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Limitations of Using Propidium Monoazide with qPCR to Discriminate
between Live and Dead Legionella in Biofilm Samples
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ABSTRACT: Accurately quantifying Legionella for regulatory purposes to protect public health is essential. Real-time PCR (qPCR) has been proposed
as a better method for detecting and enumerating Legionella in samples than conventional culture method. However, since gPCR amplifies any target
DNA in the sample, the technique’s inability to discriminate between live and dead cells means that counts are generally significantly overestimated.
Propidium monoazide (PMA) has been used successfully in gPCR to aid live/dead discrimination. We tested PMA use as a method to count only live
Legionella cells in samples collected from a modified chemostat that generates environmentally comparable samples. Counts from PMA-treated samples
that were pretreated with either heat or three types of disinfectants (to kill the cells) were highly variable, with the only consistent trend being the
relationship between biofilm mass and numbers of Legionella cells. Two possibilities explain this result: 1. PMA treatment worked and the subsequent
muted response of Legionella to disinfection treatment is a factor of biofilm/microbiological effects; although this does not account for the relationship
between the amount of biofilm sampled and the viable Legionella count as determined by PMA-qPCR; or 2. PMA treatment did not work, and any
measured decrease or increase in detectable Legionella is because of other factors affecting the method. This is the most likely explanation for our results,
suggesting that higher concentrations of PMA might be needed to compensate for the presence of other compounds in an environmental sample or
that lower amounts of biofilm need to be sampled. As PMA becomes increasingly toxic at higher concentrations and is very expensive, augmenting the
method to include higher PMA concentrations is both counterproductive and cost prohibitive. Conversely, if smaller volumes of biofilm are used, the
reproducibility of the method is reduced. Our results suggest that using PMA is not an appropriate method for discriminating between live and dead
cells to enumerate Legionella for regulatory purposes.
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Introduction

Current and historical detection methods for Legionella from
environmental sources have focused on culture as a standard
method.”® Because of the complex nature of Legionella’s eco-
logical niche, isolation and detection requires pretreatment of
environmental samples before conventional culture methods
can be used. These procedures tend to remove most com-
petitive microorganisms, but often leave sporulating bacteria
that multiply more rapidly than Legionella. This often renders

identification and subculture difficult and enumeration of via-
ble Legionella nearly impossible, particularly if motile organ-
isms are present. Although successful isolation and detection
by culture can be improved by passage through amoeba sus-
ceptible to Legionella parasitization, enumeration is not possi-
ble using this method.” Detection of Legionella from industrial
water samples is further confounded as the presence of disin-
fectants and other water treatment chemicals may render Legi-
onella viable but not cultivable, leading to an unrealistically
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low number of visible colonies or false negatives, particularly
in systems that are treated with monochloramine.®

More recently, PCR has begun to gain prominence as a
method capable of detecting Legionella in complex samples.
A sample of water is taken and filter concentrated, followed
by DNA extraction and PCR amplification to detect the
presence of short sequences of DNA originating from Legio-
nella’! Quantitative real-time PCR (qQPCR) provides a fur-
ther refinement of this method and can be used to estimate
the number of copies of Legionella DNA present and hence
the approximate number of bacteria in the original sample.!?13
Additionally, where it may take up to 7 days to obtain a result
using culture-based detection of Legionella, PCR is compara-
tively rapid, providing results in under a day.

'The major problem with PCR for enumeration is that it
may result in false positives or unrealistically high estimation
of Legionella numbers, as all DNA extracted from cells either
live or dead will be amplified.* The persistence of DNA from
nonviable cells in environmental sources ranges from days to
t,'° par-
ticularly if a water system is treated with a nonoxidizing bio-

weeks depending on the microbial consortium presen

cide. In order to counter the amplification of DNA originating
from dead cells there is an increasing, albeit small, body of
work demonstrating the use of either ethidium monoazide
(EMA) or propidium monoazide (PMA) to selectively inhibit
PCR amplification of DNA from dead cells allowing for
viability-based discrimination.

EMA is a derivative of the commonly used DNA stain
ethidium bromide, with the addition of an azide group allow-
ing covalent bonding to DNA. Similarly, PMA is an azidi-
fied derivative of propidium iodide, a dye commonly used in
microscopy for cell viability assays, which is also capable of
covalently binding to DNA. EMA has been demonstrated to
have a higher intrinsic toxicity to some bacteria,'® potentially
causing an underestimation of the total viable DNA present in
a sample. Because of its higher charge, PMA is less membrane
permeable and less inherently toxic than EMA,Y allowing
for greater efficiency of cell infiltration and for more accurate
estimation of viable cell numbers with the generation of fewer
false negatives.

Cells with intact membranes or cell walls are generally
capable of excluding DNA-binding dyes, facilitating the use
of dye exclusion as a method for microscopically assessing cell
viability.’¥! Both EMA and PMA are DNA intercalating
compounds, which covalently bind to DNA in the presence
of bright visible light.>2%2! When exposed to bright light,
the azide group is converted to a highly reactive nitrene. This
nitrene allows covalent bonding between base pairs, a process
known as intercalation. Any supplementary unbound EMA
or PMA is quenched with water to produce unreactive spe-
cies, which do not continue to bind to DNA after extraction.
This covalent DNA cross-linkage causes a structural change
in nucleotide angle, rendering the DNA strands not only
unavailable for elongation by polymerase but also insoluble in

water causing them to be removed by DNA extraction proce-
dures. By dissolving EMA and PMA in dimethyl sulfoxide
(DMSO) to increase their bioavailability, complex cell sam-
ples can be efficiently exposed to these agents.6:20:22

To test the efficiency and accuracy of PMA-qPCR
in detecting viable Legionella, three common industrial
water treatment chemicals were chosen to disinfect samples
of biofilms. These three chemicals (sodium hypochlorite,
2,2-dibromo-3-nitrilopropionamide (DBNPA), and isothia-
zolinone) were chosen because of their different modes of
action, differences in their biofilm penetrative potential, and
their common employment in reducing microbial load in cool-
ing towers and industrial water systems. It was not the aim
of this work to assess relative disinfectant effectiveness, but
rather to use the disinfectants as a tool to assess the efficacy of
novel molecular approaches for the quantification of Legionella
in the built environment. As such, the disinfectants were used
for the purpose of killing Legionella within biofilms in order
to assess the use of PMA and qPCR to detect and enumerate
viable Legionella contained in complex environmental sources.

As we move toward molecular methods as a new stan-
dard for detecting Legionella in the built environment, and
begin to construct guidelines and risk assessments based on
these results, it is imperative that we have an understanding
of the limits of these techniques in their current form. We
must establish the parameters within which these methods
may operate and still return useful results, and refine them
to better suit a wider range of circumstances. In order to
assess the strength of PMA-qPCR in its current form, it was
decided that extensive application to planktonic cells, or cells
suspended in water, would be an inadequate measure of its
accuracy and effectiveness. Previous work has demonstrated
that under ideal conditions, PMA-qPCR was capable of dis-
criminating between live and heat-killed Legionella suspended
in water;?* however, to the best of the authors’ knowledge, its
application directly on aggregations of biofilms has not been
assessed.

Methods

Biofilm growth and harvesting. Biofilms were grown
in modified chemostats, which were designed to mimic heat
exchangers in their function and operation, and have been
previously described in full.?* Each 10-L reservoir was filled
with water collected from a cooling tower, and inoculated
(20% final volume) with water sourced from a cooling tower
associated with an outbreak to ensure that a representative
microbial consortium was present. Reservoirs were main-
tained at 35°C and sparged to provide adequate aeration.
Water was pumped at a rate of 1 L per minute through a
series of opaque pipes (Reynold’s number <2,000), contain-
ing stainless steel coupons, which acted as sampling points for
biofilm collection. Systems were continuously operated with-
out further addition of nutrients or microbial inoculum for a
period of one month before biofilms were sampled. Samples of
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biofilms were harvested by manual inversion of piping system
10 times. This was possible as the system was mounted with
two rotating pivot points at either end. The total volume of
water containing dislodged biofilms required for each set of
experiments was then removed from the reservoir into a glass
beaker containing a magnetic stirring bar. System water was
transferred to 50-mL tubes, while stirring to keep the bio-
film evenly suspended. Biofilm samples were vacuum filter
concentrated onto preweighed 0.22 um pore size polysulfo-
nate filters (Millipore™, Kilsyth, VIC, Australia). Samples
were filtered for 10 seconds, at which point biofilm was visibly
free of water. Filters and biofilms were reweighed and total
mass of biofilm determined (total mass—filter mass = mass of
biofilm). This mass was then used to estimate the number of
Legionella per mg of biofilm.

Legionella  pneumophila culture conditions. Legio-
nella cultures were grown on buffered charcoal yeast extract
(BCYE) agar, supplemented with BCYE growth supple-
ment, containing ACES buffer/potassium hydroxide, ferric
pyrophosphate, L-cysteine HCI and o-ketoglutarate (Oxoid,
Adelaide, SA, Australia). Plates were incubated at 35°C in
a stationary incubator for 3-5 days until colonies appeared.
Where required, cells were harvested by addition of 1 mL
sterile water to plates and cells suspended by a cell scraper.

Heat inactivation of cells. Tubes containing samples
were placed in a water bath heated to 80°C. Tubes were
allowed 2 minutes to reach 80°C, followed by 10 minutes of
treatment at 80°C. After treatment, tubes were immediately
removed from the water bath and placed in ice to stop further
degradation of samples.

Chemical disinfection of biofilms. Tubes contain-
ing suspended biofilms were placed in a water bath at 30°C.
Samples of biofilms were treated with a series of disinfectants
obtained from Hydrochem (Hydrochem, SA, Australia) and
applied following the manufacturer’s specifications. Samples
were removed from the water bath after 0, 30, 60, 120, and
440 minutes before further sample processing (PMA treat-
ment, DNA extraction, and qPCR). 500 pL 30 mg/mL
sodium thiosulfate was added to all samples to quench oxidiz-
ing biocides. Untreated biofilm samples were used as controls.
Controls were harvested and placed in a water bath alongside
treated samples and were treated with sodium thiosulfate in
accordance with the described method.

PMA treatment. In order to determine whether PMA
selectively inhibits amplification of DNA from unviable cells,
water samples containing harvested biofilms or Legionella cul-
tures were treated in two ways. DNA was extracted and ampli-
fied from biofilms or Legionella cultures using conventional
gPCR and after treatment with PMA. Samples of biofilms
were either heat killed or left untreated to assess the capability
of PMA to amplify DNA exclusively from viable cells.

PMA (Biotium Australia, SA, Australia) solutions were
prepared in 20% DMSO and stored in light shielded bottles at
—20°C until required. Following PMA validation experiments

(as described below), all further PMA-qPCR was conducted
using 100 uM PMA solution.

Filter-bound biofilm samples were placed on aluminum
foil covering a bed of ice in order to reduce detrimental impact
of heat on cell viability during light treatment. Samples were
treated with PMA loaded into an atomizer, which produced
a fine mist containing 10-15 pL. 100 uM PMA solution. In a
fume hood, samples were sprayed with PM A and incubated in
the dark for 5 minutes. Samples were then exposed to bright
white light (500 W halogen lamp) for 5 minutes at a distance
of 30 cm before proceeding with DNA extraction.

Legionella cultures and biofilm samples were heat killed
as described or were left un-killed, before treatment (in trip-
licate) with PMA at four different concentrations (0, 30, 50,
and 100 uM). Samples were PMA treated, and DNA extrac-
tion and qPCR analysis were performed. Copy numbers of
Legionella DNA following qPCR were compared to assess the
effect of the three different PMA concentrations compared
with controls that received no PMA.

Quantitative real-time PCR enumeration of Legio-
nella. gPCR detection of Legionella was carried out using the
iQ-Check™ Quanti Legionella spp. PCR kit (Bio-Rad Labo-
ratories Pty. Ltd., Gladesvilles, NSW, Australia), following
methods supplied with the kit to produce a final reaction vol-
ume of 25 pL in each tube. PCR reactions were performed in a
Corbett RotorGene 3000 real-time thermocycler (QIAGEN
Pty Ltd, Victoria, Australia), using the following protocol: 1
cycle at 50°C for 2 minutes and 95°C for 15 minutes, followed
by 50 cycles of 95°C for 15 seconds, 56°C for 30 seconds, 72°C
for 30 seconds. A final melt was carried out at 72°C for 45 sec-
onds, followed by a 1°C rise in temperature every 5 seconds to
a final temperature of 95°C. Amplification data were acquired
on the FAM channel (470 nm excitation, 510 nm detection,
gain 4), with melt data acquired on the ROX channel (585 nm
excitation, 610 nm detection, gain 9.33).

Statistical analyses. Statistical analysis was performed
using Statistical Package for Social Sciences (SPSS) version 17.0
for Windows and GraphPad Prism version 5 for Windows.
Graphs were prepared using GraphPad Prism. Normality and
homogeneity of variance were tested prior to analysis of data.
Effects of PMA concentration on detectable Legionella were
compared using univariate analysis of variance (ANOVA) and
Bonferroni post-hoc analysis to determine whether any signif-
icant differences occurred between treatments. Correlations
between mass of biofilm sampled and enumerated Legionella
were determined by Pearson correlation (rp) (two-tailed).

Results

PMA optimization and validation. Samples of Legio-
nella harvested from pure plate cultures showed extremely
high counts of viable cells (1.25 x 10°-1.7 x 108), irrespec-
tive of heat killing or PMA treatment (Fig. 1). No statistically
significant differences were found between results obtained
with different PMA concentrations; however, a trend is
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Figure 1. Number of viable Legionella (from pure plate cultures)
detectable by PMA-gPCR after heat inactivation.

visible whereby increasing the PMA concentration reduced
the amount of DNA amplified from dead cells. The number
of detectable Legionella in the sample was at most reduced by
approximately 80% when using 100 uM PMA compared with
non-PMA treated controls (Fig. 1).

Results for heat-killed biofilm samples are shown in
Figure 2. Samples of heat-killed biofilms all showed high vari-
ability in detected Legionella number, with no significant dif-
ferences seen between treatments. Samples treated with PMA
showed a decrease in the number of detected viable Legio-
nella; however, because of the variability between samples, no
clear trend is apparent between the different concentrations
tested. Similar to heat-killed Legionella cells, biofilm samples
showed roughly a maximum of 70% reduction in the number
of detectable Legionella after PMA treatment.

Validation of PMA-qPCR for use on biocide-treated
biofilm samples. Untreated biofilms showed no decrease in
the number of enumerated Legione/la over the time-course of
the experiments (Fig. 3). Disinfectant-treated biofilms showed
no significant differences in the number of viable Legionella
in comparison with untreated controls under any treatment
regime (Figs. 4-6). Across all samples, the number of viable
Legionella displayed a wide variability, with no clear trends
apparent in relation to the concentration of disinfectant.

There was a clear relationship between the amount of bio-
films used for the sample and the number of detected viable
Legionella, irrespective of disinfection or concentration used. All

data obtained from qPCR and accompanying biofilm mass were
pooled (V= 133). A significant positive correlation was found
between the mass of biofilm and the number of copies of Legio-
nella DNA in the sample (rp =0.469; p < 0.001). This result is
represented graphically in Figure 7. Data show some heterosce-
dasticity as the amount of biofilm in the sample increases.

Discussion

PMA-qPCR as a method for enumerating viable
Legionella in complex biofilm samples. PMA treatment of
biofilm samples coupled with gPCR (PMA-qPCR) proved
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Figure 3. Representative example of an untreated biofilm control. The
number of viable Legionella showed no significant change over a period
of 440 minutes.
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Figure 4. Enumerated Legionella in biofilms after chlorine treatment.

W

to be an ineffective method for selectively enumerating viable
Legionella. It was expected that increasing doses of biocides
would generate a characteristic dose—response effect; however,
in some cases (30 ppm isothiazolinone—Fig. 6), the greatest
concentration of disinfectants showed increases in viability.

If disinfectant treatments significantly reduced cell viabil-
ity, or if PMA was capable of discriminately removing DNA
originating from dead cells, then the number of enumerated
Legionella should have decreased over time in response to
chemical disinfection. Furthermore, this relationship should
have occurred independent of fluctuations in the amount of
biofilm used for each sample.

Across all disinfection treatments, the number of over-
all detectable, viable Legionella was reduced by approximately
40-60% (Figs. 4-6) compared to untreated controls (Fig. 3),
although fluctuations in the biofilm content of each sample
and the number of detected Legione/la make this trend more
visible in heat-killed biofilm samples, where a maximum
of 70% kill was achieved (Figs. 1 and 2). A similar relative
decrease in viability across all treatments suggests either a sys-
temic effect or a common factor affecting the number of enu-
merated Legionella.

Two possibilities could explain the results seen for the
use of PMA-qPCR to enumerate viable Legionella in complex
biofilms, either:

1.  PMA treatment has worked and the subsequent muted
response of Legionella to disinfection treatment is a factor
of biofilm/microbiological effects; or

2. PMA treatment has not worked, and any measured

decrease or increase in detectable Legionella is because of
other factors affecting the method.

Each of these possibilities will be discussed separately.

1. PMA treatment has worked and the subsequent
muted response of Legionella to disinfection treatment is a fac-
tor of biofilm/microbiological effects.

Assuming that PMA has selectively allowed enumeration
of only viable Legionella, biofilm samples treated with PMA and
untreated biofilms show a large discrepancy in detectable DNA.
Figure 2 demonstrates that conventional qPCR returned a Legi-
onella count roughly 50—-65% higher than that for PM A-treated
samples, suggesting that the majority of detectable Legionella
DNA targets in biofilm samples originate from nonviable cells.
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Figure 5. Enumerated Legionella in biofilms after 2,2-dibromo-3-nitrilopropionamide (DBNPA) treatment.

The relatively uniform survival across disinfection treat-
ments may represent the fraction of cells that exist in a dormant
state. Legionella’s nature as an opportunistic parasite may serve
to protect it from chemical disinfection. When suitable hosts or
microclimates for multiplication are presented, dormant Legio-
nella will become active and multiply. In the absence of these
triggers, Legionella exists in a viable, but nonculturable state
with greatly reduced metabolic activity, accounting for a sub-
stantial portion of the sessile Legionella population.»?~2" These
nonproliferative cells, which carry out few cellular processes,
show a vastly increased resistance to biocide activity.?*?? Appli-
cation of biocides would reduce the complement of cells with
higher metabolic activities (those most susceptible to disinfec-
tion), while cells with lower activity would survive disinfection.

The proportion of viable to nonviable cells should be rela-
tively even across the biofilms sampled. If the presence of these
low activity cells accounts for the reduced disinfection seen in
tests, then determining the proportion of low activity cells in
each biofilm would represent the true number of potentially
infective organisms present.

Extracellular polymeric substances (EPS) have been dem-
onstrated to reduce the effectiveness of biocides by a combination

of quenching effects®*2 and a reduction in the penetration of

active compounds into the film.33%¢ As all biofilms were sampled
from the same system, the chemical and microbiological make-
up of each sample was relatively uniform, and an equivalent EPS
quenching of disinfectants may account for the roughly equiva-
lent reduction in viable cells across treatments. In this case, viable
cells present in more superficial layers of biofilms would be killed
while cells situated in deeper layers of biofilm would not receive
a significant dose of active compound.

Legionella content of biofilm. These microbiological
effects may explain some overall trends present in the num-
ber of enumerated viable Legionella, but cannot account for
the relationship between the amount of biofilm sampled and
the viable Legionella count as determined by PMA-qPCR.
This relationship demonstrates that the amount of Legionella
detected by PMA-qPCR is more strongly affected by the
quantity of biofilm in the sample than by the strength of the
disinfection treatment it is exposed to.

The mass of each biofilm was used to estimate the num-
ber of viable Legionella per mg of biofilm, and therefore the
amount of biofilm sampled will determine the correspond-
ing number of Legionella. This relationship should break
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down as disinfectants are applied, and even more markedly
so after heat treatment, which is unaffected by the amount
of biofilm present in the sample. As Legionella are inacti-
vated by disinfectants or heat, the viable Legione/la count
per mg of biofilm should decrease. This expected result is
not reflected in the data, as heating or increasing doses of
biocides over increasing exposure times did not significantly
affect the number of detected viable Legione/la. However,
the expected relationship between disinfectant treatments
and die off became more noticeable for amounts of biofilm
below 10 mg, which only make-up a small proportion of the
samples taken. This strongly suggests that variations in enu-
merated Legionella and their relationship with the amount of
biofilm sampled are the results of a systemic effect inherent
in the sampling procedure or in the application and action of
PMA on each sample.

Factors affecting PMA effectiveness. PMA does not
selectively interact with Legione/la and is not specifically appli-
cable to prokaryotic DNA. PMA will interact with all biofilm
components containing suitable binding sites. These include
all bacterial DNA contained within nonviable cells, any dam-
aged eukaryotic cells with exposed nuclei, any naked DNA

accumulated in pockets of cellular debris or entrained within
EPS as well as EPS itself, and any DNA structures excreted
by bacteria that may be used to adhere to surfaces.’

As Legionella only comprised a small percentage of
total biofilm mass, the majority of available PMA could be
quenched in non-Legionella targets upon exposure to light.
This process would result in a relatively uniform decrease in
detectable Legionella numbers to a lower limit determined
by the amount of PMA added, at which point all available
PMA will have bonded to the vast majority of non-Legionella
DNA. This would produce a result where the apparent via-
bility of Legionella was increased with increasing amounts of
biofilm, regardless of the disinfection treatment used, as seen
in the current study. This relationship became apparent when
the total available dataset was pooled to compare the viable
Legionella count of each sample with the amount of biofilm
in the sample (Fig. 7). As increasing amounts of biofilm were
used, the viable Legionella count increased, regardless of the
treatment used. In samples with decreased biofilm mass, the
apparent viable Legionella count sharply dropped as the num-
ber of non-Legionella targets was reduced, thus reducing the
PMA quenching effect. This effect was most notable below
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10 mg of biofilm, where the viable Legionella count sharply
declined with each mg of biofilm used.

In order to compensate for this effect, either higher con-
centrations of PMA or lower amounts of biofilm would need
to be sampled. As PMA becomes increasingly toxic at higher
concentrations and because of the expense of the reagent
($115 per mg [Biotium Australia, South Australia]), aug-
menting the method to include higher PMA concentrations
is both counterproductive and cost prohibitive. However, as
smaller volumes of biofilm are used, the reproducibility of
the method is reduced. Because of the sparse distribution of
Legionella microcolonies in biofilms, water samples containing
larger volumes of biofilm are more likely to be representative
of the system’s microbial population.

'The physical properties of biofilms may further reduce
the applicability of PMA treatment, as film infiltration may
be substantially reduced in thicker or more complex films. The
dark incubation period may need to be lengthened to allow
for full penetration of PMA into deeper layers of film. Alter-
natively, increasing DMSO concentrations may increase bio-
film infiltration by PMA, although DMSO has been shown
to decrease PCR efhiciency at higher concentrations, and may
potentiate the toxicity of PMA leading to the generation of
false negatives.*®

Additionally, the thickness of the sample as well as the
content of pigmented microorganisms and algae will alter the
penetration of light, which is required for PMA to covalently
intercalate DNA. In thicker, more complex biofilms, brighter
light may be required to sufficiently treat each sample. Care
should be taken to ensure that samples do not dry out or
become damaged by the increased temperature generated by
prolonged close proximity to a light source.

Further possibilities. If we assume that PMA treatment
did not provide any discrimination between viable and dead
cells, any other appreciable decreases in quantifiable Legionella
not explained by fluctuations in the volume of biofilm sampled
might have been caused by processes that make the DNA in
the sample unavailable for PCR amplification.

Application of oxidizing biocides can degrade DNA,
rendering it unable to be amplified by PCR.%® However, this
possibility is unlikely to have occurred as any destruction of
DNA caused by exposure to biocides should be dose depen-
dent, a response not seen in the current data. Furthermore,
samples treated with nonoxidizing biocides should not show a
decrease in available DNA by this mechanism.

2. PMA treatment has not worked, and any measured
decrease or increase in detectable Legionella is because of other
factors affecting the method.

Legionella detection and enumeration protocols are
beginning to shift away from microbiological isolation and
culture-based techniques to predominantly more molecular
methods such as PCR and fluorescence microscopy.®?40:4
These newer methods are generally more sensitive than
culture-based methods and are more high-throughput, requir-
ing less time before a result is obtained.*!

Rather than developing a protocol using novel or previ-
ously published primer sets to enumerate Legionel/la after a
disinfection event, it was decided that an industry-recog-
nized method would provide a more realistic result with
regard to current Legionella testing protocols. The Bio-Rad
iQ-Check™ PCR kit was specifically chosen for use in this
study, as it has been independently validated* for detection
of Legionella in water sources, and is designed to be used
for risk assessment and cooling tower investigation. After
application of this kit to the samples tested in this study,
it appears that at best this kit is able to detect the presence
of Legionella DNA originating from living or dead cells, or
aggregations of cellular debris in EPS. No discriminatory
capability between viable and nonviable cells is possible,
even with the inclusion of PMA treatment using current
methodology.

If PMA-gPCR is not capable of showing a definitive
decrease in viable Legionella residing in biofilms, as the results
of the current study indicate, then conventional PCR-based
enumeration methods are unsuitable for reliable assessment of
water sources because of the inherent likelihood of generating
false positives. This method must be refined further to ensure
that the gap between false negatives resulting from conven-
tional culture-based enumeration and false positives generated
from PCR is narrowed. The discrepancy between false posi-
tives and true viable counts is also of legislative and regulatory
concern. Under Australian law, a cooling tower that returns
a Legionella count of 100-1000 CFU/mL is deemed to be
potentially hazardous, while a count of 10-99 indicates that
maintenance protocols may not be sufficient.** A 60% margin
of error in enumeration may potentially span this boundary
and result in incorrect remedial maintenance measures being
undertaken.

Currently, the literature demonstrates that detection of
Legionella in water sources by PCR is inherently more likely to
generate false positives and overestimate Legionel/la numbers.
This is because of the presence of DNA originating from dead
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cells, and from naked DNA entrained in EPS and cellular
debris, particularly in areas of biofilm showing low microbial
activity. DNA in this form has been demonstrated to persist
in environmental sources for up to two weeks.!> However, in
terms of public health, the generation of false positives and an
overestimation of risk is a comparatively more desirable out-
come than an underestimation of risk.

Results of PMA-qPCR for disinfectant-treated bio-
film samples displayed large variability between replicates.
Legionella sampled and enumerated from environmen-
tal water sources (both constructed and natural) will vary
greatly depending upon the sampling location and procedure.
A total comparison of all enumerated Legionella with their
respective biofilm mass (Fig. 7) demonstrated considerable
heteroscedasticity. Increasing biofilm mass generated higher
Legionella counts and greatly magnified the spread of the
data. The complexity inherent in biofilm communities dem-
onstrates a similar inherent variability in samples. Numerous
factors alter biofilm thickness and microbial density (aeration,
flow rate, nutrient availability, etc.). These factors are diffi-
cult to adequately standardize at all points in a biofilm and
will generate variations in the placement and proliferation of
organisms within the biofilm. Even given perfectly uniform
conditions, it is unlikely that Legione/la or any other organism
would uniformly inhabit biofilms at the same density in all
locations.

In addition to variation in the biofilm itself, sampling
procedure and location also exert an influence on the results
obtained. Water samples taken from the bulk recirculat-
ing water will contain Legione/la that has been shed from
biofilms, is contained within protozoa, or has become flag-
ellated after lysis of a host. This subpopulation will be sig-
nificantly different from Legionella sampled from surfaces
and contained within biofilms. Sessile Legionella are afforded
significant protection by biofilms in comparison to plank-
tonic suspensions of Legionella, requiring an exposure time
of at least four times as long for an equivalent decrease in
viability to occur.** This result is corroborated in other stud-
ies demonstrating that planktonic Legionella cells were more
than seven times more sensitive to chlorine disinfection than
biofilm-bound Legionella (15 minutes exposure to 0.4 mg/L
chlorine for planktonic cells compared with 3 mg/L for ses-
sile cells). 4

Legionella shed from biofilms and recirculated within
cooling water should show a reduced variability in number
as microbes would be capable of even distribution in a rap-
idly moving body of water. This would further differentiate
the populations and relative counts of Legionella sampled from
either bulk recirculating water or from biofilms within indus-
trial water systems.

It is conceivable that Legionella may benefit from the
formation of large temperature gradients within water sys-
tems. Previous work has shown that Legionella is capable of

parasitizing organisms that would not be present in the warm-
est parts of a system, and only under temperature conditions
that are favorable to Legionella and unfavorable to the host.*’
49 Because of this adaptation to parasitization, systems that
contain both cooler areas capable of supporting temperature-
sensitive hosts and warmer areas that may harbor Legionella
and stress these hosts will naturally be advantageous to Legio-

nella growth.

Conclusions

The employment of molecular methods (conventional PCR,
qPCR, etc.) for detection and quantification of Legionella,
and their use as risk assessment tools, is an important step
toward more rapid and accurate assessment of industrial water
systems. Accurately quantifying Legionella cells for regula-
tory purposes to protect public health is essential. We tested
PMA use as a method to count only live Legionella cells in
samples collected from a modified chemostat that generates
environmentally comparable samples. Counts from PMA-
treated samples that were pretreated with either heat or three
types of disinfectants (to kill the cells) were highly variable,
with the only consistent trend being the relationship between
biofilm mass and numbers of Legionella cells. Two possibili-
ties explain this result: 1. PMA treatment worked and the
subsequent muted response of Legionella to disinfection treat-
ment is a factor of biofilm/microbiological effects; although
this does not account for the relationship between the amount
of biofilm sampled and the viable Legionella count as deter-
mined by PMA-qPCR; or 2. PMA treatment did not work,
and any measured decrease or increase in detectable Legionella
is because of other factors affecting the method. This is the
most likely explanation for our results, suggesting that higher
concentrations of PMA might be needed to compensate for
the presence of other compounds in an environmental sample
or that lower amounts of biofilm need to be sampled. As PMA
becomes increasingly toxic at higher concentrations and is very
expensive, augmenting the method to include higher PMA
concentrations is both counterproductive and cost prohibitive.
Conversely, if smaller volumes of biofilm are used, the repro-
ducibility of the method is reduced. Our results suggest that
using PMA is not an appropriate method for discriminating
between live and dead cells to enumerate Legionella for regula-
tory purposes.
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