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ABSTRACT Building water systems promote the regrowth and survival of opportu-
nistic pathogens, such as Legionella pneumophila, especially within biofilms, where
most drinking water microbes reside. However, compared to their planktonic form,
disinfection efficacy for the biofilm-associated forms of water-based pathogens is un-
clear. The aim of this study was to determine the effectiveness of free chlorine and
monochloramine in the inactivation of biofilm-associated L. pneumophila strain
Philadelphia-1 serogroup 1 (LpP1s1). Mature (1.5- to 2-year-old) drinking water bio-
films were developed on copper (Cu) and polyvinyl chloride (PVC) slides within bio-
film annular reactors, then colonized with LpP1s1 at approximately 4 log10 CFU
cm�2 and exposed to 2 mg liter�1 of free chlorine or monochloramine. Ct (disinfec-
tant concentration � time, expressed as mg min liter�1) inactivation values for 2-,
3-, and 4-log10 reductions of planktonic and biofilm LpP1s1 were determined. For
planktonic LpP1s1, free chlorine was more effective at inactivation than was mono-
chloramine treatment, and for biofilm-associated LpP1s1, monochloramine was more
effective on Cu biofilms while free chlorine was more effective on PVC biofilms. In
contrast to monochloramine, free chlorine treatment of Cu and PVC biofilms, nega-
tively impacted LpP1s1 16S rRNA gene transcript levels and may act synergistically
with Cu surfaces to further reduce transcript levels. Moreover, LpP1s1 cells shed
from biofilms into the bulk water were more resistant to disinfection than were pre-
pared planktonic LpP1s1 cells. Results from this study indicate that biofilm associa-
tion, disinfectant type, and substratum play an important role in the survival of Le-
gionella pneumophila in building water systems.

IMPORTANCE Microbial regrowth within building water systems are promoted by
water stagnation, low disinfectant residual, high surface-to-volume ratio, amenable
growth temperatures, and colonization of drinking water biofilms. Moreover, biofilms
provide protection from environmental stresses, access to higher levels of nutrients,
and opportunities for symbiotic interactions with other microbes. Disinfectant effi-
cacy information is historically based on inactivation of pathogens in their plank-
tonic, free-floating forms. However, due to the ecological importance of drinking wa-
ter biofilms for pathogen survival, this study evaluated the efficacy of two common
disinfectants, free chlorine and monochloramine, on Legionella pneumophila coloniz-
ing mature, drinking water biofilms established on copper and PVC surfaces. Results
showed that inactivation was dependent on the disinfectant type and biofilm sub-
stratum. Overall, this, and other related research, will provide a better understanding
of Legionella ecological stability and survival and aid policy makers in the manage-
ment of exposure risks to water-based pathogens within building water systems.
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Legionella spp. are found in soil and natural water environments where they are
subjected to protozoan predation (1). Select members of this genus, e.g., Legionella

anisa, L. dumoffii, L. longbeacheae, L. micdadei, and L. pneumophila, can cause Pontiac
Fever, a flu-like illness, and Legionnaires’ disease, a potentially fatal form of pneumonia
(2). Most clinical isolates are identified as L. pneumophila serogroup (sg) 1 (out of 15 sg’s
associated with L. pneumophila) (3). However, underreporting for other disease-causing
Legionella strains may be due to diagnostic tests that are only specific for L. pneumo-
phila sg 1 and the infrequent occurrence of those strains in certain environments, which
can be further exacerbated by the low probability of causing illness in a susceptible
individual (4).

Legionella spp. have been frequently detected within building water systems, or
premise plumbing (5), which is defined as the portion within drinking water distribution
systems (DWDSs) between the water main and the final point of consumption. These
systems are characterized by high surface area-to-volume ratios, water stagnation, the
presence of various plumbing materials and cross connections, variable temperatures
and water velocities, low to absent disinfectant residuals, and exposure to respirable,
drinking water derived aerosols (6). These characteristics have been attributed to the
persistence and regrowth of opportunistic pathogens, such as L. pneumophila, Myco-
bacterium avium, and Pseudomonas aeruginosa and the free-living amoebae, Acantham-
oeba spp. and Naegleria fowleri (7). The absence and infrequent detection of Legionella
in finished and distributed water (8, 9) and within biofilms collected from distribution
pipe sections (10) further supports the hypothesis that conditions within building water
systems promote the growth and survival of water-based, opportunistic pathogens.

Selective pressure on Legionella to thrive in low-nutrient environments, such as
drinking water, have enabled them to evolve ways to (i) acquire nutrients by residing
in nutrient rich biofilms and (ii) avoid predatory digestion by various free-living
amoebae (FLA) (11); the latter of which has conferred the ability of certain Legionella
species to avoid lysosomal degradation and other bactericidal mechanisms of human
lung macrophages (12). This had led to the hypothesis that FLA may be an evolutionary
training ground for intracellular pathogens, such as L. pneumophila (13), and positive
correlations between the occurrence of FLA and Legionella throughout DWDSs (14–16)
suggest a continual selective pressure for survival of pathogenic Legionella in these
systems.

Biofilms are highly prevalent in DWDSs with a large proportion of drinking water
biomass located within biofilms, including pathogenic microorganisms (17, 18). Chem-
ical disinfection, with free chlorine or monochloramine, is commonly used to inactivate
pathogens and control biofilm growth within DWDSs. Chlorine is a potent oxidizer and
has been shown to extensively permeabilize bacterial membranes causing leakage of
protein and nucleic acid material, as well as lethal DNA damage (19, 20). Monochlora-
mine has been shown to react slowly with DNA and RNA but rapidly with several amino
acids, with little damage to bacterial membranes; thus, the lower potency of mono-
chloramine is hypothesized to require several targeted reactions before microbial
inactivation can be observed (21). Measurements of free chlorine and monochloramine
biofilm penetration confirmed that monochloramine is more effective at penetrating
biofilms than is free chlorine; however, the increased penetration did not correlate with
greater inactivation of biofilm microorganisms within the same depth as full free
chlorine penetration, i.e., ca. 50 to 75 �m (22).

For effective disinfection of drinking water, the World Health Organization (WHO)
recommends 5 mg liter�1 for chlorine and 3 mg liter�1 for monochloramine. However,
residual concentrations within DWDSs can range from 0.2 to 1 and 0.6 to 5 mg liter�1

for chlorine and monochloramine, respectively (23, 24) with no disinfectant residuals
applied in several European countries, e.g., Austria, Germany, the Netherlands, and
Switzerland (25). Furthermore, to control the growth of Legionella and other opportu-
nistic pathogens within building water systems, secondary disinfection treatments,
such as chlorine dioxide, ozone, UV light, copper-silver ionization, thermal treatment,
chlorine, and chloramine, have been utilized (26). In this study, free chlorine and
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monochloramine concentrations of 2 mg liter�1 were chosen to represent the mid-
range of the WHO guideline values for effective drinking water treatment, especially
given that �1.5 mg liter�1 of chlorine and chloramine was shown to be inadequate for
microbial control (27–29).

Given the importance of biofilms in pathogen survival within DWDSs, this study
examined the effect of free chlorine and monochloramine on culturability and 16S rRNA
gene and transcript levels of biofilm-associated L. pneumophila established on copper
and polyvinyl chloride surfaces, which are common to building water system plumbing.
The goal of this study is to provide a better understanding of Legionella survival within
drinking water biofilms and aid in the mitigation of exposure risks to this opportunistic
pathogen within building water systems.

RESULTS
Establishment of drinking water biofilms. One-and-a-half- to two-year-old drink-

ing water biofilms were grown on copper (Cu) and polyvinyl chloride (PVC) surfaces
within biofilm annular reactors (BARs) before use in disinfection experiments. Drinking
water quality parameters were monitored throughout the period with the means �

standard deviations (SD) being 2.45 � 0.25 log10 CFU ml�1 for heterotrophic plate
count; 8.35 � 0.18 for pH; 19 � 3.5°C for temperature; 70 � 22 mg liter�1 for total
alkalinity; 154 � 17 mg liter�1 for hardness; 0.35 � 0.95 NTU for turbidity; 0.96 � 0.18
and 1.07 � 0.18 mg liter�1 for free and total chlorine, respectively; 0.86 � 0.23 mg
liter�1 for nitrate; 0.15 � 0.07 mg liter�1 for phosphate; and 0.99 � 0.77 mg liter�1 for
total organic carbon; the results of the elemental analyses are summarized in Table 1.
Seasonal variations for each parameter are reported in Supplemental Information
(Tables S1–S6). For each BAR, heterotrophic plate count (HPC), free and total chlorine,
and total organic carbon (TOC) was monitored and did not differ significantly between
each reactor (P � 0.05, Table 1).

Biofilm material was more visible on the Cu and PVC surfaces than on new slides
(Fig. 1A and 2A), with the Cu slides displaying heavy corrosion in the form of white/
green copper oxide deposits along the edges of the slide (Fig. 1A, right slide). To
visualize biofilm structures via confocal microscopy, Cu and PVC control (con) and
LpP1s1-inoculated slides were fluorescently stained with nucleic acid dyes, SYTO 9 and
propidium iodide (PI), and a L. pneumophila-specific antibody against strain
Philadelphia-1 LPS (Fig. 1B and 2B). SYTO 9 stains all cells (shown in green, representing
intact, presumably live cells), whereas PI can only enter cells with compromised
membranes and quenches the intracellular SYTO 9 signal (shown in red, representing
presumably injured or dead cells).

Cu and PVC biofilms were approximately 30 �m in depth, with no visibly stained
LpP1s1 cells present in the control slides (Fig. 1B and 2B, top row). Cu, but not PVC,
surfaces were autofluorescent in the same ex/em range as the Alexa Fluor 647-
conjugated secondary antibody, which was observed as a uniform blue background.
However, LpP1s1-stained cells were clearly visible amid the autofluorescence (Fig. 1B,
third column). Cu biofilms were more diffuse with large biofilm colonies observed
throughout the slide, where LpP1s1 cells seemed to cluster (Fig. 1B); in contrast, LpP1s1
colonized PVC biofilms in more a punctate pattern (Fig. 2B). Overall, PVC biofilm
structures were smaller and more localized, like independent microcolonies, in the
middle of the slide, and more diffuse with no large structures visible along the edges
(Fig. 2B, middle and bottom rows, respectively). It is not clear if this was correlated to
the pattern of prominent brown, biofilm material deposition on the edges of the PVC
slide compared to the center portion (Fig. 2A, right slide).

Free chlorine and monochloramine inactivation of planktonic L. pneumophila.
To assess inactivation of planktonic cells, post-exponential-phase LpP1s1 suspensions
were prepared as described in Materials and Methods and exposed to initial concen-
trations (mean � the SD) of 2.1 � 0.1 mg free chlorine liter�1 for 0 to 3 min and
2.2 � 0.1 mg monochloramine liter�1 for 0 to 150 min. Figure 3 displays the log10 CFU
ml�1 values at each exposure time during free chlorine and monochloramine inacti-
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vation (black and gray bars, respectively) and illustrates the rapid inactivation of LpP1s1
with free chlorine compared to monochloramine. After 1 min of free chlorine exposure,
culturable planktonic LpP1s1 cells decreased from 6.3 � 0.1 to 0.2 � 0.3 log10 CFU ml�1

compared to the decrease of monochloramine-treated planktonic cells from 6.8 � 0.0
to 6.5 � 0.0 log10 CFU ml�1 (Fig. 3). Free chlorine-treated planktonic cells displayed 3-
and 4-log10 CFU ml�1 inactivation “concentration times time” (Ct) values (mg min
liter�1) of 0.11 and 0.30 compared to the 2-, 3-, and 4-log10 Ct values of 5.35, 6.58, and
7.81 during monochloramine treatment, respectively (Table 2). Due to the rapid inac-
tivation of planktonic cells during free chlorine treatment, the Ct value for 2-log10

reductions could not be determined since that value was beyond the range of linear
extrapolation (Table 2).

Transcript levels of the 16S rRNA gene, commonly used as a measure of L. pneu-
mophila metabolic activity, was monitored in the free chlorine and monochloramine
treated planktonic LpP1s1 cells at each exposure time (Fig. 3, open circles and triangles,
respectively). For free chlorine-treated cells, there was a gradual decrease in 16S rRNA
transcript levels from 0 to 1 min (1.0 � 0.4 log10 GC ml�1), followed by a sharp,
statistically significant decrease from 1 to 3 min (3.3 � 0.4 log10 GC ml�1) (Fig. 3, open
circles; *, P � 0.01). In contrast, monochloramine-treated planktonic cells displayed a
1.1 � 0.1 log10 GC ml�1 decrease from 0 to 8 min, followed by no significant changes
in 16S rRNA levels from 8 to 90 min (Δ 0.2 � 0.1 log10 GC ml�1) and 90 to 150 min (Δ
0.3 � 0.1 log10 GC ml�1) postexposure (Fig. 3, open triangles, P � 0.05).

TABLE 1 Water quality measurements for influent tap water and BARsa

Water quality parameter

Measurements (mean [SD]) for:

Influent tap BAR1 BAR2 BAR3

HPC (log10 CFU ml�1) 2.45 (0.25) 3.58 (0.70) 3.71 (0.73) 3.65 (0.79)
pH 8.35 (0.18) ND ND ND
Temp (°C) 19 (3.5) 20.8 (2.3)b

Total alkalinity (mg liter�1) 70 (22) ND ND ND
Hardness (mg liter�1) 154 (17) ND ND ND
Turbidity (NTU) 0.35 (0.95) ND ND ND
Free Cl2 (mg liter�1) 0.96 (0.18) 0.61 (0.24) 0.62 (0.21) 0.54 (0.23)
Total Cl2 (mg liter�1) 1.07 (0.18) 0.71 (0.24) 0.72 (0.22) 0.64 (0.24)
NO3 (mg liter�1) 0.86 (0.23) ND ND ND
PO4 (mg liter�1) 0.15 (0.07) ND ND ND
TOC (mg liter�1) 0.99 (0.77) 1.11 (1.01) 1.02 (0.81) 1.00 (0.62)

Essential elementsc

Ca 30.60 (4.80)
Cu 0.01 (0.01) ND ND ND
Fe 0.02 (0.04) ND ND ND
K 2.40 (0.71) ND ND ND
Mg 9.08 (1.96) ND ND ND
Total N 0.83 (0.13)
Na 26.00 (8.69) ND ND ND
Total P 0.19 (0.08) ND ND ND
Zn 0.02 (0.01) ND ND ND

Beneficial elementsd

Si 2.28 (0.69) ND ND ND

Toxic elementse

Al 0.05 (0.04) ND ND ND
aAbbreviations: BAR, biofilm annular reactor (three operated in parallel for biofilm development; see
Materials and Methods); Cl2, chlorine; HPC, heterotrophic plate count; ND, not detected; NO3, nitrate; NTU,
nephelometric turbidity units; PO4, phosphate; SD, standard deviation; TOC, total organic carbon. Other
parameters detected, mean mg liter�1 (SD): Ba, 0.04 (0.01); S, 21.18 (4.82); Sr, 0.22 (0.05). Other parameters
not detected: Be; NH3, ammonia as N; Sb; and V.

bTemperature was measured in BAR3.
cClassifications are based on the World Health Organization criteria (65).
dClassifications are based on the World Health Organization criteria (65). Mn and Ni were not detected.
eClassifications are based on the World Health Organization criteria (65). As, Cd, Li, Pb, and Sn were not
detected.
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Free chlorine and monochloramine inactivation of biofilm-associated L. pneu-
mophila. LpP1s1 colonized Cu and PVC drinking water biofilms were exposed to initial
concentrations (mean � the SD) of 2.1 � 0.1 mg free chlorine liter�1 and 2.2 � 0.1 mg
monochloramine liter�1 for 0 to 30 min as described above. Figure 4 displays the log10

CFU cm�2 values for biofilm LpP1s1 (black bars) levels on Cu and PVC surfaces at each
exposure time during inactivation. After 5 min of disinfectant exposure, biofilm LpP1s1
levels (mean log10 CFU cm�2) were reduced by 1.8, 2.0, and 1.7 for free chlorine-treated
Cu and PVC biofilms and monochloramine-treated PVC biofilms, respectively (Fig. 4).

FIG 1 Drinking water biofilms on copper (Cu) surfaces. Biofilms were established on Cu BAR slides with
uncolonized and colonized slides shown on the left and right, respectively (A). Biofilms were then
inoculated with LpP1s1, fluorescently stained, and visualized using confocal microscopy. (B) From left to
right, membrane-intact (green, SYTO 9), membrane-permeable (red, propidium iodide [PI]), and L. pneu-
mophila (blue, Alexa Fluor 647) cells were observed by fluorescence microscopy, including an overlay of the
signals. The top row shows stained, uninoculated biofilm controls (con), the middle row shows LpP1s1-
inoculated biofilms, and the bottom row shows 3�-zoomed-in area of the LpP1s1-inoculated biofilms
indicated in the white box. Images are representative of four to six images collected from two independent
experiments. Scale bars, 10 �m.

FIG 2 Drinking water biofilms on polyvinyl chloride surfaces. Biofilms were established on PVC BAR slides
with uncolonized and colonized slides shown on the left and right, respectively (A). Biofilms were then
inoculated with LpP1s1, fluorescently stained, and visualized using confocal microscopy. (B) From left to
right, membrane-intact (green, SYTO 9), membrane-permeable (red, propidium iodide [PI]), and L. pneu-
mophila (blue, Alexa Fluor 647) cells were observed by fluorescence microscopy, including an overlay of the
signals. The top row shows stained, uninoculated biofilm controls (con), and the middle and bottom rows
show LpP1s1-inoculated biofilms in the middle and edges of the BAR slide, respectively. Images are
representative of four to six images collected from two independent experiments. Scale bars, 10 �m.
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However, the mean LpP1s1 reduction of 0.4 log10 CFU cm�2 for monochloramine
treated Cu biofilms was statistically lower at 5 min than the reduction levels of the other
biofilms (P � 0.001). By 15 min, free chlorine-treated PVC biofilms displayed LpP1s1
reduction levels of 3.9 log10 CFU cm�2 which was significantly higher than the
reduction levels of 2.6 log10 CFU cm�2 for the other biofilms (P � 0.05). By 30 min,
levels of LpP1s1 reduction between the biofilm samples were not statistically different.

The Ct values for 2-, 3-, and 4-log10 CFU cm�2 reduction levels indicated potential
differences in inactivation kinetics based on the disinfectant treatment and biofilm
substratum. The samples are listed in order based on the Ct values, from lowest to
highest, for 2-log10 reduction—free chlorine PVC, free chlorine Cu, monochloramine
PVC, and monochloramine Cu; for 3-log10 reduction—free chlorine PVC, free chlorine
Cu, monochloramine Cu, monochloramine PVC; and for 4-log10 reduction—free chlo-
rine PVC, monochloramine Cu, free chlorine Cu, and monochloramine PVC (Table 2).

HPCs were higher than biofilm L. pneumophila levels before exposure and, although
decreases were observed, HPCs were generally more resistant to free chlorine and
monochloramine, on all surfaces, than L. pneumophila (Fig. 4, gray bars). Notably, after
5 min, HPC log10 CFU cm�2 levels in Cu and PVC biofilms decreased more rapidly
during free chlorine treatment, 1.5 and 2.4, compared to 0.0 and 0.5 during monochlo-
ramine treatment (P � 0.01). This trend was also observed at 15 min postexposure,
where HPC levels in Cu and PVC-free chlorine-treated biofilms decreased 1.7 and 2.9
log10 CFU cm�2, respectively, compared to 1.3 log10 CFU cm�2 for both Cu and PVC

FIG 3 Effect of disinfectants on planktonic L. pneumophila. LpP1s1 suspensions were treated with free
chlorine (FC) or monochloramine (MA). Data (mean � SD) are representative of two independent
experiments with three replicates each (n � 6). CFU data are shown as bars and expressed as log10 CFU
ml�1. The cDNA qPCR data are shown as open symbols with connecting lines and expressed as log10

genomic copies (GC) ml�1. *, P � 0.01.

TABLE 2 Ct values for inactivation of planktonic and drinking water biofilm-associated L. pneumophila using free chlorine and
monochloraminea

Ct value (mg min liter�1)

Inactivation
Ct

Planktonic LpP1s1 Drinking water biofilm-associated LpP1s1

Free
chlorine Monochloramine Lowest 2nd lowest 2nd highest Highest

2-log10 ND 5.35 Free chlorine PVC,
8.86

Free chlorine Cu,
13.18

Monochloramine PVC,
17.16

Monochloramine Cu,
34.86

3-log10 0.11 6.58 Free chlorine PVC,
36.11

Free chlorine Cu,
50.83

Monochloramine Cu,
55.38

Monochloramine PVC,
62.80

4-log10 0.30 7.81 Free chlorine PVC,
63.67

Monochloramine Cu,
75.90

Free chlorine Cu,
88.48

Monochloramine PVC,
108.44

aAbbreviations: ND, not determined; Cu, copper; LpP1s1, L. pneumophila strain Philadelphia-1 serogroup 1; PVC, polyvinyl chloride. Ct values (concentration � time)
are expressed as mg min liter�1. Data were generated from two independent experiments, except for MA Cu. For planktonic and Cu samples, there were three
replicates per experiment (n � 6), except for MA Cu (n � 3). For PVC samples, there were two replicates per experiment (n � 4).
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monochloramine-treated biofilms (Fig. 4). However, by 30 min, HPC levels in free
chlorine-treated Cu biofilms (3.6 � 0.2) were statistically higher than levels in free
chlorine-treated PVC (2.5 � 0.1) and monochloramine-treated Cu (2.8 � 0.8) biofilms.

The presence and expression levels of the L. pneumophila 16S rRNA gene were
monitored for free chlorine and monochloramine treated Cu and PVC biofilms at each
exposure time. Gene transcript (cDNA) levels were lower than total genomic DNA levels
for each treatment and surface type (Fig. 4, open circles and triangles, respectively).
Free chlorine treatment resulted in a statistically significant decrease in total DNA and
cDNA L. pneumophila levels by 30 min for Cu and PVC biofilms (P � 0.01 and P � 0.05,
respectively), with no significant differences between starting and ending levels of total
DNA and cDNA for monochloramine-treated biofilm samples (Fig. 4).

Analysis of L. pneumophila shed from drinking water biofilms during disinfec-
tant treatment. To determine the effect of disinfectant treatment on LpP1s1 shed from
drinking water biofilms, beaker water, that contained BAR slides submerged in disin-
fectant solutions at each exposure time, was processed for LpP1s1 CFU, HPC, total DNA
and cDNA analysis as described in Materials and Methods. There were no statistically
significant differences in LpP1s1 CFU and HPC levels between free chlorine- and
monochloramine-treated Cu and PVC biofilms at each exposure time, except for HPC
levels between free chlorine- and monochloramine-treated Cu biofilms at 5 min post-
exposure (Fig. 5, P � 0.05). As expected, the L. pneumophila 16S rRNA gene total DNA
levels were higher than the gene transcript (cDNA) levels for each treatment and
surface type (Fig. 5, open triangles and circles, respectively). In concordance with
biofilm trends, the total DNA and cDNA levels during free chlorine treatment decreased
for Cu and PVC beaker water samples (Fig. 5A and B) compared to the

FIG 4 Effect of disinfectants on biofilm-associated bacteria and nucleic acid levels. Cu (A and C) and PVC (B and D) drinking water biofilms,
colonized with LpP1s1, were treated with free chlorine (A and B) or monochloramine (C and D). Biofilms were analyzed for LpP1s1 and HPC CFU
(shown as bars with corresponding units on the left axis, log10 CFU liter�1) and total DNA and cDNA qPCR (shown as open symbols with
connecting lines and units on the right axis, log10 genomic copies [GC] liter�1). Data (mean � SD) are representative of two independent
experiments with three replicates each (n � 6). a, P � 0.001 compared to other biofilms at 5 min. b, P � 0.05 compared to other biofilms at 15
min. c, P � 0.01 compared to monochloramine Cu and PVC at 5 min. d, P � 0.05 compared to free chlorine PVC and monochloramine Cu at 30
min. e, P � 0.001 compared to monochloramine Cu and PVC at 5 min. f, P � 0.01 compared to free chlorine Cu, monochloramine Cu, and PVC
at 15 min. *, P � 0.05; **, P � 0.01.
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monochloramine-treated samples (Fig. 5C and D). However, statistically significant
decreases were only observed for total DNA levels in free chlorine Cu beaker water and
cDNA levels in free chlorine PVC beaker water between starting and 30-min postex-
posure levels (Fig. 5A and B, P � 0.05).

DISCUSSION

In this study, mature (1.5- to 2-year-old) drinking water biofilms were developed on
Cu and PVC surfaces under conditions typically encountered within building water
systems, e.g., turbulent flow with 3 to 9 h periods of stagnation per day (6). Structural
differences were observed between Cu and PVC biofilms; notably, larger, more diffuse
biofilm colonies observed on Cu surfaces, while the smaller, less diffuse biofilm colonies
were on PVC surfaces (Fig. 1B and 2B). The primary goal of this study was to determine
efficacy of free chlorine and monochloramine for the inactivation of biofilm-associated
L. pneumophila. Disinfectant concentrations of 2 mg liter�1 were chosen to represent
the midrange value of the World Health Organization (WHO) guidelines for drinking
water treatment (23, 24) and because previous studies had demonstrated that �1.5 mg
liter�1 chlorine and chloramine was inadequate for microbial control (27–29). To
observe and quantify the effectiveness of each disinfectant, e.g., 2-, 3-, and 4-log10

reduction in pathogen concentration posttreatment, the naturally formed Cu and PVC
drinking water biofilms were inoculated with L. pneumophila sg 1 strain Philadelphia-1
(LpP1s1), resulting in a biofilm concentration of between 4.0 to 4.7 log10 CFU cm�2.

After colonization, LpP1s1 bacteria clustered within the larger Cu biofilm colonies
but displayed a more punctate colonization pattern throughout the PVC surfaces. The
maximum thickness of the Cu and PVC biofilms, as measured by Z-stacks, was approx-
imately 30 �m. This depth was similar to that reported for 3-year-old drinking water
biofilms grown on stainless steel, where a maximum thickness of 30 �m was observed

FIG 5 CFU and nucleic acid levels of biofilm bacteria shed from drinking water biofilms during disinfectant treatment. Beaker water derived
from chlorine (A and B) or monochloramine (C and D) treatment of Cu (A and C) and PVC (B and D) drinking water biofilms colonized with
LpP1s1 was analyzed for LpP1s1 and HPC CFU (shown as bars with corresponding units on the left axis, log10 CFU liter�1), and total DNA and
cDNA qPCR (shown as open symbols with connecting lines and units on the right axis, log10 genomic copies [GC] liter�1). Data (mean � SD)
are representative of two independent experiments (n � 2) for each exposure time. a, P � 0.05 for free chlorine Cu versus monochloramine
Cu at 5 min. *, P � 0.05.
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after 600 days (1.6 year), with an average of 14 �m between 1.4- to 3-year-old biofilms)
(30). Martiny et al. observed formation of large, individual microcolonies after 94 days
(0.2 year) of biofilm development with a surface coverage of 41%, which progressed to
76% coverage with looser, more spread-out structures from 1.9 to 3 years (30), similar
to the large, diffuse structures developed on the Cu surfaces in this study (Fig. 1B).

“Concentration times time” (Ct) values, based on the work of Chick (31) and Watson
(32), describes microbial inactivation as a function of disinfectant concentration and
contact time with the effectiveness of the disinfectant dependent on the microorgan-
ism, disinfectant type and concentration, pH and temperature of the suspension
medium (6). In this study, planktonic LpP1s1 Ct (mg min liter�1) values for 4-log10 CFU
ml�1 inactivation (99.99% reduction) were 0.3 for free chlorine and 7.8 for monochlo-
ramine treatment at pH 8 and 21°C under chlorine demand free conditions (Table 2). In
a previous study, the Ct value for 99% inactivation (Ct99) using free chlorine for a L.
pneumophila sg 1 isolate was 0.88 at 21°C (pH 6.8 to 7.2) (33), which is higher than the
Ct observed in this study, presumably due to the use of sterilized well water as the assay
medium, instead of chlorine demand free buffer. Other studies have also evaluated the
effectiveness of free chlorine and monochloramine on planktonic L. pneumophila
strains, but the use of different strains, buffers, and pH and temperature conditions
make comparisons difficult across studies (34–38).

Biofilm L. pneumophila was more quickly inactivated on PVC surfaces using free
chlorine than using monochloramine. Free chlorine treatment resulted in a 3.8-log10

reduction after 30 min of exposure compared to 3.0 log10 during monochloramine
treatment; thus, for 4-log10 inactivation, more contact time is required with monochlo-
ramine than with free chlorine (Fig. 4 and Table 2, 75.90 versus 88.48, respectively).
Figure 6 is a summary graphic illustrating the Ct values (mg min liter�1) for 4-log10 or
99.9% reduction of biofilm LpP1s1: 88 for free chlorine-treated Cu biofilms, 63 for free
chlorine-treated PVC biofilms, 76 for monochloramine-treated Cu biofilms, and 108 for
monochloramine-treated PVC biofilms (Table 2). The interpretation of Ct values for
biofilm inactivation should be made cautiously since disinfectant concentration and
contact time are not the only parameters affecting the disinfectant’s efficacy. There are
many unknowns regarding disinfectant penetration into and microbial aggregation
within biofilms, and the potential role of the underlying substratum that could impact
disinfectant inactivation.

Using 1-week-old Pseudomonas aeruginosa and Klebsiella pneumoniae biofilms de-
veloped in nutrient rich medium, it was reported that after 30 min of 2.5 mg liter�1 free
chlorine exposure, approximately 70% of the bulk free chlorine concentration (�1.8 mg
liter�1) penetrated the biofilms to a depth of 50 �m (39). In contrast, disinfectant
penetration was much lower for nitrifying biofilms, where after 30 min of 2.6 to 2.7 mg
liter�1 disinfectant exposure, only 8% (�0.2 mg liter�1) and 15% (�0.4 mg liter�1) of
the bulk water concentration for free chlorine and monochloramine, respectively,
penetrated the biofilms to a depth of 50 �m (22). Other studies have also reported the
increased penetration of monochloramine within biofilms compared to free chlorine
(22, 39), the requirement of higher free chlorine for Cu versus plastic (e.g., polyethylene
and PVC) pipes to achieve the same inactivation rates (40, 41), and free chlorine,

FIG 6 Graphical summary of free chlorine and monochloramine disinfection efficacy on biofilm-
associated L. pneumophila. Ct inactivation values (mg min liter�1) for 4-log10 CFU cm�2 reduction of
biofilm LpP1s1 are shown for free chlorine (FC) and monochloramine (MA) disinfectant treatment of
copper (Cu) and polyvinyl chloride (PVC) slides.
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generally, being more effective than monochloramine at controlling or inactivating L.
pneumophila or other biofilm microorganisms within the same study (42–45). Collec-
tively, results from this study suggested that inactivation of biofilm-associated L.
pneumophila using monochloramine was more effective on Cu than PVC biofilms, while
conversely, free chlorine was more effective on PVC than Cu biofilms.

The heterotrophic plate count (HPC) method is commonly used for enumeration of
culturable heterotrophic bacteria in drinking water. Although there have been no
conclusive studies indicating that high levels of HPC in drinking water poses a signif-
icant health risk, HPC measurements are used as an assessment of drinking water
quality (46). There are several studies that correlated HPC levels with Legionella occur-
rence in drinking water (47–50); however, in this study, there were no similarities or
trends in HPC and L. pneumophila levels within the Cu and PVC biofilms during
disinfectant treatment. Although free chlorine treatment of Cu and PVC biofilms
significantly reduced HPC levels after 5 min of exposure compared to monochloramine
treatment, HPC levels remained steady within Cu and PVC biofilms after 15 and 30 min
of free chlorine treatment (Fig. 4A and B). In contrast, HPC levels steadily decreased with
continual monochloramine exposure (Fig. 4C and D), which may have been due to the
better penetration of monochloramine within biofilms and/or the higher disinfectant
demand of free chlorine for the biofilms compared to monochloramine.

Notably, the disinfection efficacy of L. pneumophila shed from the Cu and PVC
biofilms into the bulk water during treatment, was more like biofilm-associated bacteria
than planktonic cells. At each exposure time point, any biofilm material that may have
shed and sloughed off from the biofilm slides during disinfection, were collected from
the beaker water via filtration and used for CFU enumeration and nucleic acid extrac-
tion. Shed biofilm LpP1s1 was culturable from the bulk water at 5 to 30 min of exposure
to both disinfectants (Fig. 5), whereas the planktonic LpP1s1 cells were inactivated after
3 to 5 min of exposure (Table 2). Shen et al. also reported higher free chlorine and
monochloramine disinfectant resistance of shed L. pneumophila from groundwater PVC
biofilms and the accompanying detachment of biofilm material and bacteria during
biofilm L. pneumophila shed into the bulk water (51). Interestingly, the same group
observed a higher release of biofilm bacteria, as assessed by total 16S rRNA gene
copies, from the monochloramine-treated biofilms than from untreated and free
chlorine-treated biofilms (51). This trend was observed in this study using the HPC
method, as there were higher HPC levels in the beaker water of monochloramine-
treated Cu and PVC biofilms at 5 and 10 min postexposure than for free chlorine-
treated biofilms (Fig. 5).

The differences in 16S rRNA gene transcript levels of planktonic LpP1s1 during free
chlorine and monochloramine treatment did not correlate with the loss culturability. No
culturable free chlorine-treated cells were detected at 3 min postexposure, when the
significant decline in cDNA levels were observed, and no culturable monochloramine-
treated cells were detected at 5 to 150 min postexposure with no significant decreases
in cDNA levels observed between 8 and 150 min (Fig. 3). It should be noted that the 16S
rRNA gene cDNA quantitative PCR (qPCR) assay cannot differentiate between decreases
in transcript levels versus damaged, nonamplifiable transcripts. However, the reported
slow reactivity of monochloramine on bacterial RNA (21) suggests the latter may be the
case for the differences in transcript levels observed between free chlorine- and
monochloramine-treated planktonic LpP1s1 cells.

The cDNA levels of treated Cu biofilms, at 0 and 30 min (Fig. 4A and C), were
statistically lower than levels in treated PVC biofilms at the same exposure times (Fig.
4B and D, P � 0.01) indicating that the Cu substratum alone, may be negatively
impacting 16S rRNA gene transcript levels. Furthermore, the cDNA levels of free
chlorine-treated, compared to monochloramine-treated, Cu biofilms were statistically
lower at all time points (Fig. 4A and B, P � 0.0001), indicating a possible synergistic
effect of free chlorine and Cu on the reduction transcript levels in LpP1s1 cells.
However, the synergistic effect of free chlorine and Cu on transcript levels were less
apparent in the beaker water samples since there were no significant differences
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between free chlorine Cu and PVC beaker water levels by 30 min (Fig. 5A and B,
P � 0.05).

This study evaluated the disinfection efficacy for a single L. pneumophila sg 1 strain,
the Philadelphia-1 lung tissue isolate, which was previously shown to colonize drinking
water biofilms for up to several months after introduction into native drinking water
biofilms (52, 53). Similarly, two L. pneumophila drinking water biofilm isolates, sg 1
strain Ads and sg 5 strain 2226A, were reported to stably colonize drinking water
biofilms (54, 55), indicating that other L. pneumophila strains may behave similarly in
regard to biofilm colonization. Future work will examine the disinfectant susceptibility
of other biofilm-associated Legionella strains.

The drinking water used for biofilm development, in this study, is minimally corro-
sive due to the water utility’s addition of lime and sodium hydroxide to increase pH
levels, measured at pH 8.35 � 0.18 for the BAR influent water (Table 1). However,
drinking water pipe material and associated corrosion products have been shown to
impact disinfectant efficacy (56, 57). Thus, the chemical interactions between free
chlorine, monochloramine, and the Cu and PVC biofilm substratum and their subse-
quent effect on Legionella inactivation should also be examined in subsequent studies
to further elucidate the mechanisms and consequences of various pathogen control
strategies employed within building water systems.

L. pneumophila can replicate and reside within various species of free-living amoe-
bae (12, 58), but the abundance, diversity, and distribution of free-living amoebae in
building water systems and the proportion of these eukaryotes harboring intracellular
pathogens are poorly understood. Vermamoeba vermiformis and various species of the
Acanthamoeba genera are commonly used host models to study Legionella-amoeba
interactions (58, 59) and can amplify L. pneumophila bacteria to high intracellular
concentrations (60). However, V. vermiformis and Acanthamoeba spp. were not de-
tected via qPCR analysis in the biofilm and beaker water DNA samples (data not shown).

Collectively, results from this study indicate there were clear differences between
free chlorine and monochloramine treatment and their impact on L. pneumophila 16S
rRNA gene transcript levels in planktonic, biofilm-associated, and biofilm shed forms of
LpP1s1 (Fig. 6). The combined characteristics of building water systems present favor-
able growth conditions for opportunistic pathogens, such as Legionella pneumophila.
However, their stable colonization within biofilms most likely confers the best survival
advantage as biofilms offer protection from environmental stresses, increased access to
nutrients, and opportunities for symbiotic interactions with other microbes. Legionella
infections can be mitigated with implementation of an effective building water quality
management plan (61). Thus, understanding the efficacy of common disinfectants on
the ecologically relevant forms of L. pneumophila and their persistence mechanisms
within building water systems could aid policy makers in their recommendations to
control and eliminate exposure risks to these water-based pathogens.

MATERIALS AND METHODS
Establishment of drinking water biofilms. Drinking water biofilm communities were established

using three bench scale biofilm annular reactor (BAR) model systems (BioSurface Technologies Corpo-
ration) and BAR slides (15 cm length by 1.6 cm width by 0.2 mm depth), made of copper alloy C12200
(Cu) and type 2 polyvinyl chloride (PVC). Biofilms were grown under simulated premise plumbing
conditions to mimic private residential water conditions with drinking water derived from river water
treated by coagulation, flocculation, sedimentation; followed by sand, gravel, and granular activated
carbon filtration; and then chlorination. The three BARs were operated, in parallel, at approximately 110
to 120 rpm, resulting in shear stress similar to that of a 0.5- to 1-inch pipe with water flowing at a velocity
of 1 foot s�1 (assuming a Hazen-Williams coefficient, measure of head loss due to friction from pipe
roughness, of 140 for copper [Cu] and 150 for PVC). The flow rate was set at 100 ml min�1, resulting in
a hydraulic residence time of 10 min. A valve under the control of a timer, allowed flow of drinking water
into each BAR on weekdays for 2 h in the morning and 4 h at night and on weekends for 2 h in the
morning, 2 h midday, and 4 h at night. The valve was connected to a manifold consisting of three outlets
which supplied the same water flow rate to the three BARs. In addition, the timer was connected to each
of the motor controller so that the drum turned on when there was water flow. The absence of shear
force, produced by turning off drum rotation, allowed the simulation of building water system stagna-
tion, as well as operation of BARs at room temperature. The outer cylinders were wrapped to reduce the
potential of phototrophic growth within the BARs. Each BAR can accommodate up to 20 slides. Biofilms
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were developed on 60 Cu slides and then used for disinfection experiments described below. After their
removal, new PVC slides were placed into the BARs for biofilm accumulation.

Water quality parameter measurements. Drinking water, feeding the BARs, was sampled weekly
and analyzed for free and total chlorine (N,N-diethyl-p-phenylenediamine [DPD] method; Pocket Color-
imeter II; Hach), pH (Accumet AB15; Fisher Scientific), temperature, hardness (EDTA titration method;
Hach), turbidity (2100Q portable turbidimeter; Hach), total organic carbon (TOC; EPA method 415.3,
rev1.1), trace metals (EPA method 200.7), phosphate (PO4; EPA method 365.1), and nitrate (NO3; EPA
method 353.2) by the National Risk Management Research Laboratory at the US Environmental Protec-
tion Agency in Cincinnati, OH (Table 1). Water samples were also taken from each BAR and analyzed for
TOC and HPC bacteria. HPCs were enumerated by the spread plate method on Reasoner’s 2 A agar (R2A,
Difco Laboratories) after incubation at 28°C for 7 days. The limit of detection (LOD) was 0.7 log10 CFU
ml�1. A temperature logger (Nomad OM-74; Omega Engineering, Inc.) was used to monitor water
temperature in BAR3 during biofilm establishment.

Bacterial culture preparation and enumeration. Legionella pneumophila sg 1 strain Philadelphia-1
(LpP1s1) is a clinical isolate derived from a human lung (American Type Culture Collection [ATCC 33152]).
LpP1s1 cells were grown and enumerated as previously described (62). Briefly, individual frozen stock
cultures were stored at �80°C in buffered yeast extract (BYE) broth with 20% (vol/vol) glycerol. A 10-�l
aliquot of a thawed suspension was streaked onto buffered charcoal yeast extract (BCYE) agar plates (BD
Diagnostics) and incubated at 37°C for 72 h. An LpP1s1 colony was inoculated into 10 ml of BYE broth
and grown overnight with continuous shaking at 37°C. Post-exponential-phase cultures (approximately
109 CFU ml�1) were centrifuged (2,420 relative centrifugal force [rcf], 10 min, room temperature) and
washed three times with 10 ml UV-light dechlorinated, 0.22-�m-filtered drinking water (dfH2O). LpP1s1
densities, as measured by CFU, were determined by spread plating undiluted and serially diluted
bacterial suspensions on BCYE plates incubated for 4 to 6 days at 37°C.

L. pneumophila inoculation of BAR slides. Cu and PVC slides were aseptically removed from the
BARs. Two independent experiments (I and II) were conducted for each disinfectant (free chlorine and
monochloramine) with three Cu and two PVC slides per experiment and for each time point evaluated
(0, 5, 15, and 30 min). Slides were submerged in 1-liter beakers containing dfH2O and a magnetic stir bar.
Beakers were placed on stir plates operated under ambient conditions (21 to 23°C) with continuous
stirring. Slides were incubated for 5 days in the presence of LpP1s1 cells at a final concentration of
6.7 � 0.4 log10 CFU ml�1 (mean � the SD). On day 5, the LpP1s1 densities in the beaker water were
6.7 � 0.3 log10 CFU ml�1 (except for monochloramine Cu experiment I, where no culturable LpP1s1 was
detected in the beaker water at day 5, but was culturable at day 0). After the 5-day incubation, the BAR
slides were gently washed twice with 150 ml of dfH2O to remove loosely adherent bacteria and
submerged in fresh 1-liter beakers containing dfH2O and a magnetic stir bar. Beakers were then placed
on stir plates operated under ambient conditions (21 to 23°C) with continuous stirring for 24 h prior to
use in disinfection experiments.

Disinfectant preparation. Free chlorine and total chlorine measurements were performed using the
DPD colorimetric method (Powder Pillows; Hach). Monochloramine and free ammonia measurements
were performed using the indophenol method (method 10200, Powder Pillows, free ammonia chlori-
nating solution; Hach). Disinfection experiments were all performed under chlorine demand free (CDF)
conditions. Disinfectant solutions were prepared using 1:10 diluted CDF (dCDF) buffer (pH 8), prepared
as previously described (63). Undiluted CDF buffer contained 50 mg liter�1 of phosphate (PO4

3�) which
negatively impacted the colorimetric readings for monochloramine and free ammonia. The excess
phosphate during the indophenol reaction resulted in heavy precipitation within the Hach test vials.
Thus, CDF was diluted 10-fold, which maintained the same pH and did not interfere with the indophenol
test.

Free chlorine solutions were prepared by diluting 15% reagent-grade sodium hypochlorite solution
in dCDF buffer (pH 8) to provide a free residual chlorine concentration of 2 mg liter�1. To prepare a 2-mg
liter�1 monochloramine solution, ammonium sulfate [(NH4)2SO4] was dissolved in dCDF, with the
addition of chlorine at a 4.5:1 chlorine-to-nitrogen (Cl2:N) mass ratio. All tests were performed under
ambient conditions (21°C). Before each experiment, each Hach Pocket Colorimeter II were checked using
DPD chlorine and monochloramine/free ammonia secondary gel standards (Hach) to confirm consistent
instrument response. The pH, free chlorine, total chlorine, monochloramine, and free ammonia levels
were measured at the start and end of each experiment. The average (� the SD) concentrations of free
chlorine and monochloramine solutions prepared for all the experiments performed in this study were
2.1 � 0.1 and 2.2 � 0.1 mg liter�1, respectively.

Disinfection of planktonic L. pneumophila suspensions and L. pneumophila-colonized biofilms.
Planktonic suspensions of LpP1s1 were exposed to either free chlorine or monochloramine in 50-ml
conical tubes at various exposure times with continuous shaking using a vortexer. An aliquot of the
washed, overnight LpP1s1 cultures, prepared as described above, was inoculated into the disinfection
solution resulting in a concentration of approximately 6 log10 CFU ml�1. A portion of the planktonic
suspensions was collected for disinfectant measurements immediately before neutralization by the
addition of 0.1 ml of sodium thiosulfate (10% [wt/vol]) at the end of each exposure time. After
neutralization, treated planktonic suspensions were enumerated for LpP1s1 CFU and used for cDNA
preparation described below. Two independent experiments were performed for each disinfectant with
three replicates per exposure time (n � 6).

After the LpP1s1 inoculation period into drinking water biofilms, slide wash, and a 24-h incubation
period, as described above, the BAR slides were placed into four separate 1-liter beakers labeled t � 0,
5, 15, and 30 min, indicating disinfectant exposure times, and containing either three Cu or two PVC
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slides each. Two independent experiments were performed for each disinfectant with two PVC (n � 4)
and three Cu (n � 6) replicates per exposure time. The control (t � 0 min) beaker contained 1.25 liters of
dCDF. The remaining three beakers contained either 1.25 liters of free chlorine or monochloramine
disinfectant solution. Disinfectant measurements of the beaker solution were made immediately before
neutralization by the addition of 1 ml of sodium thiosulfate (10% [wt/vol]) at the end of each exposure
time. These measurements were used to calculate the Ct (contact time) in mg min liter�1. The log10 CFU
ml�1 or cm�2 reduction values were plotted against Ct values at each exposure time, and linear
interpolations and extrapolations were used to calculate 2-, 3-, and 4-log10 CFU Ct inactivation values. R2

values for the planktonic LpP1s1 and biofilm LpP1s1 linear plots ranged between 0.9991 and 1 and
between 0.8073 and 0.9683, respectively.

To account for zero values, 1 was added to all data points before conversion to the log10 scale [e.g.,
log10(CFU � 1)]. For planktonic samples, the LOD was 0.0 log10 CFU ml�1. For LpP1s1 and HPC
enumeration, the LOD was 2.1 log10 CFU liter�1 for beaker water samples and 0.7 log10 CFU cm�2 for
biofilm samples.

Biofilm and beaker water collection. To recover biofilm material, individual BAR slides were placed
into a sterile petri dish (150 by 15 mm) containing 12 ml of dfH2O. A sterile polyester tipped applicator
was used to swab the slide surface several times. The slide was then washed three times using a portion
of the biofilm suspension in the petri dish. For further extraction and homogenization of biofilm material,
the biofilm suspension and BAR slide were transferred to a stomacher bag (380 mm by 510 mm) and
placed in a stomacher (Stomacher 3500; Seward, United Kingdom) operated for 4 min at 175 rpm. The
biofilm suspension was collected and used for CFU enumeration and nucleic acid extraction. The BAR
slide dimensions were 15 � 1.6 � 0.2 cm (length � width � depth), with an approximate surface area of
24 cm2. Calculations from CFU and molecular analyses were expressed as units per cm2.

After disinfectant neutralization, 1 liter of the beaker water at each time point was filtered through
a 0.2-�m-pore size polyethersulfone membrane (Supor Membrane; PALL Life Sciences). Filters were
placed into 12 ml of dfH2O and vortexed at maximum speed for 1 min. The beaker water concentrate/
suspension was collected and used for CFU enumeration and nucleic acid extraction. Two independent
experiments were performed for each disinfectant with biofilm slides submerged in one beaker (n � 2)
per exposure time. Calculations from CFU and molecular analyses were adjusted and expressed as units
per liter.

Total DNA isolation. DNA was extracted from 1 ml of the biofilm and beaker water suspensions,
described in the previous section, using the PowerWater DNA isolation kit (MO BIO Laboratories). The
1-ml biofilm and beaker water suspensions were concentrated by centrifugation (9,391 rcf, 5 min, room
temperature), removal of 800 �l of the supernatant, and resuspension of the pellet in the remaining
200 �l of solution. Biofilm swabs or filters were placed into the PowerWater bead tube, along with 200 �l
of concentrated biofilm and beaker water suspensions and 1 ml of solution PW1. The remainder of the
procedure was performed according to the manufacturer’s protocol.

Complementary DNA preparation. A PowerSYBR Green Cells-to-CTTM kit (Thermo Fisher Scientific)
was used to obtain cDNA from biofilm and beaker water samples according to the manufacturer’s
protocol with the following modifications. Then, 1 ml of the biofilm, beaker water, and planktonic
suspensions described above, was concentrated by centrifugation (15,000 rcf, 10 min, room temperature)
and removal of 990 �l of the supernatant. Next, 50 �l of the lysis buffer was added to the pellet and the
remaining 10 �l of solution, followed by incubation for 5 min at room temperature. DNA was removed
by adding 4 U of DNase (TURBO DNase; Invitrogen) and incubation at 37°C for 30 min. The removal of
DNA was confirmed by the absence of DNA amplification via qPCR using the L. pneumophila-specific
primers described below. To convert RNA to cDNA, reverse transcription was performed as described
according to the manufacturer’s protocol. Aliquots of the cDNA sample were analyzed by qPCR as
described below.

Quantitative PCR. Biofilm and beaker water total DNA and cDNA and planktonic cDNA samples were
analyzed using a Applied Biosystems QuantStudio 6 Flex Fast Real-Time PCR system (Thermo Fisher
Scientific). The TaqMan qPCR assay for L. pneumophila detection was performed using the 16S rRNA gene
forward (LpneuF1, 5=-CGG AAT TAC TGG GCG TAA AGG-3=) and reverse (LpneuR1, 5=-GAG TCA ACC AGT
ATT ATC TGA CCG T-3=) primers and probe (LpneuP1, 5= FAM-AAG CCC AGG AAT TTC ACA GAT AAC TTA
ATC AAC CA-BHQ1 3=) (64). The reaction mixture (20 �l final volume) contained 1� TaqMan Environ-
mental Master Mix 2.0 (Applied Biosystems), 200 nM forward and reverse primers, and 7.5 nM probe. The
cycling conditions consisted of a preincubation step at 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 10 s and annealing and extension at 60°C for 1 min. Undiluted and 10-fold-
diluted experimental samples were analyzed in duplicate with no inhibition observed between the
undiluted and diluted samples. Standard curves were generated, on each plate, using a plasmid vector
(pUCIDT-AMP; Integrated DNA Technologies, Inc.) containing a cloned 189-bp region of the L. pneumo-
phila Philadelphia-1 16S rRNA gene (NCBI reference sequence NC_002942.5, positions 609325 to 609513).
Serial dilutions of eight concentrations ranging from 107 to 1 gene copy were generated and analyzed
in triplicate along with duplicate no-template control, for each 96-well plate. Data were expressed as
log10 gene copy numbers (GC). The limits of quantification were 2.0 log10 GC ml�1 for planktonic cDNA
samples, 3.1 log10 GC liter�1 for beaker water samples, and 1.7 log10 GC cm�2 for biofilm samples.

Fluorescent staining of biofilm samples. Uninoculated control and LpP1s1-inoculated slides were
incubated in a solution containing 10 �M SYTO 9 and 60 �M propidium iodide (PI; Molecular Probes). For
L. pneumophila staining, slides were incubated with a mouse IgG monoclonal antibody specific to L.
pneumophila Philadelphia-1 strain lipopolysaccharide (Meridian Life Science, Inc.) at a 2-�g ml�1 con-
centration, followed by incubation with a secondary polyclonal donkey anti-mouse IgG antibody
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conjugated to Alexa Fluor 647 (Thermo Fisher Scientific) at a concentration of 10 �g ml�1. All fluorescent
stains and antibodies were diluted to the target concentrations in staining solution (dfH2O containing
10% bovine serum albumin) and incubated with the BAR slides in the dark for 30 min at room
temperature. After each incubation, slides were gently washed twice with the staining solution. Slides
were submerged in dfH2O for confocal microscopy.

Confocal microscopy. BAR slides were imaged on a LSM 510 confocal laser scanning microscope
(Zeiss, Germany) with a 40�, 0.8 NA C-Achroplan water-immersion objective lens. Biofilm structures were
imaged using confocal reflectance (488-nm laser light scanned across sample with the photomultiplier
tube collecting the same 488 nm light which reflects off the sample, and a small confocal pinhole to
reduce the optical section thickness to �1 �m). Z-stacks were acquired to calculate biofilm thickness.
Fluorescence images were acquired using the following excitation (ex) lasers and emission (em) filters for
the following dyes indicated as wavelengths (nm): SYTO 9 (ex 488, em 500 to 530), PI (ex 543, em 550
to 600), and Alexa 647 (ex 633, em �650).

Statistical analysis. Statistical significance was determined for cDNA and total DNA differences using
one-way analysis of variance (ANOVA) and Tukey’s multiple-comparison test. Statistical differences
between LpP1s1 CFU, HPC, and Ct data were determined using two-way ANOVA and the Bonferroni-
Šídák multiple-comparison test. One- and two-way ANOVA was performed using Prism 6 (GraphPad
Software). Data in the bar and line graphs are shown as mean with the SD. Water quality parameters were
analyzed using the single factor ANOVA function in Microsoft Excel 2016 (Microsoft).
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