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A PCR-Based Method for Monitoring Legionella pneumophila in
Water Samples Detects Viable but Noncultivable Legionellae

That Can Recover Their Cultivability�
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Legionella pneumophila is the causative agent of Legionnaires’ disease. This bacterium is ubiquitous in aqueous
environments and uses amoebae as an intracellular replicative niche. Real-time PCR has been developed for rapid
detection of Legionella DNA in water samples. In addition to culturable bacteria, this method may also detect dead
and viable but noncultivable (VBNC) legionellae. In order to understand the significance of positive PCR results in
this setting, we prepared water samples containing known concentrations of L. pneumophila and analyzed them
comparatively by means of conventional culture, real-time PCR, viability labeling, and immunodetection (solid-
phase cytometry). We also examined the influence of chlorination on the results of the four methods. The different
techniques yielded similar results for nonchlorinated water samples but not for chlorinated samples. After treat-
ment for 24 h with 0.5 and 1 ppm chlorine, all cultures were negative, PCR and immunodetection showed about 106

genome units and bacteria/ml, and total-viable-count (TVC) labeling detected 105 and 102 metabolically active
bacteria/ml, respectively. Thus, PCR also detected bacteria that were VBNC. The recoverability of VBNC forms was
confirmed by 5 days of coculture with Acanthamoeba polyphaga. Therefore, some TVC-positive bacteria were poten-
tially infective. These data show that L. pneumophila PCR detects not only culturable bacteria but also VBNC forms
and dead bacterial DNA at low chlorine concentrations.

Legionella pneumophila, the bacterium responsible for Le-
gionnaires’ disease and Pontiac fever, is ubiquitous in natural
and man-made aqueous environments and requires free-living
amoebae for its intracellular replication (1, 15, 31). Under
appropriate conditions, L. pneumophila can also survive for
long periods as a free organism in low-nutrient environments
(4, 30). Regular monitoring of potentially contaminated water
sources is essential to prevent legionellosis outbreaks (21, 27).
Culture with selective media is the standard method for the
detection, isolation, and identification of L. pneumophila in
clinical and environmental samples (18, 19), but it can take
more than 7 days. Cost-effective and reliable real-time quan-
titative PCR methods have been developed for rapid detec-
tion/quantification of Legionella DNA in water samples and
are often used as a routine monitoring tool (14, 36). The
results are expressed as the number of genome units (GU) per
liter, but the precise equivalence with the number of CFU has
not been established. Culture and PCR agree well on samples
from hot water systems but not from cooling towers. Culture is
always less sensitive than PCR (2, 23, 36).

Discrepancies between PCR and culture results can be ex-
plained by several factors. Legionella growth can be inhibited

or masked by overgrowth of contaminating microorganisms
(18). Furthermore, L. pneumophila can enter a viable but non-
cultivable (VBNC) state, from which it can recover after pas-
sage in amoebae (12, 30). These VBNC legionellae may be
detected by PCR, along with dead bacteria, possibly explaining,
at least in part, why PCR values are usually higher than those
obtained by culture.

In order to understand the significance of positive L. pneu-
mophila PCR results for water samples, we prepared L. pneu-
mophila-containing water samples, with and without chlorina-
tion, and tested them comparatively by (i) conventional
culture, (ii) a real-time PCR assay for total L. pneumophila
DNA, (iii) a fluorescence assay for viable bacteria (VBNC and
cultivable bacteria), and (iv) immunodetection of all living and
dead intact L. pneumophila cells. Potential VBNC bacteria
detected by the fluorescence assay were tested for infectivity
and recultivability in a coculture technique with amoebae.

MATERIALS AND METHODS

Bacterial culture. The strain used in this study was Legionella pneumophila
Paris (CIP 107629). It was stored at �80°C. After thawing, the cells were
streaked onto BCYE� agar {buffered activated charcoal and yeast extract in
2-[(2-amino-2-oxoethyl)amino]ethanesulfonic acid; Oxoid, Dardilly, France} for
48 h at 37°C. They were then restreaked onto the same medium for another 48 h
at 37°C. A patch of L. pneumophila culture was then used to inoculate 3 ml of
sterile tryptone-salt solution (peptone at 1 g/liter, NaCl at 8.5 g/liter) in Culligan
water (pH 7.5; Culligan, Champagne aux Monts d’Or, France). After 2 min of
sonication at 104 W, the optical density at 600 nm was adjusted to 1 (assumed to
correspond to 109 CFU/ml), and the cells were immediately used for chlorination
experiments. GVPC medium (BCYE agar containing a glycine, vancomycin,
polymyxin B, and cycloheximide supplement; Biomerieux, France) was also used.
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Chlorination. Free chlorine solution was freshly prepared by diluting bleach
containing 9.6% active chlorine (Lacroix, Bois-Colombes, France) with sterile
ultrapure water (Culligan, Champagne aux Monts d’Or, France) and phosphate-
buffered saline (10� Dulbecco’s phosphate-buffered saline without CaCl2 and
MgCl2; GIBCO, Cergy-Pontoise, France) to obtain a 10,000-ppm stock solution
in 1� phosphate-buffered saline. The concentration of free chlorine was deter-
mined with a pocket colorimeter analysis system (Chlore CHEMets kit;
CHEMetrics Inc., Calverton, VA). For chlorination experiments, bacteria were
first diluted to 107 CFU/ml in water and then treated with the different chlorine
concentrations for the times indicated. The chlorinated samples were then
neutralized with sterile sodium thiosulfate (final concentration, 20 mg/liter),
and serial dilutions theoretically containing 107 to 102 Legionella organisms/ml were
prepared for analysis by culture, viability assay, immunodetection, and real-time
PCR.

Culturability. After chlorine exposure and thiosulfate neutralization, the sam-
ples and controls were serially diluted to contain 107 to 102 Legionella organ-
isms/ml before being plated onto BCYE agar and incubated at 37°C for 7 days.
The results are expressed in log CFU/ml.

Sample preparation and quantitative PCR. After exposure to chlorine, the
samples and controls were serially diluted to concentrations of 107 to 102 Legio-
nella organisms/ml, and 1 ml of the 107-cell/ml dilution was added to 100 ml of
fresh water before vacuum filtration. One hundred microliters of the 106-cells/ml
dilution was used directly for DNA extraction, without prior filtration, in order
to determine whether DNA was retained on the filter and amplified. Samples
were prepared as previously described (36) with the GeneExtract instrument
(GeneSystems, France), which includes a DNA extraction system that is able to
handle five water samples and one negative control simultaneously. After puri-
fication (GeneSystems, France), DNA was eluted in a final volume of 300 �l of
elution buffer. Quantitative PCR was performed with the GeneDisc-Cycler ap-
paratus (GeneSystems, France) and the GeneDisc Legionella pneumophila kit, a
ready-to-use molecular biology device. GeneDisc software uses the threshold
cycle and the positive-control fluorescence value to detect PCR inhibitors. For
each sample, the GeneDisc-Cycler indicates the final result as the number of
genome units per liter. For each batch of GeneDiscs, linearity was confirmed by
constructing an external five-point standard curve ranging from 25 to 2.5 � 105

GU of L. pneumophila serogroup 1 (ATCC 33152) per well.
Quantification of viable bacteria by solid-phase cytometry. After exposure to

chlorine, the samples and untreated controls were serially diluted to concentra-
tions from 107 to 102 Legionella organisms/ml, and 100 �l of the 104- to 102-
cells/ml dilutions was filtered under a maximum vacuum of 100 mm Hg through
labeling membranes (ChemFilter CB 04; AES-Chemunex, Ivry-sur-Seine,
France). The viability of L. pneumophila was analyzed as previously described
(8), using the ChemChrome V6 probe and the TVC (total viable cell) Bioburden
kit (AES-Chemunex, Ivry-sur-Seine, France). Briefly, this method is based on a
nonfluorescent precursor, which is internalized and cleaved into a green fluo-
rescent product (emission, 520 nm) by esterases present in viable bacteria. The
cells remain fluorescent only if their membranes are intact and the probe is
unable to diffuse out (8). All fluorescent events detected, including background
signals, were counted by the cytometer and were then visually discriminated
under a microscope (Olympus BX41) equipped with a motorized stage.

Quantification of living and intact dead L. pneumophila organisms by solid-
phase cytometry. Living and intact dead L. pneumophila organisms were counted
with the “Detection of Legionella pneumophila” kit (AES-Chemunex, Ivry-sur-
Seine, France) according to the manufacturer’s instructions. Briefly, samples and
controls were serially diluted from 107 to 102 Legionella organisms/ml, and 100 �l
of the 104- to 102-cells/ml dilutions was filtered under a maximum vacuum of 100
mm Hg through labeling membranes (ChemFilter CB 04; AES-Chemunex, Ivry-
sur-Seine, France). After filtration, the membranes were incubated in a petri dish
for 1 h at 30°C in the dark, on a 100-�l drop of the primary antibody solution
(ChemId LpA; Chemunex). The membranes were then washed on a support pad
soaked with 500 �l of B32 solution. The membranes were then saturated with 500
�l of CSE/2 solution, vacuum filtered, and incubated in a petri dish for 30 min at
30°C in the dark on a 100-�l drop of secondary-antibody solution (ChemId LpB;
Chemunex). The membranes were placed on the holder (support pad; Chemu-
nex) presoaked with 100 �l of mounting medium, and scanned with a ChemScan
RDI according to the manufacturer’s instructions. All fluorescent events were
manually discriminated under a microscope (Olympus BX41) with a motorized
stage.

Direct resuscitation of chlorinated VBNC legionellae. One million L. pneu-
mophila organisms in chlorinated and untreated control samples were inoculated
directly into 3 ml of Legionella growth medium (LGM) in order to determine if
treated and nongrowing VBNC legionellae would be able to replicate in liquid

medium. After 5 days in an orbital-shaker incubator, 100 �l of each culture was
plated onto BCYE agar and blood agar plates (negative control).

Infection of protozoan cells. Axenic cultures of Acanthamoeba polyphaga strain
Linc AP-1 were prepared as adherent cells in 10 ml of PYG broth [2% proteose
peptone no. 3, 0.1% yeast extract, 0.1 M glucose, 4 mM MgSO4, 0.4 M CaCl2,
0.1% sodium citrate, 0.05 M Fe(NH4)2–6H2O, 2.5 mM NaH2PO3, 2.5 mM
K2HPO3 (pH 6.5)] at 30°C for 10 days. Monolayers were prepared in 24-well
tissue culture plates (Corning Costar Corporation, Cambridge, MA) using Pages’
amoebal saline (PAS) buffer as previously described (16). L. pneumophila was
grown for 72 h at 37°C on BCYE plates and was subsequently resuspended in
PAS buffer for amoebal infection, as described below. The concentration of
viable L. pneumophila bacteria was determined (nearly 106 CFU/ml for un-
treated bacteria and 107 CFU/ml for treated bacteria). Control wells containing
PAS buffer without A. polyphaga were included. A. polyphaga, at 105 CFU per
well in 24-well plates, was infected with 106 CFU (multiplicity of infection, 10) of
viable L. pneumophila (as shown by TVC measurements). The plates were
centrifuged at 500 � g for 5 min to improve cell-cell contact and were incubated
for 1 h at 37°C. At the end of the infection period, the monolayers were washed
three times with PAS buffer to remove nonadherent cells and then were incu-
bated for 5 days. Supernatants and amoebal cell lysates prepared with 0.05%
Triton X-100 (10, 11) were combined, and aliquots were plated onto BCYE agar
plates for L. pneumophila colony counting. Other aliquots were used for real-
time PCR and immunodetection. A Nikon TMS inverted microscope was used to
count the cells for the infection and to observe the state of the amoebae.

RESULTS

Quantification of L. pneumophila cells and DNA. Water sam-
ples spiked with 106 Legionella CFU/ml yielded concentrations
of 1.8 � 106 � 0.86 � 105 CFU/ml after growth on BCYE
medium, 0.91 � 106 � 1.37 � 105 GU/ml by GeneSystems
PCR, 2.7 � 106 � 2.6 � 105 viable L. pneumophila organ-
isms/ml with the TVC Bioburden kit, and 3.39 � 106 � 1.6 �
105 intact L. pneumophila cells by immunodetection. If we
consider that each unit used represents an entity of Legionella/
ml, the results of the four techniques show similar concentra-
tions of these Legionella entities in untreated water and are
therefore comparable (data not shown).

Quantification of bacteria and DNA after addition of chlo-
rine. After 24 h of incubation with 0.5, 1, 3, or 30 ppm chlorine,
all L. pneumophila cultures were negative (Fig. 1). PCR results
were not modified by 0.5 or 1 ppm chlorine, but the signals were
below the quantification limit with 3 or 30 ppm chlorine. PCR
results were similar before and after filtration. TVCs fell propor-
tionally with the chlorine concentration. The immunodetection
results were not affected by 0.5, 1, or 3 ppm chlorine, but the
signal was totally abolished by 30 ppm chlorine. Chlorine thus
affected bacterial viability and, more importantly, cultivability,
while it had a lesser effect on PCR detection of bacterial DNA
and immunodetection of dead and viable bacterial cells.

Kinetics of the effect of 0.5 ppm chlorine on the quantifica-
tion of bacteria and DNA. The effect of 0.5 ppm chlorine was
measured after 1, 4, 24, and 48 h of incubation (Fig. 2). BCYE
and GVPC culture results fell fivefold after 4 h of treatment,
and no growth was observed after longer treatment periods.
The PCR signals remained constant over time, while the TVC
signals fell only after 48 h of treatment, by 1 log unit. Immu-
nodetection results remained stable over time. Thus, the time
interval between the addition of chlorine and the detection of
bacteria in water samples did not affect quantification by PCR
or immunodetection, but it did affect bacterial viability and
culturability after 48 h and a few hours of treatment, respec-
tively.
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Production and detection of VBNC bacteria. Since these
results suggested that PCR and immunodetection detected
total bacteria, including viable bacteria (as measured by TVC)
and noncultivable bacteria (quantified by growth on media),
we wondered whether similar results would be obtained using
VBNC bacteria artificially prepared with L. pneumophila Paris.
We first determined the best conditions under which to obtain
VBNC bacteria, which correspond to a positive TVC signal
and no growth on media. These conditions were obtained with
0.5 ppm chlorine after 24 h of incubation (Fig. 3). Under these
conditions, a 1-log-unit decrease in the TVC signal was ob-
served, whereas the PCR and immunodetection results did not
change. No growth on BCYE or GVPC medium was detected.
The experiment was repeated three times for the control and
treated samples and was reproducible. It was therefore possi-

ble to obtain VBNC bacteria from L. pneumophila Paris strain
after 24 h of incubation in the presence of 0.5 ppm chlorine.

Restoration of the culturability of VBNC legionellae. VBNC
legionellae obtained as described above were tested for their
capacity to infect A. polyphaga. For this purpose, 106 viable L.
pneumophila organisms were inoculated onto 105 A. polyphaga
amoebae per well in 24-well plates. After 5 days of incubation
at 30°C, microscopic examination showed numerous amoebae
containing motile and spinning L. pneumophila bacteria. The
detection signal of non-chlorine-treated bacteria increased by
2 log units as determined by PCR, immunodetection, and
BCYE culture after 5 days of coculture with A. polyphaga.
However, for chlorine-treated samples, the PCR and immuno-
detection signals increased by 0.5 log unit during the incuba-
tion period (Fig. 4), and the bacteria finally regained their

FIG. 1. Effects of increasing chlorine concentrations on bacterial quantification. For the control sample, water containing 106 legionellae was
serially diluted and analyzed by the four methods described in Materials and Methods. Water containing 107 legionellae/ml was treated for 24 h
with various concentrations of chorine. After neutralization, serial dilutions were quantified by the techniques described in Materials and Methods.
Results are expressed in GU/ml for real-time PCR (A), in cells/ml for the solid-phase cytometry techniques (B), and in CFU/ml for culture on
BCYE agar (C). Values are means � standard deviations from two independent experiments. *, value below the quantification limit.
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culturability, yielding 106 L. pneumophila CFU/ml after 5 days
of incubation. This recovery of culturability was not detected
when amoebae were omitted from the wells (data not shown).
No cultivable legionellae were detected when chlorinated bac-
teria were inoculated directly into LGM for 5 days. Together,
these results showed that L. pneumophila PCR results include
VBNC forms.

DISCUSSION

To our knowledge, this is the first study to compare the
results of PCR, solid-phase cytometry, and standard methods
for quantifying L. pneumophila in graduated water samples.
We confirm the large discrepancies between PCR and culture

for L. pneumophila quantification in treated water samples (2,
3, 7, 14, 23–25, 34–36). We show that L. pneumophila DNA
detected by PCR in water samples treated with chlorine for
24 h includes VBNC forms and dead bacteria. Indeed, culture
was negative after the addition of 0.5 ppm chlorine for 24 h,
whereas the PCR signal was preserved and the number of
metabolically active bacteria (detected by TVC) was barely
affected. With 1 ppm chlorine, PCR and immunodetection
signals did not change but TVC values were halved. In the
presence of 3 ppm chlorine, fewer than 10 bacteria were la-
beled by TVC, whereas the PCR signal was below the quanti-
fication limit and the immunodetection results were unaf-
fected, suggesting that dead bacteria were detected by
antibodies. All signals were below the quantification limit at 30

FIG. 2. Kinetics of the effect of 0.5 ppm chlorine. Water containing 107 legionellae/ml was treated for 1 to 48 h with 0.5 ppm chlorine. After
neutralization, serial dilutions were quantified by the techniques described in Materials and Methods. Results are expressed as described in the
legend to Fig. 1. Values are means � standard deviations from two independent experiments. T, time.
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ppm chlorine. Kinetic studies of the effect of 0.5 ppm chlorine
also showed that immunodetection and PCR efficiently de-
tected both dead and viable bacteria, whereas culture and
viability testing were both affected after, respectively, a few
hours and 2 days of treatment. Viable bacteria detected by
TVC labeling remained infective, since they were able to mul-
tiply in A. polyphaga and recovered their culturability.

Chlorine is the most widely used disinfectant for drinking
water, cooling towers, and wastewater. In France and else-
where in Europe, concentrations of 1 to 2 (sometimes 3) ppm
chlorine are used for continuous treatment, in order to obtain
around 1 ppm at the point of use (DGS circular 2002/243 [22
April 2002]; 9a). “Shock” treatment of drinking water networks
uses 10 to 20 ppm chlorine, followed by washes. As much as 50
ppm chlorine can be used to decontaminate cooling towers.
Although in natural environments, temperature, pH, and or-
ganic matter can affect the availability of the active form of
chlorine and modify the resistance of the bacteria to chlorina-
tion (9, 29, 33), here we used experimental concentrations

compatible with those used for continuous treatment of drink-
ing-water networks and for shock decontamination.

Chlorine treatment markedly influenced the results of the
methods used here to quantify L. pneumophila organisms. The
concentration of 0.5 ppm chlorine abolished culturability
(changing bacteria into VBNC forms) and reduced viability
after 24 h. Culture was the least sensitive detection and quan-
tification technique. The PCR method was less sensitive (de-
tection limit, 170 GU/liter, according to the manufacturer’s
instructions) than immunodetection and TVC, which can de-
tect 1 stained bacterium per filtered sample (17). PCR is there-
fore less precise than solid-phase cytometry when the number
of bacteria with amplifiable DNA is too low or the bacteria are
unsuitable for any efficient DNA extraction and/or amplifica-
tion due to their poor quality. These results imply that a small
number of bacteria, probably including some viable cells, were
present in some PCR-negative samples treated with 3 ppm
chlorine. However, the discrepancy between the TVC signal
(viable bacteria) and the immunodetection signal (intact bac-

FIG. 3. Preparation of VBNC. The graph shows the reproducibility of the chlorination (0.5 ppm) procedure. Legionellae in water were
quantified by the techniques described in Materials and Methods. The results are expressed as described in the legend to Fig. 1.
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teria) at the same chlorine concentration was even larger,
suggesting that at 3 ppm chlorine, immunodetection detects
mainly dead bacteria compared to TVC and PCR techniques.
It has been shown that the bacterial membrane can be perme-
abilized by chlorine in distilled water (28, 33). As with other
permeabilizing agents, such as Triton, antibodies can still de-
tect the bacterial membrane or even potentially functional
intracellular enzymes (5, 13, 20, 22, 32). However, this perme-

abilization process, when used for prolonged periods of time,
could allow the bacterial contents, including DNA, to escape
or could allow chlorine to damage bacterial DNA. Indeed,
HOCl, the more reactive form of chlorine in aqueous environ-
ments, causes lethal DNA damage even at the concentrations
used in drinking water (9, 28). Bacterial “ghost” cells have
been described as stable immunogenic bacterial cell envelopes
that have been emptied of their cytoplasmic contents through

FIG. 4. Restoration of the culturability of VBNC bacteria. Legionella suspensions were analyzed for living and metabolically active cells by using
the TVC labeling kit as described in Materials and Methods. The volume of each cell suspension containing 106 CFU/ml viable L. pneumophila
was determined. A. polyphaga (105 CFU per well in 24-well plates) was infected with 106 CFU/ml (multiplicity of infection, 10) of viable L.
pneumophila (measured by TVC). After 1 h of incubation at 37°C, the monolayers were washed, incubated for 5 days, and then lysed with 0.05%
Triton X-100. Aliquots were plated on BCYE agar for colony counting and were quantified by real-time PCR and immunodetection. Legionella
viability could not be measured on the samples, because viable amoebae could be labeled at the same time, making the reading difficult. Control
chlorinated bacteria (treated cells) incubated in PAS buffer without A. polyphaga remained culture negative. The results are expressed as described
in the legend to Fig. 1. T, time.
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a lysis pore created by expression of the cloned phage �X174
lysis gene E. Thus, an intact bacterial envelope does not nec-
essarily imply bacterial viability or the presence of amplifiable
DNA, as shown by the PCR, TVC, and immunodetection re-
sults in the presence of 3 ppm chlorine. Altogether, chlorine
could act in the following sequence: (i) culturability is lost due
to degradation of surface components (as in the presence of
0.5 ppm chlorine); (ii) chlorine gradually penetrates the cell
and directly degrades intracellular esterases and/or allows the
release of the fluorochrome after pore formation, thus explain-
ing the gradual fall in the TVC signal with increasing concen-
trations of chlorine; (iii) chlorine degrades the bacterial DNA,
leading to extinction of the PCR signal (as in the presence of
3 ppm chlorine); and (iv) chlorine abolishes immunodetection
signals by destroying the physical integrity of the bacterial cell
(as in the presence of 30 ppm chlorine). Taken together, these
data show that PCR signals include viable bacteria, detected by
TVC, and some dead bacteria. In contrast with PCR, whose
signal is negative when the number of viable bacteria is null or
very low, immunodetection detects mainly dead bacteria at 1
and 3 ppm chlorine.

L. pneumophila enters the VBNC state in order to survive in
starvation environments (4, 30). VBNC legionellae have been
detected in natural water samples (8). Chlorination results in
the complete loss of culturability of both starved and non-
starved L. pneumophila organisms (12). Heat treatment also
abolishes culturability without affecting bacterial integrity.
Steinert et al. were the first to demonstrate that VBNC legio-
nellae could be resuscitated by adding an amoeba, Acan-
thamoeba castellani (30), and this finding was subsequently
confirmed by other authors with VBNC legionellae obtained
after starvation, heat, or treatment with chlorine and other
biocides (4, 12). TVC with ChemChrome V6 detects intracel-
lular esterase activity in various bacterial species, including L.
pneumophila (6, 8, 26). Nonspecific viability labeling methods
such as TVC staining must be combined with a specific iden-
tification technique. Delgado-Viscogliosi et al. used anti-Legio-
nella antibodies and ChemChrome V6 staining with epifluo-
rescence microscopy to detect total and viable L. pneumophila
bacteria in natural water samples. They also found that chlo-
rine abolished viability staining without affecting antibody re-
activity (8).

In conclusion, our findings suggest that PCR results include
viable (TVC-positive) but noncultivable bacteria. These viable
bacteria were able to multiply in A. polyphaga and to recover
their culturability. This explains the large discrepancies be-
tween PCR and culture for L. pneumophila quantification in
chlorine-treated water samples (2, 3, 7, 14, 23–25, 34–36).
Different environmental conditions and disinfection processes
could have different effects on VBNC generation. Our results
also suggest that dead bacteria were detected by PCR at 0.5
and 1 ppm chlorine in water together with VBNC forms, and
not at higher concentrations (�3 ppm chlorine), as PCR sig-
nals were not observed. Since the application domain of the
viability and immunodetection quantification tools is still lim-
ited to filterable water, research should also be done to de-
velop similar methods that can be applied to nonfilterable
environmental or clinical samples.
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