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Decontamination of a drinking water pipeline system
contaminated with adenovirus and Escherichia coli
utilizing peracetic acid and chlorine
Ari Kauppinen, Jenni Ikonen, Anna Pursiainen, Tarja Pitkänen
and Ilkka T. Miettinen

ABSTRACT
A contaminated drinking water distribution network can be responsible for major outbreaks of
infections. In this study, two chemical decontaminants, peracetic acid (PAA) and chlorine, were used
to test how a laboratory-scale pipeline system can be cleaned after simultaneous contamination with
human adenovirus 40 (AdV40) and Escherichia coli. In addition, the effect of the decontaminants on
bioﬁlms was followed as heterotrophic plate counts (HPC) and total cell counts (TCC). Real-time
quantitative polymerase chain reaction (qPCR) was used to determine AdV40 and plate counting was
used to enumerate E. coli. PAA and chlorine proved to be effective decontaminants since they
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decreased the levels of AdV40 and E. coli to below method detection limits in both water and
bioﬁlms. However, without decontamination, AdV40 remained present in the pipelines for up to
4 days. In contrast, the concentration of cultivable E. coli decreased rapidly in the control pipelines,
implying that E. coli may be an inadequate indicator for the presence of viral pathogens. Bioﬁlms
responded to the decontaminants by decreased HPCs while TCC remained stable. This indicates that
the mechanism of pipeline decontamination by chlorine and PAA is inactivation rather than physical
removal of microbes.
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ABBREVIATIONS

INTRODUCTION

AdV40 human adenovirus 40

The contamination of the drinking water distribution net-

cfu

colony forming units

work with waterborne pathogens poses a great threat to

DAPI

4,6-diamidino-2-phenylindole

public health. Pipelines in the distribution network are a

DBPs

disinfection by-products

favourable environment for microbial growth and therefore

E. coli Escherichia coli

the occurrence of bioﬁlms on the inner surfaces of the pipe-

GC

genome copies

lines is a common phenomenon. Bioﬁlms are considered as

HPC

heterotrophic plate counts

a complex collection of living, nonviable and dead micro-

PAA

peracetic acid

organisms together with extracellular polymeric substances

PVC

polyvinyl chloride

as well as organic and inorganic matter (Costerton et al.

qPCR

quantitative polymerase chain reaction

). Bioﬁlms provide attachment sites and shelter for

TCC

total cell counts

microbes against disinfectants and are thus considered a
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health risk to the consumer (Quignon et al. ). In

good indicators of human sewage pollution (Pina et al.

addition, the consumption of disinfectant by reactions with

). Escherichia coli is the most commonly used and

bioﬁlms can complicate the management of the contami-

best known bacterial indicator of the hygienic quality of

nated pipelines.

drinking water and the presence of E. coli is an indication

There are many options for puriﬁcation of drinking
water, UV irradiation, chlorination and ozonation being

of fresh faecal pollution (Edberg et al. ; Tallon et al.
).

some of the most common techniques. Chemical decontami-

Numerous studies have tested various methods for the

nants conferring a residual disinfection effect are widely

inactivation of microbes. These studies have revealed differ-

used in the puriﬁcation of the contaminated drinking

ences in the persistence of different microbes. In general,

water and distribution network. However, usually a large

enteric viruses are known to be more resistant to disinfec-

quantity of chemical is needed, especially if the network

tion procedures than bacteria (Sobsey ). Adenoviruses

has been contaminated with viruses or if the pipes contain

can survive for long periods in aqueous environments and

large amounts of deposit. The most widely used chemical

exhibit good thermal stability (Enriquez et al. ). They

in the management and cleaning of the drinking water

are also extremely resistant to UV light and adenovirus 40

pipes is chlorine (Schoenen ). The disadvantage of

is the most UV-resistant waterborne pathogen known

using chlorine is its potential to form harmful disinfection

(Hijnen et al. ). The survival of cultivable E. coli is con-

by-products (DBPs) when it reacts with organic matter

sidered to be negligible compared to the survival of enteric

(Rook ). Another chemical believed to be suitable for

viruses (Leclerc et al. ). However, more information is

water puriﬁcation is peracetic acid (PAA). PAA is an oxidiz-

needed to understand microbial behaviour in aquatic

ing agent that can be used for the deactivation of a large

environments and systems, e.g. distribution networks, in

variety of micro-organisms (Koivunen & Heinonen-Tanski

relation to decontamination practices. In the present study,

; Zanetti et al. ). PAA is widely used in various

the persistence of human adenovirus 40 (AdV40) and

industries, such as the pharmaceutical and food industries,

E. coli was evaluated in drinking water and bioﬁlms in an

for sterilization of surfaces and equipment (Kitis ).

experimental pipeline system. In addition, the effects of

Moreover, PAA is included in the US Environmental Protec-

PAA and free chlorine against bioﬁlms and selected

tion Agency (USEPA) list of candidate disinfectants for use

microbes spiked into this system were assessed.

in sewer overﬂows (USEPA ) and it has already been
introduced in some wastewater treatment plants. One of
the beneﬁts of PAA is that it is completely biodegradable

MATERIALS AND METHODS

and does not produce signiﬁcant amounts of harmful
DBPs (Monarca et al. ). Thus, PAA is an attractive

Preparation of the contaminant

choice for the disinfection of matrices of high organic
load, e.g. wastewater.

The persistence of faecal microbes in drinking water pipelines

Adenoviruses comprise a diverse group of viruses

was studied employing enteric human AdV40 and faecal bac-

including pathogenic strains causing several serious con-

terium E. coli. Besides the stock of AdV40 strain Dugan

ditions, such as respiratory disease, conjunctivitis and

(ATCC VR-931), the strain was also propagated in 293 cells

gastroenteritis. Enteric adenoviruses 40 and 41 (type F)

as described by Mautner (). Brieﬂy, 293 cells were grown

can cause gastroenteritis, especially in young children. Ade-

in 75-cm2 cell culture ﬂasks in monolayers at 37 C and 5%
W

noviruses can spread via contaminated water and they have

CO2. The cells were infected with a 10-fold virus dilution and

been linked to waterborne outbreaks of gastroenteritis (Kuk-

the viruses were allowed to adsorb for 1 h at 37 C before

W

kula et al. ; Divizia et al. ; Maunula et al. ).

medium was added. Infected cells were pooled and harvested

Adenoviruses are also included in the USEPA list of Drink-

after incubation for 57 days. Viruses were released by three

ing Water Candidate Contaminants (USEPA ). Their

freeze-thaw cycles and collected by centrifugation (1,500 g

ubiquity in wastewater has been recognized, making them

for 2 min). AdV40 serotype was conﬁrmed by sequencing.
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An environmental E. coli strain isolated from faecally con-

the city of Kuopio, Finland, which contained 0.05 mg/L

taminated drinking water during a waterborne outbreak in

chlorine on average (standard deviation of 0.03 mg/L).

the town of Nokia, Finland, in December 2007 (Laine

The chlorine was not quenched before the pipeline sys-

et al. ) was used. The E. coli strain was cultured aerobi-

tems to provide as authentic conditions as possible.

cally at 36 ± 2 C on tryptone soya agar (Oxoid), and the

Water ﬂow through the pipelines was kept as 0.2 L/min

contaminant suspension was prepared in nutrient broth,

by rotameters located before both pipeline systems. Bio-

washed and centrifuged as previously described (Lehtola

ﬁlms in the pipelines were allowed to grow for 4 weeks

et al. ). The strains were stored at 75 C or lower.

by running systems with tap water to attain the

W

W

conditions corresponding to the steady state. This stabilization of bioﬁlm growth was checked by heterotrophic

Pipeline set up and sampling

plate counts (HPC) and total cell counts (TCC), which
Two parallel pipeline systems were constructed for the

were analysed every week before the start of the exper-

study, one for decontamination and the other as a non-

iment. At every sampling point, single water samples

decontamination

pipeline

and two to four replicate 10 cm PVC pieces for bioﬁlm

system was constructed from 24 individual polyvinyl

analyses were taken from both pipeline systems at the

chloride (PVC) pieces (diameter 10 mm, length 10 cm)

same time. Bioﬁlms were detached using glass beads as

control

(Figure

1).

Each

which were connected in line and could be collected sep-

previously described (Zacheus et al. ). Brieﬂy, glass

arately. Before use, the pipes were chlorinated (20 mg/L,

beads were added into the pipe and then vortexed for

20 min) and rinsed with distilled water and they were

10 min. The pipe was rinsed with 5 ml of sterile distilled

replaced by new ones between the experiments. The

water, which was combined with the vortexed water

inlet water of the pipeline system was the tap water of

sample.

Figure 1

|

The experimental setup. The grey boxes illustrate the PVC pieces. Every sampling point included two to four replicate PVC pieces for bioﬁlm analyses.
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(). Brieﬂy, 1 L sample was run through a positively
charged membrane (diameter 47 mm, pore size 45 μm;

After 4 weeks’ propagation of the bioﬁlm, the spiking of the

AMF-Cuno, Zetapor, Meriden, CO, USA). Viruses were

contaminant into pipeline systems was performed. The

eluted in 50 mM glycine buffer, pH 9.5, containing 1% beef

volume of the contaminant solution was 5 L of tap water

extract and the eluate was rapidly neutralized with HCl. The

and it was pumped with two peristaltic pumps (Grundfors,

volume was further reduced to about 200 μl with a microcon-

Denmark) equally to two separate pipelines immediately

centrator (Vivaspin 2, Vivascience AG, Hannover, Germany).

after preparation. The contaminant was added at ﬂow rate

This concentrated sample was used for nucleic acid extraction.

of 0.1 L/min into the main stream and the overall water
ﬂow was kept as 0.2 L/min by rotameters. The concen-

Nucleic acid extraction

tration of AdV40 in the contaminant was approximately
3 × 108 genome copies (GC)/L (ATCC stock) and 5 × 108

Viral DNA was extracted directly from the harvested bioﬁlm

GC/L (ATCC stock þ propagated AdV40) in PAA and chlor-

suspensions and from concentrated water samples using the

ine experiments, respectively. The E. coli concentrations in

High Pure Viral Nucleic Acid Kit according to the manufac-

the contaminant were 7 × 108 cfu/L in the PAA experiment

turer’s instructions (Roche Molecular Biochemicals Ltd,

10

and 3 × 10

cfu/L in the chlorine experiment. The concen-

trations of microbes, especially E. coli, were raised in the

Mannheim, Germany). Extracted nucleic acids were stored
at 75 C or lower.
W

chlorine experiment due to the rapid decontamination
results obtained with PAA. The spiking was conducted

Plasmid standard for quantitative real-time PCR

over a time period of 25 min after which only tap water
was run into the pipelines.

A 379-bp fragment of the hexon region of human AdV40
(Dugan-strain) was ampliﬁed using the forward primer

Decontamination

50 -TGGCCACCCCCTCGATGA-30

and

reverse

primer

50 -TTTGGGGGCCAGGGAGTTGTA-30 ( Jothikumar et al.
In these experiments, decontaminant was pumped into one

). The insert was cloned into a pGEMT-Easy vector

line and the other line was used as the control. Two separate

and transformed into JM109 competent cells using the

decontamination experiments were conducted with PAA

pGEMT-Easy Vector System II kit (Promega) according to

and chlorine. PAA and chlorine as sodium hypochlorite

the manufacturer’s instructions. The concentration of PstI-

were dosed to achieve ﬁnal concentrations of 1 mg/L in

linearized plasmid was determined using the NanoDrop

outlet water. Decontamination was started after 24 h from

ND-1000 spectrophotometer (Thermo Scientiﬁc) and a stan-

the spiking of the contaminant to rule out the high initial

dard curve generated with triplicate reactions of dilutions

removal of microbes by washout and continued until the

ranging from 101 to 108 genome copies.

end of the experiment. The concentrations of the decontaminants were monitored in outlet water during the study. The

Gene ampliﬁcation

decontaminant was quenched from the samples using
sodium thiosulfate (20 mg/L) (ISO 19458 ; Zanetti

The primer and probe sequences that recognized the adeno-

et al. ).

virus hexon gene region were according to Jothikumar et al.
(). Real-time polymerase chain reaction (PCR) assays

Virological analysis

were carried out in a Rotor-Gene™ 3000 real-time rotary analyser (Qiagen) as previously described (Maunula et al. ).

Sample preparation

All samples were run in duplicate and with 10-fold dilutions.
Negative and positive controls were included in each assay.

Adenoviruses were concentrated from the water samples by

The amount of DNA was deﬁned as the average of the data

the adsorption–elution method described by Gilgen et al.

obtained. The theoretical detection limit for adenovirus in
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water samples was 10 GC/L and in bioﬁlm samples 22 GC/

decreased by 2.0 and 4.0 logs in the decontamination and

cm2. In log removal calculations, the theoretical detection

in non-decontamination control pipelines, respectively,

limit values were used when a result that was below detec-

after the ﬁrst day from the contamination, before the

tion limit was observed.

dosage of the chemical. Within the same time, E. coli concentration declined 5.5 and 6.3 logs. The added decontaminant
further lowered the concentrations of AdV40 and E. coli in

Bacteriological analysis

the decontamination line yielding 2.5 and >2.9 logs decrease
Coliform Agar (CC,

within the ﬁrst hour of decontamination, respectively. E. coli

W

Merck, Germany) at 36 ± 2 C for 21 ± 3 h according to

was no longer detectable in the water after 1 h decontamina-

the manufacturer’s instructions and the international stan-

tion and AdV40 declined to below detection limit of

dard ISO 8199 () using spread plating and membrane

the method after 24 h from the starting point of the

ﬁltration techniques. The detection limits for E. coli were

decontamination. The total decrease of the microbes in the

1 cfu/0.5 L in water samples and 0.1–0.2 cfu/cm2 in bioﬁlm

decontaminated line was over 5.3 logs for AdV40 and over

samples. In log removal calculations, the theoretical detec-

8.4 logs for E. coli. The concentration of PAA was 0.2–

tion limit values were used when a result that was below

0.3 mg/L during the ﬁrst day after the start of decontamina-

detection limit was observed.

tion. At the end of the experiment, the concentration of

®

E. coli was analysed on Chromocult

HPC in water and detached bioﬁlms were analysed with a

PAA was 1.8 mg/L (Figure 2(a)). The control pipeline with-

spread plating method on R2A-agar (Difco, USA). R2A

out PAA treatment remained contaminated with AdV40

medium was incubated for 7 days at 22 ± 2 C before colony

and E. coli. The concentration of AdV40 was even elevated

W

counting. Total cell counts of water and bioﬁlm samples

after the ﬁrst day, exhibiting a 1.6 log increase by the end of

were analysed with 40 ,6-diamidino-2-phenylindole (DAPI)

the experiment. The total decrease of the AdV40 in the con-

staining: the sample was ﬁltered on black 0.2 μm Nuclepore

trol line during 3 days’ experimentation was 2.4 logs and

membranes (Whatman, UK) and stained with 5 μg/ml DAPI

the concentration of E. coli decreased 6.9 logs.

for 15 min prior to counting by epiﬂuorescence microscopy
(Olympus BX51, Olympus Co. Ltd, Japan).

The contamination increased HPC of the outlet water in
both pipelines but the concentrations decreased rapidly to
near the initial level (Figure 3(a)). The PAA treatment had

Statistical analyses

a clear effect on the HPC decreasing the count by 2.4 logs
by the end of the experiment. TCC remained rather stable,

The statistical differences were calculated using the Inde-

showing no notable alteration between PAA-treated and

pendent-Samples Mann–Whitney U Test with the SPSS

control pipelines (Figure 3(a)).

19.0 program for Windows. The method detection limit
values were used when the number of organisms was con-

Bioﬁlm samples

sidered to be below the detection limit. Differences were
considered signiﬁcant if p-value was < 0.05.

The ﬁndings of AdV40 and E. coli in bioﬁlms are presented
in Table 1. Both microbes were effectively removed from the
PAA-treated bioﬁlms. Only one sample was detected as

RESULTS

being positive for AdV40 after 1 h PAA decontamination.
In the PAA-treated line, the difference in concentrations

PAA experiment

between the samples before (n ¼ 6) and after (n ¼ 9) the
treatment was statistically signiﬁcant for both AdV40 (p ¼

Water samples

0.002) and E. coli (p ¼ 0.005). In the control line, all parallel
bioﬁlm samples were positive for AdV40 until the end of the

Figure 2(a) illustrates the fate of AdV40 and E. coli in outlet

experiment, though E. coli was not detectable 48 h following

waters of PAA experiment. The concentration of AdV40

contamination. In the control line, the average log removal
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Log removals of AdV40 and E. coli and decontaminant concentrations (mg/L) in outlet water during: (a) PAA experiment and (b) chlorine experiment. The perpendicular line at
24 h indicates the start of the decontamination. An asterisk above the measurement point indicates that the observation was below the detection limit.

of AdV40 over the course of the experiment was 0.3, com-

were stable in both the PAA decontaminated and control

pared to >3.3 log removal for E. coli; the difference in

line and only slight increase in concentrations were noted

concentrations in the samples taken before (n ¼ 6) and

in both lines during the experiment (Figure 4(a)). This

after (n ¼ 8) the time of decontamination were not signiﬁ-

small increase between the samples before (n ¼ 6) and

cant for AdV40 (p ¼ 0.49) or E. coli (p ¼ 0.35).

after (n ¼ 9) the time of decontamination was statistically

PAA decreased the HPC in bioﬁlms by 2.1 logs during
the ﬁrst day and attained an approximately 3.4 log decrease

signiﬁcant in the control line (p ¼ 0.04), but not in the
decontaminated line (p ¼ 0.08).

between the start and the end of the experiment (Figure 4(a)).
The effect of PAA was statistically signiﬁcant between

Chlorine experiment

the samples before (n ¼ 6) and after (n ¼ 9) the decontamination (p < 0.001). In the control line, HPC remained

Water samples

constant showing no signiﬁcant difference in concentrations
between the samples before (n ¼ 6) and after (n ¼ 9) the time

In the chlorine experiment, the level of AdV40 decreased by

of decontamination (p ¼ 0.53). Again, the TCC in bioﬁlms

1.5 and 4.2 logs in the outlet water of decontamination and
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The impact of the decontaminants on the HPC and TCC of the outlet water: (a) PAA experiment and (b) chlorine experiment. Inserts clarify the ﬁrst three measuring points. The
dashed perpendicular line indicates the start of the decontamination.

Table 1

|

Recovery of AdV40 and E. coli from decontaminated and control bioﬁlm samples in the PAA experiment
E. coli

AdV40
Sample

PAA

Range (GC/cm2)

Control

Range (GC/cm2)

PAA

Range (cfu/cm2)

Control

Range (cfu/cm2)

Before contamination

0/1a

BDLb

0/1

BDL

0/3

BDL*

0/3

BDL*

After contamination (1 h)

3/3

126–1060

3/3

22–340

3/3

44–1980

3/3

65–358

After contamination (24 h)

3/3

174–419

3/3

406–1548

2/3

BDL–0.4

0/3

BDL

After decontamination (25 h)

1/3

BDL–187

3/3

22–584

0/3

BDL

1/3

BDL–1

After decontamination (48 h)

0/3

BDL

2/2

693–1605

0/3

BDL

2/2

4–15

After decontamination (72 h)

0/3

BDL

3/3

41–157

0/3

BDL

0/3

BDL

The sampling time is counted from the start of the contamination.
a

Number of positive samples/no. experiments.

b

Below detection limit, AdV40: <22 GC/cm2, AdV40 quantitation is indicative due to extensive variation between parallel samples, E. coli: <0.1 cfu/cm2, * < 0.2 cfu/cm2.
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The impact of the decontaminants on the HPC and TCC of the bioﬁlm: (a) PAA experiment and (b) chlorine experiment. The dashed perpendicular line indicates the start of the
decontamination. In the bioﬁlm analyses, there is a mean of three replicate samples with standard deviations shown as error bars.

non-decontamination control pipelines, respectively, during

(Figure 2(b)), occurred before the 72 h sample point when

the ﬁrst day (Figure 2(b)). Within the same period of time, E.

a low E. coli count was found from the water sample. With-

coli decreased by 7.5 and 7.6 logs. The chemical added into

out decontamination, the level of AdV40 remained fairly

the decontamination line further lowered the concentration

constant till the end of the experiment. The total decrease

of AdV40 during the ﬁrst hour by 2.6 logs, while E. coli was

of the AdV40 in the control line was 4.4 logs. E. coli concen-

decreased to below the detection limit of the method.

tration decreased clearly also in outlet water of the control

Finally, after 48 h from the starting point of the decontami-

line and E. coli was no longer detected after 96 h from the

nation, AdV40 was no longer detected and over 4.0 logs

contamination, resulting in a total log removal of over 9.8

removal was achieved. The total decrease of the virus in

logs.

the decontaminated line was over 5.5 logs whereas for E.

HPC of the outlet water at the chlorine experiment was

coli, it was over 9.8 logs. The concentration of chlorine

elevated in both pipelines after contamination but declined

was 0.8–0.9 mg/L during the ﬁrst day after the start of

rapidly to near to the starting point levels (Figure 3(b)).

decontamination. A problem in chlorine dosing between

The chlorine treatment had a clear effect on the HPC after

51 h and 69 h, causing an 18 h interruption in chlorination

the ﬁrst day of decontamination decreasing the amount by
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2.5 logs. On the other hand, chlorine did not appear to have

that in the control line (Figure 4(b)). The effect of chlorine

an effect on the TCC of the outlet water. The total effects of

on HPC was statistically signiﬁcant between the samples

chlorine on HPC and TCC could not be accurately deter-

before (n ¼ 7) and after (n ¼ 12) the decontamination (p <

mined since the chlorination problem occurred.

0.001). HPC in the control line did not change signiﬁcantly
between the sampling points of before (n ¼ 7) and after (n ¼
12) the time of decontamination (p ¼ 0.2). Again, no sub-

Bioﬁlm samples

stantial change was detected in the level of TCC of
Table 2 illustrates the results of the bioﬁlm samples in the

bioﬁlms between the decontaminated and the control line

chlorine experiment. AdV40 and E. coli were readily

at the end of the experiment.

removed from the decontaminated bioﬁlms except for one
of three parallel bioﬁlm samples when E. coli was found
1 h after chlorine treatment. In the chlorine-treated line,

DISCUSSION

the difference in concentrations between the samples
before (n ¼ 7) and after (n ¼ 12) the treatment was statisti-

It is well recognized that contaminated water and pipe bio-

cally signiﬁcant for both AdV40 (p < 0.001) and E. coli

ﬁlms pose a potential health risk to the consumer but the

(p < 0.001). In the control line, almost all parallel samples

exact importance of bioﬁlms for water safety is still poorly

were positive for AdV40 and this was still detectable at the

understood (Skraber et al. ). There is also lack of

end of the experiment as was E. coli, which was, however,

information on best practices to manage contaminated dis-

detected less frequently and only in low concentrations. In

tribution networks. In this study, a relatively short pulse-

the control line, the average log removal for AdV40 was

like contamination and subsequent decontamination was

1.1 during the experiment, as compared to over 2.5 log

modelled in a preconditioned laboratory-scale pipeline

removal for E. coli. Statistically signiﬁcant differences

system. The pathogenic human AdV40 and faecal bacterium

were noted in concentrations between the samples before

E. coli were shown to be susceptible to both PAA and chlor-

(n ¼ 7) and after (n ¼ 11–12) the time of treatment for both

ine decontamination. The data revealed that AdV40 and E.

AdV40 (p ¼ 0.002) and E. coli (p ¼ 0.04).

coli can be removed effectively by the experimental concen-

The chlorine treatment decreased the HPC level of the

trations of these decontaminants since they were not

bioﬁlms initially by 2.2 logs between the sampling points

detected in bioﬁlm and water samples after measuring

of 0 and 48 h. At the end of the experiment, the HPC level

points of 1 h (bioﬁlm) and 48 h (water) from the start of

in the decontaminated line remained 1.6 logs lower than

the decontamination. However, without decontamination

Table 2

|

Recovery of AdV40 and E. coli from decontaminated and control bioﬁlm samples in the chlorine (Cl2) experiment
E. coli

AdV40
Sample

Cl2

Range (GC/cm2)

Control

Range (GC/cm2)

Range (cfu/cm2)

Control

Range (cfu/cm2)

Before contamination

0/3a

BDLb

0/3

BDL

After contamination (1 h)

3/3

273–1596

3/3

114–667

0/3

BDL

0/3

BDL

3/3

12–99

3/3

9–44

After contamination (24 h)

4/4

26–19621

4/4

22–222

After decontamination (25 h)

0/3

BDL

2/3

BDL–22

4/4

0.4–2

2/4

BDL–2

1/3

BDL–0.7

2/3

BDL–1

After decontamination (48 h)

0/3

BDL

3/3

After decontamination (72 h)

0/3

BDL

3/3

38–47

0/3

BDL

1/3

BDL–0.2

22–43

0/3

BDL

0/3

BDL

After decontamination (96 h)

0/3

BDL

3/3

22–31

0/3

BDL

1/3

BDL–0.1

Cl2

The sampling time is counted from the start of the contamination.
a
Number of positive samples/no. experiments.
b

Below detection limit, AdV40: < 22 GC/cm2, AdV40 quantitation is indicative due to extensive variation between parallel samples, E. coli: <0.1 cfu/cm2.
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the concentrations of AdV40 and E. coli in water were

higher concentration of E. coli in the contaminant of the

rather constant after the initial washout occurred during

chlorine experiment than in the PAA experiment. In

the ﬁrst 24 h. Emphasizing the persistence of viruses in the

addition, the problem in chlorine dosing which only

water environments, AdV40 was detectable in both the

occurred before the 72 h measure point may have inﬂuenced

water and bioﬁlms of control lines till the end of the exper-

E. coli survival.

iments, i.e. up to 4 days.

Previous studies have shown that microbes can accumu-

Adenoviruses are resistant to different decontamination

late in bioﬁlms (Storey & Ashbolt ; Langmark et al.

procedures. However, the effectiveness of free chlorine

; Lehtola et al. ). In this study, the ﬁndings from

towards adenovirus is comparable to other enteric viruses

outlet water corresponded well to the incidence of microbes

(Thurston-Enriquez et al. ; Baxter et al. ; Cromeans

in bioﬁlms and AdV40 was almost invariably detected in

et al. ). Their common occurrence in wastewater and

both positive water and concurrently collected bioﬁlm

inherent persistence make adenoviruses a very suitable

samples. This is evidence that these viruses are bound in bio-

agent for assessing the microbiological purity of drinking

ﬁlms and are constantly shed from these sites into the water

water. In this study, the potency of both decontaminants

in small amounts. This can prolong the duration of water

was evident. Some differences were noted between the

contamination episodes and thus careful and sufﬁciently

decontamination capacity of PAA and chlorine against

long cleaning of the pipes is required since the slowly

AdV40 though the observed log removals did not differ sub-

detaching microbes can still pose a risk to the consumer.

stantially. With chlorine, it took from 24 to 48 h to

Therefore, it is important to deﬁne the kinetic properties

decontaminate outlet water whereas with PAA, the water

of different microbes in attachment on pipe bioﬁlms and

was decontaminated within 24 h. On the other hand, with

to estimate the persistence of these microbes in bioﬁlm

PAA one parallel bioﬁlm sample was AdV40 positive after

accumulations. In a previous study, it was demonstrated

1 h decontamination whereas at that same time, the chlor-

that feline caliciviruses were able to survive in bioﬁlms

ine-treated bioﬁlm was decontaminated.

and outlet waters for at least 4 weeks, whereas cultivable

The counts of cultivable E. coli declined in water even

E. coli survived for only 4 days in bioﬁlm and 8 days in

without decontamination and E. coli was detected only

water (Lehtola et al. ). In the present study, we observed

sporadically in bioﬁlms of control lines. This may be due

that adenoviruses remained in both the outlet water and

to weaker attachment of E. coli on bioﬁlms or higher sensi-

bioﬁlms of the drinking water pipeline for at least 4 days

tivity of E. coli to residual chlorine present in the inlet water,

after the contamination if decontaminant had not been

as compared to AdV40. However, these ﬁndings are consist-

added. Other studies have also noted the long persistence

ent with previous studies highlighting the negligible survival

of enteric viruses in drinking and wastewater bioﬁlms

of E. coli in water environments compared to certain enteric

(Storey & Ashbolt ; Skraber et al. ). All of these

microbes (Leclerc et al. ). It is important to take this

studies together clearly suggest that allowing time to pass

limitation into consideration when waterborne outbreaks

is not an appropriate way to manage contamination

or contamination situations need to be investigated as the

events. Instead, as our results showed, active cleaning pro-

absence of E. coli is often misinterpreted as a proof of

cedures are necessary to decontaminate the distribution

water safety (Tallon et al. ). Due to rapid removal of

network.

E. coli, a detailed comparison between PAA and chlorine

The decontaminants used in this study lowered the

could not be conducted but some differences were observed.

amount of AdV40 eventually to below the detection limit

There were no ﬁndings of culturable E. coli in PAA exper-

of the method, which was relatively high, especially in bio-

iment after the start of decontamination. In contrast, E.

ﬁlm samples. The sensitivity of the method was challenged

coli was detected in one of three parallel bioﬁlm samples

due to the limited bioﬁlm sample area and also microbes

after 1 h of chlorine treatment and also a small amount of

were seen to attach unevenly, producing dispersion among

E. coli was detected in the water after 48 h of chlorine

parallel samples. However, it was not reasonable to increase

decontamination. However, this may be a result of the

the number of viruses in this laboratory-scale experiment
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since the densities used are already appropriate to model

stable. We also observed a clear connection between con-

heavily contaminated drinking water. The lack of replicates

taminant removal and the decrease in number of viable

in water samples may have inﬂuenced the reliability of some

microbes in bioﬁlms. This suggests that the contamination

individual measures since the shedding of microbes can be

is restricted to the active surfaces of the bioﬁlms consisting

inconsistent. This may explain, e.g., the increase of numbers

mainly of viable microbes. In addition, the constant count

for AdV40 observed in the PAA experiment control line at

in TCC indicates that bioﬁlms remained bound to the decon-

72 h. However, the reproducibility of the study design was

taminated pipes. In the light of these results, it seems that

demonstrated by the comparable results of the control

also the bound microbial contaminants are destroyed in bio-

lines of two experiments.

ﬁlms. This can reduce the necessity for total removal and

Modern molecular techniques have mostly replaced

puriﬁcation of the inner surfaces of the pipes, e.g. by mech-

conventional methods in surveillance of viruses and case-

anical methods. Instead, the use of the decontaminants

speciﬁc measures are thereby commonly based on PCR

tested in this study with their residual effects in the network

results. However, the use of quantitative PCR (qPCR) in dis-

could represent an adequate option for the effective removal

infection studies has been criticised because it may

of microbial contaminants. This is particularly important

overestimate the number of infectious microbes. On the

with respect to chlorine treatment since the penetration of

other hand, traditional cultivation is time consuming and

chlorine into bioﬁlms is known to be poor (De Beer et al.

many enteric viruses are difﬁcult or impossible to propagate

). This study was conducted with relatively young bio-

in cells. Moreover, cultivation is known to underestimate

ﬁlm and older pipes could be expected to contain more

the results (Blackmer et al. ). In this study, we used

diverse and extensive bioﬁlm accumulations. It still remains

qPCR to determine absolute removals of AdV40, i.e. to

to be determined if these older pipes can provide even more

ensure that the pipe is clean of all traces of viruses, including

binding sites and shelter for microbes.

genetic material. The results of this study will add valuable

Our results showed that both PAA and chlorine were

practical information supporting the work of health auth-

effective decontaminants against HPC of the bioﬁlms. The

orities and form the basis for decision making in different

calculated log removals were comparable after the ﬁrst day

water contamination cases. In these cases, often the only

of decontamination before the difﬁculties in chlorine

method for virus detection is qPCR and no surrogate exists

dosing. The inlet water of the pipeline system was tap

that can perfectly model the real pathogen. Thus, as long

water of Kuopio city with a low concentration of chlorine

as new approaches for PCR are being developed to include

(0.05 mg/L). Thus, the microbial community of the bioﬁlms

the assessment of infectivity (Rodriguez et al. ), direct

produced might have been adapted to the chlorinated water

qPCR with its inherent uncertainties offers the best available

environment lowering the effectiveness of chlorine com-

method for the interpretation of the virus removal results in

pared to PAA. As this is the situation in most Finnish

this study.

distribution networks, the chlorine was not quenched from

Bioﬁlms can be considered as a multilevel community of

the inlet water. Nonetheless, the effect of additional chlorine

microbes, with the outermost layers in contact with water

on bioﬁlm HPCs was evident and consistent with the values

phase being the most important determinants of their sur-

reported by Chu et al. () who showed two and three

face binding properties. In this study, we used HPC to

orders of magnitude lower HPCs of bioﬁlms for low chlorine

describe viable microbes and DAPI staining for the determi-

water (0.30.5 mg/L) and high-chlorine water (1.2–1.5 mg/L)

nation of the total cell counts in bioﬁlms. Together these

than for chlorine-free water. With PAA there was a

values represent bioﬁlm integrity. Despite the fact that

notable lag-time before the concentration of the chemical

there are many methods to control bioﬁlms (USEPA ),

rose to the target level. This consumption of the chemical

the best practices for effective removal and/or puriﬁcation

is possible due to rapid reactions with organic matter

of bioﬁlms in particular cases are poorly known. In this

inside the pipelines. After these reactions, a sharp rise in

study, it was demonstrated that bioﬁlms responded to decon-

the concentration of PAA was measured emphasizing

taminants by decreased HPCs while the TCC remained

the challenges of precise dosing of the chemical. Although
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the degradation of PAA does not produce signiﬁcant

help of the personnel of National Institute for Health and

amounts of DBPs, the formation of acetic acid, which is

Welfare in Kuopio.

an excellent nutrient for microbes, must be controlled
through proper dosing. Nevertheless, the results obtained
with PAA are promising and support its use in water decon-
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