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ABSTRACT Legionella pneumophila in potable water installations poses a potential
health risk, but quantitative information about its replication in biofilms in relation
to water quality is scarce. Therefore, biofilm formation on the surfaces of glass and
chlorinated polyvinyl chloride (CPVC) in contact with tap water at 34 to 39°C was in-
vestigated under controlled hydraulic conditions in a model system inoculated with
biofilm-grown L. pneumophila. The biofilm on glass (average steady-state concen-
tration, 23 � 9 pg ATP cm�2) exposed to treated aerobic groundwater (0.3 mg C
liter�1; 1 �g assimilable organic carbon [AOC] liter�1) did not support growth of the
organism, which also disappeared from the biofilm on CPVC (49 � 9 pg ATP cm�2)
after initial growth. L. pneumophila attained a level of 4.3 log CFU cm�2 in the bio-
films on glass (1,055 � 225 pg ATP cm�2) and CPVC (2,755 � 460 pg ATP cm�2) ex-
posed to treated anaerobic groundwater (7.9 mg C liter�1; 10 �g AOC liter�1). An
elevated biofilm concentration and growth of L. pneumophila were also observed
with tap water from the laboratory. The Betaproteobacteria Piscinibacter and Methylo-
versatilis and amoeba-resisting Alphaproteobacteria predominated in the clones and
isolates retrieved from the biofilms. In the biofilms, the Legionella colony count cor-
related significantly with the total cell count (TCC), heterotrophic plate count, ATP
concentration, and presence of Vermamoeba vermiformis. This amoeba was rarely de-
tected at biofilm concentrations of �100 pg ATP cm�2. A threshold concentration of
approximately 50 pg ATP cm�2 (TCC � 1 � 106 to 2 � 106 cells cm�2) was derived
for growth of L. pneumophila in biofilms.

IMPORTANCE Legionella pneumophila is the etiologic agent in more than 10,000
cases of Legionnaires’ disease that are reported annually worldwide and in most of
the drinking water-associated disease outbreaks reported in the United States. The
organism proliferates in biofilms on surfaces exposed to warm water in engineered
freshwater installations. An investigation with a test system supplied with different
types of warm drinking water without disinfectant under controlled hydraulic condi-
tions showed that treated aerobic groundwater (0.3 mg liter�1 of organic carbon)
induced a low biofilm concentration that supported no or very limited growth of
L. pneumophila. Elevated biofilm concentrations and L. pneumophila colony counts
were observed on surfaces exposed to two types of extensively treated groundwa-
ter, containing 1.8 and 7.9 mg C liter�1 and complying with the microbial water
quality criteria during distribution. Control measures in warm tap water installations
are therefore essential for preventing growth of L. pneumophila.
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Legionella pneumophila is the causative agent of Legionnaires’ disease (LD), a life-
threatening pneumonia, and proliferates in natural and engineered freshwater

systems at warm temperatures. In 2014, the number of annually reported LD cases
amounted to more than 6,000 in Europe (1) and more than 5,000 in the United States
(2). The wide range of notifications per million inhabitants (�1 to 39.4) in European
countries indicates that the number of reported cases is an underestimation of the true
number of cases. Complicated diagnostics and reporting inefficiency are considered the
main reasons for these different notification rates (3). The increased number of reported
cases in the United States has been attributed to an increasing population of older
persons and persons at high risk for infection and to improved diagnostics and
reporting (4). More than two thirds of the cases reported in Europe are community
acquired, implying that the source of the infection was not identified, with smaller
percentages associated with travel (19%), both abroad and domestic, and with health
care (8%) (1). In the United States, LD was the most frequently reported drinking
water-associated disease from 2009 to 2012 (5, 6).

L. pneumophila is detected only incidentally in distributed drinking water in tem-
perate regions, but the organism is commonly present in potable water installations in
hotels, hospitals, and residential water systems (1, 6–8). L. pneumophila is a nutritionally
fastidious organism requiring specific amino acids for growth (9, 10), but a variety of
free-living amoebae grazing on biofilms and sediments can serve as hosts and enable
its proliferation in the aquatic environment (11–16). The optimal growth temperature
of L. pneumophila ranges from 37 to 42°C (17, 18), and a warm temperature is essential
for its growth because host amoebae digest the bacterium at temperatures of �20°C
(19, 20). Several studies showed that the colony counts of L. pneumophila in potable
water installations correlated with the concentrations of organic carbon, iron, manga-
nese, and corrosion products in the water (7, 21–23). However, in a recent study, no
growth of culturable L. pneumophila was observed in water contained in glass bottles
incubated at 32 to 37°C and supplemented with various amounts of ozonated fulvic
acid (24). Colony counts of L. pneumophila in water from systems with iron pipes were
higher than those in water from systems with pipes of steel and copper (25). Organic
polymeric materials used in water installations, e.g., natural and synthetic rubber,
polyethylene (cross-linked), polypropylene, and polybutylene, can also promote growth
of L. pneumophila (26–31). The L. pneumophila colony counts in biofilms on a variety of
materials in contact with tap water in experimental systems correlated significantly
with the total cell count (TCC) (31) and the ATP level (30) but not with the heterotrophic
plate count (HPC) (29).

Water temperature management and prevention of stagnation are essential for
limiting the growth of L. pneumophila in potable water installations (32–35). Further-
more, the use of plumbing materials that do not promote biofilm formation has been
advocated (26–29, 36). However, water quality also affects biofilm formation, but the
relationship between the concentration of the water-induced biofilm and growth of
Legionella is still unclear. Therefore, a test system, the boiler biofilm monitor (BBM), was
developed to determine the effects of drinking water without disinfectant on the
biofilm formation and growth of L. pneumophila under optimal temperature and
hydraulic conditions resembling those in potable water installations (37). This system
was tested in the laboratory by using the locally available drinking water and at two
groundwater supplies distributing drinking water with either a very low concentration
of natural organic matter (NOM) (�0.5 mg C liter�1) or a high NOM concentration (7.8
mg C liter�1). The abundances and identities of Legionella spp. and free-living protozoa
in these unchlorinated supplies were reported earlier (38, 39). The objectives of the
present study were to (i) assess the relationship between the biofilm concentration and
the Legionella colony count in biofilms under controlled conditions in a model system,
(ii) identify bacteria predominating in biofilms, (iii) determine the effect of water quality
(NOM and assimilable organic carbon [AOC]) on biofilm formation, and (iv) compare the
use of glass and chlorinated polyvinyl chloride (CPVC) in the test system.
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RESULTS
BBM system. The locally available drinking water (supply C), with relatively low

concentrations of total organic carbon (TOC), AOC, and ATP (Table 1), was used for testing
of the model system. In a preliminary experiment, a glass column with glass cylinders
placed on top of each other (biofilm monitor) (40) and glass cylinders (diameter, 1 cm;
length, 2.5 cm) with glass beads (diameter, 0.4 cm) placed in parallel in an acrylate container
were periodically flushed with warm drinking water to explore biofilm formation and
growth of L. pneumophila in the biofilms on the glass surfaces. After 7 days of operation, a
piece of silicone tubing with L. pneumophila and associated microbiota was inserted at
the outlet of the thermostatic mixing valve. ATP analysis at day 14 revealed the
presence of biofilms (200 to 300 pg ATP cm�2) on the beads and the cylinders. L.
pneumophila multiplied in the biofilms and attained a level of about 103 CFU cm�2 at
day 60 in both systems (results not shown). These observations showed the potential
of a simple setup to assess the level of biofilm formation and multiplication of L.
pneumophila in the biofilm. The column with cylinders was selected for further use
because of easy sampling and the application of different materials. In two columns
containing cylinders of either glass or CPVC, the biofilm concentration increased with
fluctuations, with CPVC supporting a higher concentration than that with glass (Fig. 1
and 2A). Duplicate samples collected from each column gave similar concentrations in

TABLE 1 Concentrations of total organic carbon (TOC), assimilable organic carbon (AOC), and ATP in the feed water at the test locationsc

Water
supply/locationa

TOC concn
(mg liter�1)

AOC concn (�g acetate
C equivalents liter�1)

%
NOXb

AOC concn after 6 h at 70°C
(�g acetate C equivalents liter�1)

%
NOXb

ATP concn
(ng liter�1)

AT 0.32 � 0.01 (4) 1.1 � 0.3 (3) 75 1.9 � 0.1 (2) 70 0.7 � 0.6 (13)
AD 0.26 � 0.03 (3) 1.0 � 0.1 (2) 94 NA NA 0.9 � 0.7 (13)
BT 7.9 � 0.15 (3) 10.9 � 1.2 (5) 89 22.9 � 2.8 (5) 94 10.3 � 2.6 (29)
BD 7.9 � 0.16 (3) 8.9 � 0.7 (1) 90 19.7 � 3.3 (1) 97 9.6 � 3.2 (13)
CD 1.8 � 0.1 (2) 3.4 � 0.4 (3) 77 7.9 � 2.6 (2) 87 3.0 � 1.4 (14)
aAT, groundwater supply A, treated water (T); AD, supply A at a location in the distribution system; BT, supply B, treated water; BD, supply B at a location in the
distribution system; CD, groundwater supply C at a location in the distribution system (D).

bAverage AOC fraction utilized by test strain NOX.
cNumbers in parentheses show numbers of samples. NA, not analyzed.

FIG 1 Scheme (not to scale) of the boiler biofilm monitor (BBM). (A) Electric boiler (30 liters); (B and C)
glass columns with cylinders of either glass or CPVC; (D) wooden box; (E) cold water inlet; (F) thermostatic
mixing valve; (G and H) magnetic valve; (I and J) deaeration valves; (K) location for insertion of inoculum;
(L) flow meters; (M) water discharge. Arrows show the direction of water flow.
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most cases, with median coefficients of variation (CV) of 8% for glass and 12% for CPVC.
L. pneumophila multiplied in the biofilms at an exponential growth rate of approxi-
mately 1.3 day�1, and maximum colony counts were attained after about 3 weeks (Fig.
2B). Thereafter, the colony counts remained relatively stable, with significantly higher
levels on glass than on CPVC. Table 2 shows the average biofilm concentrations and the
means of the log-transformed Legionella colony counts. HPCs and TCCs, which were

FIG 2 Biofilm concentrations (A) and colony counts of L. pneumophila (B) in biofilms developing on glass
(Œ) and CPVC (�) in a boiler biofilm monitor supplied with tap water at a location in the distribution
system of supply C. Error bars indicate standard deviations (SD). Colony counts below the detection limit
are shown as 1 CFU cm�2.

TABLE 2 Characteristics of biofilms on glass and CPVC in the boiler biofilm monitor with groundwater supplies A, B, and C

Water supply
and test
materialb

Mean � SD for biofilm characteristica

Attached biomass concn
(pg ATP cm�2)

Legionella count
(log CFU cm�2)

TCC (log
cells cm�2)

ATP/TCC ratio
(fg cell�1)

HPC (log
CFU cm�2)

HPC/TCC
ratio (%)

Fe concn
(mg m�2)

Mn concn
(mg m�2)

AT

Glass 23 � 9 0 5.7 � 0.4 0.03 � 0.02 4.1 � 0.3 3.6 � 3.4 1.3 � 0.7 0.11 � 0.08
CPVC 49 � 9* 0.4 � 0.5 6.0 � 0.3 0.05 � 0.03 4.7 � 0.4* 6.0 � 5.4 1.6 � 1.3 0.17 � 0.18

AD

Glass 82 � 40 1.6 � 0.8 6.2 � 0.2 0.05 � 0.02 5.2 � 0.2 11 � 6 1.9 � 0.9 0.05 � 0.03
CPVC 99 � 25 1.7 � 0.7 6.4 � 0.2 0.04 � 0.02 5.5 � 0.2* 12 � 6 5 � 3* 0.13 � 0.05*

BT1
Glass 1,050 � 225 4.2 � 0.1 7.0 � 0.2 0.13 � 0.08 5.7 � 0.3 5.5 � 2.9 14 � 8 3.5 � 3.4
CPVC 2,755 � 465* 4.3 � 0.1 7.5 � 0.2* 0.18 � 0.16 6.4 � 0.3* 5.1 � 1.4 23 � 14* 11 � 11*

BT2
Glass 630 � 190 3.9 � 0.4 7.2 � 0.1 0.07 � 0.04 6.3 � 0.1 16 � 11 6 � 4 0.5 � 0.5

BD

Glass 580 � 105 3.7 � 0.6 7.2 � 0.1 0.05 � 0.01 6.1 � 0.2 13 � 7 10 � 67 0.47 � 0.3
CPVC 710 � 175* 4.0 � 0.3 7.2 � 0.1 0.07 � 0.03 6.1 � 0.2 15 � 8 15 � 8 0.45 � 0.24

CD

Glass 565 � 165 4.6 � 0.2 6.8 � 0.3 0.11 � 0.05 5.6 � 0.2 20 � 12 ND ND
CPVC 1,130 � 250* 4.1 � 0.4* 7.0 � 0.1* 0.12 � 0.05 6.2 � 0.1* 19 � 8 ND ND

aTCC, total cell count (n � 4 to 7); HPC, heterotrophic plate count (n � 6 to 12); Fe, iron (n � 5 to 8); Mn, manganese (n � 5 to 8). The average concentrations for attached
biomass (ATP), TCC, HPC, Fe, and Mn cover the steady-state phase attained after about 30 to 60 days. Elevated biofilm concentrations on CPVC at the end of the test period
at locations BT1 and BD (Fig. 4) were not included in the calculations of the average steady-state biofilm concentrations; samples with no or initial growth of L. pneumophila
in this phase were not included in the calculation of the mean. For location AT, the period of days 105 to 188 was used for the calculations (Fig. 3A and B), as well as for
location BT1. ND, not determined; *, the concentration on CPVC was significantly (P � 0.05) different from the concentration on glass.

bAT, groundwater supply A, treated water; AD, supply A at a location in the distribution system; BT1, supply B, treated water, first test; BT2, supply B, treated water,
second test; BD, supply B at a location in the distribution system; CD, groundwater supply C at a location in the distribution system (D).
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measured at a lower frequency than that for ATP and Legionella colony counts, attained
levels of about 106 CFU cm�2 and 107 cells cm�2, respectively, on both materials, with
significantly higher HPCs and TCCs on CPVC than on glass (Table 2).

Groundwater supply A. The BBM system with two columns was used to investigate
treated water leaving the treatment facility of supply A (AT) and drinking water at a
location in the distribution system (AD) 2 years later. This drinking water was charac-
terized by low concentrations of TOC, AOC, and ATP at both locations (Table 1). Biofilm
formation on glass was slow and remained below 50 pg ATP cm�2 at location AT (Fig.
3A). The biofilm concentration on CPVC, which obviously had reached an elevated
concentration within 2 weeks, declined over a period of about 80 days and subse-
quently increased to a level of approximately 50 pg ATP cm�2. The elevated initial
concentration is attributed to growth enhancement by CPVC (see Discussion). The
Legionella colony count on glass remained �10 CFU cm�2 (Fig. 3B), and the bacteria
disappeared from the biofilm (detection limit, 6 CFU cm�2). On CPVC, Legionella
apparently had multiplied before the first analysis (day 50), but the colony count also
declined to below the detection limit (13 CFU cm�2) after 150 days.

The variable biofilm concentrations on glass and CPVC in the BBM at the distribution
system location (AD) also remained low but were significantly higher than those
observed at location AT (Fig. 3C). The Legionella colony counts in the biofilms showed
large variations, with small differences between most duplicate samples (Fig. 3D). After
120 days, the Legionella counts on CPVC remained below 102 CFU cm�2, but a level of
460 CFU cm�2 was attained on glass after 190 days. The average TCC concentrations
in the biofilms at locations AT and AD were below 3 � 106 cells cm�2 and were
significantly higher on CPVC than on glass (Table 2). The concentrations of Fe and Mn
on glass and CPVC were low at location AT and slightly higher at location AD, with
significantly more Fe and Mn on CPVC than on glass (Table 2).

Groundwater supply B. Drinking water from supply B was characterized by a
relatively high TOC concentration and higher concentrations of AOC and ATP than
those at supplies A and C (Table 1). In the first test with treated water (BT1), the biofilm
on glass developed to concentrations exceeding 1,000 pg ATP cm�2 after 100 days, and
on CPVC, a concentration of 3,500 pg ATP cm�2 was exceeded after 150 days (Fig. 4A).
Legionella was not detected in the biofilm after 72 days, and therefore another silicone
piece was inserted into the system at day 84. Thereafter, exponential growth (0.32

FIG 3 Biofilm concentrations (A and C) and colony counts of L. pneumophila (B and D) in biofilms
developing on glass (Œ) and CPVC (�) in a boiler biofilm monitor supplied with drinking water of supply
A, at the treatment plant (A and B) or at a location in the distribution system (C and D). Error bars indicate
SD. Colony counts below the detection limit are shown as 1 CFU cm�2.
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day�1) was observed, and Legionella levels of 2 � 104 to 3 � 104 CFU cm�2 were
attained (Fig. 4B). HPCs exceeded 106 CFU cm�2, and TCCs exceeded 107 cells cm�2,
with significantly higher levels on CPVC than on glass (Table 2). The concentrations of
Fe and Mn on glass and CPVC were relatively high (Table 2) and increased after about
100 days of operation, to 25 mg Fe cm�2 and 20 mg Mn cm�2 at day 184. Treated water
from supply B was tested a second time (BT2; glass only) in combination with water at
a location (BD) in the distribution system (Fig. 4C and D). The biofilm concentration and
the concentrations of Fe and Mn at location BT2 remained below those observed on
glass in the first test (Table 2). L. pneumophila attained a maximum level of about 2 �

104 CFU cm�2. The biofilm concentration on CPVC at location BD was significantly
higher than that on glass, but the Legionella colony count and the concentrations of
other biofilm parameters did not differ significantly from those on glass (Table 2).

Relationships between biofilm parameters and growth of L. pneumophila.
Linear regression analysis was used to identify relationships between the TCC, HPC, and
ATP concentrations and between these concentrations and the colony counts of L.
pneumophila in the biofilm. TCCs, HPCs, and ATP levels of the biofilms for the combined
water types were significantly related at concentration ranges of several log units, but
the relationships were weak (low R2 values) for most of the individual water types
(Table 3; see Fig. S3 in the supplemental material). The colony count of L. pneumophila
in the biofilm generally showed more variation than the biofilm concentration (ATP)
and correlated significantly with TCC, HPC, and ATP for the water types combined (Fig.
S4), but these relationships were weak (low R2 values) (Table 3). For the individual water
types, the correlation was either low or not significant. The mean of the log-
transformed colony counts of Legionella correlated significantly with the average of the
log-transformed biofilm concentrations (Table 3; Fig. 5), with an exponential relation-
ship at biofilm concentrations above 100 pg ATP cm�2 and no growth of Legionella at
biofilm concentrations below 30 pg ATP cm�2.

Free-living amoebae and predominating bacteria in biofilms. The presence of
the potential host amoebae Vermamoeba vermiformis and Acanthamoeba spp. in the
biofilms was measured at two time points. The concentration of V. vermiformis was
below the detection limit (0.5 cell equivalent cm�2) in most samples collected at
locations AT and AD; the highest concentrations were observed with water type C (Table

FIG 4 Biofilm concentrations (A and C) and colony counts of L. pneumophila (B and D) in biofilms
developing on glass (Œ and e) and CPVC (� and �) in a boiler biofilm monitor supplied with drinking
water of supply B, leaving the treatment plant (Œ and �) or at a location in the distribution system
(e and �). Error bars indicate SD. Colony counts below the detection limit are shown as 1 CFU cm�2.
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S2). V. vermiformis was present on day 41 at location BT1, before growth of L. pneu-
mophila was observed (Fig. 4B). The colony count of L. pneumophila correlated signif-
icantly with the V. vermiformis concentration (P � 10�4; R2 � 0.81) (Fig. 6). The
Acanthamoeba concentration was below the detection limit (0.5 cell equivalent cm�2)
in all samples.

Bacteria predominating in a biofilm are well adapted to the prevailing environmental
conditions and may serve as prey for amoebae. To obtain information about the ecophysi-
ological properties of these bacteria, a limited number of bacterial clones were retrieved
and analyzed for identification. The predominating cultured bacteria were identified as well.
The Betaproteobacteria accounted for 9 to 80% of the identified clones, with the highest
percentages in the young biofilms (Table 4). Piscinibacter aquaticus was the most frequently
observed species in the clone libraries and the bacteria cultured from the biofilms for water
types A and B (Table 4; Table S4). Members of the Rhodocyclaceae, viz., Methyloversatilis
discipulorum and an uncultured bacterium, predominated among the clones retrieved from
the biofilms for water types B and C. Alphaproteobacteria accounted for 6 to 47% of the
sequences, with the highest percentages in the older biofilms. Predominating representa-
tives were an uncultured Xanthobacteraceae bacterium, Pseudorhodoplanes sinuspersici, and
Sphingopyxis indica. Bradyrhizobium japonicum was the predominating cultured alphapro-
teobacterium (Table S4). For water types A and C, Gammaproteobacteria (3.7%) and
Deltaproteobacteria (0.7%) represented small minorities, and Acidobacteria accounted for 13
to 26% of clones.

TABLE 3 Linear regression-based correlations and relationships between log-transformed data on biofilm characteristics, including
Legionella colony counts, for biofilms in the boiler biofilm monitor for groundwater supplies A, B, and C

Comparison (n)a

All data

Data for water supplyb

A B C

Mean slope � SE R2 value P value R2 value P value R2 value P value R2 value P value

TCC vs HPC (60) 1.07 � 0.07 0.78 �10�20 0.55 �10�3 0.20 �0.05 0.64 �10�3

TCC vs ATP (68) 1.05 � 0.07 0.78 �10�20 0.53 �10�3 0.41 �10�3 0.79 �10�5

HPC vs ATP (111) 0.84 � 0.04 0.78 �10�20 0.65 �10�8 0.22 �10�3 0.59 �10�6

Legionella count vs TCC (50) 2.09 � 0.26 0.57 �10�9 0.26 NS 0.31 �0.01 0.27 NS
Legionella count vs HPC (80) 1.69 � 0.19 0.49 �10�12 0.29 0.01 0.04 NS 0.23 0.01
Legionella count vs ATP (180) 1.58 � 0.09 0.62 �10�12 0.19 �0.01 0.18 �10�4 �0.01 NS
Legionella countavg vs ATPavg (9)c 2.00 � 0.42 0.76 0.002 NA NA NA NA NA NA
Legionella countavg vs ATPavg (10)d 1.99 � 0.26 0.88 5 � 10�5 NA NA NA NA NA NA
an � number of data pairs.
bNS, not significant (P � 0.05); NA, not applicable.
cData pairs for location AT were excluded from the calculations.
dData pairs for location AT were excluded, and data for growth of an L. pneumophila serogroup 1, sequence type 1 strain in a biofilm on soft PVC (18) were included
(Fig. 3).

FIG 5 Relationship between the log mean of colony counts of L. pneumophila in the biofilm and the log mean
of biofilm concentrations. Symbols: Œ, glass, supply A; �, CPVC, supply A; e, glass, supply B; �, CPVC, supply
B; o, glass, supply C; Œ, CPVC, supply C; �, L. pneumophila SG1, ST1 strain LP25 on soft PVC (18). Error bars
indicate SD. Data for location AT are shown (�1 log CFU cm�2) but were not included in the calculations. The
solid line shows the relationship calculated for the data from this study; the dashed line includes the data for
L. pneumophila on soft PVC (Table 3).
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Effect of water composition on biofilm formation. The low biofilm concentrations
at locations AT and AD corresponded to low concentrations of TOC, AOC, and ATP in the
water (Table 1). The highest biofilm concentrations (water type B) were associated with
clearly higher TOC, AOC, and ATP concentrations. The observations for water type C
were between those for water types A and B. Storage of water in Erlenmeyer flasks at
70°C for 6 h, the average retention time of the water in the boiler, caused a 2.1 (�
0.3)-fold increase of the AOC concentration due to increased growth of the test strain
NOX (Table 1). The increased AOC was strongly related (R2 � 0.97) to the TOC
concentration (Fig. S5A). Based on the mixing ratio of hot (70°C) and cold (11 to 14°C)
drinking water, the AOC concentration of the warm water was estimated to be about
1.5 times the AOC concentration of the cold water. The average biofilm concentration
on glass (not CPVC) was significantly related to the AOC concentration of the warm
water (Fig. 7) and to the TOC concentration (Fig. S5B). Investigations of more water
types are needed to assess the effect of water quality on biofilm formation.

DISCUSSION
Boiler biofilm monitor. The results of this study show that the BBM system enables

assessment of the biofilm concentration and the associated growth of Legionella on
surfaces exposed to warm water. Glass and CPVC are easy to handle and do not
corrode, and glass does not release growth-promoting compounds. Furthermore, CPVC
is commonly used in contact with warm water in potable water installations (41). Its
properties compared to those of glass are discussed below. The operational conditions
in the BBM simulate a worst-case situation in a tap water installation by using heated
water to provide an optimal temperature for growth of L. pneumophila and host
amoebae in the biofilm (18), with a regular, discontinuous water flow. Growth of L.
pneumophila was measured in the biofilm only because the water volume contained in
each of the columns (approximately 300 ml) was too small for accurately measuring
Legionella counts at a high biofilm/water ratio (18). The advantages of biofilm analysis
include a defined sample (material and location), a small sample size, and a low
threshold level for Legionella detection.

Biofilm concentration assessment. HPCs generally account for a small (�2%) and
varying fraction of the TCC in drinking water biofilms at ambient temperatures (40,
42–44), but in a warm water system (35°C) an elevated culturability (38%) of the
bacteria, defined as the HPC/TCC ratio, was observed, compared to 2% culturability in
cold (11°C) water (45). The culturability of attached bacteria in the BBM ranged from
�2% (aged biofilm for water type AT) to approximately 40% (young biofilm for water
type C). The lowest culturability was associated with an average ATP content of 0.015
fg cell�1, and a culturability of �10% was associated with �0.1 fg ATP cell�1. Plating
efficiencies of �20% have been reported for biofilm bacteria at �0.2 fg ATP cell�1 (49).
These observations confirm that HPCs are not a suitable measure of biofilm concen-
tration or activity. The TCCs of the biofilms in the BBM supplied with the three water

FIG 6 Relationship between the concentration of V. vermiformis and the L. pneumophila colony count in
the biofilm (paired samples). V. vermiformis concentrations below the detection level are presented as 0.1
cell equivalent cm�2. Data for location BT at day 41 (arrows) were not included in the relationship (R2 �
0.81; P � 10�4). Symbols: Œ, glass, supply A; �, CPVC, supply A; e, glass, supply B; �, CPVC, supply B;
o, glass, supply C; Œ, CPVC, supply C.
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TABLE 4 Identities and relative abundances of bacteria predominating in biofilms on glass and CPVC after different periods of exposure
to warm drinking water types A (at a location in the distribution system; AD), B (treated water; BT2), and C (at a location in the
distribution system; CD)

Bacterial phylum and class as well as order,
family, genus, and species (%)a

No. of
OTUsb

No. (%) of clones

Total no.
(%) of
clones

AD BT2 CD

Day 118 Day 41
Day
138 Day 60

Glass CPVC Glass Glass Glass CPVC

Proteobacteria, Alphaproteobacteria
Rhizobiales, Hyphomicrobiaceae,

Hyphomicrobium aestuarii
1 2 (4.7) 2 (0.7)

Rhizobiales, Hyphomicrobiaceae,
Pedomicrobium (97)

1 4 (9.5) 4 (1.5)

Rhizobiales, Pseudorhodoplanes,
Pseudorhodoplanes sinuspersici

2 5 (10.9) 6 (13.9) 11 (4.1)

Rhizobiales, Xanthobacteraceae, uncultured
bacterium (97)

2 4 (9.3) 3 (6.7) 3 (7.0) 4 (8.9) 1 (2.2) 15 (5.6)

Rhodospirillales, Rhodospirillales IS,c

Reyranella massiliensis
1 4 (9.3) 3 (6.7) 1 (2.2) 8 (3.0)

Rhodospirillales, KCM-B-60, uncultured
bacterium (87)

1 4 (9.5) 4 (1.5)

Sphingomonadales, Sphingomonadaceae,
Sphingopyxis indica

1 1 (2.3) 14 (31.1) 15 (5.6)

Alphaproteobacteria (singletons)e 2 (4.7) 1 (2.2) 1 (2.4) 1 (2.2) 1 (4.3) 6 (2.2)

Proteobacteria, Betaproteobacteria
Burkholderiales, Comamonadaceae,

Curvibacter fontanusd

1 4 (8.9) 12 (26) 16 (6.0)

Burkholderiales, Comamonadaceae,
Ideonella (98)

1 1 (2.2) 3 (6.5) 4 (1.5)

Burkholderiales, Comamonadaceae,
Piscinibacter aquaticusd

2 16 (37.2) 4 (8.9) 19 (41.3) 4 (9.3) 2 (4.4) 45 (16.7)

Burkholderiales, Ralstonia, Ralstonia (98) 1 2 (4.7) 2 (0.7)
Nitrosomonadales, Nitrosomonadaceae,

uncultured bacterium (�97)
3 5 (11.9) 4 (8.9) 4 (8.7) 13 (4.9)

Rhodocyclales, Rhodocyclaceae,
Methyloversatilus discipulorumd

2 10 (21.7) 4 (8.9) 14 (30) 28 (10.4)

Rhodocyclales, Rhodocyclaceae, uncultured
bacterium (92)

1 3 (6.5) 4 (9.5) 16 (35.5) 2 (4.3) 25 (9.3)

TRA3-20, uncultured bacterium (100) 1 4 (8.7) 1 (2.3) 5 (1.9)
Betaproteobacteria (singletons)e 1 (2.3) 1 (2.2) 3 (7.0) 2 (2.2) 7 (2.6)

Proteobacteria, Gammaproteobacteria
Pseudomonadales, Moraxellaceae,

Perlucidibaca (97)
1 8 (17.8) 8 (3.0)

Gammaproteobacteria (singletons)e 1 (2.2) 1 (4.4) 2 (0.7)

Proteobacteria, Deltaproteobacteria GR-WP33-
30, uncultured (94)

1 2 (4.4) 2 (0.7)

Fibrobacteres/Acidobacteria, subdivision 4,
uncultured bacterium (100)

1 11 (25.6) 7 (15.6) 5 (11.1) 8 (17.4) 31 (11.6)

Acidobacteria (singleton)e 1 (2.2) 1 (0.4)
Bacteroidetes (singleton)e 1 (2.2) 1 (0.4)
Gemmatimonadetes, Gemmatimonadeles,

Gemmatimonadaceae, uncultured
bacterium (�90)

3 2 (4.5) 2 (4.3) 5 (11.6) 1 (2.2) 10 (3.7)

Planctomycetes, Phycisphaerae, uncultured
bacterium (89)

1 3 (7.0) 3 (1.1)

Total no. of classified bacterial sequences 43 (100) 46 (100) 45 (100) 43 (100) 45 (100) 46 (100) 268 (100)
aIdentity percentages at the family or genus level are based on SINA Alignment; identities at the species level are based on �97% sequence similarity with the type
strain (Table S5).

bOTU, operational taxonomic unit (sequences with �99% similarity).
cIS, incertae sedis.
dAlso a predominating cultured bacterium (Table S4).
eSee Table S3 in the supplemental material.
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types ranged from 2 � 105 to 4 � 107 cells cm�2 (Table 2; see Fig. S3 in the
supplemental material), which covers the TCC range for biofilms on drinking water-
exposed surfaces (42–44). However, TCCs do not represent the concentration of attached
bacterial biomass, due to differences in cell size, or biomass activity, due to differences in
viability and activity. Therefore, in this study, ATP was used as a measure of the concen-
tration of attached active microbial biomass, reflecting the availability of energy sources in
the biofilm. This parameter correlated well with TCCs over several orders of magnitude, but
correlation was poor for TCC ranges of about 1 log unit for the individual water types (Table
3; Fig. S3B). The observed ATP concentrations covered a range of 3 orders of magnitude (5
to 4,500 pg ATP cm�2) (Fig. 1 to 3). ATP concentrations of biofilms on drinking water-
exposed surfaces (40, 47), on surfaces in water treatment processes (48), in tests with
materials (30, 36), or under other experimental conditions (18, 49) provide a framework for
comparison, facilitating their interpretation.

ATP concentrations and HPCs on CPVC were significantly higher than those on glass
at four of the five test locations where glass and CPVC were used. The TCC was
significantly higher only at locations CD and BT1 (Table 2). At locations AD and BT1, the
concentrations of Fe and Mn on CPVC were higher than those on glass. Glass is a
hydrophilic, negatively charged material, whereas CPVC is hydrophobic and negatively
charged (50). Hydrophobicity promotes bacterial attachment (51), and under the test
conditions, the properties of CPVC seem to favor the attachment of active and
culturable bacteria as well as the accumulation of Fe and Mn. At location AT, the
biomass concentration on CPVC had increased shortly after the start of the experiment,
followed by a decline lasting several months (Fig. 3A). An increase of the active biomass
concentration within the first week, followed by a decline, was also observed in batch
tests with CPVC (30) and unplasticized PVC (14). Washing with a detergent reduced the
growth enhancement of unplasticized PVC by 90% (37). The low biofilm concentration
after 50 days of exposure to water type AT (Fig. 3A) is consistent with the observation
that the material did not enhance microbial growth after 8 weeks in the biomass
production potential test (36). Therefore, CPVC may also have promoted the initial
bacterial growth by the presence of biodegradable compounds on its surface.

Predominating biofilm bacteria. The culturable Betaproteobacteria P. aquaticus
and M. discipulorum predominated in the BBM biofilms (Table 4). P. aquaticus was first
described as Methylibium aquaticum after its isolation from a eutrophic freshwater pond
(52), but it was reclassified as P. aquaticus (53). M. discipulorum and the related species
Methyloversatilis universalis have been isolated from lake sediment (54, 55). Piscinibacter
and Methyloversatilis are facultative methylotrophic bacteria that can utilize single-
carbon compounds but not methane (56). The biofilms developing in the BBM appar-
ently provide a niche for these bacteria, which have not or have rarely been observed
in studies of the identity of bacteria in drinking water supplies, potable water instal-
lations, or test systems at water temperatures below 25°C (57–59). Methylotrophic

FIG 7 Relationship between the average steady-state biofilm concentrations on glass (Œ) and CPVC (�)
in the boiler biofilm monitor and the assimilable organic carbon (AOC) concentration of the warm tap
water. Error bars indicate SD. For glass, the relationship is given by the following equation: biofilm
concentration (pg ATP cm�2) � 49 (�12) � AOC concentration (�g acetate-C equivalents liter�1) � 63
(�133) (R2 � 0.81; P � 0.05). For CPVC, the relationship is given by the following equation: biofilm
concentration (pg ATP cm�2) � 128 (�53) � AOC (�g acetate-C equivalents liter�1) � 21 (�530) (R2 �
0.65; P � 0.05).
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bacteria of other genera predominated in water meter biofilms at a groundwater
supply distributing chlorinated drinking water (60). Their prevalence was attributed to
the presence of methane in the finished water. Methane was also present in the
anaerobic groundwater sources of drinking water types B and C, but intensive aeration
and biofiltration (Fig. S1) effectively removed this compound. The predominance of
methylotrophic bacteria in the BBM may be associated with the increased AOC due to
heating part of the water to 70°C (Table 1). Compounds promoting the growth of test
strain NOX accounted for the major proportion of the AOC. This organism is specialized
for the utilization of low-molecular-weight (hydroxy)carboxylic acids, including formate
(61). These compounds have been observed in water after exposition to ozone (62–64)
or UV (65). We hypothesize that heating of the water to 70°C also causes the formation
of low-molecular-weight carboxylic acids, including formate, from NOM. The presence
of unidentified members of the Nitrosomonadaceae in the biofilms for water types B
(16%) and C (9%) is consistent with another study of drinking water biofilms (59) and
indicates the availability of ammonia, although this compound was not detected
(�0.05 mg NH4 liter�1) in the water used (Table S1).

Approximately 40% of the Alphaproteobacteria clones classified as an uncultured
Xanthobacteraceae bacterium or Pseudorhodoplanes sinuspersici (Table 4) showed 98 to
100% sequence similarity to bacteria isolated from a hospital warm tap water system
(GenBank accession no. DQ123619 and DQ123621) (Table S5) by amoebal coculture
using Acanthamoeba castellanii (66). These bacteria grew slowly on charcoal yeast
extract agar, but most of their physiological properties are still unclear. Reyranella
massiliensis has been isolated by amoebal coculture with Acanthamoeba polyphaga
(67) and was also observed in a biofilm on Norprene tubing exposed to drinking
water (60). The colony counts of the biofilm were predominated by B. japonicum
(Table S4), a slowly growing nitrogen-fixing bacterium and a root nodule microsym-
biont of soybean (68). This amoeba-resistant bacterium and related species are
frequently observed in tap water installations (66) and ultrapure water systems (69).
Endosymbiotic growth within V. vermiformis (70) may explain its presence in the
biofilm, but the symbiotic relationship is not yet understood. Overall, these findings
and the high percentage of Betaproteobacteria in the young biofilms suggest that
biodegradable compounds present in the warm water promoted rapid growth of
heterotrophic Betaproteobacteria, whereas most observed Alphaproteobacteria
seem to grow in association with amoebae.

LGP. Studies on the growth of L. pneumophila in biofilms on surfaces in contact with
warm drinking water in a variety of test systems showed that Legionella amplification
generally increased with an increasing biofilm concentration (29–31). A temperature of
34 to 39°C in the BBM promoted growth of the inoculated L. pneumophila. Legionella
was not cultured from the biofilm at location BT1 within 2 months after inoculation,
despite optimal growth conditions and the presence of V. vermiformis (Fig. 4 and 6).
Testing of the stored biofilm culture used for inoculation showed that L. pneumophila
was no longer detectable on the silicone pieces, and rapid growth was observed after
inoculation with a fresh biofilm culture at day 84. Thus, inoculation with L. pneumophila
is needed to ensure its timely growth in the test system. The typical and uniform colony
type on buffered charcoal yeast extract (BCYE) agar plates represented the inoculated
L. pneumophila strain, and no other colony type characteristic of Legionella spp. was
observed at the test locations. The colony counts therefore show the ability of L.
pneumophila to proliferate under the test conditions. L. pneumophila is the major
causative agent of LD (1, 2). Currently, about 2,200 sequence types (STs) of this species
have been identified (http://bioinformatics.phe.org.uk/legionella/legionella_sbt/php/
sbt_homepage.php), most of which have not been implicated in LD (71). However,
virulent STs could also grow well in an aquatic biofilm (18). The mean of the log-
transformed colony counts of this organism in the biofilm is therefore a measure of the
Legionella growth potential (LGP) of the water tested. Likewise, the average biofilm
concentration is a measure of the biofilm formation potential (BFP) of the water.
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A stable or declining Legionella colony count at a biofilm concentration increasing
with age (Fig. 2 to 4) shows that the quantitative relationship with the biofilm
concentration is complicated. Legionella proliferation is affected by the growth and
nature of its protozoan host(s), whose replication depends on the concentration and
nature of prey bacteria (72, 73). The significant relationship between the colony count
of L. pneumophila and the concentration of V. vermiformis in the biofilm (Fig. 6) is
consistent with other reports demonstrating that V. vermiformis is both a predominant
free-living amoebae and an important host for L. pneumophila in potable water
installations (11, 14, 15, 18, 74, 75). V. vermiformis produces about 10 times more cells
on prey bacteria than those produced by Acanthamoeba spp. (73), which were not
detected by quantitative PCR (qPCR) in the biofilms in the BBM. The exponential
increase of the colony count of L. pneumophila in relation to the biofilm concentration
is consistent with a colony count of approximately 107 CFU cm�2 of several L.
pneumophila SG1 sequence types at a biofilm concentration of 2.5 � 104 pg ATP cm�2

on soft PVC exposed to flowing warm tap water (18) (Table 3; Fig. 5). This exponential
increase may be explained by an increased growth of amoebae at an elevated con-
centration of prey bacteria in combination with a higher risk of infection by L.
pneumophila. The predominating Betaproteobacteria, e.g., Piscinibacter, Methyloversati-
lis, and Thiobacillus, that utilize AOC-related compounds most likely served as prey
bacteria in the biofilm developing in the BBM. Formation of the intracellular energy
source poly-�-hydroxybutyrate (PHB) (52, 76), which is also present in exponentially
grown L. pneumophila (77), may make these bacteria an attractive food source. A stable
or declining Legionella colony count at a biofilm concentration increasing with age may
be attributed to an increasing proportion of amoeba-resistant bacteria (Table 4).
Establishment of a more accurate quantitative relationship between the biofilm con-
centration and growth of L. pneumophila and V. vermiformis therefore requires a more
frequent analysis of the predominating bacteria in the biofilm.

Threshold biofilm concentration. Biofilm concentrations of �100 pg ATP cm�2 in
the BBM supplied with water types AT and AD were associated with Legionella colony
counts of �100 CFU cm�2 in most samples (Fig. 3). The L. pneumophila colony count
declined at a biofilm concentration of about 50 pg ATP cm�2 on CPVC after initial growth,
and the organism also did not multiply on glass at biofilm concentrations of �30 pg ATP
cm�2. Legionella colony counts at biofilm concentrations of 50 to 100 pg ATP cm�2 seem
to be related to incidental increases of the active biomass concentration (Fig. 3). In 6 of 8
samples of these biofilms, the V. vermiformis concentration was �0.5 cell equivalent cm�2

(Fig. 6; Table S2), indicating amoebal growth limitation. The TCCs in the biofilms at locations
AT and AD ranged from �1 � 106 cells cm�2 to 3 � 106 cells cm�2 for most samples from
both glass and CPVC, with most HPCs being �3 � 105 CFU cm�2 (Table 2; Fig. S3). These
TCCs are close to the half-saturation constants reported for growth of V. vermiformis on
pure cultures of prey bacteria on agar at 20°C (72). The relationship between the Legionella
colony count and the biofilm concentration (Fig. 5) confirms that the threshold biofilm
concentration for growth of L. pneumophila under the test conditions was about 50 pg ATP
cm�2, corresponding to a TCC of 1 � 106 to 2 � 106 cells cm�2 at 0.03 to 0.05 fg ATP cell�1.
This threshold concentration most likely is based on the affinity of host amoebae for prey
bacteria. In batch tests with glass and rigid PVC at 30°C, growth of L. pneumophila was also
limited at a biofilm concentration of ca. 100 pg ATP cm�2 (37).

Practical implications. The presented results show that drinking water prepared
from groundwater by applying one (supplies A and C) or several (supply B) biofiltration
processes (Fig. S1) can support growth of L. pneumophila in biofilms at elevated
temperatures. Drinking water in these supplies is distributed without disinfectant
residual and complies with the criteria for HPCs (annual geometric average, �100 CFU
ml�1) and coliforms (�1 CFU 100 ml�1), but uncultured, mostly as yet undescribed
Legionella spp. and free-living protozoa have been observed in the water and biofilms
in the distribution systems (38, 39). The results of this study confirm that growth of
Legionella in water systems depends on its ability to proliferate within protozoan hosts
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that graze on biofilms and sediments with bacteria adapted to oligotrophic conditions,
but its growth efficiency decreases with decreasing biofilm concentrations. Drinking
water with an AOC concentration of �10 �g acetate C equivalents liter�1 can support
biofilm formation to concentrations of 106 to 107 cells cm�2 and �1,000 pg ATP cm2

(40, 43, 47), enabling proliferation of L. pneumophila at an elevated water temperature.
Moreover, heating of the water increases the AOC concentration in relation to the TOC
concentration (Table 1; Fig. S5A). The exponential relationship between the LGP and
the BFP implies that a reduction of the biofilm concentration can result in a more-
than-proportional LGP reduction. However, a reduction to below 100 pg ATP cm�2

requires an AOC concentration of �1 �g acetate C equivalents liter�1 (Fig. 7) at a low
NOM concentration (�0.5 mg C liter�1). These levels are observed in drinking water
supplies in the Netherlands distributing treated aerobic groundwater but are not
achievable by biological filtration processes when the raw water contains a higher TOC
concentration (78, 79). Limiting Legionella proliferation in warm tap water installations
by distributing drinking water with very low concentrations of TOC and AOC would
therefore require far-reaching treatment changes. Hence, application of control mea-
sures in water installations is essential. These measures include temperature manage-
ment, selection of plumbing materials that do not enhance biofilm formation, and
prevention of stagnancy and deposit accumulation, eventually in combination with
additional physical or chemical barriers (34, 35, 80).

MATERIALS AND METHODS
BBM system. An electric boiler (30 liters) with an enameled internal surface and a nickel-covered

copper heating element was used to heat the water to 70°C. The heated water was mixed with cold water
by using a thermostatic mixing valve (Watts) to achieve a temperature of 38 � 1°C. The warm water
was supplied via a stainless steel pipe and Teflon tubing to two vertical glass columns (internal
diameter, 2.5 cm; length, 60 cm) situated in a box with air temperature regulation to maintain water
temperature (37 � 2°C) and to prevent light access. One column contained cylinders of glass
(diameter, 1.8 cm; length, 1.6 cm; total surface area, 17.4 cm2), and the other contained chlorinated
polyvinyl chloride (CPVC) pipe segments (diameter, 1.6 cm; length, 1.6 cm; total surface area, 15 � 1 cm2).
Every 20 min, 1.5 to 2 liters of warm water was supplied to each of the columns over 20 s to provide a
regular, discontinuous water flow. The applied flow of approximately 120 liters per day in each column
corresponds to the average drinking water usage per capita per day in the Netherlands (81). Figure 1
shows a scheme of the BBM system.

Inoculation. The BBM system was inoculated with an L. pneumophila serogroup 1 (SG1), ST1 strain
originating from a warm water installation and cultured on pieces of silicone tubing (diameter, 1 cm; length,
1.5 cm) incubated at 37°C in tap water as described previously (14). A silicone piece with 104 to 105 CFU of
L. pneumophila and associated microbiota, including Vermamoeba vermiformis, previously named Hartman-
nella vermiformis (82), was inserted into the pipe directly after the thermostatic mixing valve 1 to 2 weeks after
the operational start of the BBM and was removed when L. pneumophila was observed in the biofilm.

Biofilm sampling. Periodically, usually every 14 days, two cylinders were collected from each
column, placed in 10 ml of autoclaved tap water contained in a capped glass tube, and stored at 5 �
3°C. Within 24 h, these samples were treated with low-energy ultrasound in a model 5510 ultrasonic
cleaner (Branson Ultrasonic Corporation) at a 180-W power output and 40-kHz frequency. After each
2-min treatment, the water was taken from the tube and replaced with 10 ml of autoclaved tap water.
Three ultrasonic treatments were applied to glass and six to CPVC to attain �95% attached biomass
removal (83). The obtained suspensions (30 ml for glass and 60 ml for CPVC) were used for microbio-
logical and chemical analyses.

Microbiological analyses. Buffered charcoal yeast extract (BCYE) agar with antibiotics, prepared
according to ISO standard 11731-2 (84), was used to measure the colony counts of Legionella. Aliquots
of 0.1 ml of biofilm suspension or an appropriate decimal dilution in autoclaved tap water were spread
over the surfaces of triplicate plates. The heterotrophic plate count (HPC) was measured by using R2A
agar (Difco BD). Aliquots of 0.05 ml of the collected biofilm suspension or an appropriate decimal dilution
were spread over the surfaces of triplicate plates, followed by incubation at 25°C for 10 days. The total
cell count (TCC) in the biofilm suspension was measured by acridine orange staining and epifluorescence
microscopy (85). The ATP concentrations (a measure of active biomass) of the suspension and the feed
water were measured using a bioluminescence assay as described elsewhere (48). Membrane filtration
(0.22-�m pore size) followed by the application of a FastDNA Spin kit for soil (MP Biomedicals) was used
for the isolation of the DNAs of the microorganisms in the biofilm suspension as described previously
(49). The concentrations of V. vermiformis and Acanthamoeba spp. in the biofilm suspensions were
measured by qPCR targeting the 18S rRNA gene (15). Cloning and sequencing of the 16S rRNA gene
insert (ca. 650 bp) for identification of the predominating uncultured bacteria were performed as
described previously (49). Counts of colonies with identical appearances on R2A agar were recorded as
percentages of the total colony count. Bacteria from predominating colonies were isolated, and the 16S
rRNA genes of the isolates were amplified by PCR using primers 8f and 1392r (Biolegio, the Netherlands)
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(49). Fragments of approximately 1,030 bp were sequenced by using primer 8f. The SILVA Incremental
Aligner (v1.2.11) (http://www.arb-silva.de/aligner/) was used for taxonomic classification of the partial
16S rRNA gene sequences of the clones and the isolates, which were also compared with the NCBI
GenBank database by use of BLAST (http://www.ncbi.nlm.nih.gov/blast/).

Chemical analyses. The concentrations of Fe and Mn in the biofilm suspensions were measured by
inductively coupled plasma mass spectrometry (46) of samples acidified (pH � 2) with HNO3.

AOC concentration. The concentration of easily assimilable organic carbon (AOC) in drinking water was
measured by use of Pseudomonas fluorescens strain P17 and Spirillum sp. strain NOX (78). Introduction of a few
micrograms of phosphate-P per liter with the inoculum of the strains into the test sample ensured the
utilization of more than 100 �g of C liter�1. AOC concentrations were also measured in samples after 6 h of
storage at 70°C in the glass-stoppered Erlenmeyer flasks used for sampling and testing.

Water types tested. Three groundwater-derived drinking water types that are treated and distrib-
uted without disinfectant were included in the investigation. Water type A, with a low TOC concentration,
is produced from aerobic groundwater by aeration for CO2 removal and limestone filtration. Water type
B, with an elevated TOC concentration, is produced from anaerobic groundwater by intensive aeration,
rapid sand filtration (RSF) followed by pellet softening, aeration, and RSF. Water type C, which is drinking
water available at the laboratory, about 5 km from the treatment facility, is treated by aeration and RSF.
Treatment schemes (Fig. S1) and water quality characteristics (Table S1) are included in the supplemental
material. Water types A and B were investigated directly after treatment and at locations in the
distribution system that are 2.7 km (supply A) and 19 km (supply B) from the treatment facility. At these
locations, water entering the storage reservoir of the building was used. The investigation of the water
types with the BBM covered a period of more than 2 years (Fig. S2).

Statistical analyses. To determine the significance of differences between data, Student’s t test was
used on normally distributed data and verified with the Shapiro-Wilk test, after log transformation. The
pairwise t test was applied as well. For non-normally distributed data, the nonparametric Mann-Whitney
U test was used, and the Wilcoxon signed-rank test was used for paired data. Testing was two-tailed and
had a 95% confidence. The analyses were conducted with Real Statistics, using Microsoft Excel 2010.
Relationships between parameters were assessed by linear regression analysis.

Accession number(s). Partial 16S rRNA gene sequences of the predominating uncultured and
cultured bacteria have been deposited in NCBI GenBank under accession numbers KY247147 to
KY247168 (clones) and KY284074 to KY284089 (isolates).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AEM.02737-16.
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Table S1. Treated water quality at groundwater supplies A, B and C* 

Characteristic Supply A Supply B Supply C  

Temperature 10.0 12 13 

Turbidity (FTE) <0.2 <0.20 0.25 

pH 7.96 7.7 7.9 

Total hardness (mmol liter
-1

) 1.0 1.22 1.97 

Conductivity (mS m
-1

) 22.2 48.4 38.7 

Chloride (mg liter
-1

 Cl) 14 29 9.9 

Ammonia (mg liter
-1

 NH4) <0.05 <0.05 <0.04 

Nitrate (mg liter
-1

 NO3) 4.2 12 0.63 

Iron (mg liter
-1

) <0.02 0.02 0.07 

Manganese (mg liter
-1

) <0.01 <0.01 0.02 

TOC (mg liter
-1

 C) <0.5 7.8 1.8 

Heterotrophic plate count (CFU mL
-1

)** 2 23 <10 

Coliforms 37°C (CFU 100 mL
-1

) <1 <1 <1 

* mean values based on routine monitoring in a one-year period; ** Glucose yeast-extract agar, 3 

days incubation at 22°C. 

Table S2. Concentrations of V. vermiformis, Acanthamoeba spp. and L. pneumophila in the 

biofilm on glass and CPVC at four test locations 

Water 

supply* 

Day 

number 

Material Biofilm 

(pg ATP 

cm
-2

) 

V. vermiformis 

(cell eq cm
-2

)** 

Acanthamoeba 

spp. (cell eq cm
-2

) 

Legionella 

(CFU cm
-2

) 

AT 64 Glass 6 <0.5 <0.5 6 

 64 CPVC 28 4 <0.5 90 

 174 Glass 21 <0.5 <0.5 <6 

 174 CPVC 58 <0.5 <0.5 <12 

AD 34 Glass 54 <0.5 <0.5 6 

 34 CPVC 70 0.5 <0.5 12 

 118 Glass 65 <0.5 <0.5 6 

 118 CPVC 102 <0.5 <0.5 26 

BT 44 Glass 723 30 <0.5 <6 

 44 CPVC 1772 11 <0.5 <12 

 101 Glass 977 8 <0.5 253 

 101 CPVC 2517 4 <0.5 41 

CD 32 Glass 343 7 <0.5 7.1x10
4
 

 32 CPVC 289 174 <0.5 2.2 x10
4
 

 111 Glass 628 145 <0.5 4.6 x10
4
 

 111 CPVC 1128 96 <0.5 7 x 10
3
 

* AT , treated water of water supply A; AD, , location in distribution system of water supply A; 

BD, location in distribution system of water supply B; ** cell eq, cell equivalents. 
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Table S3. Identity of singleton bacterial clones from the biofilm on glass and CPVC at different periods (days, d) of exposure to 

drinking  water type A (location in the distribution system, AD); type B (treated water, BT2) and type C (location in the distribution 

system, CD) 

 

Classification* 

AD                 BT2 CD 

d 118 d 41 d 138 d 60 

Phylum, class, order, family, genus (%) glass CPVC glass glass glass CPVC 

Proteobacteria, Alphaproteobacteria       

   Rhizobiales, Bradyrhizobiaceae, Bradyrhizobium (> 99)      1 

   Rhizobiales, Hyphomicrobiaceae, Hyphomicrobium (97)  1     

   Rhizobiales, Xanthobacteraceae, Xanthobacter (> 99) 1      

   Rhizobiales, Uncultured bacterium (98)    1   

   Rhodobacterales, Rhodobacteraceae, uncultured bacterium (94)      1  

   Sphingomonadales, Sphingomonadaceae, Sphingomonas (96) 1      

Proteobacteria, Betaproteobacteria       

  Burkholderiales, Comamonadaceae, uncultured bacterium (94)     1  

  Burkholderiales, Comamonadaceae, uncultured bacterium (90)    1   

  Burkholderiales, Comamonadaceae, Delftia (> 99) 1      

  Nitrosomonadales, Nitrosomonadaceae, uncultured bacterium (96)     1   

  Rhodocyclales, Rhodocyclaceae, uncultured bacterium (92)   1    

  Uncultured bacterium (93)    1   

  Uncultured bacterium (80)     1  

Proteobacteria Gammaproteobacteria       

  Legionellales, Legionellaceae, Legionella, L. pneumophila  (> 99)     1  

  Xanthomonadales, Xanthomonadaceae, Lysobacter (96)  1     

Bacteriodetes, Cytophagia, Cytophagales, Cytophagaceae, Cytophaga (89)  1     

Acidobacteria, subgroup 4, uncultured bacterium (89)     1  

*classification with identity percentage at class, family or genus level based on SINA Alignment and at species level based on Blast. 
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Table S4. Identity and relative abundance of the predominating cultured biofilm bacteria at water types AD, BTD and CD on glass and 

CPVC* 

 

Classification** 

Number 

(%) of 

isolates
#
 

AD AD BTD
##

 BTD CD CD Total 

abundance 

(%)
§
 glass CPVC glass CPVC Glass CPVC 

Alphaproteobacteria          

Bradyrhizobium japonicum 17 (29) 2 (2)
‡ 

  4 (4)   2 (1) 8 (30.8) 

Shingomonas sp. 1 (1.7)      1 1 (3.8) 

Betaproteobacteria          

Piscinibacter aquaticus 16 (27) 5 (4) 4 (4) 2(2) 4 (4)   15 (57.6) 

Methyloversatilis discipulorum 10 (17) 2 (1) 1 (1)   2 (2) 1(1) 6 (23) 

Limnobacter thiooxidans 6 (10) 2 3 (3)     5 (19.2) 

Curvibacter sp.  8 (13.5)     1 (1) 2 (1) 3 (11.5) 

Caldimonas manganoxidans 1 (1.7)   1    1 (3.8) 

Number of isolates or samples 59
§
 (100)

 
 6 6 6 4 2 2 26

§§
 (100) 

*AD, water supply A, location in distribution system; BTD, water supply B, treated water (T) and location in distribution system (D); 

CD, water supply C, location (laboratory) in distribution system; **at species level ≥ 97% similarity with type strain; 
#
 in most samples 

only the dominating colony type was isolated; 
##

combined results of locations T and D; 
§
number and percentage of samples with 

organism; 
‡
number of samples with organism; between brackets: number of samples with organism  > 50% of colony count; 

§
 total 

number of isolates; 
 §§

 total number of samples. 
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Table S5. Classification of clone sequences retrieved from biofilms on glass and CPVC in the boiler biofilm monitor exposed to warm 

tap water at groundwater supplies A (distribution system location AD), B (treated water BT2) and C (distribution system location CD) 

 

Organism(s) with highest similarity (GenBank Accession number) classified 

according to lineage 

 

Similarity 

(%)  

AD BT2 CD 

day 118 day 41 day 138 day 60 

glass CPVC glass glass glass CPVC 

Proteobacteria: Alphaproteobacteria, Rhizobiales, Bradyrhizobiaceae    

Bradyrhizobium sp. BTAi1 strain BTAi1 16S ribosomal RNA, complete  

sequence (NR_0743150/Bradyrhizobium denitrificans strain IFAM 1005 16S 

ribosomal RNA gene, partial sequence ( NR_041827) 

100/100           1 

Proteobacteria: Alphaproteobacteria, Rhizobiales, Hyphomicrobiaceae               

Uncultured bacterium clone AS253O1hO5 16S ribosomal RNA gene, partial 

sequence (HM445062)/ Uncultured Hyphomicrobiaceae bacterium clone BBL-

OTU1 16S ribosomalRNA gene, partial sequence (JQ791575);  

100/99       4     

Hyphomicrobium aestuarii strain ATCC 27483 16S ribosomal RNA gene, 

partial sequence (NR_104954)/ Hyphomicrobium vulgare strain JCM 6889 16S 

ribosomal RNA gene,partial sequence (NR_104697) 

99/99 2           

Uncultured bacterium clone 661192 16S ribosomal RNA gene, partial sequence 

(DQ404915) / Uncultured bacterium clone GW-2N1Ja_A05 16S ribosomal 

RNA gene, partial sequence (JX286014) 

100/100   1         

Proteobacteria: Alphaproteobacteria                

Uncultured alphaproteobacterium clone BBL-OTU11 16S ribosomal RNA 

gene, partial sequence (JQ791585)/ Uncultured alphaproteobacteria clone 16S 

rRNA gene from clone  QEDN10BH04 (CU927770)  

99/99       1     

Proteobacteria: Alphaproteobacteria, Rhizobiales, Pseudorhodoplanes        

Pseudorhodoplanes sinuspersici strain RIPI 110 16S ribosomal RNA gene, 

partial sequence  (JX500274.3)/ Alphaproteobacterium HTCC309 16S 

ribosomal RNA gene, partial  sequence (AY429686) / Alphaproteobacterium 

CRIB-02 16S ribosomal RNA gene, partial sequence (DQ123619)   

99/100/98    5 6   

Proteobacteria: Alphaproteobacteria, Rhizobiales, Xanthobacteraceae               

Alphaproteobacterium CRIB-04 16S ribosomal RNA gene, partial sequence 

(DQ123621)/ Uncultured bacterium clone HDB_SION961 16S ribosomal RNA 

gene,partial sequence (HM186203)   

100/100 3 2  2 4 1 

https://www.ncbi.nlm.nih.gov/nucleotide/530891586?report=genbank&log$=nuclalign&blast_rank=1&RID=3SGT5683015
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Table S5 Continued 

 

Organism(s) with highest similarity (GenBank Accession number) classified 

according to lineage 

 

Similarity 

(%)  

AD BT2 CD 

d 118 d 41 d 138 d 60 

glass CPVC glass glass glass CPVC 

Proteobacteria: Alphaproteobacteria,  Rhizobiales, Xanthobacteraceae        

Alphaproteobacterium CRIB-04 16S al RNA gene, partial sequence 

(DQ123621) / Uncultured bacterium clone HDB_SION961 16S ribosomal 

RNA gene, partial sequence (HM186203)  

99/99 1 1     

Uncultured bacterium clone RO53 16S ribosomal RNA gene, partial sequence 

(EF219021)/ Alphaproteobacterium Shinshu-th1 gene for 16S rRNA 

(AB121772)  

99/99       1     

Xanthobacter flavus strain ICS1 16S ribosomal RNA gene, partial sequence 

(JQ995474)/ Xanthobacter sp. Y8 16S ribosomal RNA gene, partial sequence 

(AY429710)  

99/99  1           

Proteobacteria: Alphaproteobacteria, Rhodobacterales, Rhodobacteraceae        

Uncultured Alphaproteobacterium gene for 16S ribosomal RNA, partial cds 

(AB604833)  

99         1   

Proteobacteria: Alphaproteobacteria, Rhodospirillales   

Rhodospirillales Incertae Sedis 

              

Reyranella massiliensis strain 3B26 16S ribosomal RNA gene, partial sequence 

(HM048834)/ Uncultured bacterium clone NC5F1h3_14547 16S ribosomal 

RNA gene, partial sequence  (JQ385362) 

99/99 4 3 1       

Uncultured bacterium clone JE404 16S ribosomal RNA gene, partial sequence 

(KM841354)/ Uncultured Acetobacteraceae bacterium partial 16S rRNA gene, 

clone AMAD12 (AM935809) 

100/99       1     

Uncultured bacterium clone JE404 16S ribosomal RNA gene, partial sequence 

(KM841354)/ Uncultured Rhodospirillales bacterium  clone BBL 16S 

ribosomal  RNA gene, partial sequence (JQ791590)  

99/97        3     
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Table S5 Continued 

 

Organism(s) with highest similarity (GenBank Accession number) classified 

according to lineage 

 

Similarity 

(%)  

AD BT2 CD 

d 118 d 41 d 138 d 60 

glass CPVC glass glass glass CPVC 

Proteobacteria: Alphaproteobacteria, Sphingomonadales, Sphingomonadaceae        

Sphingopyxis indica strain DS15 16S ribosomal RNA gene, 

partialsequence (NR_108185)/Sphingopyxis sp. 113P3, complete genome 

(CP009452) 

99/99  1 14         

Uncultured bacterium clone cpw1c216 16S ribosomal RNA gene, partial 

sequence (HM921106)  

99  1           

Proteobacteria, Betaproteobacteria, Burkholderiales, Comamonadaceae        

Piscinibacter aquaticus type strain (DQ664244)/Piscinibacter aquaticus strain 

ERC1 16S ribosomal RNA gene, partial  sequence (KP744146) 

99/99 16 4 19 4     

Piscinibacter aquaticus strain ERC1 16S ribosomal RNA gene, partial sequence 

(KP744146)/ Piscinibacter aquaticus strain NBRC 102349 16S ribosomal RNA 

gene, partial sequence (NR_114061) 

97/97         2   

Uncultured bacterium clone StLS43 16S ribosomal RNA gene, partial sequence 

(EU219006)/ Methylibium petroleiphilum PM1, complete genome (CP000555)  

95/95          1   

Uncultured bacterium clone StLW2 16S ribosomal RNA gene, partial sequence 

(EU219038)/ Piscinibacter aquaticus strain NBRC 102349 16S ribosomal RNA 

gene,partial sequence ( NR_114061)  

93/92        1     

Ideonella dechloratans partial 16S rRNA gene, isolate TOWS-108 (LN650473/ 

Ideonella sp. IMCC1722 16S ribosomal RNA gene, partial sequence 

(DQ664241)  

99/98         1 3 

Uncultured bacterium clone BF-17 16S ribosomal RNA gene, partial  sequence.  

(HQ609626)  

95    1   

Curvibacter fontana type strain (AB120963)/uncultured Curvibacter sp. clone 

ESS-E8n 16S ribosomal RNA gene, partial sequence (FJ946584) 

97/100         3 12 
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Table S5 Continued 

 

Organism(s) with highest similarity (GenBank Accession number) classified 

according to lineage 

 

Similarity 

(%)  

AD BT2 CD 

d 118 d 41 d 138 d 60 

glass CPVC glass glass glass CPVC 

Proteobacteria, Betaproteobacteria, Burkholderiales, Comamonadaceae        

Uncultured Rhodocyclaceae bacterium clone fjc-40 16S ribosomal RNA gene, 

partial sequence (JQ278785/ Uncultured bacterium clone BF-17 16S ribosomal 

RNA gene, partialsequence (HQ609626)  

95/ 95       1     

Delftia acidovorans strain 7K11A 16S ribosomal RNA gene, partial sequence 

(KT825833)/Delftia sp. ALBL_099 16S ribosomal RNA gene, partial sequence 

(KT865709) 

99/99 1           

Proteobacteria, Betaproteobacteria, Burkholderiales, Ralstonia        

Ralstonia sp. OV225 16S ribosomal RNA gene, partial sequence (AY216797/ 

Uncultured Ralstonia sp. partial 16S rRNA gene, clone Met_OH_55_5.3 

(LN624415) 

100/100  2           

Proteobacteria, Betaproteobacteria, Nitrosomonadales, Nitrosomonadaceae        

Uncultured prokaryote clone 16S ribosomal RNA gene, partial sequence 

(KF680693)/ Uncultured bacterium clone 5A-27 16S ribosomal RNA gene, 

partial sequence (JQ923569).  

100/100       2 3   

Uncultured bacterium RNA for 16S rRNA, partial sequence, clone: 

0423R003_K06 (AB656851)/ Uncultured prokaryote clone 16S ribosomal 

RNA gene, partial sequence (KF680693) 

99/97         3     

Uncultured prokaryote clone 16S ribosomal RNA gene, partial sequence 

(KF680693)/ Uncultured bacterium clone 5A-27 16S ribosomal RNA gene, 

partial sequence (JQ923569) 

97/97         1 2 

Uncultured prokaryote clone 16S ribosomal RNA gene, partial sequence 

(KF680693)  

98           1 

Uncultured prokaryote clone 16S ribosomal RNA gene, partial sequence 

(KF680693) 

99           1 
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Table S5 Continued 

 

Organism(s) with highest similarity (GenBank Accession number) classified 

according to lineage 

 

Similarity 

(%)  

AD BT2 CD 

d 118 d 41 d 138 d 60 

glass CPVC glass glass glass CPVC 

Proteobacteria, Betaproteobacteria, Rhodocylales, Rhodocyclaceae        

Methyloversatilis discipulorum strain FAM1 16S ribosomal RNA, complete 

sequence (NR_136517)/ Methyloversatilis universalis strain FAM5 16S 

ribosomal RNA gene, partial sequence (NR_043813 

100/99    9  3 14 

Methyloversatilis discipulorum strain FAM1 16S ribosomal RNA, complete 

sequence (NR_136517) 

97     1  1  

Uncultured Rhodocyclaceae bacterium clone hmx-283 16S ribosomal RNA 

gene, partial sequence (JQ278885)/ Uncultured Azospira sp. clone fjc-44 16S 

ribosomal RNA gene, partial sequence (JQ278789) 

99/99   4 3 17 2 

 Uncultured Rhodocyclaceae bacterium clone hmx-283 16S ribosomal RNA 

gene, partial sequence (JQ278885). 

96   1    

Proteobacteria, Betaproteobacteria, TRA3-20        

Uncultured bacterium DSSD90 16S ribosomal RNA gene, partial sequence 

(AY328787)/Uncultured bacterium clone Reactor4_47 16S ribosomal RNA 

gene,   partial sequence (JQ629783) 

100/100   4 1   

Proteobacteria: Gammaproteobacteria        

Legionella pneumophila 2300/99 Alcoy, complete genome (CP001828)/ 

Legionella pneumophila str. Paris complete genome (CR628336)  

100         1   

Moraxellaceae bacterium W2.09-231 16S ribosomal RNA gene, partial 

sequence (JX458449)  

97   8         

Xanthomonadaceae bacterium L-bf-PMW-15.1 partial 16S rRNA gene,   strain 

L-bf-PMW-15.1 (FR774560)  

99   1         

 

 

 

 



10 

 

Table S5 Continued 

 

Organism(s) with highest similarity (GenBank Accession number) classified 

according to lineage 

 

Similarity 

(%)  

AD BT2 CD 

d 118 d 41 d 138 d 60 

glass CPVC glass glass glass CPVC 

Proteobacteria: Deltaproteobacteria        

Uncultured bacterium clone LIB115_090_P1 16S ribosomal RNA gene, partial 

sequence (JX087323)/ Uncultured bacterium clone kab181 16S ribosomal RNA 

gene, partial sequence (FJ936898) 

99/99   2         

Acidobacteria, subgroup 4        

Chloracidobacterium sp. enrichment culture clone JAC25 16S  ribosomal RNA 

gene, partial sequence (KC161245)/ Uncultured Acidobacteria bacterium 

partial 16S rRNA gene, isolate  OTU9/APA (AM902634) 

100/99 11 7     5 7 

Chloracidobacterium sp. enrichment culture clone JAC25 16S ribosomal RNA 

gene, partial sequence (KC161245) 

98           1 

Uncultured Acidobacteria bacterium partial 16S rRNA gene, isolate   

OTU9/APA (AM902634) 

92         1   

Bacteroidetes: Cythophagia, Cytophagales, Cytophagaceae        

Uncultured Cytophaga sp. clone 166 16S ribosomal RNA gene, partial 

sequence (GU245900)  

94   1         

Gemmatimonadetes: Gemmatimonadales        

Uncultured bacterium clone HDB_SIOU403 16S ribosomal RNA gene,partial 

sequence (HM186700)  

100   2       1  

Uncultured bacterium clone 109109H07 16S ribosomal RNA gene, partial 

sequence (JN200249) 

99     2 4     

Uncultured soil bacterium clone L1A.1D03 16S ribosomal RNA gene, partial 

sequence (AY988636). 

99       1     

Planctomycetes        

Uncultured Planctomycetaceae bacterium clone 44 16S ribosomal RNA  gene, 

partial sequence (HQ462508)  

97       3     

Total number of identified sequences    43 46 46 42 45 46 
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Fig. S1 Treatment schemes of groundwater supplies A, B and C.  
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Fig. S2. Time line of the investigations with the BBM system. Test series no. 1: water supply C, 

distribution system location (CD); no.2: water supply A, finished water (AT); no.3: water supply 

B, finished water (BT1); no.4: water supply B, finished water (BT2); no.5: water supply B, 

distribution system (BD); no.6: water supply A, distribution system (AD). 

 

   

Figure S3. Relationships between total cell count (TCC) and heterotrophic plate count (HPC) (A), 

TCC and adenosine triphosphate (ATP) (B), and HPC-ATP (C) in the biofilms on glass and 

CPVC in the BBM system at water types A, B and C. Broken lines show relationship at 

individual water type. Symbols:  glass, supply A;  CPVC, supply A;   glass, supply B;  

CPVC, supply B; ∆ glass, supply C and ▲ CPVC, supply C. 
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Figure S4. Relationships between Legionella colony count and TCC (A), HPC (B) and ATP (C) 

in the biofilms on glass and CPVC in the BBM system at water types A, B and C. Broken lines 

show relationship at individual water type. For symbols, see the legend to Fig. S3. 

 

 

Figure S5. A: Relationship between the concentration of AOC and TOC. Symbols:  standard 

AOC (30 min 60 ºC),  AOC 6 h 70 ºC; B: Relationship between the average biofilm 

concentration on glass () and the TOC concentration (P=0.03) and the average biofilm 

concentration on CPVC () and the TOC concentration (P =0.19). 
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