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Abstract Biofilm formation in drinking water distribution
systems (DWDS) has many adverse consequences. Knowl-
edge of microbial community structure of DWDS biofilm can
aid in the design of an effective control strategy. However,
biofilm bacterial community in real DWDS and the impact of
drinking water purification strategy remain unclear. The pres-
ent study investigated the composition and diversity of bio-
film bacterial community in real DWDSs transporting waters
with different purification strategies (conventional treatment
and integrated treatment). High-throughput Illumina MiSeq
sequencing analysis illustrated a large shift in the diversity and
structure of biofilm bacterial community in real DWDS.
Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria,
Nitrospirae, and Cyanobacteria were the major components
of biofilm bacterial community. Proteobacteria (mainly
Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria) predominated in each DWDS bio-
film, but the compositions of the dominant proteobacterial
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classes and genera and their proportions varied among biofilm
samples. Drinking water purification strategy could shape
DWDS biofilm bacterial community. Moreover, Pearson’s
correlation analysis indicated that Actinobacteria was posi-
tively correlated with the levels of total alkalinity and dis-
solved organic carbon in tap water, while Firmicutes had a
significant positive correlation with nitrite nitrogen.

Keywords Biofilm - Distribution system - Microbial
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Introduction

Maintaining a disinfectant (usually chlorine) residual is a
routine practice to control bacterial regrowth in drinking water
distribution systems (DWDS), although a high diversity of
microorganisms (including pathogens or opportunistic patho-
gens) can still exist in bulk water and pipe materials of DWDS
(Berry et al. 2006; Lu et al. 2013; Pavlov et al. 2004; Revetta
etal. 2013). Biofilm attached on the internal surface of pipes is
a major reservoir of microorganisms in DWDS (Berry et al.
2006; Revetta et al. 2013). Nearly 95 % of total microbial cells
in DWDS are present in biofilms on pipe surfaces (Moritz
etal. 2010). Many problems in DWDS can be associated with
biofilm formation, such as bio-corrosion of metal pipe (Teng
et al. 2008), hosting opportunistic pathogens (Sun et al. 2014),
and promoting nitrification (Gomez-Alvarez et al. 2014,
Regan et al. 2002). Therefore, a sound understanding of
microbial community structure of DWDS biofilm and its
influential factors is of great importance in designing effective
control strategies and thus improving drinking water quality
for the consumer (Berry et al. 2006; Liu et al. 2013; Martiny
et al. 2003). It has been documented that microbial commu-
nity structure of DWDS biofilm can be affected by a variety of
factors, such as pipe materials (Jang et al. 2011; Lin et al.
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2013; Wang et al. 2014), disinfectants (Gomez-Alvarez et al.
2012; Hwang et al. 2012; Krishna et al. 2013; Wang et al.
2014), water age (Wang et al. 2014), and DWDS biofilm age
(Liu et al. 2012; Martiny et al. 2003; Revetta et al. 2013).
These previous studies usually used simulated DWDS or
bioreactors to study biofilm microbial communities. However,
several years can be necessary for the achievement of the
steady state of biofilm formation (Liu et al. 2012; Martiny
et al. 2003), which limits the relevance of short-term model
studies (Berry et al. 2006; Martiny et al. 2003). Due to limited
access and high cost involved in sampling biofilm within real
DWDS, so far, the composition and dynamics of bacterial
communities in real DWDS remain poorly understood. In
addition, although it has been reported that different water
sources (ground water and surface water) can result in a
significant difference of bacterial community diversity and
composition in real DWDS (Sun et al. 2014), it remains
unclear whether or not the application of different purification
strategies for the same raw water can play an important role in
shaping biofilm microbial community structure in real
DWDS.

Molecular microbial ecology tools, such as terminal restric-
tion fragment length polymorphism (TRFLP), denaturing gra-
dient gel electrophoresis (DGGE), and clone library analysis,
have greatly contributed to our knowledge of microbial ecology
in DWDS (Grigorescu et al. 2012; Lin et al. 2013; Lu et al.
2013; Vaz-Moreira et al. 2013). However, these low-
throughput biology tools can underestimate the overall diversi-
ty of a microbial community and are usually not able to detect
rare species in complicated environmental samples (Liao et al.
2013a). In contrast, high-throughput sequencing, as a next
generation sequencing technology, has illustrated its strong
potential in elucidating the complicated biofilm microbial com-
munity structure in DWDS (Douterelo et al. 2013; Gomez-
Alvarez et al. 2014; Liu et al. 2012, 2014a, b; Sun et al.
2014; Wang et al. 2014). Illumina MiSeq platform is a recently
developed high-throughput sequencing platform (Caporaso
et al. 2012). Illumina-based 16S rRNA gene sequencing has
gained increasing popularity due to its lower costs, higher
accuracy, and greater throughput (Nelson et al. 2014). There-
fore, the main objective of the present study was to investigate
the diversity and composition of biofilm bacterial community
in real DWDSs transporting waters with different purification
strategies. The bacterial community was characterized using
high-throughput Illumina MiSeq sequencing analysis.

Materials and methods
Sample collection

Cast iron pipe sections were collected from a small southeast
city of China. River water was used as the sole water source
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for this city. Two different strategies were adopted for the
drinking water purification, namely, conventional treatment
process and integrated treatment process. The conventional
treatment process was composed of rapid mixing, floccula-
tion, sedimentation, sand filtration, and chlorine disinfection,
while integrated treatment process included biological contact
oxidation, rapid mixing, flocculation, sedimentation, sand
filtration, two-stage ozonation followed by biological activat-
ed carbon filtration, and chlorine disinfection. The urban areas
are equipped with two sets of DWDSs, one receiving the
water after the conventional treatment for cleaning, while
another receiving the higher quality water after the integrated
treatment for drinking and cooking. In this study, twelve cast
iron pipe sections (20-30 years old; diameter of 40-50 cm)
were excavated from different DWDS sites from the water
treatment works, including six ones (named as BN, XN, SN,
GN, RN, and MD) from the DWDS transporting water after
conventional treatment, and another six ones (named as BD,
XD, SD, GD, RD, and MD) from the DWDS transporting
water after integrated treatment. These pipes were distributed
in four pipe lines (Fig. 1). These pipe sections were immedi-
ately transported back to laboratory after collection. The phys-
icochemical parameters of the tap water at each corresponding
DWDS sampling site are shown in Table S1.

Molecular analyses

Biofilm samples were removed from pipes according to the
literature (Sun et al., 2014). DNA was extracted using
Powersoil DNA extraction kit (Mobio Laboratories) follow-
ing the manufacturer’s instructions. PCR amplicon libraries
were constructed for [llumina MiSeq sequencing using bacte-
rial primers 515F (5'-GTGCCAGCMGCCGCGG-3') and
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Fig. 1 Sampling points for the two sets of DWDSs. Pipes (BN, XN, SN,
GN, RN, and MD) were collected from the DWDS transporting water
with conventional treatment, while pipes BD, XD, SD, GD, RD, and MD
from the DWDS transporting water with integrated treatment
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806R (5-GGACTACHVGGGTWTCTAAT-3') targeting V4
hypervariable regions of bacterial 16S rRNA genes (Caporaso
et al. 2012). Quality filtering of reads was performed accord-
ing to the literature (Caporaso et al. 2012). Sequences were
grouped into the operational taxonomic units (OTUs) using a
97 % similarity cutoff. OTU-based community diversity indi-
ces (Chaol estimator and Shannon index) and rarefaction
curve of each sample were generated using the MOTHUR
program (Schloss et al. 2009). A representative sequence for
each OTU was selected, and the RDP classifier was used to
assign taxonomic identity to each representative sequence
(Wang et al. 2007). Based on the relative abundance of bac-
terial phyla, unweighted UniFrac with QIIME (http://qiime.
org/index.html) was used for unweighted pair group method
with arithmetic mean (UPGMA) clustering. In addition,
Pearson’s correlation analysis of bacterial community with
the water physicochemical parameters and sampling site dis-
tance was carried out using SPSS 20.0 software. The gene
sequences obtained from high-throughput analysis in the cur-
rent study were deposited in the NCBI short-read archive
under accession number PRINA255177.

Results
Bacterial diversity

In this study, a total of 6,806—110,401valid bacterial se-
quences were recovered from each DWDS biofilm sample
using Illumina MiSeq sequencing analysis. Each DWDS bio-
film bacterial library was composed of 363-582 OTUs at
97 % similarity level (Table 1). The rarefaction curves of all
biofilm samples nearly approached a plateau, suggesting that

Table 1 Community richness and diversity indices for DWDS biofilm
samples

Sample  Number of sequences OTUs  Chaol  Shannon index
BN 17,405 490 683 6.47
BD 22,598 561 908 6.22
XN 19,929 517 849 6.47
XD 47,835 426 646 6.05
SN 23,597 582 882 5.72
SD 26,757 502 947 6.45
GN 110,401 484 878 6.18
GD 22,503 450 679 5.11
RN 6,806 510 663 7.12
RD 14,607 363 376 6.3
MN 88,979 498 811 6.29
MD 61,486 458 858 5.72

these DWDS biofilm communities had been well sam-
pled (Fig. S1). The values of Chaol estimator and Shan-
non index of DWDS biofilm samples were 376-947 and
5.11-7.12, respectively. Therefore, a marked variation of
bacterial community diversity occurred in these studied
DWDS pipe biofilm samples. Moreover, in the same
sampling zone, the biofilm sample from the DWDS
transporting water with conventional treatment usually
had a higher Shannon community diversity than that
from the DWDS transporting water with integrated treat-
ment. This result suggested that the origin of feeding
water could affect the bacterial community diversity in
DWDS pipe biofilm.

Bacterial community composition

In this study, a total of 23 known and candidate bacterial phyla
were found in the 12 DWDS pipe biofilm samples.
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi,
Cyanobacteria, Firmicutes, Gemmatimonadetes, Nitrospirae,
Proteobacteria, and Verrucomicrobia were the frequently de-
tected bacterial phyla among these DWDS biofilm samples
(Fig. 2). Proteobacteria (accounting for 6687 %) predomi-
nated in all the biofilm samples, and it mainly consisted of
three classes (Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria) (Fig. 3). However, a large shift in the
proportions of Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria was observed in these DWDS pipe
biofilm samples. Class Alphaproteobacteria was the largest
bacterial group in samples BD, GD, MD, and SN, while class
Betaproteobacteria showed the largest relative abundance in
samples BN, GN, MN, SD, RN, XD, and SN. Class
Gammaproteobacteria predominated in sample RD and was
the second largest bacterial group in sample RN. Moreover,
phylum Firmicutes occurred in samples RN and RD with a
relative abundance of 16.1 and 13.6 %, respectively, but it was
detected with a much lower proportion in other DWDS bio-
film samples. Phylum Bacteroidetes was highly abundant in
samples RD (13.2 %) and XD (8.4 %), while it was a minor
component of bacterial community in other biofilm samples.
The proportion of Actinobacteria varied greatly in the studied
biofilm samples (2.2—-10.3 %). In addition, Nitrospirae had a
relatively high proportion in samples BN, XN, GN, and SD
(4.8-6.4 %). These results indicated a large variation in the
bacterial community compositions of biofilm samples from
real DWDS pipes.

Based on the relative abundance of bacterial phyla, the
result of UPGMA clustering showed that, in the same sam-
pling zone, the pipe biofilm sample from the DWDS
transporting water with conventional treatment was usually
separated from that from the DWDS transporting water with
integrated treatment. This result suggested that the origin of
feeding water could affect the compositions of bacterial
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Fig. 2 The relative abundances
of bacterial phyla detected in
DWDS biofilm samples and
UPGMA clustering. Sequences

that cannot be classified into any :g
known phylum group and other .
smaller phyla are assigned as GD
“others” l: )

0
Unweighted Unifrac distance

communities in DWDS pipe biofilm. In addition, samples RN
and RD were grouped together, but they were distantly sepa-
rated from other biofilm samples. This further confirmed a
large change of biofilm bacterial community structure in real
DWDS pipes.

Table 2 shows the 43 frequently detected genera in DWDS
pipe biofilm samples. A number of genera from diverse bacte-
rial phyla were detected in each biofilm sample, implying a
high bacterial diversity in DWDS biofilm. At the genus level of
taxonomic classifications, the variations among DWDS biofilm
samples were evident. Within class Alphaproteobacteria, gen-
era Rhodoplanes and Sphingomonas were distributed in each
biofilm sample, while genus Brevundimonas was only detected
in samples RN and RD. Within class Betaproteobacteria, genus
Sutterella was abundant in samples RN and RD, but it was
absent in other biofilm samples. Samples RN and XD had a
much higher proportion of Simplicispira than other DWDS
biofilm samples. Cupriavidus was in a relatively high propor-
tion in sample MN, while Dok59 in sample SD. Genera
Shewanella, Halomonas, and Rhodanobacter (class
Gammaproteobacteria) showed the highest proportion in

Fig. 3 Comparison of the
quantitative contribution of the
sequences affiliated with different
proteobacterial classes to the total
number of sequences from
DWDS biofilm samples.
Sequences not classified to any
known proteobacterial class are
included as unclassified
Proteobacteria

Relative abundance (%)
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W Firmicutes
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O Actinobacteria

B Nitrospirae

[ Cyanobacteria
Chioroflexi
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sample RN, while Providencia, Acinetobacter, Pseudomonas,
and Stenotrophomonas were the most abundant in sample RD.
Moreover, sample GN had the highest proportion of
Desulfovibrio (Deltaproteobacteria). Helicobacter
(Epsilonproteobacteria) was mainly present in samples RN
and RD. These results confirmed a large shift in the genus
compositions of proteobacterial communities in DWDS pipe
biofilm samples. In addition, a shift in the genus compositions
of other bacterial phyla in DWDS biofilm samples was also
observed.

Links between bacterial community and water characteristics
or sampling site distance

In this study, Pearson’s correlation analysis using SPSS 20.0
software was applied to describe the links between DWDS
pipe biofilm bacterial community and the water physicochem-
ical parameters and sampling site distance. OTUs and OTU-
based community diversity indices (Chaol estimator and
Shannon index) did not show any significant correlation with
each of the measured physicochemical parameters and the

B unclassified Proteobacteria

B8 Epsilonproteobacteria
Deltaprotecbacteria
Gammaproteobaciaria

B8 Betaproteobacteria
Alphaproteobacteria

BN BD XN XD SN SD GN GD RN RD MN MD
Sample
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Table 2 Comparison of percentage of the sequences affiliated with the frequently identified genera to the total number of sequences from DWDS
biofilm samples

Genus BN* BD? XN* XD* SN* SD* GN? GD?* RN* RD* MN* MD?
Alphaproteobacteria
Brevundimonas - - - - - - - - 0.1 0.94 - -
Rhodoplanes 0.36 0.36 0.31 0.29 0.46 0.19 0.29 0.48 0.6 0.1 0.22 0.58
Sphingomonas 0.48 0.43 0.63 0.19 041 0.22 0.31 0.5 0.22 0.12 0.24 0.26
Betaproteobacteria
Sutterella - - - - - - - - 3.75 4.66 - -
Polaromonas 0.1 0.05 0.1 0.07 0.02 0.05 0.07 0.07 0.5 1.68 0.07 0.05
Rubrivivax 0.63 0.84 091 0.79 0.48 1.23 0.65 0.46 0.02 0.02 1.06 0.58
Simplicispira 1.75 2.19 1.68 442 0.94 1.95 1.37 1.06 8.1 0.22 2.21 1.92
Cupriavidus 221 0.89 1.59 1.54 0.72 1.9 1.59 1.13 0.02 0.1 4.76 1.25
Gallionella 0.38 0.07 0.22 0.26 0.17 0.29 0.22 0.14 1.37 0.07 0.26 0.14
Dok59 1.59 1.11 1.68 2 1.01 4.11 2.04 1.08 0.58 - 2.4 1.32
Gammaproteobacteria
Cellvibrio 0.29 0.19 0.94 0.07 0.24 0.07 0.19 0.19 0.14 0.05 0.17 0.1
Shewanella 0.1 0.12 0.07 0.1 0.14 0.05 0.07 0.1 1.85 0.94 0.1 0.1
Escherichia - - - - - - - - 0.05 0.58 - -
Providencia - - - - - - - - 0.02 1.88 - -
Halomonas 0.41 0.94 0.34 0.26 0.94 0.24 0.26 0.94 4.09 2.16 0.17 0.46
Acinetobacter 0.19 0.26 0.17 0.14 0.22 0.12 0.14 0.38 0.58 9.81 0.12 0.19
Pseudomonas 0.22 0.07 0.1 0.12 0.22 0.07 0.1 0.12 0.17 0.99 0 0.1
Rhodanobacter 0.63 0.58 0.63 1.56 0.75 0.55 0.53 0.6 2.02 0.05 0.63 1.15
Stenotrophomonas 0.02 - - 0.02 - 0.02 0.02 - 0.05 2.24 0.02 -
Deltaproteobacteria
Desulfovibrio 221 1.71 1.78 1.42 24 3.7 9.04 1.83 1.06 1.51 1.95 2.98
Epsilonproteobacteria
Helicobacter - - 0.05 - - - - - 2.26 2.09 - -
Acidobacteria

Candidatus Solibacter 0.17 0.14 0.29 0.14 0.17 0.53 0.17 0.17 0.22 0.07 0.17 0.14

Actinobacteria

Cellulomonas 1.49 0.67 0.77 1.51 0.41 0.43 0.77 0.36 0.19 - 1.15 3.17
Mpycobacterium 3.29 1.08 245 1.32 1.18 1.25 291 1.01 0.53 - 2.26 2.31
Nocardioides 0.79 0.1 0.24 0.05 0.05 0.05 0.17 0.1 - 0.05 0.24 0.17
Propionibacterium 0.05 0.05 0.07 0.02 0.07 0.02 0.02 0.02 0.5 - 0.02 -
Bacteroidetes
Bacteroides - 0.05 - - - - - - 0.99 2.24 0.02 0.05
Parabacteroides - - - - 0.02 - - 0.02 0.43 0.67 - -
Flavobacterium 0.5 0.05 0.02 0.02 0.02 0.24 0.05 0.07 - - 0.05 0.05
Sediminibacterium 0.48 0.53 0.5 4.64 0.53 0.96 043 0.48 0.36 0.05 0.29 0.5
A4 0.53 2.55 1.13 0.63 0.26 0.82 0.87 0.31 0.34 0.02 0.82 0.17
Sphingobacterium - - - - - - - - - 2.64 - -
Firmicutes
Ruminococcus - - - - - - 0.05 - 0.77 2.72 0.02 -
Blautia - - - - - 0.02 - 0.02 0.53 0.17 0.02 -
Lachnospira - - - - 0.02 - - - 0.67 0.31 - -
Roseburia - - 0.02 - 0.02 - - - 2.64 0.38 - -
Faecalibacterium - 0.02 0 - - 0.02 - - 2.28 0.48 - -
Oscillospira - - - - - - - - 0.82 0.58 - -
Ruminococcus - - - - - - - - 0.82 0.26 - -
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Table 2 (continued)

Genus BN?* BD*? XN* XD?* SN? SD* GN? GD?* RN* RD* MN* MD?
Dialister - - - - - - - - 1.06 0.05 - -
PSB-M-3 0.12 0.17 0.12 0.17 0.14 0.94 0.19 0.17 - - 0.12 0.14

Nitrospirae
Nitrospira 4.66 1.73 5.87 1.54 2.64 6.32 4.88 1.63 0.67 0.1 2.67 1.49

Verrucomicrobiae
Akkermansia - - - - - - - - - 1.83 - -

# Percentage of the sequences (%)

“” not detected

distance of sampling site from water works (P>0.05)  Discussion

(Table 3). The relative abundance of Actinobacteria was
found to be positively correlated with the levels of total
alkalinity and dissolved organic carbon (DOC) in tap
water (P<0.05). The relative abundance of Firmicutes
showed a significant positive correlation with the level
of nitrite nitrogen in tap water. However, Proteobacteria
and its classes show no significant correlation with the
determined water physicochemical parameters. Moreover,
no significant correlation was found between the distance
of sampling site from water works and the diversity and
composition of DWDS biofilm bacterial community.

DWDS biofilm bacterial diversity

There have been numerous previous reports on the biofilm
bacterial diversity in model DWDS (Gomez-Alvarez et al.
2014; Krishna et al. 2013; Lee et al. 2005; Teng et al. 2008;
Wang et al. 2014). In addition, there have been few reports on
biofilm bacterial diversity in faucets and water meters. Pyro-
sequencing analysis showed that the values of Chaol estimate
and OTUs of biofilm bacterial communities in two water
meters were 133 (or 208) and 203 (or 341), respectively

Table 3 Pearson’s correlation coefficients describing the relationship between the relative abundance of phylum groups (or community indices) and

water characteristics (or sampling site distance)

Turbidity pH Total alkalinity ~ Total ferrous ~ Ammonia nitrogen  Nitrite nitrogen =~ DOC Site distance

Proteobacteria 0.128 0.265 —0.196 0.161 0.046 —0.422 -0.192  —0.043
Alphaproteobacteria 0.042 0.241 —0.404 —0.147 -0.299 —0.349 -0.328 —0.113
Betaproteobacteria 0.311 -0.175 0.532 0.564 0.494 —0.058 0.393 0.279
Gammaproteobacteria  —0.276 0.067 —0.164 -0.302 —0.181 0.222 -0.132  -0.141
Deltaproteobacteria -0.197 -0.254 0.01 —0.134 0.263 0.209 0.133 —0.165
Epsilonproteobacteria ~ —0.249 -0.106 0 -0.313 —0.049 0.543 0.015 —0.116
Acidobacteria 0.436 -0.014 —0.252 0.043 —0.073 —0.127 —0.06 —0.095
Actinobacteria 0.067 —0.466  0.668* 0.222 0.393 0.043 0.64* 0.027
Bacteroidetes —0.051 0.398 —0.244 0.012 —0.383 —0.079 -0.374  -0.061
Chloroflexi 0.552 0.136 -0.417 0.083 —0.167 —0.162 -0.222 —-0.082
Cyanobacteria 0.161 0.238 0.191 0.443 —0.265 —-0.111 -0.135 —-0.018
Firmicutes —0.244 -0.107  —-0.016 —0.332 —0.046 0.578* 0.002 —-0.116
Gemmatimonadetes —0.111 -0.137  —0.053 —0.124 0.001 —0.323 0.034 0.286
Nitrospirae —0.219 —0.447 0317 —0.121 0.15 —0.149 0.4 0.146
Verrucomicrobia —0.168 0.067 -0.22 —0.250 —0.112 0.263 -0.159  —0.082
Chaol 0.316 -0.168  —0.02 0.139 0.172 —0.055 0.126 0.31
OTUs 0.407 -0.397  0.056 0.095 0.188 0.115 0.248 0.188
Shannon index 0.035 -0.515  0.522 0.003 0.251 0.555 0.526 0.031

DOC dissolved organic carbon

*Correlation is significant at the 0.05 level
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(Hong et al. 2010). Pyrosequencing analysis of bacterial com-
munities in faucet biofilm indicated 356—1,564 OTUs, Chaol
estimate of 724-2,430, and Shannon index of 3.44—4.49 (Liu
et al. 2012), while clone library analysis revealed 17-37
OTUs, Chaol estimate of 20-83, and Shannon index of
2.11-3.15 (Lin et al. 2013). However, possibly due to limited
access to sample pipe biofilm in real DWDS, so far, informa-
tion on biofilm bacterial diversity of DWDS pipe is very
limited. One recent pyrosequencing study revealed 642—
1,532 OTUs, Chaol estimate of 1,079-1,849, and Shannon
index of 3.36-5.29 in biofilm bacterial communities on old
unlined cast iron pipes in a real DWDS (Sun et al. 2014). In
this study, [llumina MiSeq sequencing indicated that biofilm
bacterial communities on DWDS pipes had 363-582 OTUs,
Chaol estimator of 376-947, and Shannon index of 5.11—
7.12. This confirmed a high biofilm bacterial diversity in real
DWDS pipes. In addition, it also illustrated a strong potential
of Illumina MiSeq sequencing in elucidating the bacterial
diversity of drinking water biofilm.

DWDS biofilm bacterial community composition

The predominance of Proteobacteria has been found in a
variety of ecosystems, such as freshwater (Cheng et al.
2014; Vaz-Moreira et al. 2013; Zhang et al. 2014), drinking
water biofilter (Feng et al. 2013; Liao et al. 2013a, b), finished
drinking water (Pinto et al. 2012; Vaz-Moreira et al. 2013),
and tap water in DWDS (Lu et al. 2013; Pinto etal. 2012; Vaz-
Moreira et al. 2013). Previous studies usually indicated the
predominance of Proteobacteria in DWDS biofilm bacterial
community (Gomez-Alvarez et al. 2014; Liu et al. 2013; Sun
et al. 2014). The dominance of Betaproteobacteria has been
detected in biofilm in real DWDS (Liu et al. 2014a; Sun et al.
2014), in model DWDS (Lee et al. 2005), and on faucet (Liu
etal. 2014b). Other earlier studies also showed the dominance
of Betaproteobacteria in drinking water biofilm (Batté et al.
2003; Emtiazi et al. 2004; Kalmbach et al. 1997). However,
Alphaproteobacteria was found to be the largest component
of biofilm bacterial community in real DWDS (Douterelo
et al. 2013), in model DWDS (Gomez-Alvarez et al. 2014;
Krishna et al. 2013), and tap water (Liu et al. 2014b). More-
over, both Alphaproteobacteria and Betaproteobacteria could
be the most dominant biofim bacterial groups in model
DWDSs (Wang et al. 2014) and tap waters (Lin et al. 2013;
Liu et al. 2012). The bacterial composition in a water meter
consisted of two major bacterial populations from the
Betaproteobacteria and Alphaproteobacteria, while the
Betaproteobacteria population predominated in another water
meter microflora (Hong et al. 2010). These previous studies
suggested the dominance of Alphaproteobacteria and
Betaproteobacteria in the oligotrophic environment of
DWDS, while their relative importance remained controver-
sial. In this study, a large shift in the proportions of

Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria occurred in biofilm samples from cast
iron pipes in real DWDSs. Although Alphaproteobacteria and
Betaproteobacteria predominated in most of the studied
DWDS pipes, Gammaproteobacteria was the largest bacterial
group in one pipe. Douterelo et al. (2013) also reported that
the dominant bacterial phyla within the biofilms in a labora-
tory DWDS were Gammaproteobacteria, followed by
Betaproteobacteria and Alphaproteobacteria. Therefore, the
compositions of the major proteobacterial classes in biofilm
bacterial community can vary among different DWDSs.

Previous studies indicated the low abundance of Firmicutes
in DWDS pipe biofilm (Liu et al. 2014a; Revetta et al. 2013),
faucet biofilm (Lin et al. 2013), and water meter biofilm
(Hong et al. 2010). Firmicutes was found to be a minor
bacterial group in biofilm on DWDS pipes transporting treated
ground waters, while it became a major group in biofilm on
DWDS pipes transporting treated surface waters (Sun et al.
2014). In this study, Firmicutes was detected with a very low
proportion in most of the studied DWDS biofilm samples, but
it was a major component of biofilm bacterial community in
two DWDS pipes. Therefore, the importance of Firmicutes
could vary among different DWDSs and pipes. Bacteroidetes
was usually the rare species in DWDS biofilm (Douterelo
et al. 2013, Lin et al. 2013; Liu et al. 2012, 2014a, b; Sun
et al. 2014). In this study, Bacteroidetes was a minor compo-
nent in most of biofilm bacterial communities but showed a
high proportion in two biofilm samples. To the authors’
knowledge, this was the first report on the high abundance
of Bacteroidetes in DWDS biofilm. Either low or high relative
abundance of Actinobacteria in DWDS biofilm has also re-
ported by other previous studies (Krishna et al. 2013; Revetta
etal. 2013; Sun et al. 2014), which was in agreement with the
result obtained in this study. Nitrospirae was found to be a
major component of biofilm bacterial community only in
DWDS fed with chloraminated drinking water (Krishna
et al. 2013; Gomez-Alvarez et al. 2014). In this study,
Nitrospirae had a relatively high proportion (4.8-6.4 %) in
four DWDS biofilm samples, which might be attributed to the
presence of ammonia nitrogen and nitrite nitrogen in tap
waters. This study presented the first evidence for the domi-
nance of Nitrospirae in DWDS fed with chlorinated drinking
water.

Factors regulating DWDS biofilm bacterial community

As mentioned above, microbial community structure of
DWDS biofilm can be regulated by pipe materials, disinfec-
tants, water age, biofilm age, and hydraulic conditions. How-
ever, so far, the composition and dynamics of bacterial com-
munities in real DWDS pipe and their influential factors
remain poorly understood. Low dependency of the microbial
community structure on the surface material was found in real
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DWDS used for 20 years (Henne et al. 2012), which was
attributed to the mutual influence of adjacent biofilm by the
exchange of microorganisms (Liu et al. 2013). Martiny et al.
(2003) also reported that the mature biofilms from different
sampling points in a pilot DWDS could have a similar micro-
bial community structure (Martiny et al. 2003). In contrast,
based on the results of diversity and the bacterial phylum,
class, and genus levels, the present study showed a large
variation of biofilm bacterial community in the real DWDSs
transporting either the water with conventional treatment or
the water with integrated treatment, although the studied
DWDS pipes had been used for 20-30 years. A recent study
also reported the heterogeneity of biofilm bacterial communi-
ty in real DWDSs (Sun et al. 2014).

Sun et al. (2014) indicated that the difference of water
sources (surface water and ground water) could affect DWDS
biofilm bacterial community. Pinto et al. (2012) found that
water treatment process could shape the bacterial community
in bulk water of DWDS. The present study provided the first
evidence for the impact of drinking water purification strategy
on DWDS biofilm bacterial community. Surface water with
conventional treatment or integrated treatment could result in
the difference of diversity and structure of bacterial
community in DWDS biofilm.

Wang et al. (2014) suggested that water age was a strong
factor in shaping biofilm bacterial community structure in a
model DWDS. However, in this study, Pearson’s correlation
analysis showed no significant correlation between the dis-
tance of sampling site from water works and bacterial
community in DWDS biofilm. Moreover, Proteobacteria
and its classes show no significant correlation with the
determined physicochemical parameters. Actinobacteria was
positively correlated with the levels of total alkalinity and
DOC, while Firmicutes with the level of nitrite nitrogen. In
contrast, Sun et al. (2014) found that Proteobacteria was
positively correlated with alkalinity and negatively correlated
with organic matter. Actinobacteria was positively correlated
with water temperature, while Firmicutes was negatively cor-
related with alkalinity and positively correlated with organic
matter (Sun et al. 2014). A myriad of factors may mutually
shape the microbial community composition in real DWDS
(Vaz-Moreira et al. 2013). Therefore, further work will be
necessary in order to elucidate the factors regulating DWDS
biofilm bacterial community.

In conclusion, a large variation in the diversity and struc-
ture of biofilm bacterial community occurred in real DWDS.
Proteobacteria (mainly including Alphaproteobacteria,
Betaproteobacteria, and Gammaproteobacteria) predominat-
ed in DWDS pipe biofilm microbiota. Drinking water purifi-
cation strategy could play an important role in shaping DWDS
biofilm bacterial community. In addition, Illumina MiSeq
sequencing illustrated a strong potential in characterizing bac-
terial community of drinking water biofilm.
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