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a b s t r a c t

Treatment processes, such as membrane filtration with reverse osmosis (RO), are used to produce
drinking water with a high degree of biostability. To our knowledge, the influence of RO water on biofilm
formation and growth of L. pneumophila has not yet been investigated. Therefore, this study aimed (i) to
determine the Legionella growth potential of (remineralised) RO-water produced by a pilot plant and to
compare this to conventional treated groundwater, and (ii) to determine if different pipe materials, in
contact with remineralised RO-water, can cause growth of L. pneumophila. The Legionella growth po-
tential of water was determined with the boiler biofilm monitor (BBM) that mimics the flow of water in a
premise plumbing system. The Legionella growth potential of materials in contact with remineralised RO-
water was determined by using the biomass production potential (BPP)-test. ATP concentrations in the
biofilm on the glass rings from the BBM fed with (remineralised) RO water fluctuated around 100 pg ATP
cm�2. In contrast, BBMs fed with conventionally treated water resulted in ten-fold higher ATP concen-
trations in the biofilm. Moreover, conventionally treated water had a Legionella growth potential that was
1000-fold higher than that of (remineralised) RO-water. Furthermore, glass, copper and PVC-C had the
lowest biofilm concentrations and Legionella growth potential in the BPP-test, followed by PE-Xb, PE-Xc
and PE-100. The highest biofilm concentration and Legionella growth potential were with PVC-P. Hence,
our study demonstrated that remineralised RO-water did not enhance growth of L. pneumophila in the
BBM that mimics the premises plumbing system. However, when PE or PVC-P materials are used growth
of L. pneumophila can still occur in the premises plumbing system despite the high quality of the supplied
remineralised RO-water.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In the Netherlands, drinking water is not disinfected with
chlorine nor is a residual disinfectant maintained in the distribu-
tion network (van der Kooij et al., 1999). Instead, microbial growth
in the distribution system is prevented by limiting biodegradable
assimilable organic carbon;
dable organic carbon; BBM,
RO, reverse osmosis; PVC,
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organic carbon (BDOC) concentrations to such an extent that
drinkingwater is biologically stable (van der Kooij, 2003). BDOC can
come from the water, but also from the materials used in the dis-
tribution or premises plumbing systems (Escobar et al., 2001).
Despite the production of biologically stable drinking water and
restricted use of materials that significantly enhance microbial
growth in the distribution system in the Netherlands, limited
regrowth still occurs which has an effect on biofilm growth
(Rittmann and Snoeyink, 1984). The biofilm present in the distri-
bution and/or premises plumbing system can have a negative
impact on water quality, due to the presence of opportunistic
pathogens such as Legionella pneumophila in the biofilm (van der
Kooij et al., 2003). L. pneumophila can cause disease in humans,
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and tap water installations have been identified as a source for
dissemination (reviewed in van der Kooij and Veenendaal, 2014).
L. pneumophila is able to multiply in protozoa that, in turn, graze on
the available biofilm in the drinking water environment (Kuiper
et al., 2004; Declerck et al., 2009; Lau and Ashbolt, 2009). A log-
log linear correlation between biofilm concentration and
L. pneumophila numbers in a drinking water pilot system that
mimics the premise plumbing system was recently demonstrated
(van der Kooij et al., 2017). The same study also showed that the
biofilm concentration is related to assimilable organic carbon (AOC)
concentration in water. This implies that by reducing the AOC
concentration in drinking water, less biofilm will be formed,
resulting in lower L. pneumophila numbers.

Treatment processes are available to produce drinking water
with a high degree of biostability. One such process is membrane
filtrationwith reverse osmosis (RO). RO removes almost all ions and
organic matter (such as BDOC) (Gagliardo et al., 1998; Kamp et al.,
2000; Radjenovi�c et al., 2008), which can result in the production of
drinking water with extremely low AOC concentrations (~1 mg Cl-1)
(Park and Hu, 2010; Prest et al., 2016). To this end, the Dutch
drinking water company Oasen is planning to apply 100% RO to
treat their anoxic source water (blend of anoxic groundwater and
riverbank filtrated surface water) and to remineralise the filtrate
before it is distributed. Due to the effective removal of BDOC by
RO it is expected that the remineralised filtrate could prevent
the growth of L. pneumophila in the downstream drinking water
system.

BDOC in the drinking water system does, however, not only
come from the treated water. It is known that certain pipe mate-
rials, which are used in the distribution or premises plumbing
system, release organic substances into the water that promote
growth of microorganisms (Escobar et al., 2001; Ro _zej et al., 2015),
including L. pneumophila (Buse et al., 2014; Colbourne et al., 1984;
Hambsch et al., 2014; Rogers et al., 1994).

To the best of our knowledge, the influence of remineralised RO
water and the effect of pipe materials in contact with remineralised
RO water on biofilm formation and growth of L. pneumophila has
not yet been investigated. Therefore, the objectives of our study
were to determine: (i) the Legionella growth potential of (remin-
eralised) RO-water and compare this to conventionally treated
water, and (ii) whether different pipe materials in contact with
remineralised RO-water in the distribution system or premises
plumbing systems enhance growth of L. pneumophila.

2. Material & methods

2.1. Conventional drinking water, RO and remineralisation
processes

At the drinking water treatment plant, for the conventional
water purification stream, the extracted groundwater is submitted
to aeration, rapid sand filtration, softening, activated carbon
filtration, and UV disinfection before the treated water is pumped
into the distribution system. The RO pilot plant is operated with a
capacity of 7m3h-1, recovery rate of 75%, followed by ion exchange
and remineralisation.

2.2. Legionella growth potential of water

The Legionella growth potential of the RO, remineralised RO and
conventional treated water was determined using the boiler bio-
film monitor (BBM), which mimics the flow of water in a premises
plumbing system (van der Kooij et al., 2017). In short, the BBM
consisted of a boiler placed upstream of a biofilm monitor that was
filled with glass rings. Three times an hour, the boiler flushed the
biofilm monitor for 20 s with 1.5e2 L water of interest. This water
had a temperature of 38 �C, due to mixing of hot (70 �C) and cold
water. The biofilm monitor was placed in a cabinet, so that the
temperature was maintained at 38 �C and the monitor remained in
complete darkness. A BBM was placed (i) directly after the RO
installation, (ii) directly after the RO-water that was remineralised
and (iii) directly after the conventional treatment. The BBMs fed
with RO and remineralised RO water operated from 30 March till 9
September 2015, whereas the BBM fed with conventionally treated
water started later (1 July till 18 October 2015) due to some electric
power issues. The day that the BBMs were started is referred to as
day 0. After two weeks of BBM operation, the BBM system was
inoculated with L. pneumophila by inserting a short silicon tube,
precultured with L. pneumophila serogroup 1, serotype 1, in the
plumbing part of the boiler where water flows through before it
enters the biofilm monitor. Glass rings and water were sampled in
duplicate every two weeks during a period of six months. Biofilm
was removed from the glass rings by sonication for three consec-
utive times in 10ml of, each time new, sterile water with low en-
ergy for 2min. Drinking water samples and biofilm samples (after
sonication) were analyzed for adenosine triphosphate (ATP) and
L. pneumophila. The biofilm formation potential determined with
the BBM (pg ATP cm�2) of each water type was determined by
calculating the 90-percentile (using the standard formula for per-
centiles in Excel, 2013) of the ATP concentrations in the biofilm that
were determined on the glass rings, which were obtained every
two weeks from the BBM. The Legionella growth potential deter-
mined with the BBM (colony forming units (CFU) cm�2) of each
water type was determined by calculating the 90-percentile of the
CFU of L. pneumophila in the biofilm that were determined on the
glass rings, which were obtained every two weeks from the BBM
(van der Kooij et al., 2017).

2.3. Legionella growth potential of materials

The Legionella growth potential of materials in contact with
remineralised RO-water was determined by using the biomass
production potential (BPP)-test for materials, which was developed
previously (van der Kooij and Veenendaal, 2001; NEN-EN 16421).
Copper, PE-Xb, PE-Xc, PVC-C and PE-100 were tested together with
glass (as negative control) and PVC-P (as positive control), in
duplicate, by incubating 150 cm2 of each material in 900ml
remineralised RO-water, which was produced in the pilot RO
installation at the treatment plant (see 2.1). Subsequently, the
samples were incubated for 16weeks at 37 �C in the dark. Every
week the water in the flask was renewed. After 16 weeks material
pieces (25 cm2) and water (100ml) were analyzed for ATP. There-
after, the samples were inoculated with L. pneumophila from a stock
culture with concentration of 8� 105 CFUml�1 (0.1ml was added
to 900ml). At 24, 28 and 32 weeks material pieces (25 cm2) and
water (100ml) were taken, and the material pieces were added to
40ml of sterile water. Subsequently, the biofilm was removed by
swabbing the material surface using a cotton swab. Next, the
samples (containing material, cotton swab and 40ml of water)
were sonicated once with high energy for 2min (amplitude of 45%
(30Watt)). Water samples and biofilm samples (after swabbing and
sonication) were analyzed for ATP and L. pneumophila, respectively.
The biomass production at week 24, 28 and 32 was calculated for
each material by taking the sum of the ATP concentration of the
biofilm (attached biomass) and of the water (suspended biomass).
The biomass production potential (BPP) of the material was then
calculated by averaging the three biomass production values. In
addition, the biofilm formation potential of each material was
determined by calculating the average ATP-concentrations of the
attached biomass only at week 24, 28 and 32. The Legionella growth
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potential of each material was determined by calculating the
average CFU of L. pneumophila in the biofilm on each material at 24,
28 and 32 weeks.
2.4. Analytical methods

The ATP concentration (as measure for active biomass) was
determined in all water and biofilm samples by measuring the
amount of light produced in a luciferin-luciferase assay (van der
Wielen and van der Kooij, 2010). This assay consisted of adding a
nucleotide-releasing buffer (Celsis International B.V., Maastricht-
Airport, The Netherlands) to the sample to release ATP from the
cells. Next, reagents were added and the generated light signal was
measured as Relative Light Units, after a two second delay time and
a ten second integration time with a luminometer (Celsis Interna-
tional B.V., Maastricht-Airport, The Netherlands). The ATP con-
centration was calculated from the Relative Light Units values by
using an average conversion factor determined from calibration
curves. The detection limit was 1 ng ATP l�1.

Colony counts of L. pneumophila were determined using the
culture method on buffered charcoal yeast extract agar with anti-
biotics (polymixine-B-sulfaat and Natriumcefazoline) and the
plates were incubated at 37 �C for seven days (Edelstein, 1981; ISO
standard 11731-2). Typical colonies were counted and subsequently
confirmed using buffered charcoal yeast extract agar without
cysteine.
Fig. 1. The average ATP concentration (pg ATP cm�2)± standard deviation (A) and average
sampled on different days from the BBMs that were fed with RO-water, remineralised RO-
3. Results

3.1. Legionella growth potential of the different water types

3.1.1. ATP
The ATP concentration in the biofilm on the glass rings from the

BBM fed with conventionally treated water at day 19 was already
relatively high with 280± 36 pg ATP cm�2 when compared to the
other water types (Fig. 1A). The ATP concentration continued to
increase to 1700± 92 pg ATP cm�2 at day 75, after which it
remained stable until the end of the experiment (day 104). The ATP
concentration on the glass rings from the BBM fed with RO-water
and remineralised RO-water was clearly lower than that of
conventionally treated water (Fig. 1A). In these two BBMs, the ATP
concentration of the biofilm varied between 40 and 150 pg ATP
cm�2 throughout the experiment with no clear difference between
RO-water and remineralised RO-water.

We calculated the biofilm formation potential, determined with
the BBM, from the ATP concentrations of the biofilm on the glass
rings in the BBM for each of the three water types. The biofilm
formation potential determined with the BBM of the conventional
treated water was 1642 pg ATP cm�2, whereas the biofilm forma-
tion potential of the RO-water and the remineralised RO-water
were 238 pg ATP cm�2 and 133 pg ATP cm�2, respectively
(Table 1). The biofilm formation potential of RO-water and remin-
eralised RO-water were thus comparable to each other and around
L. pneumophila numbers (CFU cm�2) ± standard deviation (B) on glass rings that were
water and conventional treated water. Day 0 is the day the BBMs were started.



Table 1
The biofilm formation potential and the Legionella growth potential for the different tested water types, as determined from the ATP-concentrations and Legionella numbers of
the biofilm on glass rings in the BBM.

Water type Biofilm formation potential (pg ATP cm�2) Legionella growth potential (CFU cm�2)

RO-water 238 34
Remineralised RO-water 133 23
Conventionally treated water 1642 16,601
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ten-fold lower than that of the conventionally treated water.

3.1.2. Legionella pneumophila
After inoculation with the silicone tube precultured with

L. pneumophila serogroup 1, serotype 1 in the BBM's, L. pneumophila
could be cultivated from the water of all three BBM's with numbers
fluctuating between 200 and 1000 CFU l�1. This demonstrates that
the inoculation of the BBM system with L. pneumophila using the
silicone tube was successful as has been observed before (van der
Kooij et al., 2017).

L. pneumophila numbers in the biofilm on the glass rings from
the BBM fed with conventionally treated water were
4000 CFU cm�2 at day 47 (Fig. 1B). Thereafter, numbers peaked to
22,000 CFU cm�2 at day 61, after which L. pneumophila stabilized
around 10,000 CFU cm�2 till the end of the experiment.

L. pneumophila numbers in the biofilm on the glass rings from
the BBM fed with RO-water and remineralised RO-water were
clearly lower than those in the BBM fed with conventionally treated
water (Fig. 1B). The L. pneumophila numbers of the biofilm in the
BBM fed with RO-water rose to 45 CFU cm�2 after 80 days and then
declined to numbers that were around the detection limit of
4.3 CFU cm�2 (Fig. 1B). In the biofilm on the glass rings from the
BBM fed with remineralised RO-water the highest L. pneumophila
numbers (30 CFU cm�2) were observed at day 107. Thereafter,
numbers also declined to numbers that were around the detection
limit (Fig. 1B). We calculated the Legionella growth potential from
the L. pneumophila numbers of the biofilm on the glass rings in the
BBM for each of the three water types. The Legionella growth po-
tential (determined with the BBM) of conventionally treated water
was 16,601 CFU cm�2, whereas that of RO-water and remineralised
RO-water were 34 CFU cm�2 and 23 CFU cm�2, respectively. The
Legionella growth potential (determined with the BBM) of RO-
water and remineralised RO-water were thus comparable to each
other, but three orders of magnitude lower than that of conven-
tionally treated water (Table 1).

3.2. Legionella growth potential of materials in contact with
remineralised RO-water

3.2.1. ATP
ATP concentrations of the water and biofilm were determined

on four different moments during incubation of seven different
materials in the BPP test with remineralised RO-water as test water.
For all the materials the ATP concentration of the water (suspended
biomass) was relatively stable in time (week 24e32) (Fig. 2A). The
ATP concentrations ranged from 3 to 160 ng ATP l�1 in water
(Fig. 2A). Furthermore the average ATP concentrations in water
were similar for the different materials (3e31 ng ATP l�1), except
for PVC-P (positive control), which had consistently higher ATP
concentrations (100e164 ng ATP l�1).

The ATP concentrations in the biofilm (attached biomass)
differed more between the different materials than the ATP con-
centrations of the water (Fig. 2B). The ATP concentrations in the
biofilm on the materials glass, copper and PVC-C were the lowest
(<200 pg ATP cm�2), followed by PE-Xb and PE-Xc (~800 pg ATP
cm�2) and PE-100 (2000e3000 pg ATP cm�2). The highest ATP
concentration was found in the biofilm on PVC-P (8000e20,000 pg
ATP cm�2).

Table 2 shows the total biomass production potential (BPP) and
the biofilm formation potential of the materials. The materials
copper, glass and PVC-C showed a BPP lower than 200 pg ATP cm�2.
The BPPs of PE-Xb and PE-Xc were comparable (880± 208 and
794± 69 pg ATP cm�2, respectively). Besides the positive control
(PVC-P, BPP 14,885± 3300 pg ATP cm�2), PE-100 had the highest
BPP among the different materials (2204 ± 207 pg ATP cm�2). The
biofilm formation potential values ranged from 56 to 14,260 pg ATP
cm�2 for the different materials and were in the same order as
observed for the BPP values; from low to high values: copper, glass,
PVC-C, PE-Xc, PE-Xb, PE-100 and PVC-P.

3.2.2. Legionella pneumophila
The L. pneumophila numbers in water and biofilm were rela-

tively stable during week 24e32 for all materials in the BPP-test
(Fig. 3A). Furthermore, the average L. pneumophila numbers in
water did not differ considerable between glass, PVC-C, PE-Xb and
PE-Xc and varied between 10 and 250 CFUml�1. The L. pneumophila
numbers in the water of PE-100 were just above that
(385 CFUml�1). In contrast, the L. pneumophila numbers in the
water with copper were below the detection limit of 1 CFUml�1,
whereas the L. pneumophila numbers in the water of the positive
control (PVC-P) were the highest (4000e20,000 CFUml�1)
(Fig. 3A).

The L. pneumophila numbers observed in the biofilm were
lowest for copper (10e40 CFU cm�2), whereas the highest numbers
were detected for PVC-P (>1� 106 CFU cm�2) (Fig. 3B).
L. pneumophila numbers observed in the biofilm of the materials
PVC-C and glass were around 1� 103 CFU cm�2, whereas the ma-
terials PE-Xb and PE-100 showed L. pneumophila numbers in the
biofilm of around 1� 104 CFU cm�2. L. pneumophila numbers in the
biofilm of PE-Xc (5� 103 CFU cm�2) were in between the numbers
observed in the biofilm on glass/PVC-C and PE-Xb/PE-100.

The L. pneumophila numbers in water and biofilm of each ma-
terial were used to calculate the Legionella growth potential. The
Legionella growth potential values for the different materials fol-
lowed the same trend as was observed for the BPP and biofilm
formation potential. Copper had the lowest Legionella growth po-
tential (25 CFU cm�2), whereas PVC-P had the highest Legionella
growth potential (1.4� 106 CFU cm�2) (Table 2). The materials PVC-
C, glass and PE-Xc showed a Legionella growth potential ranging
from 1359 to 5065 CFU cm�2, respectively. The materials PE-Xb and
PE-100 resulted in approximately five times higher Legionella
growth potential values (11,377 and 18,140 CFU cm�2, respectively)
than PVC-C, glass or PE-Xc.

4. Discussion

4.1. Legionella growth potential of different water types

The opportunistic pathogen L. pneumophila can be dispersed via
drinking water, which poses a potential health threat. There are
several factors which can influence growth of L. pneumophila in the
drinking water system, such as the AOC concentration of drinking



Fig. 2. A) ATP concentrations of the water (suspended biomass) that was in contact with the different materials in the BPP test. B) ATP concentrations of the biofilm (attached
biomass) on the different materials in the BPP test. L. pneumophila was added directly after the sample was taken at 16 weeks.

Table 2
The biomass production potential (BBP), biofilm formation potential and the
Legionella growth potential for the different materials.

Test material BPP (pg ATP
cm�2)

Biofilm
formation
potential (pg
ATP cm�2)

Legionella growth
potential (Leg-CFU
cm�2)

Avg. Stdev Avg. Stdev Avg. Stdev

Negative control (glass) 132 11 70 8 3084 3702
Positive control (PVC-P) 14,885 3300 14,260 3107 1,465,490 120,865
Copper 112 26 56 17 25 14
PE-Xb 880 208 835 201 11,377 632
PE-Xc 794 69 700 90 5065 2143
PVC-C 185 46 149 34 1359 723
PE-100 2204 207 2095 240 18,140 8069
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water (van der Kooij, 1992), pipe materials (Colbourne et al., 1984;
Hambsch et al., 2014; Rogers et al., 1994), hydraulics (Douterelo
et al., 2013; Soini et al., 2002), iron (Conley et al., 1985; van der
Lugt et al., 2017) and temperature (Lautenschlager et al., 2010;
Plouffe et al., 1983). Furthermore, a recent study demonstrated that
the Legionella growth potential (determined with the BBM) is
positively correlated with the AOC-concentration of drinking water
(van der Kooij et al., 2017). Consequently, this has led to the hy-
pothesis that a reduction of AOC in the drinking water leads to a
reduction of the Legionella growth potential. This hypothesis was
investigated in our study where the Legionella growth potential of
conventionally treated groundwater was compared with that of
(remineralised) RO-treated groundwater produced by a pilot plant,
since the AOC concentration for conventionally treated water was
between 8 and 30 mg C l�1, whereas the RO treated water had an
AOC concentration below 1 mg C l�1 (pers. comm. G. Liu & M. Lut).

The ATP concentrations and Legionella numbers detected in the
biofilm of RO-water and remineralised RO-water were comparable.
These results show that the remineralisation step had little influ-
ence on the biofilm formation potential and Legionella growth



Fig. 3. A) L. pneumophila numbers in water that was in contact with the different materials in the BPP-test, B) L. pneumophila number in the biofilm on the different materials in the
BPP test. L. pneumophila was added directly after the sample was taken at 16 weeks.
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potential of the water. It can, therefore, be concluded that no or
very low concentrations of biodegradable substances are added to
the water due to the remineralisation step after the RO process.

Our results also showed that conventionally treated water has a
considerably higher Legionella growth potential and biofilm for-
mation potential than RO-water and remineralised RO-water. In
two previous studies, the Legionella growth potential of treated
water at different production locations (using different sources for
drinking water production) in the Netherlands have been deter-
mined (van der Kooij and Veenendaal, 2011; van der Kooij et al.,
2017). The Legionella growth potential - observed for the conven-
tionally treated groundwater from our studywas comparable to the
highest values obtained from conventionally treated groundwater
that were reported in those previous studies (van der Kooij and
Veenendaal, 2011; van der Kooij et al., 2017). Furthermore, the
Legionella growth potential of RO-water and remineralised RO-
water were comparable to a drinking water type that showed the
lowest Legionella growth potential and which was produced from
oxygenic groundwater with a very low AOC concentration
(~1.0 mg C l�1) (van der Kooij and Veenendaal, 2011; van der Kooij
et al., 2017). RO decreases the AOC and Legionella growth poten-
tial of the treated water, and these values were among the lowest
measured in the Netherlands (van der Kooij and Veenendaal, 2011;
van der Kooij et al., 2017). RO, thus, seems a good treatment option
to considerably lower the Legionella growth potential of the water,
which might lead to a reduced risk of dispersal of L. pneumophila
through drinking water. However, our results were obtained in a
pilot scaled RO system, and it is recommended to (i) determine the
Legionella growth potential of drinking water and (ii) monitor for
Legionella in buildings in the distribution systemwhen the full scale
system is operational. Our results also support the conclusion of
van der Kooij et al. (2017) that drinking water with AOC concen-
trations around or below 1 mg AOC l�1 does not or barely support
growth of L. pneumophila (van der Kooij et al., 2017).

van der Kooij et al. (2017) found a correlation between the
biofilm formation potential and the Legionella growth potential
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(both determinedwith the BBM) for different water types that were
previously analyzed (van der Kooij and Veenendaal, 2011; van der
Kooij et al., 2017). When we add the Legionella growth potential
and biofilm formation potential of the three analyzed water types
from our study, they agree very well with the correlation observed
before (Fig. 4). The correlation showed that a ten times lower ATP
concentration of the biofilm formation potential results in a
hundred-fold lower L. pneumophila numbers of the Legionella
growth potential (both determined with the BBM). This means that
reducing the biofilm concentration is an effective way to reduce
L. pneumophila. van der Kooij et al. (2017) also observed that the
Legionella growth potential correlated with the growth potential of
drinking water, which was determined by measuring the AOC
concentration of the water. More importantly, we demonstrated in
our study that this relationship can be used to support the instal-
lation of specific treatment processes, such as RO, that reduce the
AOC concentration in the drinking water and, hence, the Legionella
growth potential.

4.2. Legionella growth potential of materials in contact with
remineralised RO-water

The above-discussed results showed that remineralised RO-
water significantly reduced the Legionella growth potential. Be-
sides water being a source of BDOC, pipe materials in contact with
drinking water can also release growth promoting substances
(Escobar et al., 2001; Ro _zej et al., 2015) and can, therefore, enhance
the growth of for example L. pneumophila (Buse et al., 2014;
Colbourne et al., 1984; Hambsch et al., 2014; Rogers et al., 1994).
Consequently, we investigated whether certain pipe materials in
contact with remineralised RO water can still enhance microbial
growth in general and specifically growth of L. pneumophila. Our
results demonstrated that PE-based pipe materials in contact with
remineralised RO-water enhanced microbial growth and growth of
L. pneumophila. These results were similar to those found when
these pipe material types were tested with drinking water pro-
duced from anoxic groundwater that had been conventionally
treated (aeration and rapid filtration) (van der Kooij & Veenendaal,
2011, 2014). Rogers et al. (1994) also reported that PE-materials
resulted in higher biofilm formation than PVC-C or glass. They
reported that L. pneumophila easily colonize plastic materials
(PP, PE and PVC). They arranged tested materials with respect
to biofilm formation in ascending order: glass< stainless
Fig. 4. Relation between the biofilm formation potential and Legionella growth potential of t
conventionally treated water) compared with values obtained from other drinking wate
Veenendaal, 2011; van der Kooij et al., 2017).
steel< PP< PVC<mild carbon steel< PE< latex (Rogers et al.,
1994; Ro _zej et al., 2015). However, they used conventionally
treated water instead of remineralised RO-water in their test. Given
the similar findings between materials in contact with conven-
tionally treated drinking water or remineralised RO-water, we
conclude that the drinking water quality has no or very limited
influence on the amount of microbial biomass formed or
L. pneumophila grown on PE-based materials in contact with
drinking water. In contrast, PVC-C and newly used copper did not
enhance growth of L. pneumophila compared to the negative con-
trol (glass). When these pipe materials are used in drinking water
distribution or premises plumbing systems, the improved drinking
water quality obtained with RO treatment can reduce growth of
L. pneumophila in the drinking water environment.

In the Netherlands, drinking water companies restrict the use of
PE materials in the distribution system, because of the relatively
high release of growth promoting compounds from PE and,
therefore, preferable PVC-U is used (Vewin, 2015). When drinking
water companies will want to switch from supplying convention-
ally treated groundwater to remineralised RO water in the future, it
is expected that the biofilm formation will be limited due to (i) the
low biofilm formation potential of thewater and (ii) themain use of
pipe materials in the distribution system that have a low concen-
tration of growth promoting compounds. Furthermore, it is also
important to note that in the Netherlands the temperature in the
distribution system is rarely higher than 25 �C, which further re-
duces the risk of growth of L. pneumophila (van der Wielen and van
der Kooij, 2013; van der Kooij et al., 2002).

In contrast the drinking water temperature in premises
plumbing systems in the Netherlands can be more favorable for
growth of L. pneumophila. Furthermore in premises plumbing sys-
tems different materials are used, such as copper, PVC-C, PE-X and
PVC-P. It was observed in our study that new copper material in
contact with remineralised RO-water decreased the Legionella
growth potential of the materials. A study of a dynamic model
drinking water system also showed that copper pipes have an
inhibitory effect on growth of L. pneumophila in heterotrophic
biofilms (van der Kooij et al., 2005). However, this inhibitory effect
was only temporary, because after two years L. pneumophila
numbers in the biofilm on copper were the same as for the other
materials tested (stainless steel and PE-X). The authors suggested
that the initial inhibitory effect of copper on L. pneumophila growth
disappeared due to the accumulation of corrosion products
he three water types investigated in this study (RO-water, remineralised RO-water and
r types in the Netherlands and that were previously published (van der Kooij and
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covering the surfaces and, thereby, preventing release of copper
ions (van der Kooij et al., 2005).

Most other studies that investigated the effect of copper on
microbial growth also demonstrated that copper repressed biofilm
growth. For example, Yu et al. (2010) andMorvay et al. (2011) noted
fewer cells within drinking water biofilms on copper coupons than
with other materials, and Lehtola et al. (2005) demonstrated faster
biofilm growth on PE than on copper pipes (Lu et al., 2014; Yu et al.,
2010; Morvay et al., 2011; Lehtola et al., 2005). In contrast with the
results of these studies and our study, Gi~ao et al. (2015) found
slightly more L. pneumophila on new copper material than on PVC-
U and PEX, reaching the conclusion that copper is not directly
effective in reducing growth of L. pneumophila. This apparent
discrepancy between our results and the results of Gi~ao et al. (2015)
could have been caused by applying a different procedure (peptide
nucleoid acid probe) to enumerate L. pneumophila. In addition, Gi~ao
et al. (2015) also used a different incubation period. They sampled
the biofilm after 1, 2, 4, 8, 16, and 32 days, whereas we sampled the
biofilm after 16 weeks. It has been reported that new copper ma-
terial can sometimes contain a thin oily layer, which can be
degraded by microorganisms, thereby leading to increased growth
during the first month (van der Kooij et al., 2002).

Our observation that L. pneumophila growthwasmore enhanced
on PE and PVC-P materials than on copper and PVC-C in contact
with remineralised RO-water gives reason for concern. In the last
few years the use of copper in premises plumbing systems has
decreased, whereas the use of PE and PVC-P (in shower- or garden
hoses) has increased. Based on the results of our study, it would be
better to restrict the use of PE and PVC-P in premises plumbing
systems and increase the use of materials that have a lower BPP or
Legionella growth potential, such as copper, stainless steel or PVC-C
materials, to reduce the risk of L. pneumophila growth in premises
plumbing systems.

Overall, the results of our study showed that remineralised RO-
water reduced growth of L. pneumophila in the BBM, but that this
improved drinking water quality had no or very limited influence
on the amount of biomass formed on pipe materials that release
relatively high concentrations of growth promoting substances (i.e.
PE and PVC-P). Hence, when such materials are used in premises
plumbing systems, L. pneumophilamight still grow despite the high
quality of the supplied remineralised RO-water. We, therefore,
conclude that RO can be used to prevent Legionella contamination.
Furthermore, when pipe materials with a low Legionella growth
potential are used in the distribution and premises plumbing sys-
tems in combination with RO-treated drinking water, the risk of
growth of L. pneumophila in the drinking water environment can be
significantly reduced.
4.3. Conclusions

� Conventionally treated groundwater has a relatively high
Legionella growth potential and biofilm formation potential.
When the same water is treated with a RO pilot plant, this RO-
water has a very low Legionella growth potential and biofilm
formation potential. In addition, the remineralised RO-water
does not or hardly enhance growth of L. pneumophila in the
BBM system that mimicked a premises plumbing system.

� Remineralisation of RO-treated water has no effect on the bio-
film formation potential and Legionella growth potential of the
water.

� The BPP-test showed that the drinking water quality has no or a
very limited influence on the biomass concentration or growth
of L. pneumophila on materials that excrete relatively high con-
centrations of growth promoting substances (i.e. PE and PVC-P).
� PE-based materials and PVC-P elevate the Legionella growth
potential and biofilm formation potential, and the use of those
materials in premises plumbing systems can, thus, increase the
risk of L. pneumophila growth.

� Prevention of L. pneumohila contamination can be achieved by
combining RO treatment at the production plant and using pipe
materials with no or low concentrations of growth promoting
compounds in the distribution and premises plumbing system.
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