
U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

1Q3 Characterization of bacterial community dynamics in a
2 full-scale drinking water treatment plant

3Q4 Cuiping Li1, Fangqiong Ling2, Minglu Zhang3, Wen-Tso Liu2, Yuxian Li4, Wenjun Liu1,⁎

4 1. School of Environment, Tsinghua University, Beijing 100084, China. E-mail: lcp870000@163.com
5 2. Department of Civil and Environment Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
6 3. School of Food and Chemical Engineering, Beijing Technology and Business University, Beijing 100048, China
7 4. Water Quality Monitoring Center, Beijing Waterworks Group, Beijing 100085, China
8

10 A R T I C L E I N F O11 A B S T R A C T

12 Article history:
13 Received 3 February 2016
14 Revised 5 May 2016
15 Accepted 20 May 2016
16 Available online xxxx

17 Understanding the spatial and temporal dynamics of microbial communities in drinking
18 water systems is vital to securing the microbial safety of drinking water. The objective of
19 this study was to comprehensively characterize the dynamics of microbial biomass and
20 bacterial communities at each step of a full-scale drinking water treatment plant in Beijing,
21 China. Both bulk water and biofilm samples on granular activated carbon (GAC) were
22 collected over 9 months. The proportion of cultivable cells decreased during the treatment
23 processes, and this proportion was higher in warm season than cool season, suggesting
24 that treatment processes and water temperature probably had considerable impact on the
25 R2A cultivability of total bacteria. 16s rRNA gene based 454 pyrosequencing analysis of the
26 bacterial community revealed that Proteobacteria predominated in all samples. The GAC
27 biofilm harbored a distinct population with a much higher relative abundance of
28 Acidobacteria than water samples. Principle coordinate analysis and one-way analysis of
29 similarity indicated that the dynamics of the microbial communities in bulk water and
30 biofilm samples were better explained by the treatment processes rather than by sampling
31 time, and distinctive changes of the microbial communities in water occurred after GAC
32 filtration. Furthermore, 20 distinct OTUs contributing most to the dissimilarity among
33 samples of different sampling locations and 6 persistent OTUs present in the entire
34 treatment process flow were identified. Overall, our findings demonstrate the significant
35 effects that treatment processes have on the microbial biomass and community fluctuation
36 and provide implications for further targeted investigation on particular bacteria populations.
37 © 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
38 Published by Elsevier B.V.
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5051 Introduction

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

56treatment processes result in profound changes in the
57physicochemical and biological profiles of the raw water (Au,
582004; Chen et al., 2007). The stable performance of the
59treatment processes is crucial to the safety of the treated
60water and the microbial communities in drinking water are
61particularly important for public health because it is directly
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62 linked to the occurrence of pathogens. As microbial quantity
63 and composition varied spatially and temporally in drinking
64 water systems (DWSs) and sometimes the temporal patterns
65 were striking in both treated and untreated water (Sharp et al.,
66 2006; Henne et al., 2013; Isaac-Renton et al., 1996), end-product
67 monitoring alone is inadequate to keep the high level of
68 confidence in drinking water safety. Holistic characterization
69 of microbial features in DWTPs is necessary.
70 Treatment processes such as coagulation, sedimentation
71 and filtration can physically remove some of the microorgan-
72 isms. Disinfection inactivates most of the microorganisms,
73 but those that can endure the disinfection stress are then
74 transported to distribution networks and proliferated there even
75 at a low organic nutrient concentration (Boe-Hansen et al., 2002;
76 Liu et al., 2002; Lu et al., 2014). Various parameters have been
77 developed to control the biological quality, among which the
78 total cell count is one of the most widely used parameters
79 (Carter et al., 2000; Chen et al., 2007; LeChevallier et al., 1991).
80 Cultivation-based heterotrophic plate count (HPC) method has a
81 long history to be recommended in most guidelines, but it
82 detects only a small fraction of the total microbes (Allen et al.,
83 2004; Bartram et al., 2003). Flow cytometry (FCM) coupled with
84 nucleic acid targeting stains has been recently developed and
85 proven to be an sensitive tool for measuring the total cell
86 concentration in water. The two methods can be integrated to
87 elucidate the dynamic of cultivable and uncultivable microbial
88 biomass in DWSs (Hammes et al., 2008).
89 In terms of community composition, 16S rRNA gene based
90 sequencing revealed that DWSs harbored diverse microbes,
91 including some opportunistic pathogens and disinfectant
92 resistant bacteria in the distribution networks (Pinto et al.,
93 2012; Berry et al., 2006; Holinger et al., 2014; Hwang et al., 2012;
94 Lautenschlager et al., 2014; Lin et al., 2014; MiQ5 et al., 2015). The
95 microorganisms that survived after water treatment process-
96 es are considered to be an important source for the potential
97 pathogens at tap faucets. Moreover, the seeded bacteria in
98 some bio-enhanced filters that used to remove specialized
99 pollutants posed a potential risk of leaking from filter biofilms
100 (Zhang et al., 2013).
101 Some studies concurred that filtration and disinfection
102 had more significant effects on the microbial community
103 compared with other processes, such as coagulation and
104 sedimentation, and that the biofiltration process may deter-
105 mine the characteristics of the downstream microbiome
106 (Holinger et al., 2014; Kwon et al., 2011; Pinto et al., 2012;
107 Wang et al., 2013). Meanwhile, another study showed no
108 major changes occurred after sand filtration (Eichler et al.,
109 2006). The discrepancies found among studies may result
110 from different factors such as study areas, treatment process
111 chains, time scale of sampling and sequencing methods. The
112 temporal fluctuation is a critical consideration for rigorous
113 statistical tests and high validity of information on the
114 processes. However, longitudinal surveys on the dynamics of
115 microbial communities through treatment processes were
116 still limited.
117 In the present study, the temporal and spatial changes in
118 microbial communities of a full-scale drinking water treat-
119 ment plant (DWTP) in Beijing, China, were investigated over
120 9 months. HPC, FCM and 454 pyrosequencing were used to
121 measure the microbial biomass and bacterial compositions of

122both bulk water and granular activated carbon (GAC) biofilms.
123An in-depth characterization of the microbial dynamic
124patterns in a DWTP was conducted, the results of this study
125may help to extend our knowledge about themicrobial quality
126of water in DWTPs. The primary objective of this work was
127to determine (1) how the treatment processes and the temporal
128variation contribute to the microbial biomass and the bacterial
129community structure, (2) the influence of GAC biofilm on the
130water microbiology and (3) the distinct and persistent bacteria
131that present throughout the treatment processes.

1321331. Materials and methods

1341.1. Drinking water treatment processes and sampling schedule

135The DWTP monitored in this study produces 60% of the
136drinking water of Beijing, China. During the sampling period,
137its water source consists of two reservoirs (Miyun reservoir in
138Beijing and Huangbizhuang reservoir in Hebei) as well as
139groundwater from Huairou aquifer. The average volume
140mix ratio of these water sources is 4:1:2. The treatment
141processes include pre-chlorination, coagulation, clarification
142and coal-sand dual media filtration as the conventional treat-
143ment and GAC filtration as the advanced treatment (Fig. 1). The
144GAC tanks are backwashed every 6 days. Free chlorine is added
145to the GAC effluent at a concentration of 1.2–1.8 mg/L for 5 hr.
1460.2 mg/L ammonia is added post clear well to produce a
147chloramine residual of 0.7–0.8 mg/L in the distribution system.
148Samples were collected in 6 months over a period of
1499 months in 2012 (May, August, October, November and
150December) and 2013 (January). The pre-chlorinated raw water
151(RW), the coal-sand filter effluent (SE), the GAC tank effluent
152(CE) and the finished water (FW) were water samples and the
153GAC particles (CB) were biofilm samples. The GAC particles
154were taken from the top of the filter tank. Samples were
155collected in sterile bottles, which were taken to the laboratory
156within 4 hr. Water quality parameters were listed in Appendix
157A Table S1.

1581.2. Heterotrophic plate count

1591-mL aliquots of ten-fold serial dilutions of each water sample
160were mixed with 20 mL R2A agar (Difco, BD, USA) and
161incubated at 20°C for 7 days. All HPC determinations were
162performed in triplicate.

1631.3. Total cell concentrations measured by flow cytometry

164Total cell concentrations were determined according to the
165method introduced by Hammes et al. (2008) with a Cell Lab
166Quanta SC flow cytometer (Beckman Coulter, Inc., Brea, CA,
167USA). The total cell concentration of all the samples should be
168maintained between 3 × 103 and 2 × 106 cells/mL.

1691.4. DNA extraction

17010–40 L of bulk water were filtered through a 0.22-μmpore size
171membrane (47 mm diameter, Millipore, USA) with a 90-mm
172Filter Holder (Millipore, USA). For GAC biofilm samples, about
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