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Abstract: Effectiveness of drinking water treatment, in particular pathogen control during
the water treatment process, is always a major public health concern. In this investigation,
the application of PCR-DGGE technology to the analysis of microbial community
structures and dynamics in the drinking water treatment process revealed several dominant
microbial populations including: a-Proteobacteria, p-Proteobacteria, y-Proteobacteria,
Bacteroidetes, Actinobacteria Firmicutes and Cyanobacteria. a-Proteobacteria and
[-Proteobacteria were the dominant bacteria during the whole process. Bacteroidetes and
Firmicutes were the dominant bacteria before and after treatment, respectively. Firmicutes
showed season-dependent changes in population dynamics. Importantly, y-Proteobacteria,
which is a class of medically important bacteria, was well controlled by the Os/biological
activated carbon (BAC) treatment, resulting in improved effluent water bio-safety.
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1. Introduction

During the past decade, the advances in biological detection technologies and the accumulation of
epidemiological data have deepened our understanding of the risks generated by aquatic pathogenic
microorganisms. Microbial safety of drinking water has attracted more and more attention and has
become one of the most important goals for water quality management. Advanced ozone/biological
activated carbon (O3;/BAC) treatment, which is a popular method to remove organic compounds in
drinking water, can increase the biological stability of the water pipe network. However, a considerable
number of bacteria-based microbes can survive, grow, and accumulate on the surface of the carbon
particles. These microbes will be subsequently eluted from BAC and might constitute a microbial risk for
drinking water safety. In water treatment systems, factors affecting microbial growth and reproduction
include turbidity, assimilable organic carbon (AOC) concentration, dissolved oxygen (DO)
concentration, water temperature, pH, retention time, chlorine concentration, ammonia concentration and
other physical and chemical indicators [1]. These factors change in different processing stages of the
water treatment, resulting in dynamic changes in water bacterial community structures.

Previous report indicated that only 0.1% to 1% of microbes in natural environment can be cultured
by conventional methods [2], with the vast majority being in a viable but non-culturable state (VBNC).
Under VBNC and the following revival status, pathogenicity still exist in some water-borne pathogens,
such as Vibrio cholerae [3], Shigella dysenteriae typel [4], and enterotoxigenic E. coli (E. coli
H10407) [5]. However, traditional micro-ecological analysis, which mainly analyzes the culturable
microbes, can hardly detect bacterium under these status and might not be accurate enough to reflect
the real community structure and dynamic of environment samples. Therefore, it is necessary to
determine specific microbial targets in addition to the usual water quality markers (total microbial
count/L, coliform counts/L, etc.) during water treatment. Since the first application of denaturing
gradient gel process electrophoresis (DGGE) technology in microbial ecology studies [6], it has been
developed into one of the major molecular methods in this field and has been used to examine samples
from a variety of sources, such as oceans [7], soils [8], sewage (waste) waters [9], reservoirs [10],
rivers and lakes [11], food [12], drinking waters [13], animal guts [14], plant rhizospheres and leaves [15],
and activated sludges [16]. DGGE has shown obvious advantages over convention methods in
studying dominant microbial community structure, genetic diversity and population dynamics. This is
especially the case when the target of the study is whole-microbial communities.

By comparing the bacterial communities from samples of ground water and bottled mineral water,
Dewettinck et al., confirmed the existence of VBNC bacteria in all of the samples tested [17].
Importantly, the community diversity is a lot higher in ground water as compared with bottled mineral
water samples, indicating the necessity of monitoring water treatment efficiency using DGGE.
However, there are very limited studies on micro-ecological changes in the processes of advanced
drinking water treatment, resulting in the lack of systematic data for microbial safety assessment. This
study aims to investigate the microbial community structures and dynamics during the process of
large-scale O3/BAC drinking water treatment. The results should provide important information on
whether microbial leakage is a problem in those established large-scale Os/BAC water treatment plants
running in the downstream area of the Pearl River, southern China. As such, it may also provide
experimental basis for the prediction and control of water microbiological risks.
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2. Experimental Section
2.1. Sample Collection

Water samples were collected once each quarter from Shenzhen Meilin (SZML) drinking water
treatment plant located in Shenzhen City, southern China. They were labelled in accordance with the
water process procedure as follows: (a) source water, (b) pre-ozone-treated effluent, (¢) flocculation
and sedimentation tank effluent, (d) sand-filter-pool effluent, (€) main ozone treatment tank effluent,
(f) active-charcoal-pool effluent, and (g) factory effluent. Twenty liters of water sample from each
treatment step were collected and immediately taken back to the Institute of Eco-Environmental
Science at Shenzhen University. The subsequent DNA extraction and PCR were carried out using an
identical reaction system and conditions.

2.2. Total DNA Extraction

Bacteria in water samples were collected by vacuum filtration using a PALL polyethersulfone
filtration membrane with pore size of 0.22 um. The membranes were stored at —20 °C until use.
Genomic DNA of the bacteria was extracted using the OMEGA EZNA Water DNA Kit (Omega Bio-Tek,
Norcross, GA, USA) according to the manufacturer’s protocol.

2.3. PCR-DGGE Analysis

To obtain the bacterial community structures in different samples, V3 regions of 16S ribosomal
DNA (rDNA) were amplified using a set of 16S rDNA domain specific primers (primer F,
5GCCCG-CCGCGCGCGGCGGGCGGGGECGGGGGCACGGGGGGCCTACGGGAGGCAGCAG
and primer R, ATTACCGCGGCTGCTGG). A touchdown PCR reaction programme, with 0.5 °C
lower annealing temperature for each cycle, was used in this study. The targeted amplification segment
was about 200 bp in length. DGGE was performed using a DCode Universal Mutation Detection
System (Bio-Rad, Hercules, CA, USA). The DGGE gel concentration was determined to be 10% with
35-70% denaturant gradient range. An equal volume (40 puL) of PCR product from each sample was
loaded onto gel and electrophoresis was run at constant 75 V voltage for around 14 h. The gels were
imaged after 20 min GelRed (Biotium, Hayward, CA, USA) staining. The images were analyzed with
the Quantity One software (Bio-Rad).

2.4. 16S rDNA Sequencing and Community Structure Analysis

The dominant bands in the DGGE gel were labeled, cut, placed in a 1.5 mL tube with 100 pL of
deionized water. The mixture was incubated at 65 °C for 1 h. An aliquot of 2 pL of the extracted
solution was used as a template and amplified using non-GC-clamp primers of the 16S rDNA V3 region.
The amplified products were sequenced by the Shenzhen Huada Genomics Institute. The sequences
were blasted against the Genebank database and the most similar matches were obtained. Relative
abundances were assigned to specific sequences base on the appropriate band intensity relative to the
total intensity of the profile. The DGGE profiles were normalized based on sample volume and the
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community structure diagram for each sample was drawn according to the collected trace values and
the percentage of content.

3. Results and Discussion
3.1. Composition of Bacteria Community at Different Stage of Water Treatment

As shown in Figure 1A, DNA was efficiently extracted from the water samples of the first five
stages of water treatment, including (a) source water, (b) pre-ozone-treated effluent, (c) flocculation
and sedimentation tank effluent, (d) sand-filter-pool effluent, and (¢) main ozone treatment tank
effluent. In contrast, no apparent band could be detected in lane (f) and (g), indicating DNA
concentrations are low in the last two stages of water treatment. As shown in Figure 1B, specific bands
at size of 200 bp were detectable from all of the samples after PCR amplification. However, the
densities of lane (f) and (g) were much weaker than the rest of the samples.

Figure 1. Agrose gel electrophoresis of (A) total DNA extracted from water sample and
(B) PCR products of 16S rDNA. M: maker; a: source water; b: pre-ozone-treated effluent;
¢: flocculation and sedimentation tank effluent; d: sand-filter-pool effluent; e: main ozone
treatment tank effluent; f: active-charcoal-pool effluent; g: factory effluent.
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DGGE fingerprint analysis detected 35, 40, 36 and 41 dominant bands from the water samples
collected in February, May, August, and November, respectively (Figure 2). Results indicate that the
diversity of bacterial community in each sample was relatively high (except for sample f in February).
Some bands existed consistently in multiple samples, indicating that the treatment processes have
limited effect on removing these species. For example, the 21st band in the May sample and the 16th
band in the August sample appeared across samples from different stages of treatment. Similar bands
included the 26th and 31st in February, 6th and 10th in August, and 9th, 14th and 22nd in November.
Some of the bands disappear and reappear in different treatment stages, such as the 3rd and 33rd bands
in February and the 26th band in May, indicating the bacterial removal efficiency of different
processes may vary depending on the characteristics of the treatment method itself. The high-density
bands which represent the dominant microbial populations showed the differences in microbial
structure of the various water samples. The differences in localization of dominant bands in the
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adjacent lanes suggested that there were various degrees of changes in the microbial community
structure after different water treatment process procedures.

Figure 2. DGGE patterns of 16S rDNA fragments amplified from water sample DNA with
primer V3. (A) Feburary, (B) May, (C) August, (D) November. a: source water; b: pre-
ozone-treated effluent; ¢: flocculation and sedimentation tank effluent; d: sand-filter-pool
effluent; e: main ozone treatment tank effluent; f: active-charcoal-pool effluent;
g: factory effluent.
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By pairwise comparison of the bands between lanes in the DGGE map, the similarity of the
microbial community in the different processes could be determined. The difference between the lane ¢
and d was the lowest, with a similarity ratio of 55.1%, 70% and 35.5% for February, August and
November, respectively, indicating minimal impact of the sand filtration process on the bacterial
community structures. The difference between lane f and g was small, with a similarity ratio of 87.4%
and 67.0% in May and August, respectively. There was a relatively big difference between lane fand g
in February and November, suggesting that clear pool storage and activated charcoal treatment had
little effect on bacterial survival in water during summer and autumn, but had some influence during
spring and winter, presumably related to water temperature. Eichler et al. also found considerable
stability of the bacteria community structure in pool water with little change for a long period of time [18].
However, they did not discuss its relationship with temperature.

Overall, the diversity of the bacterial community did not show a continuous decrease with water
treatment procedures. The diversity of the bacterial community was rich in source water under various
seasonal conditions, but not necessarily the most abundant compared with water samples from other
treatment steps. The bacterial community structures and composition show big differences among
water samples processed with different technologies. For example, the dominant bacteria community
in samples b, e and f changed significantly compared with that in the effluent of the previous treatment
step, suggesting that there is a significant impact of ozone and activated charcoal treatments on the
water bacteria community structures and turnover. This maybe directly caused by the strong
sterilization effect of ozone. Compared with pre-processed water samples, the bacterial community
diversity in sample f decreased in February and May, but increased in August and November, possibly
due to the leakage of micro-organisms off the activated charcoal filtration pool.



Int. J. Environ. Res. Public Health 2014, 11 6286

In total, 117 bands were sequenced (Table S1) for GeneBank database comparison. Among these,
76 were matched with sequence similarity greater than 98%. Forty nine of them are culturable bacteria,
while the remaining 68 were non-culturable types. Only 14 out of 117 could be assigned to specific
species (sequence similarity greater than 97%), accounting for 12% of total samples. Water flora in the
whole process was divided into seven categories, namely: (1) a-Proteobacteria, including species such as
Methylobacterium, Sphingomonas, Novosphingobium, Porphyrobacter and Erythrobacter; (2) p-
Proteobacteria, including species such as Methylophilus, Hydrogenophaga, Acidovorax,
Oxalobacteraceae and some taxa of Comamonadaceae; (3) y-Proteobacteria, including genera or
species such as Pseudomonas aeruginosa strain, Pseudomonas anguilliseptica etc.;
(4) Bacteroidetes, including Flavobacterium and some other unclassified non-culturable groups;
(5) Firmicutes, mainly Bacillus, groups of Lactococcus; (6) Actinobacteria and (7) Cyanobacteria. We
also detected a small amount of Deltaproteobacteria, Acidobacteria and Chloroflexi. Most of these
floras are well-defined water and soil borne bacteria, many of which are commonly present in drinking
water pipe network and water supply systems [19]. Many of the others have similar sequences to
bacteria from freshwater lakes, rivers and drinking water treatment plants.

Among the flora existing across the drinking water treatment process, some of them can effectively
degrade macromolecular organic pollutants, such as aromatic hydrocarbons and pesticides, including
Sphingomonas, Novosphingobium, Pseudomonas sp, Hydrogenophag. Liu et al. isolated a new type of
the bacterium Novosphingobium taihuense sp., from sediments of Taihu Lake, China, which is able to
degrade some chemicals, such as phenol, aniline, nitrobenzene, and phenanthrene [20]. Some species
are associated with lake eutrophication, such as Cyanobacterium, Duganella sp. and
Lacibacter cauensis strain. Duganella sp. (AM989091.1) was isolated from lake water and defined
during the study of heterotrophic bacteria diversity in algal bloom [21]. Lacibacter cauensis strain
(EU521690.1) was isolated from the bottom sediment of eutrophic lakes [22].

3.2. Analysis of Water Bacteria Community Dynamics at Various Process Stages

Different treatment process had different effects on the bacterial community dynamics. Due to the
quality of the source water, bacterial community structures varied in samples from effluent of each
treatment stage in different months. In general (Figure 3), during the different treatment stages, the
contents of a-Proteobacteria and [-Proteobacteria were relatively stable and were not influenced by
the treatment and showed no seasonal change. Contents of Bacteroides and y-Proteobacteria sharply
decreased after the ozone and activated charcoal filtration treatments, possibly due to the fact these two
types of bacteria were more sensitive to ozone’s strong oxidation. The bacterial content in factory
effluent was greatly reduced compared to the samples from early treatment stages. The y-Proteobacteria
include some important groups of medical importance, such as Enterobacteraceae, Vibrionaceae and
Pseudomonadaceae. A number of important pathogens belong to this class, such as Salmonella
(causes enteritis and typhoid fever), Yersinia (causes the plague), Vibrio (causes cholera),
Pseudomonas aeruginosa, etc. The sequence analysis found the opportunistic pathogen of
Pseudomonas aeruginosa strain a few times. Although the y-Proteobacteria can be detected in factory
effluent, the inactivation of these bacteria by the ozone has guaranteed the safety of drinking water to
certain extent. Firmicutes content changed seasonally, as it could be detected in summer and winter but
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not in spring and autumn, and remained low during the first four stages. Unlike y-Proteobacteria,
Firmicutes appeared after ozone treatment and gradually became the dominant bacteria, possibly due
to its higher sensitivity to TOC and increased dissolved oxygen content. Actinomycetes could only be
detected in the samples collected in May and their content was stable. As they are a group of soil borne
bacteria, it is suggested that their specific appearance may be associated with heavy rainfall in summer.
Content of Cyanobacteria was the lowest and could only be detected in factory effluent in February.

Figure 3. Composition of the major phylogenetic groups found in water sample during
different stages of advanced drinking water treatment. 2: February; 5: May, 8: August; 11:
November. a: source water; b: pre-ozone-treated effluent; ¢: flocculation and sedimentation
tank effluent; d: sand-filter-pool effluent; e: main ozone treatment tank effluent;
f: active-charcoal-pool effluent; g: factory effluent.
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Due to the limitations of the DGGE technique, it can only detect DNA fragments from 200 to 1,000 bp.
Using such a short sequence for data mining and comparison, a lot of bacteria could only be identified
to the family or genus level. Therefore, the content of pathogens may be either overestimated [23] or
underestimated [24]. Moreover, the possibility of multiple sequences within a band may also be
considered. However, DGGE has been proven to generate data that are in good agreement with those
from the classic culture-dependent methods and the most recent next generation sequencing
methods [25,26]. As indicated in our study, PCR-DGGE is a robust exploratory approach to target
specific microbial contaminants during the O3/BAC water treatment process. In the future, an RNA-based
quantitative real-time PCR technique will be used to give more accurate bacterial community diversity
results during drinking water treatment.

4. Conclusions

The current study has revealed seven dominant bacteria groups in O3/BAC treated drinking water,
including a-Proteobacteria, p-Proteobacteria, y-Proteobacteria, Bacteroidetes, Actinobacteria,
Firmicutes and Cyanobacteria. Most of them are commonly defined freshwater and soil borne bacteria
and are commonly found in drinking water pipe networks and water supply systems.
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o-Proteobacteria and f-Proteobacteria were the dominant bacteria throughout the water treatment
process. Bacteroides and Firmicutes were stage-specific and were the dominant bacteria in the early
and later treatment stages. The dynamics of Firmicutes showed seasonal changes. The presence of
important pathogenic microbes, namely y-Proteobacteria, was well controlled by activated
charcoal/ozone treatment. In summary, our results clearly indicate the usefulness of PCR-DGGE
methodology in monitoring bacterial community dynamics during drinking water treatment. The
bacterial profiling data generated in this study may also aid in the development of quantitative PCR
primers in future studies.
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