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China. Both bulk water and biofilm samples on granular activated carbon (GAC) were
collected over 9 months. The proportion of cultivable cells decreased during the treatment
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processes, and this proportion was higher in warm season than cool season, suggesting
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that treatment processes and water temperature probably had considerable impact on the

Flow cytometry

R2A cultivability of total bacteria. 16s rRNA gene based 454 pyrosequencing analysis of the

454 pyrosequencing

bacterial community revealed that Proteobacteria predominated in all samples. The GAC

Bacterial community

biofilm harbored a distinct population with a much higher relative abundance of

Dynamics

Acidobacteria than water samples. Principle coordinate analysis and one-way analysis of
similarity indicated that the dynamics of the microbial communities in bulk water and
biofilm samples were better explained by the treatment processes rather than by sampling
time, and distinctive changes of the microbial communities in water occurred after GAC
filtration. Furthermore, 20 distinct OTUs contributing most to the dissimilarity among
samples of different sampling locations and 6 persistent OTUs present in the entire
treatment process flow were identified. Overall, our findings demonstrate the significant
effects that treatment processes have on the microbial biomass and community fluctuation
and provide implications for further targeted investigation on particular bacteria populations.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Drinking water treatment plants (DWTPs) produce potable
water that meets public health regulations from natural water
sources by a series of treatment processes, typically including
coagulation, sedimentation, filtration and disinfection. These

treatment processes result in profound changes in the
physicochemical and biological profiles of the raw water (Au,
2004; Chen et al., 2007). The stable performance of the
treatment processes is crucial to the safety of the treated
water and the microbial communities in drinking water are
particularly important for public health because it is directly
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linked to the occurrence of pathogens. As microbial quantity
and composition varied spatially and temporally in drinking
water systems (DWSs) and sometimes the temporal patterns
were striking in both treated and untreated water (Sharp et al.,
2006; Henne et al., 2013; Isaac-Renton et al., 1996), end-product
monitoring alone is inadequate to keep the high level of
confidence in drinking water safety. Holistic characterization
of microbial features in DWTPs is necessary.
Treatment processes such as coagulation, sedimentation
and filtration can physically remove some of the microorganisms. Disinfection inactivates most of the microorganisms,
but those that can endure the disinfection stress are then
transported to distribution networks and proliferated there even
at a low organic nutrient concentration (Boe-Hansen et al., 2002;
Liu et al., 2002; Lu et al., 2014). Various parameters have been
developed to control the biological quality, among which the
total cell count is one of the most widely used parameters
(Carter et al., 2000; Chen et al., 2007; LeChevallier et al., 1991).
Cultivation-based heterotrophic plate count (HPC) method has a
long history to be recommended in most guidelines, but it
detects only a small fraction of the total microbes (Allen et al.,
2004; Bartram et al., 2003). Flow cytometry (FCM) coupled with
nucleic acid targeting stains has been recently developed and
proven to be an sensitive tool for measuring the total cell
concentration in water. The two methods can be integrated to
elucidate the dynamic of cultivable and uncultivable microbial
biomass in DWSs (Hammes et al., 2008).
In terms of community composition, 16S rRNA gene based
sequencing revealed that DWSs harbored diverse microbes,
including some opportunistic pathogens and disinfectant
resistant bacteria in the distribution networks (Pinto et al.,
2012; Berry et al., 2006; Holinger et al., 2014; Hwang et al., 2012;
Lautenschlager et al., 2014; Lin et al., 2014; Mi et al., 2015). The
microorganisms that survived after water treatment processes are considered to be an important source for the potential
pathogens at tap faucets. Moreover, the seeded bacteria in
some bio-enhanced filters that used to remove specialized
pollutants posed a potential risk of leaking from filter biofilms
(Zhang et al., 2013).
Some studies concurred that filtration and disinfection
had more significant effects on the microbial community
compared with other processes, such as coagulation and
sedimentation, and that the biofiltration process may determine the characteristics of the downstream microbiome
(Holinger et al., 2014; Kwon et al., 2011; Pinto et al., 2012;
Wang et al., 2013). Meanwhile, another study showed no
major changes occurred after sand filtration (Eichler et al.,
2006). The discrepancies found among studies may result
from different factors such as study areas, treatment process
chains, time scale of sampling and sequencing methods. The
temporal fluctuation is a critical consideration for rigorous
statistical tests and high validity of information on the
processes. However, longitudinal surveys on the dynamics of
microbial communities through treatment processes were
still limited.
In the present study, the temporal and spatial changes in
microbial communities of a full-scale drinking water treatment plant (DWTP) in Beijing, China, were investigated over
9 months. HPC, FCM and 454 pyrosequencing were used to
measure the microbial biomass and bacterial compositions of

both bulk water and granular activated carbon (GAC) biofilms.
An in-depth characterization of the microbial dynamic
patterns in a DWTP was conducted, the results of this study
may help to extend our knowledge about the microbial quality
of water in DWTPs. The primary objective of this work was
to determine (1) how the treatment processes and the temporal
variation contribute to the microbial biomass and the bacterial
community structure, (2) the influence of GAC biofilm on the
water microbiology and (3) the distinct and persistent bacteria
that present throughout the treatment processes.

1. Materials and methods
1.1. Drinking water treatment processes and sampling schedule
The DWTP monitored in this study produces 60% of the
drinking water of Beijing, China. During the sampling period,
its water source consists of two reservoirs (Miyun reservoir in
Beijing and Huangbizhuang reservoir in Hebei) as well as
groundwater from Huairou aquifer. The average volume
mix ratio of these water sources is 4:1:2. The treatment
processes include pre-chlorination, coagulation, clarification
and coal-sand dual media filtration as the conventional treatment and GAC filtration as the advanced treatment (Fig. 1). The
GAC tanks are backwashed every 6 days. Free chlorine is added
to the GAC effluent at a concentration of 1.2–1.8 mg/L for 5 hr.
0.2 mg/L ammonia is added post clear well to produce a
chloramine residual of 0.7–0.8 mg/L in the distribution system.
Samples were collected in 6 months over a period of
9 months in 2012 (May, August, October, November and
December) and 2013 (January). The pre-chlorinated raw water
(RW), the coal-sand filter effluent (SE), the GAC tank effluent
(CE) and the finished water (FW) were water samples and the
GAC particles (CB) were biofilm samples. The GAC particles
were taken from the top of the filter tank. Samples were
collected in sterile bottles, which were taken to the laboratory
within 4 hr. Water quality parameters were listed in Appendix
A Table S1.

1.2. Heterotrophic plate count
1-mL aliquots of ten-fold serial dilutions of each water sample
were mixed with 20 mL R2A agar (Difco, BD, USA) and
incubated at 20°C for 7 days. All HPC determinations were
performed in triplicate.

1.3. Total cell concentrations measured by flow cytometry
Total cell concentrations were determined according to the
method introduced by Hammes et al. (2008) with a Cell Lab
Quanta SC flow cytometer (Beckman Coulter, Inc., Brea, CA,
USA). The total cell concentration of all the samples should be
maintained between 3 × 103 and 2 × 106 cells/mL.

1.4. DNA extraction
10–40 L of bulk water were filtered through a 0.22-μm pore size
membrane (47 mm diameter, Millipore, USA) with a 90-mm
Filter Holder (Millipore, USA). For GAC biofilm samples, about
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Fig. 1 – Schematic diagram of the drinking water treatment process. RW: raw water; SE: coal–sand filter effluent; CB: GAC
particles; CE: GAC tank effluent; FW: finished water; GAC: granular activated carbon.

15 g wet carbon particles were rinsed twice with sterile PBS
buffer to remove planktonic cells and then immersed in 30 mL
sterile PBS buffer. Ultrasonication (500 W, 40 kHz, 20 min)
was applied to detach bacteria from carbon particles combining vortexing or hand-shaking for 30 sec every 10 min. Ice
bags were used to prevent the thermal effect caused by
ultrasonication. After ultrasonication, the suspension was
transferred and centrifuged at 10,000 × g for 10 min at 4°C to
collect the pellet of microbes and the supernatant was
discarded.
The total DNA was extracted from the filter membranes
and the pellets of GAC biofilm with an EZNA® Soil DNA kit
(Omega Bio-Tek, USA) according to the manufacturer's protocol.
The concentration and purity of the total DNA were measured
by a NanoDrop 2000 spectrophotometry (Thermo Fisher Scientific, Wilmington, DE, USA).

1.5. 454 pyrosequencing and data analysis
The hypervariable V1-V3 region of the 16S rRNA gene was
amplified using the universal bacterial primers 27F (5′-AGA
GTTTGATCCTGGCTCAG-3′) and 533R (5′-TTACCGCGGCTGC
TGGCAC-3′). Pyrosequencing was performed on the Roche
454 FLX pyrosequencing platform at SinoGenoMax (Beijing,
China). Pyrosequencing results were processed using the
Quantitative Insights Into Microbial Ecology (QIIME) (v 1.5.0)
pipeline (Caporaso et al., 2010). Briefly, raw sequences were
first filtered with a minimum average quality score ≥ 25, a
sliding window value of 50 and size between 200 and 700 bp;
then denoising was applied to reduce erroneous sequences
with imprecise signals. After denoising, the Uclust algorithm
was used for operational taxonomic unit (OTU) picking (97%
similarity). Representative sequences of each OTU were
selected for alignment to the Greengenes aligned reference
set by PyNAST with default settings. Chimera Slayer was used
to identify chimeras, which were then removed from the
representative sequences. Taxonomy assignment was performed with the RDP classifier using the Greengenes reference
at a 0.8 minimum confidence level. Alpha and beta diversities
were calculated at a sequencing depth of 950 after removing
the singleton sequences. Principal coordinate analysis (PCoA)
was conducted with QIIME to visualize pairwise Bray–Curtis
distance among samples.

Analysis of Similarity (ANOSIM) and Similarity Percentage
(SIMPER) was performed based on the Bray–Curtis dissimilarity distance matrices at OTU level with the software PAST.
ANOSIM is a non-parametric test of significant difference
between two or more groups based on any distance measure.
Distances are converted into ranks prior to calculating the
statistic R. R was calculated by Eq. (1):
R¼

rb −rw
1
nðn−1Þ
4

ð1Þ

where, rb is the mean rank of all distances between groups, rw
is the mean rank of all distances within the same group, and n
is the total number of samples (Clarke, 1993). R ranges from − 1
to 1 and larger R indicates higher degree of separation
between groups. The significance is computed by random
permutation of group membership. SIMPER is used to weight
the contribution of each OTU to the dissimilarity between
groups confirmed to be significant by ANOSIM.
Venn diagram was plotted to identify the numbers of
shared OTUs among different sampling locations with the R
package. OTUs that were present in at least 50% of samples at
each sampling location were picked out respectively and they
were the source data for the Venn diagram.

2. Results and discussion
2.1. Planktonic biomass changes through treatment processes
Microbial biomass in raw water based on HPC and total cell
concentration (FCM) ranged from 1.4 × 103 to 5.9 × 104 CFU/mL
and 2.7 × 105 to 3.9 × 105 cells/mL, respectively (Fig. 2). The
biomass was significantly higher in May, August and October
2012 than in other months, and positive correlation was
observed between the biomass and the water temperature
(Appendix A Table S2) (Pearson's R = 0.841 for HPC and 0.877 for
total cell concentration). Conventional treatment processes
had an average removal rate of 61.6% for HPC and 37.7% for
total cell concentration, whereas the average removal rates of
GAC filtration were 32.1% and 8.3% for HPC and total cell
concentration, respectively. No cultivable bacteria (HPCs) were
detected in all the finished water samples, which met the
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general underestimation of biomass with HPC method. Further
detailed investigation targeted on discrimination and sorting of
different bacteria groups by FCM combining other molecular
methods would allow a better understanding of microbial
biomass fluctuation.

2.2. Diversity and composition of the microbial community

Fig. 2 – The percentage of R2A cultivable cells (heterotrophic
plate count/total cell concentration) along treatment
processes (* indicates no cultivable bacteria (HPCs) was
detected in the sample). HPCs: heterotrophic plate count.

standard for drinking water quality in China. However, the total
cell concentration in finished water was in the range of 7 × 103–
61 × 103 cells/mL, suggesting a large number of uncultivable
bacteria survived after disinfection and would seed in the
distribution system.
The percentage of cultivable cells (HPC/total cell concentration) ranged from 0% to 15% (Fig. 2). Interestingly, the
averaged percentage of cultivable cells decreased as the
treatment process progressed. It's 9.2% in RW, 5.2% in SE and
3.0% in CE. In addition, the proportions of cultivable cells
decreased in November and December 2012 and January 2013,
when the temperature of the water decreased significantly.
The reasons for variation of R2A cultivable cell proportion
were complicated. Converse variation of different bacteria
groups and the phenotype switch of the same species might
both lead to the phenomenon. According to literature, total cell
concentration detected by FCM was commonly divided into
two distinct clusters: high nucleic acid bacteria (HNA) and low
nucleic acid bacteria (LNA). LNA cells are considerably much
smaller than HNA cells and harder to cultivate (Lautenschlager
et al., 2010; Wang et al., 2009). Lautenschlager observed a clear
shift from more HNA bacteria to more LNA bacteria in the serial
filtration processes (Lautenschlager et al., 2014). In our study,
the coal–sand filter and GAC tank might preferably remove
the cultivable HNA with lager cell size as well and resulted in the
decrease of R2A cultivable bacteria proportion. Low temperature
in winter months might also preferably restrain the growth of
cultivable bacteria and even induce the viable-but-nonculturable
(VBNC) stages of some species. Laboratory studies with pure
cultures have shown that low nutrient and low temperature
have been shown to be the main causes of the induction of
VBNC stages in some bacteria strains, including indicator
organisms such as Escherichia coli and water-borne pathogens
such as Vibriocholerae (Mizunoe et al., 2000; Xu et al., 1982).
Disinfection was another environment pressure that causes
the adoption of a VBNC state. Hoefel ever found that
Stenotrophomonas maltophila was initially cultivable by HPC in
raw water and settled water, but undetected by HPC after
disinfection whilst remaining active (Hoefel et al., 2005).
Decreased R2A cultivability of total bacteria might result in a

The bacterial 16S rRNA gene V1–V3 region of all bulk water and
biofilm DNA samples was analyzed by 454-pyrosequencing.
After quality filtration of the raw data, 62,399 effective sequences
(8405–974 per sample) were obtained in total and 1615 OTUs
were assigned. To fairly compare the 30 samples at the same
sequencing depth, 950 sequences were randomly picked
from each sample for further analysis. The averaged Good's
coverage of each sampling group ranged from 90% to 92%
indicating the majority of bacterial communities had
been well covered. The averaged alpha diversity indices of
Shannon, Chao 1 were highest in the CB samples and lowest
either in CE or FW samples (Appendix A Table S3), indicating
higher richness and bacterial diversity within GAC biofilms
than in bulk water samples.
A total of 30 phyla were detected across all of the
biofilm and water samples (Fig. 3a). Proteobacteria (53.3%),
Bacteroidetes (10.7%), Firmicutes (9.9%) and Actinobacteria
(8.4%), Planctomycetes (7.3%), and Cyanobacteria (5.0%) dominated
in the water samples, constituting about 82.3% of the total
sequences in all water samples. Proteobacteria, Bacteroidetes and
Actinobacteria are the three most common dominating phyla in
drinking water systems (Lautenschlager et al., 2014; Lin et al.,
2014; Pinto et al., 2012).
In comparison to water samples, the three dominant phyla
in carbon biofilm were Proteobacteria (48.3%), Acidobacteria
(22.9%) and Planctomycetes (16.3%). Acidobacteria was also abundant but not that dominant in the biofilm samples of other
studies (Pinto et al., 2012; Liao et al., 2013). It is a newly devised
phylum with 26 recognized subdivisions. Bacteria in this
phylum are widely distributed and abundant in soils and
freshwater sediments, but numbers of cultured representatives
are very limited (Newton et al., 2011). Genomic analyses of
some isolated strains from the phylum indicated that they are
best adapted to low-nutrient conditions, capable of utilizing
diverse polysaccharides, and even involved in biofilm formation (Rawat et al., 2012; Ward et al., 2009). In our study, more
than 80% of Acidobacteria in the GAC biofilm samples belonged
to the class of Chloracidobacteria. However, still little is known
about their metabolic and genetic functions.
The Cyanobacteria population was also abundant with
averaged relative abundance of about 5.0% in water samples,
but this decreased to 0.2% in the GAC biofilm samples, which
contradicted a recent study that showed Cyanobacteria was
more abundant in biofilm sample than in water samples
(Lin et al., 2014). Whereas other observations were consistent that Cyanobacteria was more abundant in bulk water
(Lautenschlager et al., 2014; Pinto et al., 2012).
The dominant subclasses of Proteobacteria were Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria and
Deltaproteobacteria (Fig. 3b). Along the treatment process
flow, the relative abundances of Alphaproteobacteria and
Betaproteobacteria decreased from 41.8% and 12.4% in raw
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Fig. 3 – Relative abundances of bacterial communities at the phylum level (a) averaged over 9 months (phyla with relative
abundances below 0.1% in all samples were combined with unclassified bacteria as others) and relative abundances of
subclasses of Proteobacteria (b).

water to 20.6% and 5.2% in finished water, respectively. In
contrast, the relative abundances of Gammaproteobacteria and
Bacilli (belonging to the phylum Firmicutes) increased from about
2.5% and 0.2% to 21.2% and 16%, respectively. Deltaproteobacteria
was more abundant in CB samples than in water samples.

2.3. Temporal and spatial dynamics of the microbial
community
To visually demonstrate the temporal and spatial dynamics of
the microbial community, PCoA based on the Bray–Curtis
distance metric was performed at OTU level (Fig. 4). The plot
showed that (1) the GAC biofilm samples and the water
samples occupied distinct positions, (2) changes of water
samples according to sequence of the treatment process flow
took place along principal coordinate 2, and (3) no clear

clustering pattern was found among samples from the same
sampling date, indicating that the dynamics of the microbial
communities of the water samples were mainly affected
by the treatment processes, not by the sampling time. It was
also noteworthy that all the biofilm samples clustered very
closely except for the sample from May 2012, indicating
a mature biofilm with a stable community structure had
established in the carbon particles. The stability was confirmed by Bray-Curtis similarities within different sampling
groups, the higher of which indicated more stable community
structures (Keith et al., 2010). The Bray–Curtis similarity
within CB samples was 0.54, while values within RW, SE, CE
and FW samples were all below 0.23 (Appendix A Table S3).
The clustering patterns of samples in PCoA plot were
confirmed by one-way ANOSIM test based on spatial and
temporal grouping categories respectively. The statistical
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significance level was set at 0.05. To counteract the problem
of multiple comparisons in ANOSIM, Bonferroni-corrected
p-values were used in pairwise test. Bonferroni correction is
multiplying the uncorrected p-value with the number of
pairwise comparisons between groups. It is more conservative
and avoids the presence of false positive. In spatial variation
test, samples from the same process were assigned as a group,
so there were 5 groups and 10 pairwise comparisons. The
global ANOSIM results revealed significant differences with a
global R of 0.52 and p-value of 0.0001. From the results of
pair-wise ANOSIM tests (Table 1), CB was distinct from all the
other groups, and especially from RW, with a high R of 0.969;
while RW vs SE, SE vs CE, SE vs CE and CE vs FW showed no
significant differences (Bonferroni-corrected p > 0.05). RW
was significantly different from CE and FW, indicating that
the microbial communities of the water samples were greatly
changed after GAC filtration. This was consistent with
another finding that filtering shapes the bacterial community
of post-filtration samples based on the OTU grouping strategy
(Pinto et al.,2012). In temporal test, as biofilm samples were
distinct, they were excluded when water samples were
grouped by sampling time; there were 6 groups and 15
pairwise comparisons. The global ANOSIM (R = 0.34, p =
0.001) still indicated significant but a little weaker differences
among groups. Whereas the pair-wise comparison (Table 2)
showed that Bonferroni-corrected p-values between different
groups were all above 0.05, indicating there was no distinct
difference among water samples in different months. The
non-significant pairwise result for temporal test difference was
also in accordance with the random scattering of water
samples in the same sampling date in the PCoA plot.
The two methods PCoA and ANOSIM corroborated each
other and revealed that the dynamics of microbial

0.4
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Fig. 4 – Principal coordinate analysis (PCoA) plot based on the
Bray–Curtis distance metric illustrating the variability of
samples over time and along the treatment processes. Data
points are colored according to sampling positions, and the
sampling dates are distinguished by different shapes.

communities among all samples were best explained by
treatment processes not by sampling time. In a study at Ann
Arbor, PCoA plots also illustrated that the spatial dynamics
showed the similar pattern irrespective of the three seasons
(Pinto et al., 2012). Roeselers et al. (2015) found that different
treatment plants, rather than the sampling time, differentiated drinking water microbial communities. El-Chakhtoura's
short-term study (hourly, daily and weekly scales) also
demonstrated that no significant variation in bacterial
community profiles occurred in the treated and distributed
water samples over time (El-Chakhtoura et al., 2015).
Conversely, long-term studies of drinking water distribution
systems found seasonality to be the main contributor to
microbial dynamics of suspended and biofilm communities
apart from the locations, pipe materials and pipe ages (Ling
et al., 2015; Pinto et al., 2014). To conclude, treatment
strategy is the most important factor that differentiates
microbial communities in the entire drinking water system
from source to tap. Profound variations usually took place
after filtration processes. It is necessary to conduct more
detailed surveys to distinguish the influence of treatment
strategies especially filtration patterns on microbial community in water.

2.4. Distinct and persistent bacterial taxa
To further investigate distinct OTUs associated with the
spatial dynamics of community composition when exposed
to different treatment processes, SIMPER analysis was performed. The results showed that the top 20 OTUs contributing
most to the dissimilarity among different sampling groups
were responsible for 37% of the difference and they accounted
for 40% of total sequences (Table 3). 18 of them belonged to the
20 most abundant OTUs in all samples as well. This might be
explained by the sensitivity of SIMPER to relative abundance
(Clarke, 1993). The relative abundance of each OTU varied
uniquely and different sampling locations were dominated by
different OTUs.
Three OTUs in Table 3 were classified to the family
Sphingomonadaceae. Their relative abundances were all higher
in water samples and declined slightly with the treatment
processes. Members of this family are ubiquitous in drinking
water systems because of their remarkable ability to survive
oligotrophic and even chlorinated environments (Srinivasan
et al., 2008). They are strictly aerobic and many species can
be isolated on culture media with yellow pigmentation.
Vaz-Moreira et al. (2011) previously reported that the counts
of cultivable Sphingomonadaceae were higher in treated
water and further identification demonstrated that high
levels of antibiotic resistance existed in five genera of this
family isolated from different sites in the same drinking water
system. Sphingomonadaceae were also highly represented
in free living amoebae and biofilm (Delafont et al., 2013;
Zhang et al., 2012) which might pose a threat to water quality.
Four OTUs, which were classified to Bacillaceae, Legionellaceae,
Pseudomonadaceae and Moraxellaceae respectively, were more
abundant in FW samples indicating their likely resistance
to disinfectant. Previous studies also found genera of
these families in disinfected water (Cervero-Aragó et al.,
2015; Mir et al., 1997; Wang et al., 2012). While another two
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Table 1 – ANOSIM statistics for pairwise comparisons
of samples grouped by treatment process (the global R =
0.52, p = 0.0001). *
(R, pB)

CB

RW

SE

CE

CB
RW
SE
CE
FW

(0.969,0.019)
(0.935,0.025)
(0.874,0.026)
(0.738,0.022)

(0.081,1)
(0.652,0.024)
(0.490,0.024)

(0.017,1)
(0.057,1)

(0.119,0.953)

*

pB represents Bonferroni-corrected p-value. Values in bold indicate
a Bonferroni-corrected p-value < 0.05 (uncorrected p-values < 0.005).

OTUs also affiliated to Moraxellaceae and abundant in CE
samples did not occur in FW samples. They were classified to
the same genus Acinetobacter, but different species. The OTU
classified to family Ellin6075 was the most abundant OTU in
CB samples (accounted for 15.9% of total sequences in CB
samples and 78.5% of Acidobacteria in all samples). Though the
phylum Acidobacteria has been poorly studied and few
cultivated representatives are known, some species of the
family Ellin6075 were isolated under selective laboratory
conditions (Crowe et al., 2014; Joseph et al., 2003) indicating
the possibility of further analysis. In water samples its relative
abundance increased slightly in the CE samples by 0.4%
compared to SE samples indicating the predominant bacteria
in biofilm might seed the effluent through sloughing of
biofilms.
Although bacterial community changed significantly at
each step of treatment processes, some OTUs were commonly found throughout treatment processes and over
different sampling time. OTUs that were present in at least
50% of samples at each sampling location were depicted in a
Venn diagram (Fig. 5). Six of these OTUs, which constituted
16.1% of the total sequences, were shared by all sampling
groups. According to the conceptual framework of the core
community proposed by Shade and Handelsman (2012), they
were defined persistent OTUs in the entire treatment process
flow. Three of the six OTUs were also among the 20 most
abundant OTUs in all samples. Five of the six OTUs were
classified to the class Alphaproteobacteria and the other one was
classified to the genus Chryseobacterium, belonging to the class

Flavobacteriia. Alphaproteobacteria is dominant in most drinking
water systems (El-Chakhtoura et al., 2015; Williams et al., 2004)
and has been reported to be competitive in low nutrient
freshwater with availability of degrading complex organic
compounds (Newton et al., 2011). The genus Chryseobacterium
was reported to be an amoebae-resisting bacterium in a
DWTP and the species Chryseobacterium meningosepticum
which could colonize water taps was pathogenic in humans
(Hoque et al., 2001; Thomas et al., 2008). In addition, the
number of shared OTUs among CB and CE samples was 27, 7
more than that among SE and CB samples. This supported
the finding that CE water was slightly influenced by CB
samples. Persistent OTUs in systems were usually difficult to
remove completely and remained in finished water as a
potential threat. Therefore comprehensive and systematic
studies on distinct and core OTUs will make important
contributions to the understanding of microbial characters
of drinking water systems.

3. Conclusions
This study provides a comprehensive view of the dynamics
of the microbial biomass and bacterial community during
treatment processes over time. The important findings
achieved were as follows: (1) The treatment processes and
water temperature probably had remarkable influences on
the R2A cultivability of total bacteria. (2) The variation of
bacterial communities with treatment processes rather
than the temporal fluctuation was the primary dynamic
pattern. (3) The GAC filter harbored a mature biofilm with a
stable and distinct microbial community. Profound changes
in the microbial community in water occurred after GAC
filtration. (4) Distinct bacterial taxa at each process and
persistent taxa throughout the treatment process flow were
identified.
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Table 2 – Analysis of similarity (ANOSIM) statistics for pairwise comparisons of water samples grouped by sampling
months (the global R = 0.34, p = 0.001). *
(R, pB)

May

Aug

Oct

Nov

Dec

May
Aug
Oct
Nov
Dec
Jan

(0.130, 1)
(0.313,0.863)
(0.417,0.431)
(0.260,0.431)
(0.604,0.408)

(0.120,1)
(0.146,1)
(0.208,1)
(0.500,0.453)

(0.396,1)
(0.427,1)
(0.635,0.515)

(0.208,1)
(0.781,0.408)

(0.370,0.903)

*

pB represents Bonferroni-corrected p-value. All Bonferroni-corrected p-values > 0.05 (uncorrected p-values > 0.003).
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Table 3 – SIMPER analysis results displaying top 20 OTUs responsible for dissimilarity among different sampling groups.
No.
OTU1909
OTU1597
OTU1992
OTU1441
OTU2387
OTU1673
OTU1599
OTU1611
OTU689
OTU903
OTU1592
OTU1949
OTU1825
OTU1164
OTU2319
OTU1459
OTU223
OTU1274
OTU2280
OTU89

Contrib. Cumulative
%
%
5.294
3.693
3.541
3.147
2.507
1.973
1.872
1.572
1.522
1.499
1.238
1.202
1.174
1.15
1.106
1.065
0.9754
0.8756
0.8225
0.8007

5.294
8.987
12.53
15.67
18.18
20.16
22.03
23.6
25.12
26.62
27.86
29.06
30.23
31.38
32.49
33.56
34.53
35.41
36.23
37.03

Mean
abund. CB

Mean
abund. RW

Mean
abund. SE

Mean
abund. CE

Mean
abund. FW

Family

1.34%
15.89%
3.18%
0.00%
0.00%
0.00%
4.13%
0.00%
0.04%
0.00%
1.34%
0.05%
0.02%
0.00%
0.02%
0.00%
0.11%
0.07%
0.04%
0.02%

17.05%
0.00%
0.37%
0.00%
0.04%
1.28%
4.58%
0.00%
1.98%
1.08%
0.04%
0.02%
0.00%
3.24%
0.00%
1.65%
2.40%
0.00%
2.47%
0.02%

8.84%
0.02%
3.07%
1.42%
0.04%
1.84%
2.32%
6.53%
1.97%
3.11%
1.28%
1.26%
0.12%
1.89%
0.47%
2.56%
2.37%
0.65%
1.02%
0.00%

4.92%
0.37%
9.86%
12.21%
0.02%
1.63%
2.32%
0.28%
3.16%
3.26%
2.40%
0.26%
4.98%
0.47%
4.44%
0.70%
0.42%
0.26%
0.19%
2.93%

4.11%
0.04%
5.42%
0.46%
10.84%
4.92%
0.54%
0.09%
1.45%
0.04%
2.45%
4.11%
0.00%
0.54%
0.09%
0.70%
0.12%
3.18%
0.05%
0.61%

Sphingomonadaceae
Ellin6075
Weeksellaceae
unclassified_Bacillales
Bacillaceae
Legionellaceae
unclassified_Sphingomonadales
Sphingomonadaceae
Gemmataceae
Synechococcaceae
unclassified_HOC36
Pseudomonadaceae
Moraxellaceae
Pelagibacteraceae
Moraxellaceae
C111
Sphingomonadaceae
Moraxellaceae
Comamonadaceae
Bacillaceae

RW: raw water; SE: coal–sand filter effluent; CB: GAC particles; CE: GAC tank effluent; OTU: operational taxonomic units; SIMPER: similarity
percentage.

Appendix A. Supplementary data
Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jes.2016.05.042.

Fig. 5 – Venn diagram showing the numbers of shared
operational taxonomic units (OTUs) among samples from
different sampling locations (the numbers in overlaps of the
diagram indicated shared OTUs that were detected in at least
50% of samples at each of the two or more corresponding
sampling locations).
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