


ISSN 1001–0742 Journal of Environmental Sciences Vol. 26 No. 4 2014

CONTENTS
Aquatic environment
Performance and microbial diversity of an expanded granular sludge bed reactor for high sulfate and nitrate waste brine treatment

Runhua Liao, Yan Li, Xuemin Yu, Peng Shi, Zhu Wang, Ke Shen, Qianqian Shi, Yu Miao, Wentao Li, Aimin Li · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 717
Pollutant removal from municipal wastewater employing baffled subsurface flow and integrated surface flow-floating treatment wetlands

Tanveer Saeed, Abdullah Al-Muyeed, Rumana Afrin, Habibur Rahman, Guangzhi Sun · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 726
Removal of polycyclic aromatic hydrocarbons from aqueous solution by raw and modified plant residue materials as biosorbents

Zemin Xi, Baoliang Chen · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 737
Hybrid constructed wetlands for highly polluted river water treatment and comparison of surface- and subsurface-flow cells

Yucong Zheng, Xiaochang Wang, Jiaqing Xiong, Yongjun Liu, Yaqian Zhao · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 749
Minimization of methabenzthiazuron residues in leaching water using amended soils and photocatalytic treatment with TiO2 and ZnO
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a b s t r a c t

To understand the impacts of different plumbing materials on long-term biofilm formation in water
supply system, we analyzed microbial community compositions in the bulk water and biofilms
on faucets with two different materials-polyvinyl chloride (PVC) and cast iron, which have been
frequently used for more than10 years. Pyrosequencing was employed to describe both bacterial
and eukaryotic microbial compositions. Bacterial communities in the bulk water and biofilm samples
were significantly different from each other. Specific bacterial populations colonized on the surface of
different materials. Hyphomicrobia and corrosion associated bacteria, such as Acidithiobacillus spp.,
Aquabacterium spp., Limnobacter thiooxidans, and Thiocapsa spp., were the most dominant bacteria
identified in the PVC and cast iron biofilms, respectively, suggesting that bacterial colonization on the
material surfaces was selective. Mycobacteria and Legionella spp. were common potential pathogenic
bacteria occurred in the biofilm samples, but their abundance was different in the two biofilm bacterial
communities. In contrast, the biofilm samples showed more similar eukaryotic communities than
the bulk water. Notably, potential pathogenic fungi, i.e., Aspergillus spp. and Candida parapsilosis,
occurred in similar abundance in both biofilms. These results indicated that microbial community,
especially bacterial composition was remarkably affected by the different pipe materials (PVC and
cast iron).

Introduction

Despite oligotrophic conditions and the presence of disin-
fectants, both bacterial and eukaryotic groups can inhabit
the bulk water or biofilm in drinking-water distribution
system (DS). Biofilm is generally recognized as the pri-
mary source of microorganisms in DS, as attached cells
have certain advantages over planktonic cells (Berry et
al., 2006; Emtiazi et al., 2004; Tachikawa et al., 2005).
∗Corresponding author. E-mail: yuzs@ucas.ac.cn;
∗∗ Authors contribute equally to this article.

The occurrence of biofilm may cause many public health
issues, such as protecting and supporting pathogenic mi-
croorganisms (Buswell et al., 1998), bacterial regrowth
(LeChevallier et al., 1991), depletion of disinfection agents
(Regan et al., 2002) and microbial corrosion (Holden et al.,
1995; LeChevallier et al., 1993). Thus, the DS biofilm has
received more concerns.

Due to limited access and high cost involved in sam-
pling, many studies have used model DS or removable
coupons for biofilm attachment inserted (for short times)
in real DSs (Berry et al., 2006). However, because the for-
mation of biofilm is a result of successional development
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into a mature community, that may require several years
before a steady state is achieved (Martiny et al., 2003),
which limits the relevance of short-term model studies. In
our previous research, it was found that the faucet biofilm
with about 2 years development still show many char-
acteristics of young biofilm (Liu et al., 2012a). Overall,
current information on the microbial community of long-
term biofilm within full-scale DSs is scant, especially for
biofilm eukaryotic community.

The biofilm formation depends on many factors prevail-
ing in DS, wherein type of surface material is an important
one (Niquette et al., 2001; Piriou et al., 1997; Rogers et al.,
1994). Biofilm formations on different pipe materials have
been focused by many studies. Waines et al. (2011) com-
pared the biofilm formation on four plumbing materials
(copper, stainless steel, ethylene propylene diene monomer
(EPDM) and cross-linked polyethylene (PEX)) after 84
days development, and found that plastic-based PEX and
EPDM supported significantly higher levels of biofilm.
In contrast, Kerr et al. (1998) observed that plastic-based
medium density polyethylene (MDPE) and unplasticized
polyvinyl chloride (uPVC) supported the lowest number
of bacteria compared with cast iron, but the diversity of
heterotrophic bacteria was greatest on cast iron. These
contradicted results indicate that pipe material is still one
of the complicated effects on biofilm formation.

We have compared the bacterial diversity of the biofilms
on three different materials (polyvinyl chloride (PVC),
cast iron, and stainless steel) with a long-term forma-
tion by the cloning and sequencing methods (Lin et al.,
2013). Nevertheless, the actual bacterial diversity may
be masked and underestimated because of the limited
throughput of clone library (Claesson et al., 2010). On
the other hand, eukaryotic community was not analyzed
in that work. Eukaryotes have been reported to be close-
ly associated with bacterial biofilms (Hunt and Parry,
1998). Furthermore, some eukaryotes (e.g. amoeba) may
facilitate human-pathogenic bacteria in DSs, and some
are pathogenic themselves (Siqueira et al., 2011; Thomas
and Ashbolt, 2011; Trofa et al., 2008). Thereby, it is
interesting to know the impacts of different plumbing
materials on the composition of biofilm eukaryotic com-
munity. Consequently, in the present study, in order to
comprehensively understand the effects of different pipe
materials on microbial community composition of long-
term DS biofilm, the high-throughput 454 pyrosequencing
approach was employed to analyze variations among both
bacterial and eukaryotic communities in the bulk water and
the biofilms on faucets with different materials (PVC and
cast iron) that have been frequently used for more than 10
years.

1 Materials and methods

1.1 Sampling and DNA extraction

The detailed sampling and DNA extracting procedure are
described elsewhere (Lin et al., 2013). In brief, two faucets
with different materials, PVC and cast iron, located in
a drinking water distribution system of Hubei Province,
China, have been installed in the kitchen of one household
since 2001, and frequently used every day. Mature biofilms
should have been established well on the inner surface
of the faucets. Water samples were collected from the
main pipe shared with the two faucets using sterilized
brown glass bottles. The water quality parameters were
measured according to the standard methods (GB: 5749-
2006, China). About 5 L water sample was filtered with
0.22 µm polycarbonate membranes (Millipore, MA, USA)
to obtain the biomass for DNA extraction. The biofilms
that formed on the PVC and cast iron faucets were scraped
out from the inner surfaces at the connection point with
the pipe line using a sterile scraper and suspended in 5 mL
sterile water. The biofilm suspensions were centrifuged at
10,000 ×g for 10 min, and then resuspended the pellets
in 1 mL sterile water. Finally, all samples were stored at
−70°C before usage.

Genomic DNA in the water and biofilm samples were
extracted using a FastDNA spin kit (MP Biomedicals, San-
ta Ana, USA) facilitated with the FastPrep-24 bead beater
system, following the manufacturer’s instructions, and
then quantified with a Nanodrop 1000 spectrophotometer
(Thermo Scientific, Wilmington, DE). The extracted nu-
cleic acids were kept at −70◦C until use.

1.2 Scanning electron microscopy

The faucets were broken with a hammer. Small patches of
the broken faucets were placed in a fixative that contained
2.5% glutaraldehyde (W/V) and 2.0% paraformaldehyde
(W/V). The faucet samples were fixed overnight, and
then washed three times (15 min each) with ddH2O.
The samples were dehydrated by incubation in increasing
concentrations of ethanol and then dried at the critical
point with a CO2 critical point drier (Tousimis, MD). The
samples were sputter coated with gold and viewed with a
Hitachi S-3000N scanning electron microscopy (Japan).

1.3 PCR and pyrosequencing

The 16S rRNA genes of bacteria were amplified from
genomic DNA using primers 27F (5′-AGA GTT TGA
TCC TGG CTC AG-3′) and 533R (5′-TTA CCG CGG
CTG CTG GCA C-3′) (Benitez-Paez et al., 2013). The
18S rRNA genes of eukaryotes were amplified using
primers 3NDf (5′-GGC AAG TCT GGT GCC AG-3′) and
V4 euk R2 (5′-ACG GTA TCT (AG)AT C(AG)T CTT
CG-3′) (Brate et al., 2010). Barcodes that allow sample
multiplexing during pyrosequencing were incorporated in
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the 5’ end of primer 533R and 3NDf. PCR mixtures (20
µL) were prepared in duplicate and each contained 10 ng
of DNA template, 4 µL of 5× FastPfu buffer, 250 µmol/L
of dNTPs, 0.8 µL of each 5 µmol/L primer and 0.4 µL
FastPfu polymerase (TransGen Biotech, China). The PCR
reactions were performed with the following program:
95◦C for 2 min; 20 cycles at 95◦C for 30 sec, 56◦C for
30 sec, 72◦C for 30 sec, and then 72◦C for 5 min. Purified
PCR products of target genes of bacteria and eukaryotes
were sequenced by pyrosequencing method on a 454 Life
Sciences Genome Sequencer FLX (Roche Diagnostics,
Indianapolis, USA) machine. Sequences and quality scores
were submitted to the NCBI short read archive (accession
number SRA061928).

1.4 Phylogenetic analysis

All sequence reads obtained from pyrosequencing were
quality checked using Mothur software (Schloss et al.,
2009). Any poor quality reads were removed. Raw se-
quence reads were filtered before subsequent analyses to
minimize the effects of random sequencing errors. Briefly,
we eliminated sequence reads that did not perfectly match
the proximal PCR primer, were too short (<200 bp),
contained one or more ambiguous base(s)-, or checked as
chimeric artifact. The rest of sequences were trimmed and
classified using Bayesian approach with the Silva database
(Pruesse et al., 2007) as template, and a cutoff of 80%.
Mothur software was also used to construct the distance
matrices, assign sequences to operational taxonomic units
(OTUs, 97% similarity) and calculate Good’s coverage,
abundance based coverage estimator (ACE), Chao1 rich-
ness estimator and Shannon diversity indices.

2 Results and discussion

2.1 Morphology of the biofilms

The morphology of biofilms developed on the inner surface
of the cast iron and PVC faucets were studied by scan-
ning electron microscope (SEM). SEM analysis revealed

obviously different biofilm patterns on the two faucets
with different materials. Porous and unleveled coral-like
deposits occurred in the cast iron faucet (Fig. 1a), which
should be the corroded particles agglomerated and loosely
covered with bacteria cells. The observation was compara-
ble with that of corroded cast iron coupons under chlorine
residue in water (Liu et al., 2002; Wang et al., 2011). The
inner surface of PVC faucet was covered with a layer of
extracellular matrix material (Fig. 1b), where microbes
were clumped and embedded. Matrix material was also
observed previously on the surface of plastic substratum in
water meters and showerheads (Feazel et al., 2009; Hong
et al., 2010). Majorly, populations of rod-shaped bacteria
were observed in the PVC biofilm.

2.2 Microbial diversity and richness

Partial SSU RNA gene sequences of bacteria and eukary-
ota were amplified using universal primer pairs 27F/533R,
and 3NDf/V4 euk R2, respectively. After eliminating se-
quence reads that did not perfectly match the proximal
PCR primer, were too short (<200 bp), contained one or
more ambiguous base(s)-, or checked as chimeric artifact,
10085–13699 (average length of 461 bp) validated bacte-
rial and 4298–4634 (average length of 453 bp) eukaryotic
reads were retrieved from the bulk water, PVC and cast
iron biofilm samples (Table 1), respectively, and were
performed for further phylogenetic analysis.

Among the three biofilms, the community of the bulk
water showed the median bacterial diversity with Shannon
indices of 3.34, while the cast iron and PVC biofilm
possessed the highest and lowest one, respectively. The
eukaryotic diversity of each sample was comparable, as
shown in Table 1. The coverage of the sequence libraries
based on pyrosequencing, ranging from 88.6% to 96.7%.

2.3 Bacterial communities

Proteobacteria was the most dominant group in the water
and DS biofilm samples, comprising 86.99%–95.84% of
pyrosequencing reads, of which α-Proteobacteria was in
most abundance (45.72%–89.09% of sequence reads).
However, bacteria compositions of these samples were

a b

Fig. 1 Scanning electron microscopy (SEM) micrographs of the biofilm formed on the cast iron (a) and PVC (b) faucets.
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Table 1 Diversity indices and coverage of bacterial and eukaryotic communities

Sample (domain) OTUsa No. of readsb chao1c ACEd Shannon Simpson Coverage (%)

Cast iron (Bacteria) 874 10614 1820 2351 4.60 0.03 95.6
PVC (Bacteria) 729 13699 1731 2833 2.28 0.41 96.7
Water (Bacteria) 802 10085 2027 3463 3.44 0.11 94.8
Cast iron (Eukaryotes) 712 4298 2087 3516 4.26 0.06 88.7
PVC (Eukaryotes) 570 4634 1511 2676 4.22 0.04 92.1
Water (Eukaryotes) 744 4302 2000 3410 4.38 0.06 88.6

a The operational taxonomic units (OTU) were determined with a 3% width; b Trim reads that passed quality controls; c chao1 richness estimates;
d ACE richness estimates.

significantly different from each other (p = 0.0001, LIB-
SHUFF analysis), as shown in Fig. 2. Only 28 OTUs
were shared by all of them (Fig. 3), mainly falling into
the orders Rhizobiales, Sphingomonadales, Burkholderi-
ales, and Pseudomonadales, most members of which were
common residents in fresh water habitats or biofilms in
water distribution systems (Liu et al., 2012b; Simoes
et al., 2008). β-Proteobacteria (24.14%) was the sec-
ond largest bacterial group in the cast iron biofilm
community, followed by γ-Proteobacteria (16.81%), Bac-
teroidetes (6.02%), Planctomycetes (2.16%), and Acti-
nobacteria (2.02%), whereas Actinobacteria (5.82%) was
the second most dominant group in the PVC biofilm,
followed by γ-Proteobacteria (2.45%) (Fig. 4). In contrast,

Cast iron (Bacteria)

a

Water (Eukaryotes)

PVC (Eukaryotes)

Cast iron (Eukaryotes)

0.1

Water (Bacteria)

PVC (Bacteria)

b

Fig. 2 Bacterial (a) and eukaryotic (b) community clustering based on
the 16/18S rRNA gene pyrosequencing reads using the thetayc calculator
of Mothur software with a 3% distance threshold.

other major bacterial groups in the bulk water included
γ-Proteobacteria (13.11%), β-Proteobacteria (6.03%), and
Actinobacteria (2.49%).

The bacterial groups identified by pyrosequencing anal-
ysis covered all of those detected by the low-throughput
clone library, while the abundances of dominant groups
were different with each other as revealed by the two
molecular approaches (Lin et al., 2013). Meanwhile, py-
rosequencing analysis identified some specific bacterial
groups, such as the Planctomycetes and Actinobacteria.
These observations were likely due to: (1) preferential
PCR amplification leaded by the different primer sets
(27F/533R primers targeting variable V1, V2, and V3
regions of the 16S rRNA gene used for the pyrosequenc-
ing; 27F/1492R primers targeting almost full length of the
16S rRNA gene used for the clone library), (2) different
cycles of PCR amplification (20 cycles of amplification
for the pyrosequencing with the aim to minimize PCR bias
amplification; 35 cycles for the clone library) (Sipos et al.,
2007), and (3) much higher resolution of high-throughput
pyrosequencing than clone library sequencing technology
(Claesson et al., 2010).

One notable characteristic of the PVC biofilm was
the predominance of Hyphomicrobium-like phylotypes
representing 66.6% of PVC pyrosequences, whereas Hy-
phomicrobium relatives comprised 7.14% and 2.63% of
pyrosequences in the cast iron biofilm and drinking-water

Cast iron

Water PVC

Cast iron

Water

PVC

a b

Fig. 3 Venn diagrams of bacterial (a) and eukaryotic (b) OTUs clustered with a 3% distance threshold, showing the number of OTUs shared by the
biofilm and water samples.
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Fig. 4 Richness and abundance distribution of bacterial (a) and eukaryotic (b) populations in the biofilm samples. The taxonomic group whose
abundance is <1% in all three biofilm communities was not shown, wrapped in the Minor groups.

samples, respectively (Table 2). Most of hyphomicrobia
are appendaged bacteria that multiply by budding, with
the ability of nitrogen-fixing and denitrifying (Fesefeldt
et al., 1998). In terms of carbon utilization, members of
Hyphomicrobium are restricted facultative methylotrophs,
growing on C1 components, such as methanol, methylated
amines, and formate etc, but not compounds with three
or more carbon atoms. High frequency of hyphomicrobia
implied that C1-compounds possibly produced by other
organisms through cross feeding should be the central
carbon or energy resources in the PVC biofilm. In a study
of biofilms developed on water meter, Hong et al. (2010)
found that methylotrophs of the genus Methylophilus com-
prised the major bacterial communities, and indicated that
these methylotrophs might utilize the methanol supplied
by some methanothophs. Except the hyphomicrobia, other
methylotrophs of the genus Methylobacterium were also
found in the DS biofilms (Table 2). The capability of
utilizing nitrogen and C1-compounds might confer hy-
phomicrobia ecological advantages for their growth in
nutritionally poor DS ecosystems.

Bacterial composition of the cast iron biofilm was
clearly different from those of the PVC biofilm, and the
difference was primarily attributed to the occurrence of a
number of corrosion-associated bacteria. In the cast iron
biofilm, 0.27% of pyrosequences showed close homology
to iron-oxidizing acidophile Acidithiobacillus spp. despite
a neutral pH (7.2) of the bulk water (Lin et al., 2013).
Members of Acidithiobacillus can grow at pH values
of 4.5 to 1.3 and derive its biosynthetic requirements
by autotrophy using carbon from atmospheric carbon
dioxide. Occurrence of the acidophilic Fe-oxidizer might
be associated with the abundant sulfur-oxidizers, mainly

including Limnobacter thiooxidans (3.1%) and Thiocapsa-
like phylotypes (3.1%). The sulfur-oxidizers could convert
ferrous sulfide to sulfuric acid, producing acidic niches and
releasing ferrous iron in the process, which in turn could
be utilized by the acidophilic Fe-oxidizers. In addition,
Aquabacterium-like bacteria (7.4%) were found abundant-
ly in the cast iron biofilm, while few relevant species
occurred in the PVC biofilm and water samples (0.02%
and 0.01%, respectively). Some Aquabacterium species,
having ability of oxidizing ferrous iron with nitrate as
electron acceptor under anoxic conditions, were reported
(Straub et al., 2004). In this study, the most of cast iron
pyrosequences classified into the genus Aquabacterium
were closely related to the clone HN14 from an iron-
reducing bacterium enrichment culture (Wang et al., 2009),
suggesting that the Aquabacterium relatives in the cast iron
biofilm may be associated with iron corrosion.

Metal corrosion has been examined in distribution
systems, including both electrochemical corrosion and
microbiologically influenced corrosion (Lin et al., 2001;
Starosvetsky et al., 2001). Because very little energy can
be generated during the oxidation of ferrous to ferric iron,
a large quantity of iron needs to be oxidized to support the
growth of iron oxidizing bacteria. It has been calculated
that the ratio of iron to the weight of a bacterial cell could
be up to approximately 450 to 500, assuming that the
oxidation of ferrous iron provides the sole energy for the
synthesis of cell material (Cullimore and McCann, 1977).
Thus, it is suggested that the metal corrosion accelerates on
the surface of cast iron by abundant corrosion-associated
bacteria. Pipe corrosion is known to affect microbial
adhesion and biofilm formation (Waines et al., 2011).
The ferrous iron released during the corrosion process
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Table 2 Identified bacterial genera in the drinking-water and biofilm communities

Genus Polyvinyl Water Cast Genus Polyvinyl Water Cast
chloride (%) (%) iron (%) chloride (%) (%) iron (%)

Aquabacterium 0.02 0.01 7.41 Methylocystis 0.01 0.27 0.04
Achromobacter 0.01 0 0.2 Methyloversatilis 0.01 0 0.83
Acidithiobacillus 0 0 0.27 Microbacterium 0.15 0.88 0.46
Acidovorax 0.01 0.43 0.44 Micrococcus 0 0.16 0
Acinetobacter 1.78 11.51 0.22 Mucilaginibacter 0 0 0.38
Ancalomicrobium 0.69 0 0 Muricoccus 0 21.76 0
Arthrobacter 0.01 0.29 0.03 Mycobacterium 5.61 0.05 0.56
Arthrobacter 0.01 0.29 0.03 Nevskia 0 0 3.07
Azospira 0.01 0 0.1 Nitrospira 0 0.01 0.29
Bacillus 0.24 0.01 0.03 Nocardioides 0 0.01 0.12
Blastomonas 0.25 0.83 0.11 Novosphingobium 0.07 1.55 0.57
Bosea 0.08 0.35 0.08 Parvularcula 0.01 0 0.12
Brachybacterium 0 0.39 0 Pedobacter 0 0 0.38
Bradyrhizobium 0.26 0.03 1.17 Pelomonas 0 0.11 1.14
Brevibacterium 0 0.12 0.01 Perlucidibaca 0.01 0.04 2.51
Brevundimonas 0.07 0.11 0.41 Phenylobacterium 0 0.04 0.38
Castellaniella 0.03 0.19 1.34 Planctomyces 0 0.01 0.17
Caulobacter 0.01 0.22 0.02 Pleomorphomonas 5.33 0.01 0
Chryseobacterium 0.05 0.18 0.44 Porphyrobacter 2.92 0.04 4.04
Cloacibacterium 0 0 0.23 Propionivibrio 0 0 1.64
Comamonas 0.01 0.19 0.22 Prosthecomicrobium 0.14 0 0
Deinococcus 0.02 0.01 0.52 Pseudomonas 0.16 1.02 2.8
Delftia 0 0.1 0.05 Pseudorhodoferax 0 0.08 0.67
Diaphorobacter 0 0 0.23 Rheinheimera 0.09 0.15 0.26
Duganella 0 0.26 0 Rhizobium 0.58 0.05 0.24
Dyadobacter 0 0 0.2 Rhodobacter 3.42 0.12 0.92
Enterobacter 0.08 0.08 0.03 Rhodoblastus 0.04 0.16 0.01
Erythromicrobium 0 0.03 2.04 Rhodovarius 0 0.28 0
Filomicrobium 0.92 0 0 Roseomonas 0.02 3.09 0.08
Flavobacterium 0.16 0.69 0.11 Ruegeria 1.18 0 0
Flectobacillus 0.06 0 0.67 Runella 0 0 0.15
Flexibacter 0.02 0 0.17 Sediminibacterium 0 0.03 0.56
Fluviicola 0 0 0.9 Singularimonas 0 0 0.43
Gemmata 0.28 0 1.36 Solimonas 0 0 0.25
Gordonia 0.01 0.01 0.29 Sphingobacterium 0.09 0.29 0.12
Hydrocarboniphaga 0 0 0.87 Sphingobium 0.11 0.41 0.29
Hydrogenophaga 0 0.03 1.48 Sphingomonas 1.9 1.52 6.87
Hyphomicrobium 66.6 2.63 7.14 Sphingopyxis 0.68 0.03 0.02
Klebsiella 0.14 0 0 Spirosoma 0 0 0.34
Legionella 0.03 0 1.06 Telmatospirillum 0.42 0 0.17
Limnobacter 0 0 3.1 Thiocapsa 0 0 3.1
Lutibacter 0 0 0.45 Thiorhodospira 0 0 0.73
Massilia 0 0.14 0.12 Undibacterium 0 0.22 0.11
Methylobacterium 0.99 0 0.25 Vogesella 0 0.16 0.01

may scavenge residual chlorine, reducing the efficacy of
disinfection so as to create favorable conditions for the
growth of bacteria in DSs (Li et al., 2010). Furthermore,
the iron-oxidizer can precipitate iron oxides by converting
ferrous iron to ferric iron (Volk et al., 2000), while that
could make the surface of cast iron pipe rougher. The rough
surface may concentrate organic nutrients. Hence, the
biofilm regrowth on rough surface materials such as cast

iron and galvanized steel was greater than that on smooth
surface of PVC pipe (Chowdhury, 2012; Yu et al., 2010),
and more rapid biofilm development was also observed
on iron pipes than on other piping materials (Camper,
1996). Based on these results, it can be concluded that
the corrosion on the cast iron may promote the biofilm
formation and possibly support more diverse niches, and
hence responsible for the higher bacterial diversity of the
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cast iron biofilm than that on the surface of PVC (Table 1).
In terms of potential waterborne pathogenic bacteria,

0.14% of pyrosequences from the PVC biofilm were
closely related to Klebsiella pneumoniae that may infect
those with impaired immune systems, sometimes causing
destructive pneumonia. Mycobacterium spp. were found in
both the water and biofilm samples, whereas Legionella
spp. occurred only in the biofilm samples (Table 2).
This finding was in agreement with previous studies
that members of these genera were common potential
pathogens in the oligotrophic water supply systems (Giao
et al., 2009; Liu et al., 2012a; Vaerewijck et al., 2005),
but their abundances were clearly different in the PVC
and cast iron biofilms. Mycobacterium spp. were more
dominant (5.61%) in the PVC biofilm than that in the
water (0.05%) and cast iron biofilm (0.56%) samples. In
contrast, more abundant Legionella spp. (1.06%) occurred
in the cast iron biofilm as compared with the PVC biofilm
(0.03%). Due to the complex cell wall, mycobacteria are
generally resistant to several disinfectants, e.g. chlorine,
chloramines. The resistance confers their selective advan-
tage for natural competence in chlorine-containing DSs.
Besides, mycobacteria have hydrophobic cell surface, and
hydrophobic interactions between the cells and the hy-
drophobic surface would mediate attachment and biofilm
formation (Vaerewijck et al., 2005). Thus, it is reasonable
that the PVC surface favors mycobacteria adherence due to
its hydrophobic character during the early stages of biofilm
formation. On the other hand, Mycobacterium spp. and
Legionella spp. seem to proliferate in different strategies,
i.e. K- and r-strategists, respectively. Mycobacteria grow
slowly but possess strong disinfection tolerance, whereas
Legionella spp. are more susceptible to residual chlorine
in potable water. Although intracellular growth within
amoeba was frequently reported essential for their resis-
tance to chlorination stress and persistence in DSs, some
studies showed that residual chlorine could exert negative
impacts on the growth of Legionella spp., and in some
cases Legionella bacteria outnumbered mycobacteria in
DS biofilms under low disinfection levels but different in
turn under heavy disinfection stress (Pryor et al., 2004; van
der Kooij et al., 2005). Considering the consumption of
chlorine during the corrosion process, low-chlorine or even
chlorine-free niches might extensively exist in the cast iron
biofilm, resulting in the higher occurrence of Legionella
species.

Within the bulk water, Muricoccus and Acinetobacter
were the dominant genera, comprising 21.76% and 11.51%
of pyrosequences, respectively, while their abundances
declined markedly in the biofilm samples (Table 2). Mem-
bers of these genera were possibly well adapted to the
planktonic growth. Commonly, the microorganisms in DS
biofilms are derived from the bulk water, but the significant
difference was found among the microbial communities
of the water and biofilm samples. As compared with

the bulk water community, certain bacterial populations
selectively enriched in the biofilms developed on the
different materials. For example, Hyphomicrobium and
mycobacteria occurred in the PVC biofilm, whereas iron-
corrosion associated bacteria and Legionella spp. were
found in the cast iron biofilm. These results indicated that
different pipe materials (PVC and cast iron) significantly
affected bacterial community compositions of DS biofilms,
and bacteria colonization was selective on the surfaces of
PVC and cast iron materials.

2.4 Eukaryotic communities

In view of the close association of eukaryotes with biofilm
microbiota and some pathogens, the eukaryotic commu-
nities were revealed by the pyrosequencing approach in
this study. Although the bacterial communities were sig-
nificantly different among the water and biofilm samples,
eukaryote community compositions were similar in these
samples (Figs. 2 and 3). As shown in Fig. 4, fungi was
the most primary group, comprising 62.47% and 63.12%
of eukaryotic pyrosequences in the PVC and cast iron
biofilms respectively, followed by Amoebozoa, Metazoa,
and Stramenopiles. The majority of pyrosequences from
the bulk water were classified into Metazoa (40.26%) and
Fungi (40.09%).

Only few of previous studies have focused fungi in
distribution systems (Doggett, 2000; Nagy and Olson,
1982). Most of the fungi identified in this study belonged
to the phylum Ascomycota (37.79%–62.52%). And those
in the PVC and cast iron biofilms were further classified
into the subphyla Pezizomycotina (36.69% and 44.46%,
respectively) and Saccharomycotina (19.18% and 9.84
%, respectively), while those in the bulk water mainly
belonged to Pezizomycotina (34.44%). Many filamentous
Pezizomycotina fungi were found in these samples, such
as Cladosporium spp. (8.80%–14.93%) and Aspergillus
spp. (5.79%–9.42%). Their occurrences in drinking water
or biofilms have been reported (Doggett, 2000; Sammon
et al., 2010). Recently, using atomic force microscope,
Abe et al. (2011) found that biofilm aggregates were
embedded in an extensive network of filamentous fungi
during the development of drinking-water biofilm, and
indicated that the fungal structure may assist in reinforcing
biofilm adhesion to a substratum surface. Saccharomycoti-
na fungi were prevalent in the biofilm samples, implying
their adaption to the attached growth. Of them, the heavy
occurrence of Pichia spp. (7.47%) was observed in the
PVC biofilm, while Candida yeasts, especially Candida
parapsilosis relatives were abundant (8.20% and 7.89%,
respectively) in the biofilm samples despite of different
substratum materials. It is noteworthy that C. parapsilosis
is now one of the leading causes of invasive candidal
disease, and biofilm formation is recognized as one of the
important factor involved in disease pathogenesis (Trofa et
al., 2008). Besides, high occurrences of Aspergillus spp.
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in the water and biofilms also should be concerned as
some species were found associated with clinical samples
causing human diseases, and potent toxins (mycotoxin)
production (Roselle and Baird, 1979; Siqueira et al., 2011).

The preying eukaryotes were mainly distributed into
the phyla Metazoa and Amoebozoa. Among the members
of phylum Metazoa, many Halicephalobus-like nematodes
were detected in both the water (15%) and biofilm samples
(7.24%–7.62%), while Lecithodendriidae-like flatworms
were abundant in the drinking-water eukaryotic commu-
nity (23.72%). Amoeba was more abundant in the biofilm
samples, but different amoeba populations were detected
on different substratum surfaces. Platyamoeba (13.82%)
and Hartmannella vermiformis (4.36%) were the dominant
amoeba in the cast iron and PVC biofilms, respectively.
Previous study had also reported the prevalence of H.
vermiformis in the DS biofilms formed on the plastic
substratum (Liu et al., 2012a).

In this point of view, PVC seems more suitable as
plumbing material in drinking water distribution systems,
given that the cast iron faucet supports more complex
bacterial diversity than the PVC faucet. Besides, some
previous studies showed that plastic-based materials sup-
port less biofilm biomass than metal materials (Kerr et
al., 1998; Niquette et al., 2000). However, the abundance
of potential pathogens in the DS biofilms, especially
Mycobacterium and Legionella species in the PVC and
cast iron biofilm respectively, and heavy occurrence of
eukaryotic Aspergillus spp. and C. parapsilosis in both of
them, implied that the biological safety of pipe materials is
considerable and should be given more attention in future
studies.

3 Conclusions

Based on the pyrosequencing analysis, this work indicated
that the pipe materials (PVC and cast iron) may remarkably
influence microbial community, especially the bacterial
compositions in the long-term developed DS biofilms.
Diverse but different genera of microorganisms, derived
from bulk water may colonize on the surfaces of PVC
and cast iron materials selectively. Nevertheless, it is hard
to determine which pipe material (PVC and cast iron)
is suitable to use as a major plumbing component in
water delivery system because the potential bacterial and
eukaryotic pathogens occurred in biofilms developed over
both materials.
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