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Abstract

One of themajor drawbacks of DNA-basedmicrobial diagnostics is its inability to discriminate between live and dead bacteria. Due to the persistence
of DNA in the environment after cells have lost their viability, DNA-based assays cannot assess pathogenic risk since signals can originate from both live
and dead cells. Presented here is a potential application of the novel chemical propidiummonoazide (PMA), which results in the selective suppression of
DNA detection from dead cells. PMA can only penetrate dead cells with permeabilized cell membranes. Upon intercalation into the DNA, covalent
crosslinkage of PMA to DNA is achieved through light exposure. This modification prevents the DNA from being amplified by PCR. The method, in
combination with quantitative PCR as a diagnostic tool, successfully monitored the disinfection efficacy of hypochlorite, benzalkonium and heat on
several model pathogens. Threshold cycle numbers increased with increasing disinfection strength after PMA treatment of samples compared to non-
PMA treated samples.With some disinfectant-specific differences, monitoring viability loss with membrane integrity as an indicator seemed to be more
conservative than monitoring viability loss with plate counts. Loss of viability after short UV-exposure could not be monitored with PMA as UV light
affects viability by inducing DNA damage without directly affecting membrane permeability.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The reliable detection of viable bacterial pathogens is a great
challenge in areas such as water and food safety monitoring,
sterility testing of drugs and personal care products, sanitization
in the health care setting as well as in the agricultural context.
Traditionally, detection is achieved using plate counts or other
cultivation-based approaches. As a response to environmental
conditions, however, bacteria may not be culturable even though
they are still alive, which makes microbial risk evaluation difficult.
Moreover, cultivation is time-consuming with positive results
often lagging behind the required timeline for preventivemeasures.

Because of the time required for culturing and the biases that
exist in the choice of media and the ability to recover cells in all
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states of metabolic activity, an increasing number of molecular
assays promising fast identification in a real-time manner has been
proposed. Apart from other intrinsic biases, one of the major
challenges is the differentiation between viable and dead bacteria.
Due to the persistence of DNA after cell death (Josephson et al.,
1993;Masters et al., 1994), DNA-based quantification can lead to a
substantial overestimation of the pathogenic risk or to false-positive
results. RNA, on the other hand, degrades rapidly after cells have
lost viability (Belasco, 1993), but the same intrinsic instability
results in technical problems if used as a molecular target.

Recently, treatment of bacterial samples with propidium
monoazide prior to DNA-extraction has been described as a
method that allows selective detection of only live cells (Nocker
et al., 2006). The principle is based on the integrity of bacterial cell
membranes as PMA can only penetrate cells with compromised
membranes. Given the lack of more refined viability measure-
ments that can be performed on a routine basis with a larger
number of samples, membrane integrity is a well-accepted
criterion for distinguishing viable from dead cells (Grégori et al.,
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2001). The exclusion of membrane-impermeant dyes for dis-
tinction between viable and dead cells is being used in micros-
copy (LIVE–DEAD staining kits) and analytical flow cytometry
(Barbesti et al., 2000; Grégori et al., 2001). The most commonly
usedmembrane-impermeant DNA-intercalating dye is propidium
iodide. In the case of PMA, this fluorescent dye carries an azide
group, which allows covalent crosslinkage of the dye to the DNA
upon light-exposure. This modification results in signal reduction
in quantitative PCR (qPCR) either by the fact that it strongly
inhibits PCR amplification or by inducing DNA loss together
with cell debris in the subsequent DNA extraction (Nocker and
Camper, 2006). The fast and simple treatment of bacterial samples
with PMA thus has the potential to limit the analysis to the DNA
originating from cells with intact cell membranes.

The aim of this study was to make a first step in evaluating the
applicability of the PMAmethod tomonitor killing efficacy using
different disinfectionmethods by comparing the results with plate
counting as an alternative viability indicator. Pure cultures of the
common human pathogens Salmonella typhimurium, Listeria
monocytogenes, E. coli 0157:H7 andMycobacterium aviumwere
used as model organisms. These organisms were paired with
disinfection methods that would typically be used for reducing
their numbers in specific industrial processes, and included treat-
ment with hypochlorite, benzalkonium chloride (BAC), UV or
heat.

Chlorine with its high oxidation capacity is one of the most
commonly used antimicrobial disinfectionmethods in both drink-
ing water and wastewater processing. It is also widely used for
surface sanitation in food processing environments (Fukayama
et al., 1986) and health care (Rutala and Weber, 1997). Although
the mechanism by which chlorine exerts its lethal effect has
not been fully elucidated, it is accepted that chlorine exposure
of bacterial cells leads to perforation of the cell membrane
(Venkobachar et al., 1977).

Benzalkonium chloride (BAC) is a mixture of alkylbenzyl
dimethylammonium chlorides of various alkyl chain lengths and
is a widely used quaternary ammonium compound (Adair et al.,
1969). This synthetic biocide is found inmany household cleaners/
sanitizers and is used extensively for surface disinfection of the
meat and dairy processing environment in the food industry
(Krysinski et al., 1992; Merianos, 1991), but also as an antiseptic
in medicine (Russell et al., 1986). Quaternary ammonium com-
pounds are known to act on general membrane permeability
causing cytolytic leakage at low concentrations and general coag-
ulation in the bacterial cytoplasm at high concentrations (Russell
et al., 1999; To et al., 2002).

UV treatment is widely used for drinking water disinfection
and is generally considered to exert its lethal action through DNA
damage (Sinha and Hader, 2002). Membrane damage might,
however, be an indirect consequence of general cell deterioration.
Studying the effect of PMA treatment on UV-exposed cells was
intended to shed light on the effect of UVon membrane integrity
and served as further proof of principle.

Heat disinfection was chosen for its practicality. Killing
bacteria or reducing bacterial viability with elevated temperatures
might be the oldest and most commonly applied disinfection
method. It was shown in a prior study that PMA treatment of
bacteria exposed to a lethal dose of heat leads to the selective
signal loss ofDNA from these cells (Nocker et al., 2006). The heat
gradient in the range from sublethal to lethal temperatures studied
here was intended to elucidate and refine the sensitivity of the
PMA method.

2. Materials and methods

2.1. Hypochlorite disinfection

Salmonella enterica serovar Typhimurium (environmental
isolate; Department of Microbiology, Montana State Universi-
ty) was grown in Luria Bertani (LB) broth for 12 h at 37 °C in a
shaker at 180 rpm. The cell density was adjusted to an OD600 of
1 by dilution with LB broth before harvesting cells at 5000 g for
7 min. After removing the medium, the cell pellet was resus-
pended in an equal volume of phosphate buffered saline (PBS).
Increasing volumes of a 1000 ppm sodium hypochlorite stock
solution (prepared by diluting 4–6% NaOCl; Fisher Scientific
SS290-1) were added to 500 μl resuspended cell aliquots in
1.5 ml microcentrifuge tubes to achieve final concentrations
between 5 and 40 ppm. The chlorine stock concentration was
measured with a digital chlorine colorimeter kit (DPD method;
LaMotte model DC 1100, Chestertown, MD). Identical volumes
of a sodium thiosulfate stock solution (1000 ppm) were added
after a 15 min incubation (with occasional flipping) resulting in
instantaneous dechlorination before harvesting cells (5000 g,
5 min). 40 ppm of thiosulfate was added to a non-chlorine
exposed control sample to exclude an effect on viability by this
chemical. The supernatant was carefully removed before rinsing
the cell pellet with 1 ml of PBS. PBS was carefully removed
after another centrifugation step and cells were resuspended
in 500 μl PBS before plating serial dilutions on LB agar (over-
night incubation at 37 °C) and subjecting sample aliquots to
PMA treatment.

2.2. Benzalkonium disinfection

L. monocytogenes (Department of Microbiology, Montana
State University) was grown in Brain Heart Infusion (BHI)
medium for 12 h (30 °C, 180 rpm) before adjusting the OD600

to 1 by dilution with the identical medium. A benzalkonium
chloride (Acros Organics, Geel, Belgium) stock solution
(5000 ppm) was added to 500 μl culture aliquots to achieve
final concentrations in the range between 15 to 60 ppm. Cells
were harvested after 30 min incubation by centrifugation
(5000 g, 5 min). The supernatant was carefully removed and the
cell pellets were resuspended in an identical volume of fresh
BHI before plating serial dilutions on BHI agar and subjecting
sample aliquots to PMA treatment.

2.3. UV disinfection

E. coli 0157:H7 (strain 932; Department of Microbiology,
Montana State University) was grown in LB medium for 12 h at
37 °C and standardized to an OD600 of 1. 15 ml of cells were
harvested by centrifugation (5000 g, 5 min) and resuspended in
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the identical volume of PBS. The cell suspension was transferred
into a 25 mm disposable Petri dish (lid off) and irradiated with
short wave UV light (254 nm) using a Spectroline germicidal
UV lamp EF 180 (Spectronics Corp., Westbury, NY) placed at
20 cm over the cell suspension. 500 μl aliquots were taken after
increasing exposure times and placed on ice until the last sample
was taken before plating serial dilutions on LB agar (overnight
incubation at 37 °C) and PMA treatment.

To study post-UV membrane integrity under the influence of
residual chlorine contained in tap water, E. coli 0157:H7 (OD600

of 1, prepared as described above) was UV-exposed for 5 min.
Two aliquots of 20 ml cell suspension (app. 1.5×109 cells/ml)
were each filled in a sterile bacterial cage (McFeters and Stuart,
1972) sealed with 0.1 μm Supor®-100 membrane filters (Pall,
AnnArbor,MI, USA) on both sides. Filled cages were submerged
in a flow-through reactor with a total volume of 1 l regular tap
water and with a water turnover of 1 volume per hour. Residual
chlorine concentration was measured as described before.
Samples were taken every 24 h for up to 120 h starting at time
point zero and either treated with PMA or not, followed by
genomic DNA extraction.

To study post-UV membrane integrity under the influence of
heat, an E. coli 0157:H7 suspension (prepared as before) was
UV-treated for 5 min and exposed to heat stress at 58 °C in a
regular lab thermo block in 0.5 ml aliquots. Samples were taken
every hour from time point zero up to 5 h and were either treated
with PMA or not, followed by genomic DNA extraction.

2.4. Heat disinfection

M. avium complex subsp. avium (strain W2001; environ-
mental isolate, Boston, Mass., 1998; obtained from Department
of Microbiology, Montana State University) was grown in
Middlebrook 7H9 broth (Difco Laboratories, Detroit, MI)
supplemented with 0.2% (w/v) glycerol and 2% Bacto
Middlebrook ADC enrichment (Difco) at 37 °C (100 rpm).
The OD600 was adjusted to 0.3 by dilution with the identical
medium. Culture aliquots of 125 μl were transferred into 0.2 ml
PCR tubes and exposed to different temperatures for 15 min
using a PCR machine (Eppendorf EP gradient). Aliquots were
combined to give volumes of 500 μl before PMA treatment and
further processing. Serial dilutions of non-PMA treated aliquots
were plated on Middlebrook 7H10 agar supplemented with 10%
OADC (both from Difco) and 0.5% (w/v) glycerol and grown
for app. 10 days at 37 °C.
Table 1
Gene targets and primers used for relative quantification of genomic DNA from the

Strain Gene target Primer name and sequence (5′–3′)

Salmonella sp. invA invA2-F ATTCTGGTACTAATGGT
invA invA2-R GCCAGGCTATCGCCAA

Listeria sp. hly lysA-F GGGAAATCTGTCTCAGG
hly lysA-R CGATGATTTGAACTTCA

E. coli O157:H7 stx1 stx1-F ACTGCAAAGACGTATGTA
stx1 stx1-R ATCTATCCCTCTGACATC

Mycobacterium sp. treS treS-F TACGACACCACCGACCA
treS treS-R CGTGATCGTCAGAGTCG
2.5. PMA cross-linking

PMA (phenanthridium, 3-amino-8-azido-5-[3-(diethylmethy-
lammonio)propyl]-6-phenyl dichloride; Biotium, Inc., Hayward,
California) was dissolved in 20% DMSO to create a stock con-
centration of 20 mM and stored at −20 °C in the dark. 1.25 μl
PMAwere added to 500 μl culture aliquots to final concentrations
of 50 μM in light-transparent 1.5 ml microcentrifuge tubes
(Marsh, Rochester, NY, USA; cat. nr. T5015G). Following an
incubation period of 5 min in the dark with occasional mixing,
samples were light-exposed for 2 min using a 650-W halogen
light source (sealed beam lamp, FCW 120V, 3200 K, GE
Lighting, General Electric Co., Cleveland, OH, USA). The sam-
ple tubeswere laid horizontally on ice (to avoid excessive heating)
and placed about 20 cm from the light source. After photo-
induced crosslinking, cells were pelleted at 5000 g for 5 min prior
to DNA isolation.

2.6. DNA isolation and quantification

Genomic DNA was extracted using the Qbiogene soil kit
(Qbiogene, Carlsbad, CA, USA). Cell lysis of pure cultures was
achieved by bead beating using a FastPrep machine (Qbiogene)
for 30 s at a speed setting of 5 m/s. Cell debris was removed by
centrifugation at 13,000 g for 5 min, both directly after bead
beating and after addition of 250 μl of PPS solution (provided in
the kit) to the supernatant after bead beating.DNAwas elutedwith
a volume of 120 μl DES buffer (provided by the kit) and
visualized on ethidium bromide stained 1% agarose gels. About
10% of the total corresponding eluate volumes were loaded on
agarose gels.

2.7. Quantitative PCR

Relative quantitative PCR and data analysis were performed
with a SmartCycler II (Cepheid, Sunnyvale, CA). Cycle threshold
(Ct) values were automatically calculated by the SmartCycler
software using a 30 fluorescence unit threshold. For all experi-
ments, 1 μl of extracted genomic DNAwas added to 24 μl of PCR
mixture containing Sybr Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) and 10 pmol of each primer.
Primers used for quantification are given in Table 1. For
amplification of E. coli 0157:H7 stx1 genes the 25 μl PCRmixture
was supplemented with 1.5 μl of 25 mM MgCl2. The cycling
parameters for quantification of S. typhimurium were: 9 min at
bacterial strains

Product length Reference

GATGATC 288 bp Fey et al. (2004)
TAAC
TGATGT 106 bp Guilbaud et al. (2005)
TCTTTTGC
GATTCG 150 bp Sharma and Dean-Nystrom (2003)
AACTGC
CTA 174 bp H. Geier (2006, unpublished data)
ATG



Fig. 1. Monitoring exposure of Salmonella to increasing concentrations of
hypochlorite (in ppm). Error bars represent standard deviations from three
independent replicates. (A) Loss of culturability as determined by plate counts.
C stands for the control exposing cells to 40 ppm thiosulfate used for
dechlorination of the sample with the highest hypochlorite concentration. (B)
Lysis matrix tubes with pelleted cell debris for increasing hypochlorite
concentrations after previous PMA treatment. Lysis matrix tubes are shown
after centrifugation for 5 min at 14,000 ×g with the cell debris facing upward.
(C) Genomic DNA from non-PMA treated (top) or PMA treated (bottom) cells
as visualized on an agarose gel. (D) Signal reduction as determined by qPCR
detecting relative differences in invasin A gene (invA) copies. Ct values derived
from PMA-treated cultures were subtracted from the corresponding Ct values
for untreated cultures.
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95 °C (initial polymerase activation and denaturation) followed by
45 cycles of 20 s at 95 °C, 30 s at 60 °C and 25 s at 72 °C; for
L. monocytogenes: 9 min at 95 °C followed by 45 cycles of 20 s at
95 °C, 20 s at 55 °C and 15 s at 72 °C; forE. coli 0157:H7: 9 min at
95 °C followed by 45 cycles of 20 s at 95 °C, 25 s at 55 °C and 25 s
at 72 °C; forM. avium: 9min at 95 °C followed by 45 cycles of 30 s
at 95 °C, 20 s at 60 °C and 20 s at 72 °C. Formelt curve analysis the
temperature was increased in 0.2 °C increments from 60 to 94 °C.

3. Results

3.1. Hypochlorite treatment

Aliquots of a Salmonella culture were subjected to increasing
concentrations of hypochlorite. Following a 15 min incubation
time, the chlorine was inactivated by addition of thiosulfate
resulting in instantaneous dechlorination. Plate counts suggested
only a minor effect of concentrations of up to 10 ppm (Fig. 1A).
Increasing the concentration resulted in a sharp drop in colony
counts with concentrations of 25 ppm and higher resulting in
complete loss of culturability. A thiosulfate control (with 40 ppm
of thiosulfate, but with no hypochlorite added) showed colony
counts comparable to the sample with neither chemical added
excluding an effect of thiosulfate on culturability. Extraction of
genomic DNA from PMA-treated samples showed an increas-
ingly red cell debris pellet for increasing disinfectant concentra-
tions starting at around 25 ppm (Fig. 1B). The most intense red
color was visible at a hypochlorite concentration of 40 ppm. The
resulting DNA was visualized on an ethidium bromide stained
agarose gel: DNA extracted from non-PMA treated cells showed
similar yields for all samples whereas PMA treatment resulted in
increasingly less visible DNA with increasing concentrations of
hypochlorite (Fig. 1C). This tendency was reflected in qPCR
detecting differences in invasion A gene (invA) copy numbers.
Subtracting the Ct values of PMA-treated aliquots from the
corresponding non-treated aliquots showed that increasing
hypochlorite concentrations resulted in increasingly strong signal
reductions (Fig. 1D). Signal reduction started to be significant at a
concentration of 20 ppm hypochlorite. The strongest signal
reduction of around 14 amplification cycles was observed with
40 ppm hypochlorite treatment.

3.2. Benzalkonium chloride treatment

L. monocytogenes was exposed to increasing concentrations
of BAC for 30 min. Concentrations exceeding 30 ppm increas-
ingly reduced culturability (Fig. 2A). No colonies were obtained
with concentrations of 55 and 60 ppm benzalkonium. Genomic
DNA extraction from PMA treated samples resulted in increas-
ingly red cell debris pellets with increasing disinfectant concen-
tration (Fig. 2B). The loss of culturabilitywas further accompanied
by an increased fading of DNA bands on an agarose gel following
PMA treatment and DNA extraction whereas DNA band inten-
sities of non-PMA treated cells were not affected by BAC expo-
sure (Fig. 2C). Simultaneously, qPCR detecting differences in
listeriolysin O gene (hly) copy numbers showed an increasing
signal reduction, when comparing Ct values from non-PMA
treated and PMA treated aliquots (Fig. 2D). The greatest signal
reduction of around 17 PCR cycles was obtained with 60 ppm
BAC.

3.3. UV exposure

Exposure of E. coli 0157:H7 to UV light, under the conditions
chosen, led to a complete loss of culturability within 5 s. This
short UVexposure time did not, however, affect PMA uptake by
these cells (compared to non-exposed cells) as indicated by the
white color of pelleted cells. Ct values after PMA treatment
compared with identical but non-UV exposed samples detecting
differences in Shiga-like toxin 1 gene (stx1) copies (data not
shown), were identical. Exposure for longer time periods resulted
in an increase in Ct values for both PMA treated and non-PMA



Fig. 2. Monitoring exposure of Listeria monocytogenes to increasing concentra-
tions of benzalkonium chloride (in ppm). Error bars represent standard deviations
from three independent replicates. (A) Loss of culturability as determined by plate
counts. (B) Lysismatrix tubeswith pelleted cell debris for increasing benzalkonium
concentrations after previous PMA treatment. Lysis matrix tubes are shown after
centrifugation for 5 min at 14,000 ×g with the cell debris facing upward.
(C) Genomic DNA from non-PMA treated (top) or PMA treated (bottom) cells as
visualized on an agarose gel. (D) Signal reduction as determined by qPCR
detecting relative differences in listeriolysin O gene (hly) copies.Ct values derived
from PMA-treated culture aliquots were subtracted from the corresponding Ct

values of untreated cultures.

Fig. 3. Monitoring UV-exposure of E. coli 0157:H7 for increasing time periods.
Error bars represent standard deviations from three independent replicates.
(A) Increase of Ct values from PMA and non-PMA treated aliquots determined
by qPCR detecting relative differences in Shiga-like toxin 1 gene (stx1) copies.
(B) Genomic DNA from non-PMA treated (top) and PMA treated (bottom) cells
visualized on an agarose gel.
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treated samples (Fig. 3A). The increasing Ct values correlated
with an increased fading of genomic DNA visualized on an
agarose gel, again independent of PMA treatment (Fig. 3B). No
genomic DNA could be seen on the gel by eye for samples
exposed to UV for 30 min and longer.

The facts that PMA treatment of exposed cells was not able to
differentiate between culturable and non-culturable cells and
that the increase in Ct values with increasing exposure times was
independent of PMA treatment, led to the conclusion that cell
damage did not result from cell membrane permeability. Only
long UV exposures exceeding 45 min resulted in increasingly
red staining of PMA-treated cells and presumed membrane
damage (data not shown). However, such long exposure times
are rarely applied in industry.

To examine whether UVexposure affects membrane integrity
post-UV in the presence of other stress factors affecting mem-
branes, untreated (live) and UV-killed E. coli 0157:H7 were
exposed to tap water containing a residual chlorine concentration
of 0.5 ppm. Sampleswere taken every 24 h for up to 120 h starting
at time point zero and were either treated with PMA or not. A
linear increase in Ct values over time was observed for both live
and UV-killed cells (data not shown). In both cases PMA treat-
ment resulted in increasing Ct value differences over time
compared to non-PMA treated samples. In the case of non-UV
exposed cells this correlated with a loss of culturability. The fact
that increasing PMA uptake (presumably caused by chlorine-
inducedmembrane damage) was independent of UVexposure led
to the conclusion that in this experiment the membranes of UV-
killed cells did not deteriorate any faster than the ones of non-UV
exposed cells. We therefore examined whether subjecting UV-
killed cells to heat stress (58 °C) would lead to expedited
membrane breakdown compared to non-UV-exposed live cells.
Samples were taken every hour starting from time point zero up to
5 h. In this experiment we observed a PMA-induced increase inCt

values for UV-killed cells over time, but not for non-UVexposed
cells (data not shown). The difference in Ct values was, however,
moderate with an increase of around 2 cycles for the sample
heated for 5 h. This finding correlated with the observation that
pellets of UV-killed cells were increasingly stained red by PMA
whereas pellets of live cells were still white even after 5 h of heat
exposure.

3.4. Heat disinfection

Subjecting M. avium to increasing heat stress for 15 min
resulted in a dramatic loss of culturability around 60 °C (Fig. 4A).
No colonies were obtained after exposure to temperatures of
70 °C and higher. This correlated well with a strong increase in
qPCR signal reduction detecting differences in trehalose synthase
gene (treS) copy numbers between 60 °C and 70 °C (Fig. 4B).
Temperatures exceeding 70 °C did not lead to any further sig-
nificant increase of Ct values after PMA treatment. DNA yields
obtained from DNA extraction were too low to be visualized on



Fig. 4. Monitoring exposure of Mycobacterium avium to different temperatures
for 15 min. Error bars represent standard deviations from three independent
replicates. (A) Loss of culturability as determined by plate counts. (B) Signal
reduction as determined by qPCR detecting relative differences in trehalose
synthase gene (treS) copies. Ct values derived from PMA-treated culture
aliquots were subtracted from the corresponding Ct values of untreated cultures.
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ethidium bromide stained agarose gels (data not shown). The low
DNA concentration might also be the reason why lysis matrix
tubes did not show red pellets after centrifugation in the case of
PMA-treated heat-killed cells (data not shown).

3.5. Correlation between viability indicators

The plate count data (logarithmic values) were plotted against
the qPCR signal reductions up to the disinfectant concentration
where for the first time no colonies were counted. The resulting
linear correlations showed R2 values of 0.918 for chlorine
treatment, 0.995 for BAC treatment and 0.954 for heat treatment.
For increasing chlorine and BAC concentrations the signal
reductions increased further, although culturability had already
been lost (defined here as non-linear range). The maximal qPCR
signal reductions obtained in these experiments were around
13.6 cycles (40 ppm chlorine),16.5 cycles (60 ppm BAC) and
7.0 cycles (90 °C heat).

4. Discussion

The aim of this study was to investigate the applicability of a
PMA-based live–dead distinction method to monitor bacterial
viability using a selected number of commonly used disinfectants
with different killing mechanisms. The effect on culturability was
correlated with values obtained from quantitative PCR. Agarose
gels with genomic DNA and photographs of lysis matrix tubes
serve as supplementary material. For the chlorine and BAC ex-
periments, the decrease of genomic DNA band intensities on
agarose gels from PMA treated samples can be explained by
the observation that cross-linked dyes like PMA interfere with
binding of ethidium bromide to the DNA and therefore interfere
with its visualization (Hein et al., 2006). Alternatively, the fading
of the bands could result from loss ofDNA fromkilled cells during
the extraction procedure together with cell debris. The second
hypothesis would gain support if the increasing red color of debris
pellets was caused by genomic DNA, but it can't be excluded that
the red color is caused byRNA fromdead cells. In either case, both
the decrease of DNA band intensities on agarose gels and the
increasing red color of cell debris can be seen as an indicator for
the extent of dye uptake by membrane-compromised cells.

4.1. Chlorine disinfection

As a nonselective oxidant, chlorine can react with a wide
variety of cell components. Many different modes of action have
been proposed for chlorine's bactericidal effect including the
destruction of key metabolic enzymes (Wyss, 1961) and the
disruption of protein synthesis (Benarde et al., 1967). Due to its
proximity to the environmental stress, the cell envelope also
appeared as a plausible site of chemical interaction (Camper and
McFeters, 1979). In this study we confirmed that chlorine has a
direct impact on cell membrane integrity, therefore allowing the
application of PMA to monitor disinfection. However, the
concentration of hypochlorite required for maximal qPCR signal
reduction exceeded the concentration necessary to reduce cell
counts on plates to zero. These observations support a study by
Virto et al. (2005) that correlated the effect of chlorine on
culturability and membrane permeability. The release of UV-
absorbing cytoplasmic substances and the uptake of propidium
iodide served as indicators of membrane integrity. Both processes
were measurable only after cells had lost their culturability,
meaning that there was a discrepancy in chlorine concentra-
tions necessary to inhibit colony formation and to obtain full
permeabilization. The described discrepancy was, however, more
pronounced than the one seen in this study.A possible explanation
could be that propidium iodide was used in a concentration
of 2 μg ml−1, whereas in this study the structurally similar
PMAwas applied in a concentration of app. 25 μg ml−1. Higher
dye concentrations might facilitate uptake at a lower degree of
membrane damage.

The observation that the hypochlorite concentration required to
cause sufficientmembrane permeabilization to allowPMA to enter
the cells is higher than that required for growth inhibition also
correlates with a study looking at the impact of chlorine on various
physiological indices in E. coli 0157:H7 (Lisle et al., 1999). Using
a suite of fluorescent intracellular stains and probes, it was
suggested that chlorine affected the indices in the following order:
viable plate countsN substrate responsivenessNmembrane poten-
tialN respiratory activityNmembrane integrity. Judging cell ‘via-
bility’ by membrane integrity as monitored by the PMA assay
therefore seems to be at the most conservative end of this scale
whereas judging by culturability is at the least conservative end.
This observation gains interest as chlorine-caused sublethal injury
in coliform microorganisms is suspected to result in underestima-
tion of these indicator organisms in chlorinated water (Barer and
Harwood, 1999; Kell et al., 1998; McFeters, 1990). Interestingly,
we observed amixture of normally sized and smaller colonies after
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plating cells exposed to 15 and 20 ppm hypochlorite. This colony
heterogeneity indicates that injury and recoverymight have played
a role in the assay. The possibility that some of the non-culturable
cells with intact cell membranes might still be viable and might
recover under adequate conditions cannot be excluded. Successful
resuscitation of permeabilized cells, on the other hand, has never
been reported (Nebe-von-Caron et al., 2000).

4.2. Benzalkonium disinfection

Treatment of L. monocytogenes with BAC revealed a very
good correlation between loss of culturability and loss of mem-
brane integrity as measured by plate counts and signal reduction
in qPCR, respectively. In contrast to chlorine, both ‘viability’
indicators dropped simultaneously with increasing disinfectant
concentration. This might be because the mode of action of BAC
is primarily based on membrane damage (such as disruption of
intermolecular interactions and dissociation ofmembrane bilayers
both compromising permeability control and inducing leakage),
whereas in the case of chlorine multiple other, non-membrane
related factors might contribute to cell death.

4.3. UV exposure

Whereas the PMA method seems to be able to detect chlorine
or BAC-causedmembrane damage after disinfection, cell damage
caused byUV could not bemonitored directly after UV-exposure.
This is not surprising considering that the main cellular targets of
short wave UV-C light are nucleic acids and not the membrane
(Douki and Cadet, 1995; Moan and Peak, 1989). We observed
that only long UVexposures exceeding 45 min led to red staining
of cells meaning those cells took up PMAmore readily than non-
UVexposed cells. Such prolonged exposure times obviously led
to a breakdown of membrane integrity allowing PMA uptake
either as a direct consequence of UV exposure or indirectly
through general breakdown of cell integrity. Such long exposure
times are, however, unlikely to be relevant in terms of germicidal
treatment as cell death can be assumed to occur at much shorter
exposure times. In addition, the resulting increased PMA uptake
has no or little effect on Ct values in comparison to non-PMA
treated samples as the long UVexposure already decreased DNA
amplifiability to a minimum.

Interestingly, the increase in Ct values for increasing UV
exposure times correlated with increasing loss of fluorescence
of the ethidium bromide stained agarose gel. In contrast to the
chlorine and BAC experiments, fading band intensity is most
probably due to DNA damage including strand breaks and cross-
links. Normally the fluorescence of bound ethidium bromide is
proportional to the concentration of duplex DNA. It has been
reported that ethidium bromide does not bind, however, to py-
rimidine dimers (whose formation results in conformational
changes), hydrated bases or single-stranded regions caused by
UV light (Shaunivan et al., 2001). Therefore the accumulation of
DNA damage increasingly prevents intercalation of ethidium
bromide into the DNA leading to a loss of fluorescence. This
‘ethidium fluorescence assay’ has been established for sensitively
and conveniently measuring DNA damage caused by radiation
(Morgan et al., 1979). The same factors decreasing ethidium
fluorescence would also inhibit PCR amplification.

To examine whether UVexposure affects membrane integrity
post-UV in the presence of other stress factors affecting mem-
branes, UV-killed E. coli 0157:H7 cells were compared to non-
UV exposed cells in regard to their resistance to chlorinated tap
water and to sublethal temperatures (58 °C). Tap water exposure
in a flow-through reactor resulted in comparable cell membrane
damage for both UV- and non-UVexposed cells increasing over
time. This finding was surprising as faster membrane deteriora-
tion for UV-killed cells was expected due to the lack of repair. The
heat exposure, on the other hand, resulted in increased PMA
uptake over time for the UV-exposed cells compared to non-UV
exposed cells. The red staining of the cells was, however, only
moderate even after 5 h of heat exposure. This observation was
reflected in a moderate qPCR signal reduction of around 2 cycles.
Although these results suggested that UV-killed cells are surpris-
ingly resistant to membrane deterioration, this does not exclude
the possibility that the simultaneous combination ofmultiple post-
UV stress factors might make them more susceptible to mem-
brane damage due to the lack of repair. Expedited membrane
permeabilizationwould allow the application of the PMAmethod
in post-UV treatment.

4.4. Heat disinfection

Evidence for damage to bacterial membranes by heat has been
provided by reports about heat-induced leakage of intracellular
substances (Hurst et al., 1974; Russell and Harries, 1967) and loss
of lipopolysaccharides (Hitchener and Egan, 1977; Tsuchido
et al., 1985). Elevated temperatures have been reported to induce
outer membrane blebbing and vesiculation for Escherichia coli
(Katsui et al., 1982). The heat induced disintegration of mem-
brane structure and permeability barrier function might also be
assumed for the inner cell membrane: Heat treatment of Lacto-
bacillus paracasei and Bifidobacterium sp. in skim milk com-
promised the cell membrane and allowed the uptake of propidium
iodide (Auty et al., 2001). This study confirmed that heat has a
direct effect on membrane permeability allowing PMA to enter
the cell. A good correlation between loss of culturability and
qPCR signal reduction could be observed. The most dramatic
change occurred in the temperature range between 60 °C and
70 °C. This is in agreement with a study byMerkal and Crawford
(1979) examining heat inactivation of different serotypes of
M. avium in aqueous suspension. Complete loss of culturability
was seen at 70 °C, whereas kill rates were not significant at
temperatures of 60 °C or below. In our study elevating the
temperature from 60 °C to 70 °C resulted in an increase in qPCR
signal reduction of more than 6 cycles whereas the change in
signal reduction at temperatures below 60 °C or above 70 °C was
only minor.

4.5. Concluding remarks

PMA treatment in combination with qPCR was successful in
monitoring the germicidal action of disinfectants directly
affecting membrane permeability. This rapid and simple
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technology might help to make DNA-based molecular diagnos-
tics more meaningful by primarily detecting cells with intact cell
membranes instead of indiscriminately amplifying DNA from all
cells including those that are permeabilized. In addition to the
disinfectionmethods described here, PMAuptake andmonitoring
of killing efficacy by qPCR has also been successfully applied to
cells exposed to isopropanol (Nocker et al., 2006). The method is
limited, however, to disinfectants causing membrane damage.
Although UV-C light does lead to a loss of DNA amplification
(probably caused byDNAdamage), PMA treatment did not affect
Ct values. This does not exclude the possibility that cell death and
general loss of cell integrity eventually leads to membrane
damage making these cells amenable for PMA uptake.

This study showed that cells exposed to agents that induce
membrane damage followed by PMA treatment had reduced
qPCR signals. The degree of reduction when compared to plate
counts varied between agents. A linear correlation was observed
between loss of culturability and qPCR signal reduction for the
range in disinfection strengths up to the point where colony counts
had dropped to zero. Exceeding this point in disinfection strength
led to a further increase in qPCR signal reduction. It remains to be
seen which viability indicator (culturability, membrane integrity,
or other parameters) correlates best with viability for a certain
treatment. In the case of pathogens, the viability indicator which
correlates best with infectivity might be most suitable. The poten-
tial of PMA for monitoring of other disinfection methods in-
cluding treatment with hydrogen peroxide, phenol, aldehydes,
surfactants, physical pressure or heavy metals like silver and
copper and the correlation to traditional cultivation-based screen-
ing also remains to be tested. Regardless, PMA treatment shows
promise as a rapid, reproduciblemethod for assessing cell integrity
after exposure to several disinfectants, and therefore is valuable to
those who wish to employ it as an alternative to plate counts.
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