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The bacterial composition of biofilms in drinking water distribution systems is significantly impacted by
the disinfection regime and substrate material. However, studies that have addressed the changes in the
biofilm community during the early stage of formation (less than 10 weeks) were not yet adequate. Here,
we explore the effects of the substrate materials (cast iron, stainless steel, copper, polyvinyl chloride, and
high density polyethylene) and different disinfectants (chlorine and chloramine) on the community
composition and function of young biofilm by using 16S rDNA sequencing. The results showed that
Alphaproteobacteria (39.14%—80.87%) and Actinobacteria (5.90%—40.03%) were the dominant classes in
chlorine-disinfection samples, while Alphaproteobacteria (17.46%—74.18%) and Betaproteobacteria (3.79%
—68.50%) became dominant in a chloraminated group. The infrequently discussed genus Phreatobacter
became predominant in the chlorinated samples, but it was inhibited by chloramine and copper ions. The
key driver of the community composition was indicated as different disinfectants according to principle
coordination analysis (PCoA) and Permutational multivariate analysis of variance (Adonis test), and the
bacterial community changed significantly over time. Communities of biofilms grown on cast iron
showed a great distance from the other materials according to Bray-Curtis dissimilarity, and they had a
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unique dominant genus, Dechloromonas. A metagenomics prediction based on 16S rDNA was used to
detect the functional pathways of antibiotic biosynthesis and beta-lactam resistance, and it revealed that

several pathways were significantly different in terms of their chlorinated and chloraminated groups.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The drinking water distribution system (DWDS) represent an
important part of the drinking water industry. Due to the vast inner
surface that contacts the bulk water in the system, the DWDS
supports the growth of microorganisms and the formation of bio-
films. It has been revealed that the protection provided by the
extracellular polymer (EPS) in the biofilm matrix could play a
critical role in the chlorine resistance of bacteria in DWDSs. In
addition, DWDS biofilms may serve as a reservoir for the accumu-
lation of opportunistic pathogens, such as Legionella pneumophila,
nontuberculous mycobacteria (NTM) (Proctor et al., 2018), etc.,
which threaten immunocompromised populations.

The pipe material and disinfection strategy are two factors that
have profoundly impacted the bacterial community structures in
DWDSs (Jang et al., 2011; Zhu et al., 2014; Aggarwal et al., 2018).
Because of the different degrees of surface roughness and the
chemical activities of corrosion, the structure and formation of
biofilms can vary dramatically from metal to plastic materials, but
there is still controversy as to whether substrate materials have
significant effects on the bacterial communities of the biofilm
(Wang et al., 2014a; Aggarwal et al., 2018). In order to maintain a
certain level of residual disinfectant in DWDSs and control micro-
organisms, chlorine (Cl;) and chloramine (NH,Cl) are widely used
in drinking water disinfection (Jiang et al., 2017; Han and Zhang,
2018). Therefore, different disinfectants (chlorine/chloramine)
could also profoundly affect the bacterial composition because
compared to chlorine, chloramine has higher permeability to bio-
films and lower lethality to microorganisms (Lee et al., 2011; Dodd,
2012). Moreover, the different corrosion characteristics and reac-
tion products of chlorine/chloramine will affect the bacterial
community indirectly as well. Nitrate-dependent Fe(Il) oxidation
reportedly proceeded greater with chloramines than with chlorine,
which could favour the formation of denser corrosion scales on
metal pipes (Li et al., 2015). Moreover, when chlorine was
substituted with chloramines, a significant decrease in corrosion-
related bacteria was observed (Wang et al., 2012b).

To date, studies have widely demonstrated the effect of the pipe
material and disinfectant on mature biofilm from conducting bio-
film reactors (Yu et al., 2010; Jang et al., 2011; Aggarwal et al., 2018)
or sampling in real DWDSs (Henne et al., 2012; Lin et al., 2013).
Relatively speaking, community composition analyses of young
biofilm (less than 10 weeks old) have rarely been documented.
Some studies have indicated that large variations in the biofilm
structure and composition occur at the early stage of formation
(Shen et al., 2016). For example, Revetta et al. (2013) analysed the
net relatedness index (NRI) for biofilm communities, and they
revealed a pattern of rapid increases in clustering in the community
from the first to the second and third months, followed by a gradual
decrease thereafter. Because the construction of high-quality
drinking water facilities is being vigorously promoted in devel-
oping countries, there is important practical significance to inves-
tigating the community composition of the biofilm in its initial
stage due to the replacement of municipal pipelines in DWDSs.

To fill this knowledge gap, we studied two continuously oper-
ated biofilm annular reactors to simulate the DWDSs and

investigate the effects of five commonly used substrate materials,
namely cast iron (CI), copper (COP), stainless steel (STS), polyvinyl
chloride (PVC), high density polyethylene (HDPE), and different
disinfectants (chlorine/chloramine) on the young biofilm (2 weeks
and 8 weeks) community composition and function. The microbial
community was determined by Illumina MiSeq high-throughput
sequencing, and a functional prediction of the community was
subsequently conducted. The results could promote a better un-
derstanding of the microbial community in young biofilm in
DWDSs and help to ensure the biosafety of drinking water.

2. Materials and methods
2.1. Biofilm annular reactor operation

Two biofilm annular reactors (Bio Surface Technologies Co.,
USA) were operated continuously to simulate a practical drinking
water distribution system. The rotating speed of the reactor was
maintained at 50 rpm, i.e., 0.25N/m?, and this shear stress was
equivalent to a flow of approximately 0.3 m/s in a 100-mm-diam-
eter smooth pipe (Gomes et al., 2014). Twenty coupons containing
five different materials, including CI, COP, STS, PVC, and HDPE, were
installed in the two reactors. The water volume of the reactor was
1L, and the surface area of the coupons was 17.51 cm?
(H x W=14.986 cm x 1.168 cm).

The reactors were fed by tap water in our laboratory, and the
water quality was summarized in Table S1. The chlorine was pre-
pared by diluting sodium hypochlorite solution (active chlo-
rine > 5%, Sinopharm Chemical Reagent Co., Ltd, China) with
ultrapure water (Milli-Q, USA) to a final residual chlorine concen-
tration of 8.00 mg/L. The chloramine was prepared by mixing
ammonium sulfate and sodium hypochlorite according to the mass
ratio Cl:N = 4:1 and then diluted to 10.00 mg/L. The tap water and
disinfectant were supplied by a peristaltic pump at flow rates of
9 mL/min and 1 mL/min, respectively. Therefore, the initial residual
concentration at the inlet of the annular reactors was maintained at
0.80 mg/L for the chlorinated system and 1.00 mg/L for the chlor-
aminated system. The concentrations of the chlorine and chlora-
mine were determined to be an average of 0.80mg/L when
measured continuously for 45 days and an average of 1.00 mg/L
when measured once a month for a year, respectively, at the outlets
of two drinking water treatment plants in eastern China. The re-
actors were running under this condition for eight weeks. Similar
bioreactor operation was reported previously by Aggarwal et al.
(2018).

2.2. Sampling and DNA extraction

The biofilm samples of each material were collected during the
second and eighth weeks by swabbing the coupon surfaces
completely with sterile cotton, and then the swabs were placed in
sterile glass bottles filled with 100 mL of phosphate buffer each. The
collected biofilm samples underwent 20 min of sonication (SB-
800D, Ningbo Scientz Biotechnology Co., LTD, China) in ice water to
detach the biofilm from the cotton before DNA extraction. After
pre-treatment, 50 mL of each biofilm mixture acquired from the
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same sample was subsequently filtered through one polycarbonate
membrane (0.22 pm, Millipore, USA) by vacuum pump, while the
residual biofilm mixture was used for water quality analysis. The
total DNA was extracted immediately using a PowerWater® DNA
Isolation Kit (MOBIO, USA) according to the manufacturer’s
protocol.

2.3. Water quality analysis

The pH (PE20, METTLER, Switzerland), turbidity (2100Q, HACH,
USA), residual chlorine (PC II, HACH, USA), and dissolved organic
carbon (DOC, TOC4100, Shimadzu, Japan) were measured during
this study. In addition, the assimilable organic carbon (AOC) was
detected using the method introduced in our previous study
(Zhang et al., 2016). Regarding the heterotrophic plate count (HPC),
the samples were appropriately diluted and then plated onto R2A
agar (QingDao Hope Bio-technology CO., LTD, China), and the
numbers of colonies were determined after 48 h of incubation at
37°C. The intact cell counts (ICC) were determined by flow
cytometry (Prest et al., 2013). Both SYBR green and propidium io-
dide were added (Life Technologies Ltd., USA) for ICC detection. All
the parameters were detected in triplicate.

2.4. High-throughput 16S rRNA gene sequencing

The V4—V5 region of 16S ribosomal RNA genes were amplified
by PCR (95 °C for 2 min, followed by 25 cycles at 95 °C for 30 s, 55 °C
for 30s, and 72 °C for 30 s with a final extension at 72 °C for 5 min)
using the primers 515F 5’-barcode-GTGCCAGCMGCCGCGG-3’ and
907R 5'-CCGTCAATTCMTTTRAGTTT-3’ (Zhang et al., 2019b), in
which the barcode is an eight-base sequence unique to each sam-
ple. The PCRs were performed in triplicates of 20 uL mixtures
containing 4 pL of 5 x FastPfu Buffer, 2 pL of 2.5 mM dNTPs, 0.8 pL of
each primer (5uM), 0.4 uL of FastPfu Polymerase, and 10 ng of
template DNA. The amplicons were extracted from 2% agarose gels
and purified using an AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, U.S.) according to the manufacturer’s
instructions and then quantified using QuantiFluor™-ST (Promega,
U.S.). The purified amplicons were pooled in equimolar concen-
trations and paired-end sequenced (2 x 250) on an Illumina MiSeq
platform according to the standard protocols.

2.5. Data analysis and functional prediction

The raw FASTQ files were demultiplexed and quality-filtered
using QIIME (version 1.9.1). The 300 bp reads were truncated at
any site with an average quality score <20 over a 50 bp sliding
window, and truncated reads that were shorter than 50 bp were
discarded. During exact barcode matching, 2-nucleotide mis-
matches in primer matching or reads containing ambiguous char-
acters were removed. Only sequences with overlaps longer than 10
bp were assembled according to their 197 bp overlap sequence.
Reads that could not be assembled were discarded. Operational
Units (OTUs) were clustered with a 97% similarity cutoff using
UPARSE (version 7.1), and chimeric sequences were identified and
removed using UCHIME. The taxonomy of each 16S rRNA gene
sequence was analysed by RDP Classifier (http://rdp.cme.msu.edu/)
against the SILVA (SSU 123) 16S rRNA database using a confidence
threshold of 70%. The representative sequences of pathogen-like
OTUs were compared with the NCBI Bacteria and Archaea data-
base by BLASTN tool (Wang et al., 2014a).

Bray-Curtis dissimilarities are based on individual OTUs, and
they were computed for the principal coordinates analyses (PCoA)
and hierarchical clustering using “vegan” and “ape” R packages and
plotted by the “ggplot2” package. Random Forest-supervised

learning models (mtry =20 and ntree = 800) were used to iden-
tify the important genera by calculating the mean decrease accu-
racy and Gini index in the “randomForest” R package (Abia et al.,
2019). Permutational multivariate analysis of variance (Adonis
test) (999 permutations) were conducted using the adonis2 func-
tion in the “vegan” R package to analyse the significance of the
community differences. Paired-sample Student’s t-tests were con-
ducted using SPSS to test the properties with significant differences
among the groups. The functional gene prediction of the biofilm
bacterial community was assessed using PICRUSt (version 0.9.1) on
Galaxy (Langille et al., 2013).

3. Results and dissuasion

3.1. Physicochemical and biomass properties of the biofilm mixture
and water

The Cu?* concentration, organic properties in terms of DOC and
AOC, and biomass properties in terms of the HPC and ICC of the
biofilm mixture were tested in this study. In addition, the water
quality of the inlet and outlet water from the chlorinated and
chloraminated reactors was monitored for free chlorine/total
chlorine, turbidity and DOC (Table S1).

Regarding the organic carbon properties in the biofilm mixture,
the DOC was observed to be higher in biofilms grown on plastic
materials than others grown in the chlorinated group, but there
was no similar phenomenon in the chloraminated ones. The AOC/
DOC, which characterizes the proportion of carbon that can be
assimilated by bacteria to total organic carbon, was highest in the
biofilm on cast iron among all the samples. However, the AOC/DOC
showed no obvious regularities in the other materials (Table 1 and
Table 2). The HPC and ICC were tested to characterize the cultivable
heterotrophic bacteria and bacteria with intact membranes in the
biofilm, respectively. The results revealed that both properties were
dramatically higher in the cast iron coupons than they were for the
other biofilms, which indicated that the biofilm grown on cast iron
had the highest biomass among the five materials. In addition,
relatively low HPC and ICC values and a high concentration of
copper ions were observed in the biofilms on copper coupons
(Tables 1 and 2). The HPC/ICC was calculated to reflect the pro-
portion of cultivable heterotrophic bacteria among the total bac-
teria to some extent. The results showed that the ratio varied from
1.38% to 5.61%, and it was higher in the chlorinated group than in
the chloraminated group (except for the 8-week copper biofilm)
(Tables 1 and 2).

According to the results, the highest and lowest levels of
biomass were found in cast iron and copper-grown biofilms for
both growth times and for both chlorine/chloramine, respectively.
Previous studies have shown that bacteria could easily accumulate
in iron pipes (Jang et al., 2011; Ren et al., 2015). The CI coupon had
higher surface roughness than the other coupon materials in our
study, which was one prominent advantage for bacterial coloni-
zation. In addition, due to the relatively higher chemical reactivity
of Fe, iron reacted easily with chlorine/chloramine, resulting in the
corrosion of these pipes. Corrosive holes could provide ideal habi-
tants for protecting bacteria from adverse environments, such as
residual chlorine, etc. The high concentration of AOC and the high
ratio of AOC/DOC also represented a necessary factor for the high
biomass on the cast iron material. By contrast, the smooth surface
and the stable chemical properties of copper and stainless steel
caused a lower biofilm biomass. These results indicated that the
Cu®* was released from the copper material and accumulated in the
biofilm, and it was toxic to the microorganisms, leading to a lower
bacterial quantity.

Regarding the plastic materials, studies have demonstrated that
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Table 1
Water quantities of biofilm mixture acquired from chlorinated samples.

Sample ID DOC (mg/L) AOC (mg/L) AOC/DOC HPC (CFU/cm?) ICC (cells/cm?) HPC/ICC Cu (pg/L)

Two weeks PVC 2.31+0.15 0.69 + 0.02 29.87% 6.41+0.28 x 10* 1.14+0.00 x 10° 5.61% 14.95
HDPE 2.39+0.08 0.76 +0.06 31.80% 8.56 +0.26 x 10* 1.53+0.14 x 108 5.59% 15.39
CI 2.39+0.08 0.94+0.10 43.12% 2.77 +0.29 x 10° 6.52+0.16 x 10° 4.25% 43.19
cop 2.18 +0.20 0.74+0.03 40.66% 1.86+0.19 x 10* 4.99+0.05 x 10° 3.72% 64.49
STS 1.95+0.16 0.32+0.08 16.41% 3.54+0.16 x 10* 1.08 +0.01 x 108 3.30% 18.08

Eight weeks PVC 2.50+0.10 1.16 £0.11 46.42% 5.95+0.22 x 10* 1.55+0.01 x 10° 3.84% 21.05
HDPE 2.38+0.24 0.79 +0.03 33.07% 6.77 +0.21 x 10* 1.73 +£0.01 x 106 3.90% 12.25
Cl 1.58 +0.24 0.90 +0.02 56.96% 1.22 +£0.07 x 10° 2.91+0.01 x 10° 4.18% 21.08
cop 1.68 +0.17 0.49 +0.02 29.87% 1.35+0.15 x 10% 9.76 +0.09 x 10° 1.38% 28.53
STS 1.18+0.38 0.47 +0.02 40.03% 6.4+0.26 x 10% 1.73 £0.04 x 106 3.70% 24.15

Table 2
Water quantities of biofilm mixture acquired from chloraminated samples.

Sample ID DOC (mg/L) AOC (mg/L) AOC/DOC HPC (CFU/cm?) ICC (cells/cm?) HPC/ICC Cu (png/L)

Two weeks PVC 1.31+0.14 0.37 +0.02 28.04% 2.85+0.20 x 10* 1.34+0.02 x 10° 2.14% 9.44
HDPE 2.23+0.11 0.49 +0.03 21.78% 2.08+0.28 x 10* 1.00+0.01 x 10° 2.08% 17.57
Cl 2.70+0.15 0.97 +0.09 35.88% 2.06 +0.19 x 10° 7.20+0.02 x 108 2.87% 29.94
cor 2.64+0.11 0.41+0.03 15.43% 1.76 £0.19 x 10* 1.32+0.00 x 10° 1.33% 73.79
STS 1.40 + 0.08 0.47 +0.07 33.81% 2.51+0.19 x 10* 1.04+0.01 x 10° 2.42% 3.85

Eight weeks pPVC 1.71£0.08 0.44 +0.09 25.83% 243+0.11 x 10* 1.84+0.01 x 108 1.32% 12.11
HDPE 232+0.16 0.57 +0.04 24.53% 3.33+0.14 x 10* 2.56 +0.00 x 10° 1.30% 12.16
I 2.78+0.34 0.76 +0.1 27.27% 1.81+0.07 x 10° 7.34+0.01 x 10° 2.44% 9.20
cop 220+0.13 0.48 +0.07 21.65% 2.31+0.14 x 10* 1.56 +0.00 x 10° 1.48% 25.08
STS 2.16+0.27 0.44 +0.04 20.42% 2.54+0.25 x 10* 1.13 +£0.04 x 108 2.25% 3.88

the unexpected migration of organic compounds always occurred
in the presence of an oxidant (Adams et al., 2011). This migration
caused a higher concentration of organic carbon in biofilm grown
on PVC and HDPE, which may facilitate the bacterial growth to
some extent. Moreover, the ratio of HPC and ICC was found to be
lower in the chloraminated samples compared to the chlorinated
samples. The accumulation and domination of the nitrifying bac-
teria (a type of autotrophic bacteria) Nitrosomonas spp. and Nitro-
spira spp. due to the presence of chloramine may explain this
phenomenon to some extent.

3.2. Bacterial community diversity and richness

The species richness estimators by Chao and Ace and the species
diversity indexes by Shannon and Simpson were adapted to analyse
the biodiversity in this study.

Regarding the chlorinated samples, the Chao and Ace indexes
clearly showed that the community richness of two-week-old
biofilms was higher than that of eight-week-old biofilms for each
material. However, a higher Shannon index of 8-week biofilms
(except for STS) compared to 2-week biofilms indicated that the
community evenness of the 8-week biofilms was higher (Table S2).
A similar result was also obtained by calculating the Shannoneven
index (Table S4). The Shannon index also revealed that the com-
munity diversity of the biofilm collected from plastic materials
(HDPE and PVC) was the lowest in both the 2-week and 8-week
groups. Additionally, the diversity and richness were much higher
in the two-week STS biofilm (Table S2).

Compared to chlorine disinfection, the OTU number and the
Chao and Ace indexes clearly showed that the community richness
of the chloraminated samples was lower, except for the 8-week STS
and HDPE biofilms. However, the Simpson and Shannon results
revealed that the community diversity was higher in the chlor-
aminated system, unlike the 2-week STS (Table S3), which indi-
cated that there were fewer species of bacteria growing on the
biofilm in the chloraminated system, but they could proliferate
more evenly, which was also confirmed by the Shannoneven index

(Table S4). The Shannon index also showed an increase in the
community diversity over time (except for PVC). The highest
community diversity was found in the PVC and CI biofilms in the 2-
week and 8-week groups, respectively (Table S3).

3.3. Biofilm bacterial community composition

3.3.1. Dominant classes and genera

The dominant class and genus in each biofilm sample from the
chlorine and chloramine disinfection groups were demonstrated by
bar plot in Fig. 1 and Fig. S1. At the class level, Alphaproteobacteria
(39.14%—80.87%) and Actinobacteria (5.90%—40.03%) were domi-
nant in all the chlorine-disinfection samples, and Betaproteobac-
teria was found to be relatively high only in the biofilm from CI
material (21.59% and 26.46% in 2-week and 8-week samples,
respectively) compared to the others. Regarding the chloraminated
samples, Alphaproteobacteria (17.46%—74.18%) and Betaproteobac-
teria (3.79%—68.50%) were the two dominant classes.

At the genus level, Sphingomonas (17.75%—53.76%) and Myco-
bacterium (5.08%—39.12%) were dominant in all the chlorine-
disinfection samples, while Phreatobacter (7.29%—43.00%) was
another dominant component. However, an interesting phenome-
non was that COP material has an inhibiting effect on this genus
(Fig. S1). In the chloraminated group, Sphingomonas (1.11%—30.74%)
was also dominant but showed a relatively lower abundance
compared to the chlorinated samples. Additionally, Bradyrhizobium,
Methylobacterium, Nitrospira, etc. became abundant in the chlor-
aminated system (Fig. S1). In addition, the abundance of Dechlor-
omonas was indicated to be relatively high in all the CI samples,
regardless of the disinfection strategy.

Random forest classification is a widely-used machine learning
algorithm, which can be applied in the study of microbiology to
identify important variables between experimental groups (Abia
et al., 2019). In the current study, the top 40 dominant genera in
all the samples were selected to train the random forest model. The
mean decrease in accuracy and Gini value were two reliable and
relevant predictors for performing classifications, which were used
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Fig. 1. Bacterial community profiles of biofilm samples at the class level. (Sample designation: “2” refers to “two-week”,

fection”, and “m” refers to “chloramine disinfection”).

to identify the most essential genera between the chlorinated and
chloraminated groups. Higher values in both the decrease of ac-
curacy and of the Gini value represent the higher importance of a
genus (Fig. 2).

The use of different disinfection strategies was considered to be
a crucial factor that shaped the DWDS microbiome profoundly,
whether in biofilm or bulk water samples (Gomez-Alvarez et al.,
2012; Hwang et al., 2012; Wang et al., 2012a; Zhang et al., 2019a).
Chlorine/chloramine could impact the biofilm microorganisms
differently because chloramine could penetrate the biofilm more
strongly, while chlorine could better inactivate the microorganisms

chloramine-disinfection

“8" refers to “eight-week”, “c” refers to “chlorine disin-

near the biofilm surface with a stronger oxidant reactivity (Lee
et al., 2011; Dodd, 2012). Apart from these reasons, the chemical
components of disinfectants may be involved in the metabolisms of
some bacteria, and the corrosion of the pipe wall would also affect
the microbiome. At the class level, Wang et al. (2014a) reported that
Alphaproteobacteria, Betaproteobacteria and Bacteroidetes were
dominant in both chlorinated and chloraminated simulated dis-
tribution systems (SDSs), while the chloraminated system
possessed a higher abundance of Alphaproteobacteria, which was
consistent with our study to some extent. The infrequently docu-
mented genus Phreatobacter was predominant in the chlorinated

(2) (b)
Phreatobacter o| |Phreatobacter .
Bacillus . Bacillus .
Rhodobacter . Phenylobacterium .
Phenylobacterium . Rhodobacter .
Bradyrhizobium . Bradyrhizobium .
Porphyrobacter . Porphyrobacter .
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Nitrosomonas . Norank f Thiotrichaceae .
Bryobacter . Bryobacter .
Nitrospira . Nitrospira .
4567 8 9 00 04 08 12
Key Genera Mean Decrease Accuracy Key Genera . Mean.Decreas.e Gini.

Fig. 2. Two indexes, namely, the (a) mean decrease in accuracy and (b) mean decrease in Gini, were calculated with a trained “random forest” model, which revealed the essential

genera that triggered the difference between the chlorinated and chloraminated groups.
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samples. However, a recent article reported its dominance in
drinking water in the DWDSs of Paris (Perrin et al., 2019), and it
tended to be more abundant in water with low chlorine concen-
trations (Stanish et al., 2016). Our study implied that the abundance
of Phreatobacter in the planktonic microbial population could result
from biofilm, and it can be sensitive to chloramine disinfection and
the accumulation of Cu®*. As reported before, Dechloromonas spp.
exhibited stronger corrosion inhibition by inducing the redox
cycling of iron to enhance the precipitation of iron oxides and the
formation of Fe30y4, and it became dominant (40.08%) after 20 days
of growth on cast iron (Wang et al.,, 2014b). The dominance of
Dechloromonas spp. in this study could be a sign of the formation of
a combat corrosion layer on the cast iron.

3.3.2. Potential pathogens

In order to obtain the information about the profiles of patho-
genic colonization in the biofilm samples, a total of 23 OTUs in all
the samples annotated as Mycobacterium spp., Legionella spp.,
S. paucimobilis, S. aureus and P. aeruginosa were selected and sub-
jected to a BLAST search against the NCBI Bacteria and Archaea
database (Table S5). Mycobacterium was observed to be a dominant
genus in the chlorinated biofilms, and there was an obvious dif-
ference in the relative abundance between the chlorinated and
chloraminated groups (p < 0.001, paired-sample t-test). There were
five OTUs that were classified as Mycobacterium spp., and the best
BLAST hit of the representative sequences revealed the closest
matches were with M. mucogenicum, M. gadium, M, paragordonae,
M. shigaense and M. kyorinense. OTU49 showed relatively high
similarity with M. intracellulare strain ATCC 13950 and M. avium
strain ATCC 25291 (score =789, ident=98.87%, and 100% query
cover), which belonged to nontuberculous mycobacteria (NTM).
Sixteen OTUs were identified as Legionella spp., among which
0OTU424 was closely related to L. pneumophila (score =754,
ident = 97%, 100% query cover). OTU1017 and OTU1019 showed the
highest similarity to P. aeruginosa and S. paucimobilis, respectively.
Additionally, the representative sequence analysis revealed that
OTU1012 was highly similar to S. aureus (score = 804, ident = 99%,
100% query cover).

Opportunistic pathogens such as Mycobacterium spp., Legionella
spp., S. paucimobilis, P. aeruginosa and S. aureus in drinking water
are of great public health concern because they pose potential in-
fectious threats to immunocompromised populations. Mycobacte-
rium spp. is widely accepted to be a highly chlorine-resistant
bacterium. Unlike the current research result, Mycobacterium spp.
was previously reported to be dominant in biofilm and bulk water
treated with chloramine disinfection (Beumer et al., 2010; Revetta
et al.,, 2013). Revetta et al. (2013) conducted an 8-month biofilm
test in monochloramine-treated drinking water, and the results
showed that Mycobacterium-like phylotypes became the most
predominant populations (>27%) during subsequent months, but
not during the early stages of biofilm formation. This finding may
explain why the young biofilm in the chloraminated system dis-
played no Mycobacterium enrichment.

3.4. Key factors account for the difference in the bacterial
community composition

Hierarchical clustering and principal PCoA on the OTU level
were employed to test the key factors that drive the variation in the
community composition. These analyses clearly clustered all the
samples into two groups according to the chlorine/chloramine
disinfection (Fig. 3a and Fig. 4). Within each disinfectant group,
they also demonstrated a tendency in the samples to accumulate
according to the growth time of the biofilm (Fig. 3b and ¢, and
Fig. 4). Adonis/PERMANOVA tests were subsequently conducted

and the results revealed that the community compositions of the
four groups (chlorine/chloramine x 2-weeks/8-weeks) were
significantly different (R? = 0.57, p = 0.001). A pairwise comparison
supported the homogeneity of dispersion between the four groups
and between each of the two groups (Table S6), which supports the
results of the PCoA. A two-way Adonis test was conducted across all
the coupon materials to test the overall and marginal effects of the
disinfectant and growth time on the biofilm community composi-
tion, and it revealed that different disinfectants had more signifi-
cant effects on the positions of samples in the multivariate space
(Table S7). The results of a paired-sample t-test regarding the co-
ordination on PC1 and PC2 further confirmed the results of Adonis
test and the significant impact of the grouping factors (Tables S8
and S9).

Within each group, the PCoA and hierarchical analysis revealed
different clustering characteristics according to the coupon mate-
rials. In the chlorinated group, samples from STS, HDPE and PVC
showed a tendency to gather according to the growth time, and
samples from CI and COP were far away from them. Regarding the
chloraminated group, samples from CI were also clearly separated
from the STS, HDPE, PVC and COP clusters in their respective
growth time groups.

To date, changes in the microbiome during the early stages of
biofilm development have not been explored sufficiently and
thoroughly. The DWDS biofilms were suggested to reach a steady
state within one to three years (Martiny et al., 2003). Before this
period, the shift in the bacterial community of the biofilm could be
dramatic. In the current study, both the PCoA plot and the statistical
analysis indicated that the biofilm bacterial community shifted
significantly over time. In the chlorinated group, if COP and CI
biofilms were excluded, other chlorinated samples were separated
according to the growth time, as suggested by the community bar
plot and PCoA (Figs. 1 and 2 and Fig. S1). In addition, the results of
Beta-diversity also yield novel information compared to previous
study. Aggarwal et al. (2018) demonstrated the change in the bio-
film community over a relatively long time. The results showed that
the 15-month (set B) and 28-month biofilms (set C) were more
similar according to the composition of the bacteria compared to
the 13-month biofilms (set A). However, the significant heteroge-
neity of dispersion confounded the Adonis results, whereas the
equivalent dispersion between groups in this study confirmed the
validity of time factor as a key driver of bacterial community
composition.

It was previously shown that the roughness of the substrate
surface and the corrosion products would affect the bacterial
attachment. This finding was confirmed here in that the Bray-Curtis
distance of the CI biofilms was far from the others while the STS,
PVC and HDPE biofilms were clustered in each group (Fig. 3). In
addition, the Shannon index indicated that the biodiversity on the
CI material increased in the 8-week samples and became the
highest, which was consistent with previous studies (Lin et al.,
2013; Wang et al., 2014a; Zhu et al., 2014). The high roughness
and surface area were favourable for biofilm attachment and suit-
able for more microorganism species to survive and proliferate (Yu
et al., 2010), which was supported by the HPC and ICC results as
well.

3.5. Functional profiles of the biofilm bacterial community

The overall functional profiles of the bacterial communities in
the biofilm samples were obtained based on OTU information using
PICRUSt (online methods) (Fig. 5). The nearest sequenced taxon
index (NSTI) of the 20 samples were 0.07 + 0.02, which revealed the
accuracy of each prediction by calculating the sum of the phylo-
genetic distances for each organism in the OTU table to its nearest
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relative with a reference genome. A total of 329 KEGG pathways
were classified, and they belonged to seven level 1 categories
including cellular processes, environmental information process-
ing, genetic information processing, human diseases, metabolism,
organismal systems and unclassified, with involvement in meta-
bolic activities being the most recorded, followed by the pathways
relating to genetic and environmental information processing
(Fig. 5).

Six level 2 classes belonging to human diseases were identified,
including cancers, cardiovascular diseases, immune system

diseases, infectious diseases, metabolic diseases and neurodegen-
erative diseases, with infectious diseases being the most abundant
function. Fig. 6a shows the heat map of the top 10 abundant sub-
level functions pertaining to infectious diseases. A paired Stu-
dent’s t-test revealed that the pathways for pertussis (p < 0.05), the
Vibrio cholera pathogenic cycle (p<0.01), and tuberculosis
(p <0.05) were significantly more abundant in the chloraminated
samples than in the chlorinated samples. Inversely, pathways for
African trypanosomiasis (p < 0.01) and Chagas disease (American
trypanosomiasis) (p < 0.05) were verified to be more abundant in
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the chlorinated samples.

The abundance of antibiotic biosynthesis-associated pathways,
including those for vancomycin, tetracycline, butirosin and
neomycin, novobiocin, penicillin and cephalosporin, streptomycin,
and ansamycins and one antibiotic resistance-associated pathway,
for beta-lactam resistance, were demonstrated by heat map
(Fig. 6b). The pathways for tetracycline biosynthesis (p <0.01),

butirosin and neomycin biosynthesis (p<0.05), bovobiocin
biosynthesis (p < 0.01), and ansamycin biosynthesis (p < 0.01) were
significantly higher in the chloramine-treated biofilms. The peni-
cillin and cephalosporin biosynthesis (p <0.01) and the beta-
lactam resistance (p <0.01) were significantly higher in chlorine-
treated biofilms.

Metagenomic predictions based on 16S rRNA sequencing have
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been widely used for describing the microbial community function
in environmental research (Langille et al., 2013; Wang et al., 2018).
Here, this method was introduced to investigate the profile of the
biofilm bacterial function in drinking water to a comprehensive
extent. The NSTI results showed that the PICRUSt analysis was ac-
curate. According to Langille et al. (2013), the NSTI values of the
biofilm samples here were slighter higher than the human gut
samples but they outperformed soil samples, indicating that PIC-
RUSt is a promising technology for drinking water microbiome
analyses.

The functional prediction revealed that a considerable propor-
tion of the microbial community in the biofilm samples was linked
to human diseases (Fig. 5), and the infectious disease-related KEGG
pathway was the most frequently detected in this category, which
suggested that the DWDS biofilms could be an incubator of bacteria
causing infectious diseases. Waterborne infection-related gene
functions were detected, and, in particular, the abundant presence
of Staphylococcus aureus infection and tuberculosis pathways may
be attributed to the presence of S. aureus-like OTU1012 and the
dominant genus Mycobacterium. Although culture-independent
technology-16s rRNA sequencing cannot identify whether these
genes were possessed by viable species, the potential risk of in-
fectious diseases was still present due to gene communication
among bacteria, such as horizontal gene transfer (Salyers and
Shoemaker, 2006; Jutkina et al., 2016) or the uptake of free DNA
in the biofilm environment.

Antibiotic resistance genes (ARGs) in the pathway for beta-
lactam resistance were detected (Fig. 6b). The beta-lactam de-
rivatives include penicillins, cephalosporins, etc., which have
important antibacterial activities through the inhibition of bacterial
cell wall biosynthesis (Hosseyni and Jarrahpour, 2018). However,
due to the biosynthesis of beta-lactamase by antibiotic-resistant
bacteria (ARB), these antibiotics can be deactivated (Allen et al.,
2010). The presence of ARGs, including the beta-lactam resistance
gene, was previously found in DWDSs (Xu et al., 2016) and tap
water (Ma et al., 2017) by high throughput qPCR and metagenomics
sequencing, which were consistent with the 16S rDNA functional
prediction here. In particular, due to the high cell density and
matrix protection of DWDS biofilms (Balcazar et al., 2015), ARGs
could be enriched and transferred by gene communication, sub-
sequently leading to an increase of ARB in the drinking water from
biofilm detachment (Zhang et al., 2018). In a previous study by our
group, the presence of sulfamethoxazole-, clindamycin-, and
norfloxacin-resistant bacteria was investigated in DWDS biofilm
(Zhang et al., 2018), and the detection of beta-lactam resistance
here could be a supplemental piece of information.

In addition, several antibiotic biosynthesis-related pathways
were found, indicating that the DWDS biofilms may harbour
antibiotic-producing bacteria, which presents the potential to exert
selective pressure and thus contaminate drinking water as well as
induce the emergence and spread of bacterial resistance. Zhang
et al. (2019c) investigated the long-term impact of norfloxacin
and erythromycin in trace concentrations (1 pg/L) on an Anammox
biofilm, and they found that erythromycin induced the amplifica-
tion of the two ARGs ermB and mph. The academic community
believed that antibiotics and antibiotic resistance in tap water were
associated with antibiotic residues in the aquatic environment but
neglected the biosynthesis of colonized bacteria in DWDS biofilms.
The results of these functional profiles may provide a new direction
for future research on the interaction of antibiotic biosynthesis and
antibiotic resistance as well as investigations about the bio-safety
issues that may arise from antibiotic-producing bacteria in drink-
ing water biofilms.

4. Conclusion

The current study investigated the micro-ecology of young
biofilms in drinking water and the relevant factors that cause
changes in bacterial community composition. The type of disin-
fectant added was the most important factor triggered the switch of
bacterial composition while a significant difference of bacterial
community was also observed between 2-week and 8-week
groups. Cast iron may serve as an ideal substrate supporting high
biomass and bio-diversity, and the biofilms on it showed a signif-
icant difference of community composition from other materials
while samples from STS, HDPE and PVC showed a tendency to
gather within each group. The dominance of Dechloromonas spp.
indicated the occurrence of corrosion inhibition and the formation
of compact corrosion layer on cast iron. Metagenomics function
prediction revealed that infectious diseases functional profiles
were involved in S. aureus infections and tuberculosis, etc. Signa-
tures related to beta-Lactam resistance and in the synthesis of
potent antibiotics were also identified. This study suggests that
there could be a drastic variation of bacterial composition and the
occurrence of pathogenic colonization in biofilms during early
stage of formation. Further investigations by metagenomics are
required to evaluate the effect of biosynthesis of potent antibiotics
on the fate of antibiotic resistance in DWDS biofilms.
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