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g r a p h i c a l a b s t r a c t
� Opportunistic pathogens in the wa-
ter, biofilms, corrosion products, and
loose deposits of DWDS were quan-
tified respectively.

� UV/free chlorine controlled the
opportunistic pathogens in water
more efficiently than single chlorine.

� Opportunistic pathogens in the bio-
films, corrosion products and loose
deposits were tolerant to UV/free
chlorine.

� Potential microbial correlations exis-
ted between the target opportunistic
pathogens.

� Apparent shift of bacterial commu-
nity was captured in both ARs dis-
infected with UV/free chlorine and
chlorine.
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a b s t r a c t

Drinking water distribution systems (DWDS) may be a “Trojan Horse” for some waterborne diseases
caused by opportunistic pathogens (OPs). In this study, two simulated DWDS inoculated with ground-
water were treated with chlorine (Cl2) and ultraviolet/chlorine (UV/Cl2) respectively to compare their
effects on the OPs distributed in four different phases (bulk water, biofilms, corrosion products, and loose
deposits) of DWDS. 16S rRNA genes sequencing and qPCR were used to profile microbial community and
quantify target genes of OPs, respectively. Results showed that UV/Cl2 was more effective than single Cl2
to control the regrowth of OPs in the water with the same residual chlorine concentration. However, the
OPs inhabiting the biofilms, corrosion products, and loose deposits seemed to be tolerant to UV/Cl2 and
Cl2, demonstrating that OPs residing in these phases were resistant to the disinfection processes. Some
significant microbial correlations between OPs and Acanthamoeba were found by Spearman correlative
analysis (p< 0.05), demonstrating that the ecological interactions may exist in the DWDS. 16S rRNA genes
sequencing of water samples revealed a significant different microbial community structure between
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UV/Cl2 and Cl2. This study may give some implications for controlling the OPs in the DWDS disinfected
with UV/Cl2.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In 2005, 2008, Legionnaires' disease caused by the Legionella
pneumophilawas reported in Norway (Olsen et al., 2010), delivering
the importance of focusing on drinking water pathogen infection.
As the distribution line of drinking water, DWDS have been well-
established as reservoirs for opportunistic pathogens (OPs) (Wang
et al., 2012a). Many waterborne diseases such as Legionnaires'
disease, Pontiac fever, pulmonary diseases associated with OPs
have been reported (Wang et al., 2013a). The infection of OPs
colonizing the drinking water are transmitted mainly through
inhalation of aerosols and direct skin contact during routines such
as shower bath (Schoen and Ashbolt, 2011). Hospitals have been
identified as sensitive points due to the intensive immune-
compromised patients (Williams et al., 2013). The typical repre-
sentatives of OPs found in the DWDS are Aeromonas spp., Legionella
spp., Mycobacterium spp., Pseudomonas aeruginosa. Some of genera
above harbor pathogenic members such as L. pneumophila, Myco-
bacterium avium, Mycobacterium fortuitum, nontuberculous Myco-
bacteria. In addition, free living amoebae (FLA) such as
Acanthamoeba, Naegleria, Balamuthia, and Sappinia could also cause
health risk due to their protection for OPs (Garcia et al., 2013). FLA
could act as carriers and reservoirs for OPs because they could
provide shelters and macrophage resistance training fields for OPs
(Salah et al., 2009). For example, OPs like Legionella spp. and
Mycobacterium spp. internalized by FLA could multiply and be
insulated from harsh environments like disinfection. Therefore,
FLAs are of critical ecological importance to the OPs. Generally, the
OPs are of disinfectant-resistance (Taylor et al., 2000), biofilms-
attachment, and FLA-internalization in drinking water (Lau and
Ashbolt, 2009; Wingender and Flemming, 2011; Delafont et al.,
2014. Falkinham, 2009). For example, M. avium is approximately
500 times more resistant to chlorine than Escherichia coli (Taylor
et al., 2000). Legionella could survive up to 500mg L�1 chlorine
(Falkinham et al., 2015). These results demonstrate that single
chlorine may not be effective enough to protect the DWDS.
Furthermore, single chlorine exposure may be insensitive for
resistant strains, which means chlorine kills some OPs while at the
same time boosts others, producing selective effects (Kumar et al.,
2011). Therefore, combining two or more disinfection processes is
promising.

Underground water is typically of low turbidity and low dis-
solved organic matters, and UV is supposedly suitable for dis-
infecting it. UV disinfection is a promising disinfection technology
for drinking water due to high disinfection ability without chemical
addition. UV could not only destroy the DNA structure of micro-
organisms by forming pyrimidine dimers but also damage cell
membrane by reactive oxygen species produced through photolysis
(Hallmich and Gehr, 2010; Gong et al., 2012). UV disinfection is
reportedly very effective for killing Giardia lamblia, Cryptosporidium
parvum, and other chlorine-resistant protozoa (Linden et al., 2002;
Craik et al., 2001). However, UV couldn't keep durative disinfection
ability. Therefore, UV is usually used as primary disinfection and
subsequently combined with Cl2 to maintain a distribution system
residual (Shah et al., 2011). Cl2 is the most common disinfectants of
drinking water due to its low cost and durability. The chlorine is an
oxidant killing the microbe mainly by reacting with the cell
components through diffusing and transporting into the cell,
causing the death of microbe (Lee et al., 2011; Cho et al., 2010).
Combination of UV and Cl2 is a sequential disinfection process that
may perfectly enhance the disinfection ability (Montemayor et al.,
2008). Synergistic disinfectant effects between UV and Cl2 had
been reported previously (Wang et al., 2012; Murphy et al., 2008;
Rand et al., 2007). Although many studies had studied the disin-
fection of UV/Cl2, such studies mainly targeted at total coliforms
and E. coli (Wang et al., 2012; Murphy et al., 2008), but studies of
UV/Cl2 disinfecting OPs in DWDS are sparse.

DWDS has been identified as ideal habitats for OPs due to the
decay of disinfectant caused by high surface-area-to-volume ration,
corrosion products, and warm temperature (Wang et al., 2012a). At
the same time, DWDS are very complicated systems comprised of
bulk water, biofilms, corrosion products, and loose deposits (Liu
et al., 2014; Proctor and Hammes, 2015). Microorganisms colo-
nizing different phases of DWDS may respond differently to up-
stream disinfection. For example, pathogens associated with loose
deposits may bemore resistant to disinfection due to the protective
effects (Liu et al., 2014). Another study demonstrated that soft de-
posits were the key sites for microbial growth in drinking water
distribution networks (Zacheus et al., 2001). However, previous
studies about OPs are mainly focused on the bulk water and bio-
films while the corrosion products and loose deposits are possibly
neglected.

The focus of this study is to study the effect of UV/Cl2 disinfec-
tion on OPs distributed in four different phases of DWDS: bulk
water, biofilms, corrosion products, and loose deposits. Single Cl2
disinfection served as control. Quantitative real-time polymerase
chain reaction (qPCR) was used to quantify the target genes of OPs
due to its high throughput, high sensitivity, high reproducibility,
and low detection limit (Wang et al., 2012b). Illumina HiSeq
sequencing targeting at 16S rRNA genes was conducted to profile
the microbial community in the water of DWDS.
2. Materials and methods

2.1. Set-up and operation of simulated DWDS

Two annular reactors (ARs, Model 1320LJ, BioSurface Technol-
ogies Co., USA), inoculated with groundwater, were set up simu-
lating the DWDS (Fig. 1) and operated with a 6 h hydraulic
residence time determined by a flow rate of ~2.67mLmin�1

(Gomez-Alvarez et al., 2014). The inner drum cylinder rotational
speed was set at 50 rpm, providing a shear stress of 0.25 Nm�2 and
laminar flow (Murphy et al., 2008). All the exposed surfaces of the
ARs were covered with aluminum foil to remove light. The ARs
were operated in parallel maintained at 25 �C for approximately 1
year during the whole experiment. AR was comprised of two
concentric glass cylinders and a rotating inner drum cylinder that
harbored 20 cast iron coupons (Fig. S1). Each coupon offered an
exposed surface area of 17.5 cm2 for biofilm attachment and
corrosion formation. Prior to the experiment, ARs were dis-
assembled and scrubbed with non-phosphate soap and water
(Szabo et al., 2007), subsequently soaked with NaClO solution for
1 d and washed three times with ultrapure sterile water to reduce
the influence of background microorganisms. A quartz tube was



Fig. 1. The schematic diagram of UV/Cl2 disinfection system. AR1 disinfected with single Cl2 served as control. The bold arrows represented the water sampling points.
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used as the irradiation container by UV and the quartz tube was
cleaned and soaked in 70% ethanol for 24 h prior to use.

For the AR treated with UV/Cl2, the water was pumped into the
quartz tube irradiated by a collimated low-pressure UV lamp
providing monochromatic UV output at ~254 nm prior to entering
the chlorination contact tank with 4 h chlorination time. The
average UV fluence rate was determined by chemical actinometry
with 5 mM actrazine as an actinometer (Text S1, Fig S2) (Canonica
et al., 2008). The water was pre-irradiated by UV dosage of
40mJ cm�2, a typical dosage applied in drinking water disinfection
(Choi and Choi, 2010). UV dosage was calculated from average UV
fluence rate and irradiation time. For the AR treated with single Cl2,
all the operations were identical to the UV/Cl2 except UV irradia-
tion. The chlorine doses in the influent of two ARs were adapted to
achieve a similar target chlorine residual of ~0.10mg L�1 in the
effluents of both ARs. This disinfectant residual was selected based
on the common concentrations in the DWDS of China. The first 6
months were operated for acclimation and inoculation. Then bulk
water, biofilms, corrosion products, and loose deposits were
sampled every two months (Kein€anen-Toivola et al., 2006). In all,
three sampling events were conducted. For each sampling of bio-
films and corrosion products, three cast iron coupons were asep-
tically extracted from each AR and three new sterilized cast
coupons were replaced to maintain the same surface area (Wang
et al., 2013b).
2.2. Water physicochemical parameters

The groundwater for this research was collected from a drinking
water treatment plant (prior to disinfection) in the north of China.
The source water was stored at 4 �C in the dark before experiments.
Free chlorine, pH, alkalinity, assimilable organic carbon (AOC),
biodegradable dissolved organic carbon (BDOC), and heterotrophic
plate count (HPC) were measured according to standard methods.
The pH was determined by a pH meter (Five Easy Plus, Mettler
Toledo, Switzerland). Alkalinity was tested using hydrochloric acid
titration with methyl orange as indicator. Free chlorine was deter-
mined through N, N-diethyl-p-phenylenediamine colorimetric
method. AOC was tested by measuring the growth of Pseudomonas
fluorescens strain P17 and Spirillum strain NOX according to pub-
lished method (Liu et al., 2002; Lechevallier et al., 1993a,b). In this
study, the growth yields for acetate were 7.85� 106 and
1.00� 106 CFU mg�1 C for P17 and NOX, respectively. BDOC was
measured with sand fixed bacteria as described in the previous
papers (Escobar et al., 2001; Escobar and Randall, 2001). The HPC of
water was determined by spread plating on R2A agar and CFUs
were counted after 7 d incubation at 25 �C (Camper et al., 1986).

2.3. Bulk water, biofilms, corrosion products, loose deposits sample
processing and DNA extraction

For each sampling of water, 1 L of water was collected into a
sterile bottle and vacuum-filtered through 0.20-mm filter (0.20 mm
GTTP, Millipore Isopore™, America). A moderate amount of sterile
sodium thiosulphate was dosed into the bottle prior to sampling to
quench the chlorine. The filters were fractured and the DNA was
extracted with FastDNA® SPIN Kit for soil (MP Biomedicals, Solon,
OH, USA) according to the manufacturer's instructions.

Oncewater sampling finished, ARswere disassembled and three
cast iron coupons were aseptically removed. Biofilms and corrosion
products formed on the surface of coupons were sampled orderly.
Biofilms were sampled with sterile cotton swabs (Feazel et al.,
2009) and corrosion products were sampled with sterile scraper.
The further details about biofilms and corrosion products sampling
were offered in the supplementary information (Text S2). In this
study, loose deposits were represented by the deposits precipitated
at the bottom of ARs (Fig. S1). Loose deposits were directly scooped
with sterile vessels as described previously (Berk et al., 2006). The
biofilms, corrosion products, and loose deposits were weighed
prior to DNA extraction in order to normalize gene copy number to
mass. The concentrations of extracted DNA were measured with a
spectrophotometer (ND-1000, NanoDrop, America). All DNA sam-
ples were stored at �20 �C until further use.

2.4. qPCR assays

The qPCR was performed in 25 mL mixture using 7300 qPCR
system (ABI 7300, Applied biosystems, USA). The primers and
probes (if necessary) targeted at five OPs and 16S rRNA genes
(represented total bacteria) were obtained from previous studies
presented in Table S1. The 25 mL-SYBR Green-qPCR mixture was
comprised of following: 9.5 mL double-distilled H2O, 12.5 mL SYBR
Premix Ex taq (TaKaRa, China), 0.5 mL ROX (50� , TaKaRa, China),
0.25 mL of 10 mM forward and reverse primer, 2 mL template DNA.
For the TaqMan assays, each 25 mL mixture contains 10.2 mL dd H2O,
12.5 mL premix Ex taq (TaKaRa, China), 0.5 mL ROX (50� , TaKaRa,
China), 0.25 mL of each 10 mMprimer, 0.3 mL of 10 mMprobe and 1 mL
DNA template. For each qPCR run, a six-point diluted plasmid
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standard curve, a negative control (DNA replaced with nuclease-
free water) and the samples were run in triplicates. A melt curve
was produced in each qPCR run to verify the specificity of the
primers. The average amplification efficiency was showed in the
Table S2. The qPCR products were randomly selected for agarose
gels electrophoresis to determine the correct product size. The
determination of inhibitors, limit of detection, and recovery effi-
ciency of the qPCRwere presented in the supplemental information
(Text S3, Fig. S3).

2.5. Illumina HiSeq analysis

Samples of water were sent out to Beijing Novogene Co., Ltd to
conduct Illumina HiSeq analysis of 16S rRNA genes. The DNA from
each of the three sampling events was pooled by equal mass of
metagenomic DNA. The primers (341F: CCTAYGGGRBGCASCAG,
806R: GGACTACNNGGGTATCTAAT) with barcodes targeting at
V3 þ V4 regions of 16S rRNAwere used to amplify the 16S rRNA by
PCR conducted at Bio-rad T100 PCR system in 30 mL reaction
mixture containing 15 mL of PhusionMaster Mix (2� , New England
Biolabs), 3 mL of primer (2 mM), 10 mL DNA (1 ng mL�1) and 2 mL H2O.
The reaction procedures included initial denaturation at 98 �C for
1min, followed by 30 cycles at 98 �C for 10 s, 50 �C for 30 s, and
72 �C for 30 s, and a final extension of 5min at 72 �C. The PCR
products were recycled and purified through 2% agarose gel elec-
trophoresis (GeneJET Gel Extraction Kit, Thermo Scientific). The
purified and quantified PCR products were pooled in equal con-
centrations prior to Illumina HiSeq sequencing. The sequencing and
results were processed according to the standard procedures of the
sequencing company and were assigned to OTUs at a 3% dissimi-
larity level.

2.6. Statistical analysis

To plot conveniently, gene copy numbers were log (xþ1)
transformed, where x was the gene copy numbers quantified by
qPCR. The comparison of average parameters between two ARs was
determined by analysis of variance. Spearman rank correlation
analysis (Spearman's rs) was conducted to identify potential cor-
relations between microorganisms. Statistical analysis was per-
formed in IBM SPSS statistics (IBM statistics, version 22) and a p-
value of <0.05 indicated significance.

3. Results and discussion

3.1. Water physicochemical parameters

As shown in Table S3, the average pH, AOC, alkalinity, turbidity
and HPC of raw water during the three sampling events varied in
the range of 7.11e8.42, 43e107 mg L�1,162.30e187.27mg CaCO3 L�1,
0.23e0.65 NTU and (0.34e1.5)� 105 CFUmL�1, respectively. The
average AOC, BDOC, alkalinity, free chlorine, turbidity, pH, and HPC
in the influents and effluents of two ARs were shown in Figs. S4 and
S5. No significant difference was found in pH (p¼ 0.883), alkalinity
(p¼ 0.617), and turbidity (p¼ 0.846) of influents between the two
ARs. As for the effluents, the pH, alkalinity, turbidity, and AOC be-
tween the two ARs were also not significantly different (p> 0.05).
For both ARs, the AOC and BDOC in the effluents were relatively
lower than influents though the difference was not significant
(p> 0.05). Higher HPC were observed in the effluents compared
with the influents for both ARs (p< 0.05), indicating the regrowth
of HPC in the ARs. However, the HPC in the effluents of UV/Cl2 and
Cl2 were not significantly different (p¼ 0.881). To stabilize the
similar target residual chlorine of effluents at ~0.10mg L�1 for both
ARs, a similar initial chlorine dose was demanded in the influents
entering the ARs (UV/Cl2: 1.59± 0.12mg L�1, Cl2:
1.55± 0.13mg L�1), demonstrating that AR treated with UV/Cl2 and
Cl2 produced similar chlorine demand (p> 0.05).

The increase of HPC in the effluent could be due to two potential
reasons. The first onewas due to the regrowth ofmicroorganisms in
the ARs, which had been widely reported (Liu et al., 2002; Joret
et al., 1991; Li et al., 2017a). Second, the HPC could be sloughed
from the mature biofilms forming in the inner-wall of DWDS pipes,
increasing the HPC in the effluents. The consumption of AOC in both
simulated DWDS was captured in this study (though it was not
statistically significant), which could be resulted from the regrowth
of heterotrophic microorganisms consuming organic matters. Also,
the extracellular polymeric substances in the biofilms of DWDS
could absorb and store organic nutrients (Zheng et al., 2012), which
claimed another reduction of AOC. Third, the nutrients of AOC could
also be concentrated in the corrosion products and precipitated as
iron complexes (Camper et al., 2003; Kulovaara et al., 1996). These
complicated factors may mask the difference of AOC consumption
between UV/Cl2 and Cl2. The chlorine consumption between UV/Cl2
and Cl2 were not significantly different, which could be due to the
complexity of DWDs. In the DWDS, factors such as organic matters,
microorganisms, corrosion products, and biofilms could influence
chlorine consumption, overwhelming the difference of chlorine
consumption between the two ARs.

3.2. The distribution of OPs in the effluents of simulated DWDS

The average gene copy numbers of 16S rRNA genes, Legionella
spp., Mycobacterium spp., P. aeruginosa, Acanthamoeba spp., and
Aeromonas spp. in the raw water varied in the range of 4.06e6.93,
1.63e5.85, 2.54e4.00, 0.67e2.19, 2.01e3.81 and 0.31e0.87 log gene
copies mL�1 (Table S3). These target gene markers were apparently
reduced after chlorination indicated by the relatively low gene copy
numbers in the influents of both ARs (Fig. 2a). Fig. 2b showed 16S
rRNA genes and genes of target OPs in the effluents of UV/Cl2 and
Cl2. Basically, all target gene copy numbers in the effluents of UV/Cl2
were less than Cl2 regardless of significance. Take Mycobacterium
spp., for example, the effluents of UV/Cl2 harbored 2.07± 0.41 log
gene copies mL�1, which was significantly less than the effluents of
Cl2 (2.97± 0.32 log gene copies mL�1) (p¼ 0.04). The average gene
copy numbers of P. aeruginosa, Aeromonas spp., and Acanthamoeba
spp. in the effluents of UV/Cl2 were also less than the effluents of Cl2
though the significance was not significant (p> 0.05). To analyze
the potential ecological correlations between the target OPs, the
gene copies of target microorganisms in the effluents of both ARs
during the three sampling events were pooled and analyzed by
Spearman correlations. As shown in Table 1, strong correlations
existed between Acanthamoeba spp. and Mycobacterium spp.
(rs¼ 0.829, p¼ 0.042), P. aeruginosa and Aeromonas spp. (rs¼ 0.832,
p¼ 0.040), suggesting that potential microbial interrelationships
existed in the effluents. Correlations among other target microor-
ganisms were insignificant (p> 0.05).

The presence of all target genes of OPs in the raw water sug-
gested their wide existence, which was in agree with previous
studies (Wang et al., 2012b, 2013b; Yu et al., 2008). The regrowth of
OPs was apparent in both ARs indicated by that the average gene
copes of target OPs in the influents were higher than effluents in
both ARs, which agreed with other studies (Jiemba et al., 2010; van
der Wielen and van der Kooij, 2013). However, AR with UV/Cl2
seemingly exhibited a better efficiency to control the regrowth of
OPs than AR with Cl2 under the same residual chlorine concen-
tration. The lack of significant difference for some OPs was possibly
due to the large fluctuation extent of gene copy numbers during the
three sampling events (Take Legionella spp. for example, 0.96, 3.17,
and 2.40 log gene copies mL�1 for the UV/Cl2 effluents and 2.12,



Fig. 2. The distribution of 16S rRNA genes and five target OPs in the influents (a) and
effluents (b) of DWDS. Error bars represented standard error from three sampling
events (n¼ 3).
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3.32, and 2.71 log gene copies mL�1 for the Cl2 effluents during the
three sampling events) and/or the small number of samples. The
less regrowth of OPs in the UV/Cl2 could be attributed to two rea-
sons. First, there may be synergistic effects between UV pretreat-
ment and subsequent Cl2. The synergism between UV and chlorine
reducing the regrowth of microbe has been observed in other
studies (Murphy et al., 2008; Rand et al., 2007). Rand et al. (2007)
found that UV and Cl2 may produce synergistic effects for con-
trolling heterotrophic bacteria in the ARs. Dykstra et al. (2007) also
demonstrated that UV treatment prior to chemical disinfection
(chlorine, monochloramine, chlorine dioxide) enhanced microbial
Table 1
The Spearman correlations of themicroorganisms in the effluents. Note: Leg, Myco, Ps, Ac,
and Aeromonas spp., respectively. Bold values indicated significant difference with 95% con
pooled together here for Spearman correlation analysis (n¼ 6). Correlation results were

16S rRNA Leg Myco

16S rRNA 1 0.600 (p¼ 0.208) 0.714 (p¼ 0.111)
Leg 1 0.257 (p¼ 0.623)
Myco 1
Ps
Ac
Ae
control in distribution systems. Many previous studies about syn-
ergism between sequential disinfection (such as UV and chlorine,
UV/H2O2 and Cl2) weremainly conductedwith the culturemethods
and targeted at HPC and E. coli (Wang et al., 2012; Cho et al., 2011;
Liang et al., 2013; Zhang et al., 2006; Li et al., 2017b). However, the
research of UV/Cl2 conducted with simulated DWDS and targeting
at OPs is sparse. This study may demonstrate that UV/Cl2 could
synergistically control the OPs in the DWDS. The second plausible
reason for less OPs in the effluents of UV/Cl2 was likely due to the
ecological interaction and microbial community structure changed
by UV/Cl2, since the ecological interaction and microbial commu-
nity may influence the existence and disinfection efficiency of mi-
crobes. (Wang et al., 2014; Miller et al., 2015). The strong positive
correlation between Mycobacterium spp. and Acanthamoeba spp.
was found in the effluents through Spearman correlation analysis,
suggested a potential ecological interaction. Previous studies
showed that Acanthamoeba could serve as protection for OPs like
Mycobacteria (Ovrutsky et al., 2013; Ad�ekambi et al., 2006),
increasing the resistance of Mycobacteria from disinfection. Myco-
bacteria was amoebae resistant bacteria that could survive and
replicate inside Acanthamoeba (Delafont et al., 2014; Thomas et al.,
2008). In this study, the less Acanthamoeba was detected in the
effluents of UV/Cl2, which may lead to the reduction of other OPs
because Acanthamoeba could act as the protection for OPs (Cervero-
Arag�o et al., 2014). Therefore, the interactions between amoebae
and OPs should be paid attention because they may influence the
safety of water quality of DWDS.
3.3. The distribution of OPs in the biofilms, corrosion products, and
loose deposits

Biofilms, corrosion products, and loose deposits are usually
formed in the DWDS, providing potential shelters and habitats for
OPs. As presented in Fig. 3, the gene copy numbers of target OPs in
these phases between UV/Cl2 and Cl2 were similar, demonstrating
that the OPs colonizing inside the biofilms, corrosion products, and
loose deposits were possibly tolerant to the disinfection of UV/Cl2
and Cl2. Take biofilms for example, the average gene copy numbers
of Mycobacterium spp. in the UV/Cl2 and Cl2 were 7.86± 0.76 and
8.00± 1.35 log gene copies g�1, respectively, but no significant
differencewas found between them (p¼ 0.883). Also, no significant
difference in the average copy numbers of 16S rRNA genes,
Legionella spp., Acanthamoeba spp., P. aeruginosa, or Aeromonas spp.
between UV/Cl2 and Cl2 was found (p> 0.05). Corrosion product is
another important phase in the DWDS. The average copy numbers
of Legionella spp. were 8.11± 1.06 log gene copies g�1 in the
corrosion products of Cl2, whichwas not significantly different from
UV/Cl2 (7.50± 0.66 log gene copies g�1) (p> 0.05). Similarly, the
average gene copy number of Mycobacterium spp., P. aeruginosa,
Acanthamoeba spp., and Aeromonas spp. in the corrosion products
of two ARs were not significantly different (p> 0.05). The loose
deposits also exist in the DWDS. Similar with biofilms and
Ae represented Legionella spp.,Mycobacterium spp., P. aeruginosa, Acanthamoeba spp.
fidence (p< 0.05). The results of two ARs with regard to three sampling events were
displayed in the form of Spearman's Rank Correlation (rs).

Ps Ac Ae

0.395 (p¼ 0.439) 0.600 (p¼ 0.208) 0.395 (p¼ 0.439)
�0.464 (p¼ 0.354) �0.029 (p¼ 0.957) 0.455 (p¼ 0.364)
0.348 (p¼ 0.499) 0.829 (p¼ 0.042) 0.273 (p¼ 0.600)
1 0.754 (p¼ 0.084) 0.832 (p¼ 0.040)

1 0.516 (p¼ 0.295)
1



Fig. 3. The distribution of 16S rRNA genes and five target OPs in the biofilms, corrosion products, and loose deposits of three sampling times. UB and CB represented the UV/Cl2
biofilms and Cl2 biofilms. UC and CC represented the UV/Cl2 corrosion products and Cl2 corrosion products. UD and CD represented the UV/Cl2 loose deposits and Cl2 loose deposits.
Error bars represented standard error from three sampling events (n¼ 3).

Table 2
The Spearman correlation analysis of the microorganisms between effluents and
biofilms, loose deposits (n¼ 6).

Target gene Biofilms &effluents Loose deposits &effluents

16S rRNA genes 0.143 (p¼ 0.787) 0.200 (p¼ 0.704)
Legionella spp. 0.257 (p¼ 0.623) 0.943 (p¼ 0.005)
Mycobacterium spp. 0.029 (p¼ 0.957) �0.086 (p¼ 0.872)
P. aeruginosa �0.030 (p¼ 0.954) 0.213 (p¼ 0.686)
Acanthamoeba spp. 0.371 (p¼ 0.468) �0.143 (p¼ 0.787)
Aeromonas spp. 0.152 (p¼ 0.774) 0.455 (p¼ 0.364)

The bold numbers represented significance under p < 0.05.
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corrosion products, the 16S rRNA genes and gene copies of OPs
colonizing the loose deposits were also not significantly different
between UV/Cl2 and Cl2. The correlations between target OPs in the
biofilms were analyzed by Spearman correlation analysis showed
in Table S4. Strong correlations were found betweenMycobacterium
spp. and 16S rRNA genes (rs¼ 0.829, p¼ 0.042), Acanthamoeba spp.
and 16S rRNA genes (rs¼ 0.943, p¼ 0.005), Mycobacterium spp.
(rs¼ 0.943, p¼ 0.005), Aeromonsa spp. (rs¼ 0.943, p¼ 0.005). Also,
strong correlations were found in the corrosion products (Table.S5)
and loose deposits (Table S6). To assess the potential migration of
OPs between these phases, the number of target genes between
different phases (effluents vs biofilms, effluents vs loose deposits)
were analyzed with Spearman correlation analysis. As shown in
Table 2, no significant correlation was found between two phases
except Legionella spp. (between effluents and loose deposits,
rs¼ 0.943, p¼ 0.005) (Table 2).



Fig. 4. The microbial communities in the water. RW, UW, UI, UE, CI, and CE represented
the raw water, UV-irradiated water, UV/Cl2 influents, UV/Cl2 effluents, Cl2 influents, Cl2
effluents, respectively.

L. Liu et al. / Chemosphere 219 (2019) 971e980 977
Comparing with the effluents, the gene copy numbers of target
OPs in the biofilms, corrosion products, and loose deposits exhibi-
ted another scenario. The OPs residing in the biofilms, corrosion
products, and loose deposits between UV/Cl2 and Cl2 fluctuated and
differed in a relatively small extent, demonstrating that the OPs
inhabiting these phases are stable and resistant. It seemed that the
OPs colonizing these phases were tolerant to disinfection treat-
ment. Biofilms have been identified as ideal realms for OPs
(Wingender and Flemming, 2011; Feazel et al., 2009; Farkas et al.,
2012). The resistance from adversity for OPs in the biofilms could
be due to several factors. First, the biofilms could offer protection
for the OPs by minimizing the germicidal ability of chlorine. It had
been reported that chlorine had limited penetration for biofilms
due to the high reactivity (Lee et al., 2011). Second, the OPs
inhabiting biofilms led a sessile life rather than planktonic life.
Study demonstrated that sessile microorganisms were more
resistant to disinfection compared to planktonic microorganisms
(Shaw et al., 2014). Third, extracellular polymeric substances in the
biofilms could adsorb and store nutrients (Zheng et al., 2012),
which may increase the resistance of OPs to the outside disad-
vantages. Other potential factors such as the complex of community
structure and microbial interaction in the biofilms could also in-
fluence the existence of OPs (Miller et al., 2015). It was also sug-
gested that the biofilm community should be paid attention when
evaluating the efficiency of disinfection (Roeder et al., 2010).

Corrosion products, another potential reservoir for pathogens
(Lee et al., 2008), were typically covered by surface biofilms. Thus,
chlorine may not be able to penetrate up to the corrosion products,
which insulated OPs from chlorine. The corrosion products of cast
iron were usually composed of reducible maters such as ferrous
iron (Lechevallier et al., 1993a,b; LeChevallier et al., 1990), known to
react with chlorine, which could also prevent chlorine killing OPs.
The iron rust in the corrosion products could increase pipe surface
porosity and roughness, facilitating microbial attachment and
beneficial to the OPs (Morton et al., 2005). Also, corrosion products
could store nutrients (Morton et al., 2005), which is likely beneficial
for OPs. Loose deposits in the DWDS could serve as another pro-
tection vehicle for OPs (Torvinen et al., 2004; Zacheus et al., 2001).
It was reported that the microbes in the loose deposits may be re-
suspended and transferred to the taps easily (Liu et al., 2014),
producing potential risks. Thus, the temporarily stable loose de-
posits in the DWDS could act as the “timebomb” because OPs in the
loose deposits may be transferred to the tap water with the re-
suspension. The resistance of OPs in the loose deposits was likely
due to that OPs in the loose deposits were particle-associated.
Particle-associated microorganisms were reported resistant to
disinfection due to the protection effects (Liu et al., 2013).

Strong correlation existed between some OPs especially for
Acanthamoeba in the biofilms, corrosion products, and loose de-
posits, suggesting that potential microbial interactions exist in
these phases. In order to evaluate the potential microbial migration
between different phases, the gene copy numbers of targeted mi-
croorganisms between biofilms and effluents, loose deposits and
effluents were tested using Spearman correlation analysis. Basi-
cally, no significant relationship existed between them. One
possible explanation for this could be the short experiment time
and the biofilms hadn't reach stable. It had been reported that
>500 d were required for biofilm community structure to stabilize
(Ramírez-Suero et al., 2010). However, a significant relationship
was detected for Legionella spp. between loose deposits and efflu-
ents, demonstrating that Legionella spp. in the loose deposits may
be released and transferred to the effluents. It should mention that
the influence of UV/Cl2 treatment on the OPs colonizing the bio-
films and corrosion products was likely not able to be captured due
to the short experiment time. In this study, the simulated DWDS
was only operated for about one year due to the restricted time.
However, real DWDS was usually operated for decades of years.
Therefore, a study of longer-time is welcomed.

3.4. 16S rRNA Illumina HiSeq sequencing of the bulk water samples

Fig. S6 revealed that the number of observed species tended to
be horizontal after sampling of 30,000 sequences per sample,
demonstrating that the sequence number was reasonable enough.
Different microbial composition in the influents and effluents was
captured between UV/Cl2 and Cl2 (Fig. 4). At phylum level (Fig. 4a),
Proteobacteria (51.71%) and Bacteroidetes (42.29%) dominated the
raw water. UV treatment increased the Proteobacteria up to 82.82%,
which was consistent with Hu et al. (2016). However, the



Fig. 5. PCA analysis for the bacterial community of bulk water. The legends with
different colors and shapes represented the different samples. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Bacteroidetes decreased to 13.21% after UV-irradiation. The in-
fluents of UV/Cl2 and Cl2 harbored 93.42% and 77.88% of Proteo-
bacteria respectively, suggesting that chlorination could increase
the abundance of Proteobacteria. After flowing through the ARs, the
relative abundance of Proteobacteria in the effluents of two ARs
tended to be similar (UV/Cl2: 97.81%, Cl2: 96.11%). Interestingly, the
relative abundance of Bacteroidetes became very low in the efflu-
ents of both ARs (UV/Cl2: 1.78%, Cl2: 0.55%). Other phylum like
Cyanobacteria, Actinobacteria, Firmicutes in the effluents were also
reduced compared with influents for both ARs. As for class level
(Fig. 4b), Alphaproteobacteria (35.88%) and Sphingobacteriia
(41.92%) dominated the raw water. UV irradiation could increase
the abundance of Alphaproteobacteria and Gammaproteobacteria
while reduce the abundance of Sphingobacteriia. Chlorination could
elevate the abundance of Alphaproteobacteria while reduce the
abundance of Sphingobacteriia and Gammaproteobacteria. Alphap-
roteobacteria dominated the effluents of both ARs (Cl2: 91.71%, UV/
Cl2: 79.95%). Genus level (Fig. 4c) showed that the main genus in
the raw water were Sphingomonas (1.36%), Rhodobacter (17.75%),
Hydrogenophaga (8.45%), Phenylobacterium (3.45%). After UV irra-
diation, Sphingomonas (8.15%), Bosea (10.86%), Hyphomicrobium
(2.69%), Rhodobacter (6.21%), Bradyrhizobium (2.75%), Sphingo-
rhabdus (3.55%), Aminobacter (7.20%) turned to be dominant.
Different shifts of abundance among different genera were wit-
nessed in both ARs by comparing the influents and effluents.
Particularly, Legionella spp. and Mycobacterium spp. were also
detected by sequencing and their relative abundance were 0.30%
and 0.03% in the raw water, respectively. They decreased to 0.20%
and 0.01% after UV-irradiation, demonstrating their sensitivity to
UV irradiation. However, the abundance of Mycobacterium spp.
increased after chlorination, indicated by the increased abundance
in the influents (UV/Cl2: 0.39%, Cl2: 1.71%). As for the effluents, UV/
Cl2 and Cl2 harbored 0.01% and 0.05% of Mycobacterium spp. and
0.01% and 0.20% of Legionella spp., respectively. The less Mycobac-
terium spp. detected by the sequencing in the effluents of UV/Cl2
was consistent with the qPCR results. Fig. S7 showed significant
correlation existed between Legionella spp. and Legionellales
(R2¼ 0.8799, p¼ 0.004), Mycobacterium spp. and Corynebacteriales
(R2¼ 0.9900, p< 0.001). No Aeromonas spp. or P. aeruginosa were
detected by sequencing although they were detected by qPCR,
demonstrating that qPCR was more sensitive than shallow
sequencing. This was consistent with previous study (Wang et al.,
2013b). As for species level (Fig. S8c), OPs Mycobacterium gordo-
nae (Butler and Kilburn, 1988) and unidentified Legionella sp. LHG-
1BW4 were detected. Other pathogens like Sphingomonas melonis
and Bacillus anthraciswere also detected by sequencing though the
relative abundance were relatively low. The family and order level
were showed in the Fig. S8a and b. Shannon index (Table S7)
demonstrated that UV/Cl2 could decrease the bacterial diversity
compared with Cl2 in the influents. However, Shannon index of UV/
Cl2 became higher than Cl2 in the effluents, suggesting a different
shift of microbial community between the two ARs. Principal
component analysis was conducted to investigate the bacterial
community similarity among water samples. As shown in Fig. 5, big
variance of bacterial community was observed in the influents of
UV/Cl2 and Cl2. However, after flowing through the ARs, the bac-
terial community in the effluents of two ARs tended to be similar.

Apparently, bacterial community structure in the bulk water
was changed by the UV-irradiation, chlorination, UV/Cl2 treatment,
and distribution process in the ARs. It was reported that different
disinfection mechanisms could drive difference in the microbial
community (Williams et al., 2005), producing different bacterial
community structure between UV/Cl2 and Cl2. Also, the bacterial
community could be changed along the distribution system (EI-
Chakhtoura et al., 2015), indicated by the difference of microbial
community between influents and effluents. UV-irradiation greatly
changed bacterial community structure due to the different UV-
resistance of different bacteria. As nucleic acids are the major tar-
gets of UV, the different length and structure of DNA among
different microorganisms influenced the effectiveness of UV
disinfection (Süß et al., 2009). The reduced abundance of Legionella
spp. and Mycobacterium spp. after UV irradiation suggested their
sensitivity to UV. Study found that only 52 Jm�2 of UV254 could
achieve 4 log reduction of strain L. pneumphila (Cervero-Arag�o et al.,
2014). More than 3-log of Mycobacteria could be inactivated at
20mJ cm�2 (Lee et al., 2010). The great effect of UV on bacterial
community structure had been reported by previous study (Hu
et al., 2016). Chlorine disinfection could also change the bacterial
community due to the different sensitivity among bacteria (Hu
et al., 2016; Jia et al., 2015; Chiao et al., 2014). In fact, chlorine
may play the most significant role in affecting bacterial commu-
nities in the DWDS (Jia et al., 2015). The increased abundance of
Mycobacterium spp. after chlorination demonstrated its resistance
to chlorine.Mycobacteria is typically characterized by hydrophobic,
lipid-rich outer cell membrane, and slow-growing (Falkinham,
2009), enhancing its resistance to chlorine.

The different community structure may produce effects on the
existence of OPs, although relationships between microbial com-
munity structure and the existence of OPs in the DWDS have not
been totally understood. Pathogens do not exist in isolation but
they could interact with other microorganisms. The microbial
community structure may produce effects on the existence of OPs
through ecological interactions. However, relevant studies are
sparse. Previous study revealed that pathogens like Salmonella
typhimurium, enterotoxigenic E. coli, and P. aeruginosa colonizing
the bacterial activated carbon (BAC) could be greatly influenced by
the autochthonous microbial community due to potential compe-
tition and antagonism (Camper et al., 1985; Rollinger and Dott,
1987). Another study demonstrated that 66% collected aquatic
bacteria could suppress L. pneumophila growth (Guerrieri et al.,
2008). Critical species in the microbial community typically play
important role in influencing OPs. For example, B. subtilis could
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suppress L. pneumophila by lysing Legionella cells (Temmerman
et al., 2007). Some members in the microbe community (such as
Acanthamoeba and H. vermiformis) (Thomas et al., 2014; Garcia
et al., 2013) could boost the OPs, while some members (such as
Acidovorax sp. and Sphingomonas sp.) (Gi~ao et al., 2011) could
suppress the OPs. Those results deliver the possibility of ecological
interactions between drinking water microbes and OPs. Utilizing
ecological interactions (antagonism, competition, symbiosis) be-
tween OPs and other beneficial microbes to control the OPs has
been discussed and proposed by Wang et al. (2012a; 2014). It has
been proposed that we could manipulate the BAC-filter colonizing
leaky colonizers by the strategy to ensure that BAC is populated by
bacteria that could effectively outcompete risky bacteria (Pinto
et al., 2012). These studies suggest the potential of controlling
OPs by ecological interaction. Therefore, further attention on the
ecological interactions between OPs and drinkingwater microbes is
in need.

4. Conclusions

This study provided a comprehensive scenario of OPs distrib-
uted in the bulk water, biofilms, corrosion products as well as loose
deposits with simulated DWDS disinfected with UV/Cl2 process.
Compared with Cl2, UV/Cl2 exhibited a better effect on reducing the
numbers of OPs in the effluents of the DWDS. However, the OPs
inhabiting the biofilms, corrosion products, and loose deposits
could not be easily influenced by the UV/Cl2. Some microbial cor-
relations between OPs were found. Different bacterial community
structure in water was captured between UV/Cl2 and Cl2. The
possibility of shifting bacterial community and utilizing ecological
interactions to control the OPs was discussed. It was also suggested
that a longer time study of UV/Cl2 disinfecting OPs colonized bio-
films and corrosion products should be conducted since this study
only continued ~1 year.
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