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Abstract Biofilms in the pipe wall may lead to water quality
deterioration and biological instability in drinking water dis-
tribution systems (DWDSs). In this study, bacterial communi-
ty radial-spatial distribution in biofilms along the pipe wall in
a chlorinated DWDS of East China was investigated. Three
pipes of large diameter (300, 600, and 600 mm) were sampled
in this DWDS, including a ductile cast iron pipe (DCIP) with
pipe age of 11 years and two gray cast iron pipes (GCIP) with
pipe ages of 17 and 19 years, and biofilms in the upper, mid-
dle, and lower parts of each pipe wall were collected. Real-
time quantitative polymerase chain reaction (QPCR) and
culture-based method were used to quantify bacteria. 454 py-
rosequencing was used for bacterial community analysis. The
results showed that the biofilm density and total solid (TS) and
volatile solid (VS) contents increased gradually from the top
to the bottom along the pipe wall. Microorganisms were con-
centrated in the upper and lower parts of the pipe wall, togeth-
er accounting for more than 80 % of the total biomass in the
biofilms. The bacterial communities in biofilms were signifi-
cantly different in different areas of the pipe wall and had no
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strong interaction. Compared with the upper and lower parts
of the pipe wall, the bacterial community in the middle of the
pipe wall was distributed evenly and had the highest diversity.
The 16S rRNA genes of various possible pathogens, including
Escherichia coli, Staphylococcus epidermidis, Pseudomonas
aeruginosa, and Salmonella enterica, were detected in the
biofilms, and the abundances of these possible pathogens
were highest in the middle of the pipe wall among three areas.
The detachment of the biofilms is the main reason for the
deterioration of the water quality in DWDSs. The results of
this study suggest that the biofilms in the middle of the pipe
wall have highly potential risk for drinking water safety,
which provides new ideas for the study of the microbial ecol-
ogy in DWDS.

Keywords Biofilms - Drinking water distribution system -
Bacterial community - Radial-spatial distribution - Possible
pathogens

Introduction

The safety of drinking water is closely related to human health
(Tao and Xin 2014). Drinking water distribution systems
(DWDSs) function to supply treated water safe for human
consumption and comply with increasingly stringent quality
regulations (Brookes et al. 2014). However, water quality de-
terioration was often observed in these systems, which was
mainly associated with microbial instability (Liu et al. 2002;
Nescerecka et al. 2014; El-Chakhtoura et al. 2015). Even if
there is a certain content of residual chlorine in the bulk water,
heterotrophic bacteria could grow depending on some organic
matter, resulting in drinking water biological instability in the
DWDS (Liu et al. 2015c).
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Biofilms are found to be the primary source of microorgan-
isms in DWDSs. Biofilms predominate because attached cells
have certain advantages over suspended cells, such as the
ability to metabolize recalcitrant organic compounds and in-
creased resistance to chlorine and other biocides (Berry et al.
2006). If the flow shear stress at the pipe wall exceeds the
normal daily values, the biofilms accumulated at the pipe wall
and conditioned to the normal forces would be mobilized into
the bulk water (Husband and Boxall 2011). The mobilization
of biofilms from the pipe wall not only results in esthetically
unacceptable discolored drinking water (Vreeburg and Boxall
2007) but also releases microorganisms into the network
(Douterelo et al. 2014). Considering that biofilms have been
associated with various problems in DWDS such as the water
quality deterioration (Nescerecka et al. 2014), the hosting of
possible pathogens (Ercumen et al. 2014), and the corrosion of
pipes (Masters et al. 2014), further research is needed to fully
understand these ecosystems.

It is reported that the microbial community in biofilms was
influenced by many factors, such as pipe material (Ren et al.
2015), hydraulic condition (Douterelo et al. 2013), nutrient
availability (Park and Hu 2010), type and concentration of
disinfectant (Mi et al. 2015), and temperature (Pinto et al.
2014). It is found that the densities of bacteria on iron pipes
were higher than that on plastic-based materials (PE and PVC)
in a simulated DWDS (Niquette et al. 2000). Ren et al. found
that the biofilm tended to accumulate in iron pipes, such as
ductile cast iron pipe (DCIP) and gray cast iron pipe (GCIP),
rather than stainless steel clad pipe (SSCP) and polyvinyl
chloride (PVC) in an actual DWDS (Ren et al. 2015). It was
reported that the composition and diversity of the bacterial
community in 28-day-old biofilms were affected by different
hydraulic regimes with a tendency of higher species richness
and diversity detected at highly varied flows (Douterelo et al.
2013). Gammaproteobacteria were the predominant group
(>65 %) within the biofilms formed under low varied flow
condition, while Betaproteobacteria were abundant (>56 %)
under steady state condition (Douterelo et al. 2013). The con-
tent of organic carbon in water played an important role in
microorganism growth in most DWDSs (Ohkouchi et al.
2013). The composition of the bacterial community in
biofilms was influenced by the type of disinfectant (Gagnon
et al. 2005), and the ammonia-oxidizing microorganisms had
high abundance in chloraminated DWDSs (Wang et al. 2014).
Pinto et al. found that the characteristics of the microbial com-
munity had seasonal variation in DWDSs and the observed
temporal trends were due largely to the shift in bacterial com-
munities from cluster 2 (summer cluster) to cluster 1 (winter
cluster) (Pinto et al. 2014).

In recent years, the spatial distribution of the microbial
community in the DWDSs and the interaction of microorgan-
isms in different phases attracted more attention, but the re-
ported research was yet limited (Proctor and Hammes 2015).
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The fluid-particle system in terms of mesoscopic dynamics
can be described through a mixed lattice Boltzmann (LB)
and cellular automata (CA) model (Chopard et al. 2000). As
shown in Fig. 1, the particles including colloids and
suspended solids in DWDSs are under a combined effect of
flow rate and gravity. Colloids and suspended microorganisms
at the nanoscale are subject to the random wandering of
Brownian motion, while the particles with high density and
big size keep moving down until they settle on the lower part
of the pipe wall under the effect of gravity. If the local fluid
flow is fast enough, the particles located in the pipe wall will
be detached and moved further away. Otherwise, if the flow is
slow, the resulting motion will be to land again. Liu et al.
investigated the bacteria from four critical phases of an un-
chlorinated DWDS, including bulk water, pipe wall biofilms,
suspended solids, and loose deposits. It was found that the
bacteria associated with loose deposits and pipe wall biofilms
that accumulated in the DWDS accounted for over 98 % of the
total bacteria, and the bacteria in bulk water dominated by
Polaromonas spp. were clearly different from that in the other
three phases dominated by Sphingomonas spp. (Liu et al.
2014). To date, the study about the radial-spatial distribution
of the microbial community in the pipe wall was rarely report-
ed, and the microbial community in the middle area of the pipe
wall was never concerned.

In this study, three pipes with pipe age more than 10 years,
including one section of DCIP with diameter of 300 mm and
two sections of GCIP with diameter of 600 mm, were obtained
from a city DWDS in East China. Biofilms located at the
upper, middle, and lower parts of the pipe wall from each pipe
were sampled and investigated. This study aimed to investi-
gate (1) the radial-spatial distribution of microbial biomass in
biofilms along the pipe wall, (2) the radial-spatial distribution
of bacterial community composition and structure in biofilms
along the pipe wall; (3) and the relevance of the bacterial
community in biofilms located in the upper, middle, and lower
parts of the pipe wall.

Materials and methods
The drinking water distribution system

This study was performed in a city DWDS supplied by reser-
voir water in a town, in East China. The drinking water treat-
ment plant employs the process of flocculation followed by
sand filtration and chlorination before discharging to the
DWDS, and the water treatment plant, with a drinking water
yield of 500,000 m*/day, supplies 2,000,000 people. The treat-
ed water quality meets the national drinking water standards
(Ren et al. 2015). As shown in Table S1, three pipes (L1-
DCIP, L2-GCIP, L3-GCIP) located at the main pipelines of
the DWDS were sampled during September 2013 to
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Fig. 1 Particle-related processes
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November 2013. The service time of these pipes was 11, 17,
and 19 years, respectively. As shown in Table S2, the flow
rates in these locations ranged from 0.05 to 0.30 m/s, and the
content of residual chlorine in bulk water ranged from 0.25 to
0.39 mg/L.

Biofilm sampling and pretreatment

Before cutting the pipe, water supply of the location was cut
off and water in pipes was drained off slowly at a flow rate of
less than 0.03 m/s to prevent biofilm drop-off. Then, soil
around the sampling pipes was excavated and the surface of
the pipe was physically decontaminated with tap water. As
shown in Fig. 2, the upper and lower parts of the pipe were
marked, and the pipe wall was divided into three equal areas
with sterile cotton yarn by measuring the pipe diameter. The
biofilms in each area was collected respectively by swabbing
the inner pipe wall with a sterile brush while continuously
washing the pipe wall with sterile water, and were then

Water
out
bacteria
nutrient
particles

Loose deposits

transported to the laboratory in an ice box within 4 h. As
described before (Ren et al. 2015), the biofilms were
pretreated by the processes of shaking, filtration, centrifuga-
tion, and resuspension and were finally split into two parts:
one (biofilm mass measured) was stored at —80 °C for DNA
extraction, and the other was resuspended with remained su-
pernatant and stored at 4 °C for measurements of physico-
chemical parameters and incubation experiment.

Physicochemical properties of biofilm analysis

The contents of total solids (TS), volatile solids (VS), iron, and
manganese of the biofilms were determined (APHA 2012).

Bacteria quantification

Resuspended biofilm slurry (volume of 20 mL) was shaken in
a sterile glass bottle (volume of 50 mL) with sterile glass beads
(4-5 mm) for 15 min on a shaker before culturing. An equal
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Fig. 2 Schematic diagram of biofilm sampling
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volume of sterile water was used for control. The number of
heterotrophic plate count (HPC) bacteria was determined by
using the spread plate method with R2A agar and a 7-day
incubation period at 25 °C (Reasoner and Geldreich 1985;
Thayanukul et al. 2013). Total DNA was extracted from the
biofilm (0.25 g) using a PowerSoil DNA Kit (Mo Bio
Laboratories, Carlsbad, CA, USA), as described by the man-
ufacturer. Quantitative PCR (qPCR) was used to quantify total
bacteria in biofilm samples. gPCR was performed using an
iCycler iQ5 thermocycler (Bio-Rad, CA). Forward primer
338F 5'-ACTCCTACGGGAG GCAGCAG-3' (Lane et al.
1991) and reverse primer 518R 5'-ATTACCGCGGCT
GCTGG-3' (Muyzer et al. 1993) were chosen. The reaction
systems and conditions were previously reported (Hu et al.
2014).

Pathogen database construction

Pathogenic bacteria species were selected according to HPB
virulence factor database (http://www.mgc.ac.cn/VFs/) and
used according to pathogen SEED database (Guo and Zhang
2012). Then, the 16S ribosomal RNA (rRNA) genes of these
species were downloaded from NCBI'’s nonredundant and en-
vironmental databases (http://www.ncbi.nlm.nih.gov). As a
quality control step, sequences that were shorter than 1000
bp were removed. The final pathogen database contained
112 sequences corresponding to 112 species of pathogenic
bacteria.

454 pyrosequencing

Total DNA was used for bacterial 16S rRNA gene pyro-
sequencing to analyze bacterial community composition.
The primer pairs 357F (5'-CCTACGGG AGGCAGCAG-
3") and 926R (5'-CCGTCAATTCMTTTRAGT-3") were
used to amplify the V3—V5 region of the bacterial 16S
rRNA genes. A barcode was permuted for each sample
to allow for the identification of individual samples in a
mixture within a single pyrosequencing run. The detailed
protocol was reported by Ren et al. (2015). All of the
samples were quantified by TBS-380 and mixed at an
equimolar ratio in a single tube to be run on a Roche
FLX+ 454 pyrosequencing system (Roche Diagnostics
Corporation, Branford, CT, USA).

Data analysis

Sequences generated from the pyrosequencing were sub-
sequently processed using the Mothur software package
(http://www.mothur.org). After denoising and chimera
inspection, 15,000 high-quality sequence reads (quality
score >25, exact matching to barcode and primer, 200—
800 bp in length, and containing no chimeras) were
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randomly selected from each sample. The high-quality
sequences of each sample were compared with the patho-
gen database using BLAST with an E-value <1 x 107 ata
97 % sequence identity threshold to detect possible path-
ogens in biofilms. In addition, operational taxonomic
units (OTUs) were generated using a 97 % sequence iden-
tity threshold (Schloss and Handelsman 2005).
Representative OTUs were selected based on the most
abundant sequence, and taxonomic assignment was con-
ducted using the Ribosomal Database Project (RDP) clas-
sifier with data sets from the RDP pyrosequencing pipe-
line (Cole et al. 2009). Finally, the Chao and Shannon
diversity indices and coverage were calculated. The eco-
logical distribution of the biofilm communities and their
associations with environmental factors were determined
using principal components analysis (PCA) and canonical
correspondence analysis (CCA), respectively, using
CANOCO software based on normalized values of the
abundance of each OTU in biofilm samples (Shen et al.
2013). A Pearson correlation analysis (significance level
p < 0.05) was used to test the correlations between phys-
icochemical and biotic factors (Liu et al. 2015b). One-way
ANOVA was used to determine whether the biofilm sam-
ples had significant difference (Shen et al. 2013).

Data accession number

Raw sequences are available from the NCBI Sequence Read
Archive (SRA accession number: PRINA328456).

Results
Physicochemical properties of biofilm

As shown in Table 1, the densities of biofilms accumulat-
ed on pipe walls ranged from 39.56 to 55.06 mg/cm” and
increased gradually from the top to the bottom along the
pipe wall. The densities of biofilms in the lower part of
the pipe wall were 1.46, 1.57, and 1.13 times more than
that in the upper part of the pipe wall in L1-DCIP, L2-
GCIP, and L3-GCIP, respectively. The concentrations of
TS and VS ranged from 12.71 to 38.40 mg/cm?® and from
0.72 to 2.41 mg/ecm?, respectively. The concentrations of
TS and VS in L1-DCIP and L2-GCIP increased from the
top to the bottom along the pipe wall, while in L3-GCIP,
the concentrations of TS and VS were the highest in the
upper part. The contents of Fe and Mn in biofilms ranged
from 1.06 to 3.77 mg/cm? and from 0.02 to 2.71 mg/cm?,
respectively, and the contents of Fe and Mn in biofilms
increased from the top to the bottom in pipes, which were
consistent with the biofilm mass. Moreover, correlation
analysis, according to Pearson test, showed that there
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Fig. 3 Comparison of bacterial a
abundance (comparison of 10
biomass as inferred from q-PCR
(a) and HPC (b) in biofilms). The
results are shown in percentage of 080
different biofilms to the overall
amount of bacteria in the pipe sellt
wall 9
R
<
-
04 |
02}
0.0

was a significantly positive correlation between VS, Fe,
and Mn and between biofilm density and Mn with
p < 0.01 (Table S3, sample numbers = 9).

Bacteria quantity in biofilms

In this study, the bacterial 16S rRNA gene copies in biofims
ranged from 10° to 10® gene copies per square centimeter, and
HPC ranged from 10° to 10’ CFU/cm®. As quantified by g-
PCR and HPC, the lowest biomass was found in the middle of
the pipe wall, with q-PCR ranging from 5.7 x 10° to 8.5 x 10’
copies/cm? and HPC ranging from 1.0 to 6.0 x 10° CFU/ecm? in
three pipes. In the upper and lower parts of the pipe wall from
three pipes, the g-PCR and HPC had the value of 6.5 x 10°—
3.4 x 10® copies/em”® and 1.8 x 10°-2.7 x 10" CFU/cm?, re-
spectively (Table S4). A difference of the value of gPCR and
HPC in different areas of the pipe wall was found by using one-
way ANOVA test with p < 0.05 (Table S5). The comparison of
bacterial abundance in different areas of the pipe wall was
performed on the basis of q-PCR and HPC measurements,
and the results were represented as percentage in Fig. 3. As
shown, the biomass in biofilms was concentrated in the upper
and lower parts of the pipe wall, together accounting for 80—
98 % of the overall g-PCR and HPC in the pipe wall.
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Bacterial community diversity of biofilms

A total of 184,449 high-quality sequences were obtained from
nine biofilm samples, and 15,000 high-quality sequences were
randomly selected from each sample and used for analysis.
Sample coverage reached 98 %, suggesting that medium-depth
pyrosequencing captured the majority of unique bacterial OTUs.

The species richness and evenness of communities were
evaluated by Chao and Shannon indices. As shown in
Table S6, the biofilms in the middle of the pipe wall had a
Chao index less than that in the upper and lower parts of the
pipe wall, which showed that richness of bacterial communi-
ties in the middle of the pipe wall was the lowest. However,
the biofilms in the middle of the pipe wall had the highest
Shannon index among three areas, suggesting that the bacte-
rial community in the middle of the pipe wall was distributed
most evenly.

The bacterial composition and structure in biofilms

As shown in Fig. 4, sequences in biofilms in this study were
assigned to 21 phyla, including Proteobacteria,
Bacteroidetes, Actinobacteria, Firmicutes, and
Cyanobacteria, and the phylum Proteobacteria were the

Table 1 Physicochemical

properties of biofilms Sample-1ID TS (mg/em®) VS (mg/cm?)  Density of biofilms ~ Fe (mg/cm?) ~ Mn (mg/cm?)
(mg/cm2)
L1-DCIP  Upper  16.65 1.67 45.16 1.89 0.60
Middle 16.78 1.96 46.31 2.78 0.97
Lower  25.56 2.41 66.06 3.77 2.71
L2-GCIP  Upper  12.71 0.78 39.56 2.01 0.34
Middle  22.42 1.07 54.98 2.24 0.84
Lower  21.20 1.63 62.27 2.96 1.82
L3-GCIP  Upper 3840 1.25 46.62 1.13 0.03
Middle  22.29 0.72 45.01 1.06 0.02
Lower 2547 0.81 5251 1.57 0.06
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Fig. 4 Relative abundance of
different phyla in biofilms
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dominant bacterial communities (50-97 %) among all sam-
ples. In addition, sequences assigned to Euryarchaeota and
Crenarchaeota were also detected, accounting for about
1.3 % among the total sequences. In L1-DCIP, the relative
abundances of Proteobacteria were 63, 50, and 87 % in the
upper, middle, and lower parts of the pipe wall, respectively,
and in L2-GCIP, the numbers were 51, 53, and 97 %, which
showed that there was a significant difference in the bacterial
community at the phylum classification among different areas
of the pipe wall in both pipes. Inconsistently, L3-DCIP
biofilms had the similar abundances of Proteobacteria in dif-
ferent areas of the pipe wall, with 87, 84, and 80 % in the
upper, middle, and lower parts, respectively.

A heat map about the distribution of 30 genera of the
highest abundance in biofilms showed a significant difference
among the bacterial community from different areas of the
pipe wall (Fig. 5). In biofilms from the upper and lower parts
of the pipe wall, the bacterial community was dominated by a
few species. In L1-DCIP, the bacterial community was dom-
inated by Pseudomonas, Flavobacterium, and Cellvibrio in
the upper and lower parts, accounting for 10-20 % of the total
sequences. In L2-GCIP, the bacterial community was domi-
nated by Methylobacterium (21 %) or Comamonadaceae
(89 %) in the upper and lower parts. In the upper part of L3-
GCIP, an unclassified OTU assigned to Rhodocyclaceae
accounted for 45 % of total sequences. Compared with the
upper and lower parts of the pipe wall, the bacterial commu-
nity in the middle was distributed evenly. More than 20 genera
accounted for more than 1 % of the total sequences, including
Pseudomonas, Sphingomonas, and Hyphomicrobium.

A CCA was performed to test the relationship between the
environmental factors and bacterial community composition
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(Fig. 6) with p value, shown in Table S7 in the Supplementary
Material. The CCA results indicated that the biofilms from
one pipe are more likely to have the same bacterial community
structure. The total iron content of biofilms and TS was the
most significant factor influencing the bacterial community
distribution of biofilm (p < 0.05, 498 Monte Carlo permuta-
tions, sample numbers = 9). In addition, the content of Mn was
correlated with the bacterial community composition, al-
though this effect did not reach a significant level.

Core microbiome

OTU characteristics of the biofilm samples are shown in
Fig. S1. In the three pipes, the biofilms harbored a larger
number of unique OTUs, thus showing greater bacterial rich-
ness. The number of OTUs in DCIP was 493, less than that in
GCIP of 1120 and 1485, and the number of OTUs in the upper
part of the pipe wall was more than that in other areas. On the
other hand, less than 16 % ofthe OTUs were found in different
areas of the pipe wall in all pipes. This small fraction of com-
mon taxa, including Pseudomonas, Sphingomonas,
Flavobacterium, Escherichia coli, Hyphomicrobium,
Janibacter, and Nocardioides, constituted the core
microbiome for this DWDS.

Possible pathogens in biofilms

The high-quality sequences from pyrosequencing were com-
pared against the pathogen database for possible pathogen
determination, and the results are shown in Table 2. The se-
quences assigned to E. coli, Staphylococcus epidermidis,
Streptococcus pneumoniae, Brucella melitensis,
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Fig. 5 Heat map showing the
percentages of the 30 most
abundant species at the genus
level in biofilms from different
sites along the pipe wall. The data
(percentages of each species)
were adjusted by log
transformation and median
centralization and normalization,
and the value presented in the
color bar was positively
correlated with the real value of
the species abundance
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Pseudomonas aeruginosa, Mycobacterium ulcerans,
Salmonella enterica, Staphylococcus aureus, and
Acinetobacter calcoaceticus were detected in biofilms. The
detection rate of E. coli was 100 % among all samples, and
the detection rates of S. epidermidis, S. pneumoniae, and
B. melitensis also reached more than 44 %. Escherichia coli
were also the most abundant with an average abundance of
1.39 % among all samples, and the highest abundance
(7.60 %) was found in the middle of L1-DCIP. Comparing
the distribution of possible pathogens in different areas, the
results showed that the detection rate of possible pathogens in
the upper and middle parts of the pipe wall was higher than
that in the lower part, and the average abundance of possible
pathogens was the highest in the middle of the pipe wall.

Discussion

Radial-spatial distribution of biofilm accumulation
along the pipe wall

In this study, the densities of the biofilm from three iron pipes
ranged from 40 to 50 mg/cm? and the contents of TS and VS
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Fig. 6 CCA ordination plots for the first dimensions showing the
relationship between the biofilm bacterial community structure and
physicochemical properties and diversity index
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Table 2 Possible pathogens in

biofilms determined by sequences ~ Sample ID L1-DCIP L2-GCIP L3-GCIP
from pyrosequencing
Upper Middle Lower Upper Middle Lower Upper Middle Lower

Escherichia coli  + 7.6 % + + + + ++ ++ +
Staphylococcus  + + - + - + + + +

epidermidis
Streptococcus + + - - - + + ++ +

pneumoniae
Brucella - + - — + - + + —

melitensis
Pseudomonas - - - - - - + - +
aeruginosa
Mycobacterium — — - - + - - + - —
ulcerans
Salmonella - - - - - - + - —
enterica
Staphylococcus ~ — - - - - - + + —
aureus

Acinetobacter - - - - - - - - _

calcoaceticus

++ with relative abundance more than 1 %, + with relative abundance between 0 and 1 %, — no detection

in biofilms ranged from 12 to 39 mg/cm” and from 0.7 to
2.4 mg/em?, respectively, which were consistent with previous
research results of this DWDS (Ren et al. 2015), but more than
that reported in other DWDSs (Barbeau et al. 2005; Vreeburg
et al. 2008; Liu et al. 2014), as a result of the influence of a
variety of factors such as particle load (Liu et al. 2013a, b),
hydraulic condition (Douterelo et al. 2013), and pipe material
and pipe age (Zhu et al. 2014). Liu et al. found that the particle
size in biofilms increased gradually from the top to the bottom
of the pipe wall, as the particles with large size were strongly
under the influence of gravity and deposited to the bottom
(Liu et al. 2015a). As expected, the densities of biofilms and
the content of TS and VS increased gradually from the top to
the bottom of the pipe wall in this study. Various dissolved
substances and particles do enter DWDS within the bulk flow,
and these substances and particles can accumulate, forming
biofilms attached to the internal surfaces of pipes (Vreeburg
and Boxall 2007). In general cases, colloids and suspended
microorganisms at the nanoscale are subject to random wan-
dering of Brownian motion, while the particles with high den-
sity and size keep moving downward until they land on the
lower part of the pipe wall under the effect of gravity (Young
and Leeming 1997). Moreover, the contents of Fe and Mn in
biofilms located in the lower part of the pipe wall were the
highest among the pipe wall. The results of Pearson test
showed that the contents of Fe and Mn were significantly
correlated with the contents of VS, representing the biomass
of biofilms. Microorganisms had important contribution for
iron pipe corrosion (Farkas et al. 2013). It was reported that
a serious corrosion was detected in the iron pipes with high
quantity and strong activity of microorganisms (Yang et al.
2014). In addition, the densities of biofilms in the lower part
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of the pipe wall were the highest and the particles might carry
Fe and Mn, resulting in more contents of Fe and Mn in this
area (Yang et al. 2014). In turn, the increased contents of Fe
and Mn had an effect in bacterial abundance and composition
in biofilms (Liu et al. 2015a).

Radial-spatial distribution of bacterial community

Biofilms is the main place for the growth of microorganisms
in DWDSs (Liu et al. 2013b; Proctor and Hammes 2015). In
addition to bacteria, archaea were also detected in biofilms by
pyrosequencing, which was due to gene homology between
bacteria and archaea and the specificity of the amplification
primers used in this study (GM et al. 2005). The same primers
were used to amplify the rRNA 16S gene in the previous
study, and a small number of sequences assigned to archaea
were detected (Ren et al. 2015). The total bacterial 16S rRNA
gene abundance in biofilms from pipes ranged from 10° to 10
gene copies per square centimeter, and the number of
culturable heterotrophic bacteria ranged from 10° to
10" CFU/ecm?. Both qPCR and HPC values are consistent with
that previously reported (Liu et al. 2013b). There was a dif-
ference in the number of bacteria in the biofilms from different
pipes, which was influenced by the sampling location, pipe
age, and water quality (van der Kooij and van der Wielen
2014).

In the DWDSs, the microorganisms had continuous inter-
action among different phases (Proctor and Hammes 2015).
Up to now, the study about the radial-spatial distribution of the
bacterial community in biofilms was little reported. The sed-
iment located in the pipe wall was divided into loose deposits
(the surface layer of sediment) and biofilms (the deep layer of
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sediments) by Liu et al., and the bacteria from four critical
phases, including bulk water, pipe wall biofilm, suspended
solids, and loose deposits, were quantified and identified by
adenosine triphosphate analysis and pyrosequencing, respec-
tively, in an unchlorinated DWDS (Liu et al. 2014). It was
reported that bacteria associated with biofilms and loose de-
posits accounted for over 98 % of the total bacteria in the
DWDS, which proved the importance of biofilms located in
the pipe wall. In this study, the biofilms in the pipe wall were
particularly divided into the upper, middle, and lower parts of
the pipe wall according to the rule of particle sedimentation.
The biofilms in the three pipes harbored a larger number of
OTUs, showing greater bacterial richness. Surprisingly, the
bacterial community in different areas of the pipe wall had
low similarity and the core OTUs in biofilms only accounted
for less than 16 % of the whole OTUs. That is to say, the
different genera in biofilms were inhabited in different niches.
Moreover, a significant difference (p < 0.01) of bacterial quan-
tity and composition of the bacterial community in different
areas of the pipe wall was found in this study, suggesting that
different phases might be present in biofilms along the pipe
wall, which were suitable for unique microorganism growth.

Despite that the relative amount of bacteria in biofilms
differed in different pipes, which was related to the sampling
location (Liu et al. 2014), the number of bacteria in the upper
and lower parts of the pipe wall was significantly higher than
that in the middle of the pipe wall, together accounting for
more than 80 % of the biomass in the whole pipe wall. In
biofilms located in the upper part of the pipe wall, the bacterial
community was dominated by Pseudomonas,
Flavobacterium, and Acinetobacter, which were often detect-
ed in DWDSs to form biofilms (Lin et al. 2013; Ren et al.
2015). In biofilms in the lower part of the pipe wall, the bac-
terial community was dominated by Cellvibrio,
Comamonadaceae, or Rhodocyclaceae, which were com-
monly detected in the soil environment (GM et al. 2005),
and these microorganisms might be carried by particles from
the drinking water plant (El-Chakhtoura et al. 2015).
Compared with the upper and lower parts of the pipe wall,
the bacterial community in the middle was distributed evenly
with the highest bacterial community diversity. More than 20
genera with relative abundance of more than 1 %, including
Pseudomonas, Sphingomonas, and Hyphomicrobium, were
detected in biofilms in the middle of the pipe wall.

For the same pipe section, the water quality, temperature,
and pipe materials are all consistent. Therefore, gravity, water
flow, and particle deposition are the main reasons for the bac-
terial community distribution along the pipe wall. As expect-
ed, the biofilms in the lower part of the pipe wall had more
biomass, as particles carrying microorganisms accumulated in
the area were the most abundant under the condition of gravity
(Liu et al. 2014). Surprisingly, the biomass of biofilms in the
upper part of the pipe wall was as much as that in the lower

part, while the biomass of biofilms in the middle part of the
pipe wall was the least among different areas. It might be that
the biofilms attached to the upper part of the pipe wall had to
have enough biomass to have good adhesion property,
preventing themselves from being washed off and from falling
off into the water body (Gomes 2013). Compared with the
upper and lower parts of the pipe wall, the biofilms in the
middle had the least biomass but with the highest level of
diversity, because the particles accumulating in this area were
easily moved up and down under the condition of flow fluc-
tuation and had frequent interaction with suspended particles
in bulk water (Young and Leeming 1997).

Radial-spatial distribution of possible pathogens
in biofilms

Unluckily, the sequences assigned to E. coli, S. epidermidis,
S. pneumoniae, B. melitensis, P. aeruginosa, M. ulcerans,
S. enterica, S. aureus, and A. calcoaceticus were detected in
biofilms. As we know, biofilms are always present in DWDSs.
During the process of drinking water from water plant to the
top, biofilms in the pipe wall would fall off into bulk water due
to certain reasons, including the natural biofilm growth suc-
cession and hydraulic fluctuation of water flow (Proctor and
Hammes 2015). Seriously, possible pathogens in the biofilms
would fall off and be exposed into water with biofilm detach-
ment and then threaten human health (Buse et al. 2012).
Escherichia coli, commonly used to evaluate the microbial
safety of drinking water, were detected in all samples with the
highest abundance in this study (Table 2). Compared with the
upper and lower parts of the pipe wall, the abundance of pos-
sible pathogens was the highest in the middle of the pipe wall.
In this study, the percentage of E. coli was highest in the
biofilm in the middle of L1-DCIP, accounting for 7.60 % of
the total bacteria. Considering the frequent interaction be-
tween biofilms in the middle of the pipe wall and the bulk
body, the biofilms in this area played an important role in
drinking water safety, which needs to be paid more attention.
In this study, the radial-spatial distribution of the bacterial
community in biofilms along the pipe wall of large-diameter
pipes in the DWDS was investigated and three different mi-
crobial phases in biofilms along the pipe wall was found. The
biofilm density and the TS and VS contents increased gradu-
ally from the top to the bottom along the pipe wall. The bio-
mass was concentrated in the upper and lower parts of the pipe
wall, both areas accounting for more than 80 % of the total
bacteria in the pipe wall. Compared with that in the upper and
lower parts of the pipe wall, the structure of the bacterial
community in the middle was distributed evenly, and the bac-
terial community diversity level was the highest. A variety of
possible pathogens were detected in biofilms. Compared with
that in the upper and lower parts of the pipe wall, the possible
pathogen abundance was the highest in the middle. The results
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of'this study suggest that the biofilms in the middle of the pipe
wall had a highly potential risk for drinking water safety,
which provides new ideas for the study of the microbial ecol-
ogy in DWDS. However, in this study, only one pipe of each
sampling site was collected, and a more comprehensive study
on the radial-spatial distribution of the bacterial community in
biofilms in DWDSs should be performed.
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