting for 12 to 22%
of the total OTUs. Plots of OTU number versus sequence number,
that is, the rarefaction curves, are shown in Fig. S1 in the supple-
mental material.

To assess the internal (within-sample) complexity of individ-
ual microbial populations, the Shannon-Weaver index (H) and
evenness were calculated. The values of H ranged from 6.2 to 8
(Table 2) across the 14 samples. These H values are typical for
diverse microbial populations without a few strongly dominant
taxa (30). The evenness of all samples showed few differences,
ranging from 0.77 to 0.92.

Pairwise community similarity between the samples was calcu-

TABLE 1 Characteristics of 14 geographically distributed wastewater treatment systems

WWTP

Location

Scale Processa

Environmental variable

City Latitude Longitude
COD
(mg/liter)

TN
(mg/liter)

TP
(mg/liter) pH

Conductivity
(�s/cm)

DO
(mg/liter)

Temp
(°C)

SRT
(days)

MLSS
(mg/liter)

A1 Shenzhen 22.55 114.15 Plant Oxidation ditch 317 33 4.3 6.84 645 2.99 21.2 20 4,700
A2 Shenzhen 22.55 114.15 Plant AB 328 33 4.3 6.42 700 4.49 21.2 18 4,800
B Shenzhen 22.54 114.10 Plant MUCT 343 77.9 5.1 6.41 740 2.6 21.6 15 4,600
C Shenzhen 22.56 114.25 Plant MSBR 319 45 5 6.5 730 2.7 21.7 15 4,900
D1 Wuxi 31.59 120.32 Plant Oxidation ditch 375 45 7 7.06 1,291 5.6 18.2 20 7,989
D2 Wuxi 31.59 120.32 Plant A/A/O � MBR 375 45 7 6.9 1,341 1.7 18.2 18 8,386
E1 Wuxi 31.51 120.33 Plant A/A/O 325 39 6 6.88 950 2.3 18.1 15 4,960
E2 Wuxi 31.51 120.33 Plant Oxidation ditch 325 39 6 6.7 991 1.5 18.1 20 5,272
F Beijing 39.93 116.11 Plant A/A/O � MBR 427 48 6 7.1 1,018 2 16.9 18 5,047
G1 Beijing 40.02 116.29 Bench A/A/O 284.6 53.9 6.1 7.1 928 2.94 16.7 15 4,136
G2 Beijing 40.02 116.29 Bench A/A/O 284.6 53.9 6.1 7.29 930 2.83 16.7 15 4,083
H Beijing 40.32 116.63 Plant A/A/O � MBR 412 39.3 4.2 7.1 1,029 5 16.5 20 4,200
I Beijing 39.91 116.53 Pilot A/A/O 452.8 52 6 6.97 1,018 1.39 16.8 15 4,017
J Haerbin 45.80 126.69 Plant A/O 140.6 55.5 7.5 7.24 693 6.97 14.1 15 4,329

a AB, absorption biodegradation; MUCT, modified University of Cape Town; MSBR, modified sequencing batch reactor; A/A/O, anaerobic/anoxic/aerobic; MBR, membrane
bioreactor.

TABLE 2 Diversity indices from 14 samples

WWTP
No. of
sequencesa Richnessb Hc Evennessd

A1 11,056 4,123 7.26 0.87
A2 10,886 4,119 7.36 0.88
B 11,151 3,860 7.16 0.87
C 10,901 3,758 7.15 0.87
D1 11,051 2,970 6.96 0.87
D2 11,061 3,477 6.26 0.77
E1 9,700 3,620 7.24 0.88
E2 10,601 3,210 7.12 0.88
F 7,422 2,355 6.73 0.87
G1 7,807 3,027 7.35 0.92
G2 11,001 2,990 7.07 0.88
H 11,086 2,932 6.9 0.86
I 8,551 2,880 7.11 0.89
J 7,677 2,176 6.63 0.86
a Detected sequence number.
b Detected OTU number.
c Shannon-Weiner index; higher numbers represent higher levels of diversity.
d Evenness index.
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lated based on the presence and absence of each OTU using a
Jaccard index (see Table S1 in the supplemental material). The
Jaccard values ranged from 0.21 to 0.55. Each pair of samples from
the same plant (such as A1 and A2) exhibited high similarity.

DCA was performed to examine the overall variation among
bacterial communities of these 14 samples (see Fig. S2 in the sup-
plemental material). The results showed that most of the samples
from the same plants (such as A1 and A2, E1 and E2, and G1 and
G2) were clustered together, while the samples from plants using
the same treatment process (such as E1 and I) were not clustered
together. This indicated that bacterial community structures were
not significantly affected by the treatment process in this study.

RDP Classifier was used to assign these sequence tags to differ-
ent phylogenetic bacterial taxa. Figure 1a summarizes the relative
bacterial community abundance at the phylum level for each sam-
ple. Proteobacteria was the predominant phylum, constituting be-
tween 21 and 53% of all detected OTUs. Bacteroidetes, Acidobac-
teria, and Chloroflexi were the subdominant groups, comprising
11 to 64%, 1 to 27%, and 1 to 17% of the detections, respectively.
These four phyla represented approximately 77 to 97% of bacteria
detected within the 14 samples.

Within Proteobacteria, the � subdivision was the predominant
group (21 to 52%), followed by Alphaproteobacteria (7 to 48%),
Gammaproteobacteria (8 to 34%), and Deltaproteobacteria (2 to
18%) (Fig. 1b). Within the Betaproteobacteria, seven taxa were
identified (Fig. 1c). Rhodocyclales is the dominant group within a

range of 29 to 71% of all 14 samples, followed by Burkholderiales
and Gallionellales, representing 16 to 56% and 9 to 28% of each
population, respectively. The other four detected groups (Hydro-
genophilales, Nitrosomonadales, Neisseriales, and Methylophilales)
had fewer detections in all samples and constituted less than 10%
of Betaproteobacteria. The abundance of Betaproteobacteria ob-
served in this study agrees with the results revealed by the conven-
tional molecular techniques, such as clone library sequencing (27,
28) and pyrosequencing (33).

Shared and unique orders/families. By using RDP Classifier, a
total of 75 orders were obtained (see Table S2 in the supplemental
material). Among them, 38 orders were commonly shared by all
activated sludge samples, including Sphingobacteriales, Anaerolin-
eales, Rhodocyclales, Burkholderiales, Rhizobiales, Xanthomon-
adales, Verrucomicrobiales, Clostridiales, Planctomycetales, Myxo-
coccales, etc. (see Fig. S3). They accounted for 96 to 99% of the
classified sequences. There were three rare orders that only ap-
peared in one sample, i.e., Caldisericales in plant C and Rubrobac-
terales and Natranaerobiales in plant A1, which made up �0.1% of
the classified sequences in each sample.

At the family level, a total of 179 families were obtained (see
Table S3 in the supplemental material). Forty-six families (ac-
counting for 86 to 96% of the classified sequences), including
Anaerolineaceae, Chitinophagaceae, Rhodocyclaceae, Verruco-
microbiaceae, Xanthomonadaceae, Planctomycetaceae, Sapros-
piraceae, Hyphomicrobiaceae, Comamonadaceae, Sphingomon-
adaceae, Rhodobacteraceae, Burkholderiales incertae sedis,
Moraxellaceae, Bradyrhizobiaceae, Pasteuriaceae, etc., were
commonly shared by all samples (see Fig. S4). There were 20
rare families that appeared in only one sample, such as Caldi-
sericaceae, Rubrobacteraceae, Pseudonocardiaceae, Micrococ-
caceae, Beutenbergiaceae, Sanguibacteraceae, Sporichthyaceae,
Geodermatophilaceae, Nakamurellaceae, Micromonosporaceae,
etc., which occupied only �1% of the classified sequences (see
Table S4).

Core and unique genera. The abundance of all 543 genera
acquired from all samples was summarized in Table S5 in the
supplemental material. Among the 543 assigned genera, 60 were
shared by all 14 samples and accounted for 62 to 86% of the clas-
sified sequences. A total of 156 genera were commonly shared by
more than 10 samples, accounting for 85 to 98% of all classified
sequences. There were 131 rare genera that were observed in only
one sample, and they accounted for �0.5% of total classified se-
quences in each sample (see Table S6).

The 10 most abundant genera in each sample were selected (a
total of 44 genera for all 14 samples), and their abundances were
compared to those in other samples (Fig. 2). Six genera were abun-
dant (�1%) in at least 10 samples, including Ferruginibacter,
Prosthecobacter, Zoogloea, Subdivision 3 genera incertae sedis, Gp4,
and Gp6. Most of them were also found to be core genera and were
shared by multiple activated samples from WWTPs according to
Zhang et al. (32). These results suggested that these core genera
play crucial roles in wastewater treatment regardless of the
treatment process and geographic locations. Members of Fer-
ruginibacter, such as Ferruginibacter alkalilentus and Ferrugini-
bacter lapsinanis, are capable of hydrolyzing some organic mat-
ter (11). Members of Zoogloea, such as Zoogloea ramigera, have
long been considered the typical activated sludge bacteria re-
sponsible for the formation of activated sludge flocculation and
to improve the purification process (11). Prosthecobacter are

FIG 1 Relative abundance of bacterial community composition in 14 samples.
(a) The relative abundance of total bacteria grouped by phyla. (b) Relative
abundance of the phylum Proteobacteria. (c) Relative abundance of the Beta-
proteobacteria.
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heterotrophic organisms which are often referred to as oligo-
trophic bacteria, meaning that they thrive in low-nutrient environ-
ments (25). This does not seem to apply to the Prosthecobacter organ-
isms found here, as the influent biochemical oxygen demand (BOD)
concentrations of the WWTPs were above 284.6 mg/liter. The effects
of nutrients on members within this genus needs further study to
better understand the implications of the presence of Prosthecobacter.
The genera of Subdivision 3 genera incertae sedis, Gp4, and Gp6 are
not well described, and the knowledge and roles of them in biological
wastewater treatment systems are limited. This result is in accordance
with the findings of Xia et al. (30), who showed that, based on the
examination of bacterial community structures in wastewater treat-
ment bioreactors via PhyloChip, five different wastewater treatment
reactors share a large proportion of core bacterial population, indi-
cating almost identical compositions in different reactors.

Correlations of environmental data and bacterial communi-
ties. To discern the possible relationship between microbial com-
munity structure and environmental parameters, CCA was per-
formed (Fig. 3). Based on variance inflation factors (VIF) with 999
Monte Carlo permutations, eight significant environmental vari-
ables, chemical oxygen demand (COD), total nitrogen (TN), total
phosphorus (TP), pH, dissolve oxygen (DO), conductivity, tem-
perature, and solid retention time (SRT), were selected in the CCA
biplot. The length of an environmental parameter arrow in the

ordination plot indicates the strength of the relationship of that
parameter to community composition.

As such, temperature appears to be the most important envi-
ronmental parameter. This agreed with the findings of Siggins et
al. (22), who suggested, based on the survey of bacteria commu-

FIG 2 Heat map of the 10 most abundant genera in each sample. The 10 most abundant genera in each sample were selected (a total of 44 genera for all 14
samples), and their abundances were compared to those in other samples. The color intensity in each cell shows the percentage of a genus in a sample.

FIG 3 Canonical correspondence analysis (CCA) of pyrosequencing data and
measurable variables in the 14 samples. Arrows indicate the direction and
magnitude of measurable variables associated with bacterial community struc-
tures. Each circle represents a different bacterial community structure from a
specific wastewater treatment plant.
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nity variance via DGGE in expanded granular sludge bed (EGSB)
bioreactors, that water temperature is one of the most influential
factors in bacterial community variance. Similar results have also
been obtained in a full-scale WWTP by Wells et al. (29).

Conductivity is an index measured by the number of ions rel-
ative to salinity, and it was strongly and significantly linked to
bacterial community variance in CCA. Previous studies have
found salinity to be an important factor regulating bacterial com-
position and diversity across a variety of habitats (12, 13, 16, 26).

In addition to temperature and conductivity, bacterial com-
munity variance was also significantly linked to pH in the WWTPs
in CCA. The intracellular pH of most microorganisms is usually
within 1 pH unit of neutral, and any significant deviation in envi-
ronmental pH should impose stress on single-cell organisms (3).
Some previous studies have demonstrated that the stress of pH has
a significant effect on the overall diversity and composition of
microbial communities in a range of terrestrial and aquatic envi-
ronments (3, 7).

DO was also strongly and significantly linked to bacterial com-
munity variance in CCA. DO is well recognized as a critical pro-
cess parameter in biological wastewater treatment processes due
to its impact on bacterial activity and the high operational costs of
aeration, but little is known about the specific selection of distinct
bacterial lineages by DO concentration. The results of this study
showed that DO had a significant effect in shaping the microbial
community structure in wastewater treatment systems. Park et al.
(18) have also found that DO concentration was an important
structuring factor based on the T-RFLP analysis of bacterial com-
munity structures in two laboratory-scale bioreactors operated
with high and low DO concentrations.

Variance partitioning analyses (VPA) were further performed
to assess the contributions of wastewater characteristics (COD,
TN, TP, pH, and conductivity), operational parameters (DO,
temperature, SRT, and mixed-liquid-suspended solids [MLSS]),
and geographic location to the microbial community variance.
Figure 4 indicated that 69.6% of the variance could be explained
by these three components. Wastewater characteristics, opera-

tional parameters, and geographic location could independently
explain 25.7, 23.9, and 14.7% of the variation of bacterial commu-
nities, respectively. Interactions among the three major compo-
nents seemed to have less influence than did individual compo-
nents and were only observed between wastewater characteristics
and geographic locations (4.8%) and between operational param-
eters and geographic locations (1.8%). It should be noted that the
sampling strategy and the number of samples analyzed in this
study may limit our ability to fully separate the effects of environ-
mental variables and geographic locations. More replicated sam-
ples from each plant should be collected to examine the bacterial
community structures in WWTP across different geographic lo-
cations.

More than 30% of the community variance could not be ex-
plained by these three components. It is reasonable to expect that
some additional factors, such as stochastic dispersal and immigra-
tion, predation, and some unmonitored inhibitory chemicals,
play an influential role in mediating bacterial community struc-
tures in WWTPs. Ofiteru et al. (17) demonstrated that, in a full-
scale WWTP, the variation in bacterial community was consistent
with neutral community assembly, where chance and random im-
migration played an important and predictable role in shaping the
communities. Other studies also showed that stochastic dispersal
and immigration processes (2, 23), protozoan grazing (20), phage
predation (8), and chaotic behavior (5) played dominant roles in
structuring the microbial communities. The relative influence of
deterministic environmental and stochastic factors in structuring
microbial communities within bioreactors warrants further inves-
tigation.

In summary, high-throughput pyrosequencing was employed
to examine the bacterial communities of activated sludge samples
from 14 wastewater treatment systems located in four cities in
China. In addition to certain unique genera of bacterial popula-
tions in each sample, 60 genera, including genera of Ferruginibac-
ter, Prosthecobacter, Zoogloea, Subdivision 3 genera incertae sedis,
Gp4, and Gp6, etc., were commonly shared by all samples. This
demonstrated that there was a core microbial community in the
microbial populations of WWTPs at different geographic loca-
tions. The CCA results showed that water temperature, conduc-
tivity, pH, and DO were correlated most strongly to the variance of
bacterial communities. Variance partitioning analyses suggested
that wastewater characteristics had the greatest contribution to
the bacterial community variance, explaining 25.7% of the vari-
ance of bacterial communities independently, followed by opera-
tional parameters (23.9%) and geographic locations (14.7%).
These findings provided insight into the bacterial community
structure and diversity in geographically distributed WWTPs and
identify the main factors shaping microbial community structures
in WWTPs.
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