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Abstract The development of rapid detection assays of cell
viability is essential for monitoring the microbiological qual-
ity of water systems. Coupling propidium monoazide with
quantitative PCR (PMA-qPCR) has been successfully applied
in different studies for the detection and quantification of
viable cells in small-volume samples (0.25–1.00 mL), but it
has not been evaluated sufficiently in marine environments or
in large-volume samples. In this study, we successfully inte-
grated blue light-emitting diodes for photoactivating PMA
and membrane filtration into the PMA-qPCR assay for the
rapid detection and quantification of viable Enterococcus
faecalis cells in 10-mL samples of marine waters. The assay
was optimized in phosphate-buffered saline and seawater,
reducing the qPCR signal of heat-killed E. faecalis cells by
4 log10 and 3 log10 units, respectively. Results suggest that
high total dissolved solid concentration (32 g/L) in seawater
can reduce PMA activity. Optimal PMA-qPCR standard
curves with a 6-log dynamic range and detection limit of
102 cells/mL were generated for quantifying viable E. faecalis
cells in marine waters. The developed assay was compared

with the standard membrane filter (MF) method by quantify-
ing viable E. faecalis cells in seawater samples exposed to
solar radiation. The results of the developed PMA-qPCR
assay did not match that of the standard MF method. This
difference in the results reflects the different physiological
states of E. faecalis cells in seawater. In conclusion, the
developed assay is a rapid (∼5 h) method for the quantification
of viable E. faecalis cells in marine recreational waters, which
should be further improved and tested in different seawater
settings.

Keywords Enterococcus faecalis . Marine recreational
waters . Propidiummonoazide . Quantitative PCR

Introduction

The contamination of marine recreational waters with micro-
bial pathogens due to the discharge of untreated wastewater is
a major environmental and public health problem (Griffin
et al. 2001) present particularly in developing countries. The
presence of pathogens in marine waters causes the spread of
waterborne diseases among recreational water users. It is
estimated that 120 million gastrointestinal and 50 million
severe respiratory illnesses occur per year worldwide due to
exposure to polluted marine waters (Yamahara et al. 2009).
Thus, the development of rapid and accurate assays for mon-
itoring the microbiological quality of marine recreational wa-
ters is beneficial in reducing the spread of waterborne diseases
and allowing the direct implementation of the necessary safety
measures.

Enterococcus species, mainly Enterococcus faecalis, are
reportedly the most relevant fecal indicator bacteria for mon-
itoring the microbiological quality of marine recreational wa-
ters (Yamahara et al. 2009; Bae and Wuertz 2009a;
Byappanahalli et al. 2010; He and Jiang 2005). The densities
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of Enterococcus spp. in marine waters have been correlated
with the rates of swimming-related gastroenteritis and other
health diseases (Yamahara et al. 2009, Byappanahalli et al.
2010; He and Jiang 2005; Haugland et al. 2005; Siefring et al.
2008). The detection and quantification of Enterococcus spp.
in marine recreational waters is traditionally performed by the
membrane filter (MF) method which is based on the ability of
Enterococcus cells to divide and form colonies on selective
media. However, the standard MF method is a time-
consuming procedure requiring at least 24 h for Enterococcus
colonies to become visible. Thus, rapid preventive measures
cannot be taken particularly that the microbiological quality of
marine waters changes rapidly (Byappanahalli et al. 2010; He
and Jiang 2005; Haugland et al. 2005; Siefring et al. 2008;
Delgado-Viscogliosi et al. 2009; Nocker et al. 2007a; Wade
et al. 2006). In addition, the standard MF method cannot
detect viable but non-culturable Enterococcus spp. In marine
waters, Enterococcus spp. can enter a viable but non-
culturable (VBNC) state (Lleò et al. 1998, 2003, 2007;
Pruzzo et al. 2002) as a response to adverse conditions such
as oligotrophy (nutrient restriction), salinity, and solar radia-
tion (Lleò et al. 2007; Kell et al. 1998; McFeters et al. 1995).
In the VBNC state, Enterococcus cells lose the ability to grow
and divide while maintaining metabolic activity, gene expres-
sion, antibiotic resistance, and pathogenicity and are able to
regain active growth under favorable conditions (Lleò et al.
1998, 2003, 2007; Pruzzo et al. 2002). The inability to detect
VBNC Enterococcus spp. in marine recreational waters fur-
ther limits the sensitivity of the standard MF method.

To circumvent the limitations of the standard MF method,
real-time quantitative PCR (qPCR) assays were developed for
the detection and quantification of Enterococcus spp. in ma-
rine recreational waters (He and Jiang 2005; Haugland et al.
2005; Frahm and Obst 2003). The developed qPCR assays
offer significant advantages over the standard MF method
because they are specific, sensitive, and rapid (Haugland
et al. 2005; Frahm and Obst 2003; Agudelo et al. 2010).
However, these assays cannot differentiate between viable
and dead Enterococcus cells due to the persistence of DNA
after cell death in marine waters for significant time periods of
days and weeks (Haugland et al. 2005; Keer and Birch 2003;
Luo et al. 2010; Gedalanga and Olson 2009). As a result, they
may produce false-positive results and overestimate the po-
tential health risk in marine recreational waters (He and Jiang
2005; Haugland et al. 2005).

Propidium monoazide (PMA) has been successfully inte-
grated in qPCR assays for the differentiation of viable and
dead bacterial cells, including Gram-negative bacteria such as
Bacteroides fragilis (Bae andWuertz 2009a), Escherichia coli
and Salmonella typhimurium (Nocker et al. 2006), Enterobac-
ter sakazakii (Cawthorn andWitthuhn 2008), and Bacteroides
thetaiotaomicron (Varma et al. 2009) and Gram-positive bac-
teria such as Streptococcus sobrinus (Nocker et al. 2006),

Listeria monocytogenes (Nocker et al. 2006; Pan and Breidt
2007), Enterococcus faecalis (Varma et al. 2009), and Staph-
ylococcus aureus and Staphylococcus epidermidis
(Kobayashi et al. 2009). Upon treatment of bacterial cells,
PMA only penetrates membrane-compromised cells and in-
tercalates into the DNA. Then, upon light exposure, PMA is
photoactivated and binds covalently to the DNA through a
stable nitrogen–carbon bond. As a result, the PMA-modified
DNA of membrane-compromised cells can no longer be am-
plified nor detected by qPCR. Thus, only membrane-intact
cells are detected and quantified by PMA-qPCR (Luo et al.
2010; Nocker et al. 2006; Cenciarini-Borde et al. 2009;
Fittipaldi et al. 2011; Nocker and Camper 2009).

To date, most of the developed PMA-qPCR assays were
directly applied to complex environmental matrices without
prior optimization (Delgado-Viscogliosi et al. 2009; Nocker
et al. 2007b; Wagner et al. 2008). This has been shown to
reduce the efficiency of PMA treatment and consequently the
ability of these assays to detect and quantify viable bacterial
cells. The complex chemical and biological matrices of envi-
ronmental samples are suggested to reduce the penetration and
photoactivation of PMA (Gedalanga and Olson 2009; Varma
et al. 2009; Fittipaldi et al. 2011; Wagner et al. 2008; Nocker
et al. 2009; Taskin et al. 2011). Thus, the detection and
quantification of viable bacterial cells in environmental sam-
ples necessitate the optimization of the PMA-qPCR assays to
the conditions present in environmental samples. Moreover,
the developed PMA-qPCR assays were mainly applied to
small-volume samples, ranging between 250 and 1,000 μL
(Bae and Wuertz 2009a; Delgado-Viscogliosi et al. 2009;
Nocker et al. 2006; Cawthorn and Witthuhn 2008). However,
membrane filtration of large-volume samples is often required
when the concentration of bacterial cells is low, which is
normally the case in marine waters (Hammes and Egli
2010). For example, the average concentration of
Enterococcus cells detected in seawater was around 11 cells/
mL (He and Jiang 2005).

Photoactivation of PMA is mainly achieved by exposure to
the bright visible light of a halogen lamp (650 W). During
photoactivation, the halogen lamp dissipates large amounts of
energy in the form of heat, which hinders their application
with membrane filters. PMA has a specific absorption
spectrum and absorbs only the blue wavelength of the
halogen light. Vesper and colleagues (2008) developed a more
energy-efficient light exposure process which uses blue light-
emitting diodes (LEDs) for the photoactivation of PMA. Blue
LEDs, unlike halogen lamps, can be used in combination with
membrane filtration. Thus, the combination of blue LEDs and
membrane filtration permits the analysis of large-volume
samples for the detection and quantification of viable bacterial
cells.

The objective of this study was to integrate blue LEDs and
membrane filtration into the PMA-qPCR assay for the
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quantification of viable E. faecalis cells in 10-mL samples of
marine recreational waters. The developed PMA-qPCR assay
was compared with qPCR and the standard MF method to
quantify total and viable E. faecalis cells in marine waters
exposed to daily solar radiation.

Materials and methods

Blue LED light apparatus

A blue LED light apparatus was designed for the
photoactivation of PMA (Fig. 1). The apparatus uses 21 LEDs
(276–316; Radio Shack, Fort Worth, TX) having a maximum
emission wavelength of 470 nm to produce a low-intensity
blue light of 2,600 millicandela. The light is gathered and
focused onto PMA-treated E. faecalis cells collected on
0.4-μm isopore polycarbonate membrane filters (47 mm in
diameter) (Fisher Scientific, Pittsburgh, PA) using a Fresnel
and a convex lens arranged as shown in Fig. 1. The apparatus
was used in combination with membrane filtration to process
10-mL samples of phosphate-buffered saline (PBS) and sea-
water spiked with E. faecalis cells.

Bacterial strain and growth conditions

Enterococcus faecalis ATCC® 14428 was obtained as a
freeze-dried culture from the American Type Culture Collec-
tion (ATCC, Manassas, VA). The pure culture was inoculated
in 6 mL of sterile and fresh BD Difco™ tryptic soy broth
(Becton, Dickinson and Company, Sparks, MD) and incubat-
ed at 37 °C overnight. After incubation, 1-μL aliquots of the
enriched culture were streaked for isolation on BD Difco™
tryptic soy agar (Becton, Dickinson and Company, Sparks,
MD) and incubated at 37 °C overnight. Single and pure

colonies from the overnight culture plates were inoculated in
100-mL BD Difco™ tryptic soy broth and incubated for an
overnight growth at 37 °C. The cells were harvested at mid-
logarithmic phase by centrifugation at 8,000×g for 10 min and
re-suspended in 5 mL of 10 % glycerol/BD DifcoTM tryptic
soy broth. Then, 0.5-mL aliquots of the cell suspension were
transferred to sterile microcentrifuge tubes and stored at
−80 °C for future use. All reagents and materials used in the
propagation and preservation of the microorganism were
sterilized.

E. faecalis ATCC® 14428, from the prepared glycerol
stocks, was grown in 100-mL BD Difco™ tryptic soy broth
overnight at 37 °C. The cells were harvested at mid-
logarithmic phase by centrifugation at 8,000×g for 30 min
and re-suspended in 100 mL of 1× PBS. The cell count was
determined using the plate count method. Then, the cell sus-
pension was diluted in PBS to a concentration of 107 cells/mL
for immediate use. The inoculation of E. faecalis into BD
Difco™ tryptic soy broth was conducted under aseptic condi-
tions in a laminar hood to avoid contamination.

Heat killing of E. faecalis cells

E. faecalis cells were killed by heat treatment for 20 min at
85 °C. The efficiency of the heat treatment was verified by
spreading 100 μL of the heat-treated cell suspension on BD
Difco™ tryptic soy agar plates and incubating the plates for
48 h at 37 °C.

Seawater samples

Seawater samples were aseptically collected from the Amer-
ican University of Beirut (AUB) beach and stored in sterile
DURAN® glass bottles (Schott Duran, Germany) at 4 °C. The
samples were analyzed for total suspended solids (TSS), total
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A BFig. 1 Design of the Blue LED
light apparatus. a A photographic
and b schematic image of the
apparatus that uses the blue light
of LEDs to photoactivate PMA-
treated E. faecalis cells collected
on polycarbonate filters
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dissolved solids (TDS), turbidity (measured in nephelometric
turbidity units (NTU)), and apparent color (measured in PtCo
units). The choice of these parameters stemmed from their
potential influence on the activity of PMA (Gedalanga and
Olson 2009; Varma et al. 2009; Fittipaldi et al. 2011; Nocker
et al. 2009). Prior to any experiment, the seawater samples
stored in the DURAN® screw cap bottles were autoclaved at
121 °C for 15 min under a pressure of 18 to 20 psi and then
exposed to ultraviolet C (UVC) light for 3 h, using two Ster-L-
Ray® hot cathode soft glass ultraviolet germicidal lamps
(Atlantic Ultraviolet, Hauppauge, NY) having an emission
wavelength of 253.7 nm and placed at a distance of 40 cm
from the samples to eliminate any background Enterococcus
spp. and DNA. The UVC light passed clearly through the
glass bottles except for the opaque screw caps.

Cell recovery from polycarbonate filters

Membrane filtration was adopted for concentrating E. faecalis
cells on polycarbonate filters (47-mm diameter, 0.4-μm pore
size) before PMA treatment. Different eluents including sodi-
um chloride–Tris–EDTA (STE), 1× PBS, and 0.1 % Tween 80
in sterile water were tested to recover as many culturable
E. faecalis cells as possible from the polycarbonate filters.

E. faecalis cell suspensions were grown as described
above. Ten milliliters of the cell suspensions were filtered on
polycarbonate filters. Cells were then recovered by immersing
the filters in 5-mL solutions of the different eluents described
above and vortexing for 2 min. The filter eluates were diluted
serially in BD Bacto™ tryptic soy broth solutions to deter-
mine viableE. faecalis cells. For each level of dilution, 0.1 mL
of the cell suspension was inoculated onto six BD Difco™
tryptic soy agar plates and incubated at 37 °C for 24 h. After
24 h, the colony-forming unit (CFU) on each plate was count-
ed. Serial dilution plates between 30 and 300 CFU were used
to calculate viable E. faecalis cells. Recovery rates (R) were
calculated using Eq. 1 (Kim et al. 2008):

R ¼ N eluate=N controlð Þ � 100% ð1Þ

Where Neluate is the number of CFU in the eluate, and
Ncontrol is the number of CFU in the original cell suspension.

Optimization of PMA treatment in PBS and seawater

PMA™ ( p h e n a n t h r i d i um , 3 - am i n o - 8 - a z i d o -
5-[3-(diethylmethylammonio)propyl]-6-phenyl dichloride)
(Biotium, Hayward CA) was re-suspended in 20 % dimethyl
sulfoxide (DMSO) to prepare stock solutions of 2 mM. PMA
aliquots were stored at −20 °C for future use.

E. faecalis cell suspensions were grown as described
above. After membrane filtration, E. faecalis cells collected

on polycarbonate filters were subjected to PMA treatment. To
optimize the treatment of PMA, PBS and seawater samples
(10 mL) were spiked with defined concentrations (107 cells/
mL) of either viable or heat-killed E. faecalis cells and con-
centrated through membrane filtration on polycarbonate fil-
ters. The filters were subjected to PMA treatment where five
concentrations of PMA (10, 15, 25, 50, or 100 μM), three
incubation periods (5, 10, or 20 min), and five light exposure
periods (10, 20, 30, 40, or 60 min) were tested.

A fixed volume (500 μL) of PMA solutions of increasing
concentrations (10 to 50 μM for PBS samples or 15 to
100 μM for seawater samples) were added under minimal
light conditions to the viable or heat-killed E. faecalis cells
collected on the polycarbonate filters. The added volume of
PMAwas spread homogenously to cover the surface area of
the filters. The filters were, then, incubated in the dark for
increasing time periods (5 to 20 min). Following incubation,
the filters were exposed to the blue light of LEDs for increas-
ing time periods (10 to 40 min for PBS samples or 30 and
60 min for seawater samples). A control was used for each of
the viable and heat-killed E. faecalis samples, where PMA
was not added. After PMA treatment, E. faecalis cells were
eluted from the polycarbonate filters for DNA extraction and
qPCR analysis.

DNA extraction

Recovered E. faecalis cells in the filter eluate were harvested
for DNA extraction by centrifugation at 8,000×g for 30 min.
The supernatant was removed by pipette, and only 200 μL
were kept for DNA extraction. DNA from the recovered
E. faecalis cells was extracted using a chemical lysis treatment
in combination with the DNeasy® blood and tissue kit
(QIAGEN,Valencia, CA). Chemical lysis was performedwith
200 μL of enzymatic lysis buffer (20 mM Tris–Cl pH 8.0,
2 mM sodium EDTA, 1.2 % Triton® X-100, and 20mg/mL of
freshly added lysozyme) for 30 min at 37 °C, followed by
digestion with 25-μL proteinase K and 200-μL buffer AL (a
buffer containing guanidine hydrochloride provided by the
DNeasy® kit) for 30 min at 56 °C. After incubation, the
genomic DNA was extracted following the DNeasy® kit
protocol.

Quantitative PCR

Previously designed qPCR primers and TaqMan probe
targeting Enterococcus spp. (Siefring et al. 2008) were used
(Table S1). The specificity of the primers and probe was tested
previously. The PCR conditions were optimized by changing
the concentration of the primers and probe and annealing
temperature in order to achieve the best sensitivity, lowest
threshold cycle (Ct), without affecting specificity. The con-
centration of the primers and probe was optimized by testing
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three sets of concentrations which were used in previous
studies (Yamahara et al. 2009; He and Jiang 2005; Haugland
et al. 2005; Siefring et al. 2008; Frahm and Obst 2003). The
annealing temperature was optimized using the temperature
gradient feature of the iQ5 real-time detection system (Bio-
Rad Laboratories, Hercules, CA).

Real-time PCR was performed in a 25-μL reaction volume
containing 12.5 μL of iQ Supermix (Bio-Rad Laboratories,
Hercules, CA), 1 μM (optimized concentration) of each prim-
er, 0.4 μM (optimized concentration) of the TaqMan probe,
2.5-μL sample template (genomic DNA extracted from pure
cultures of E. faecalis cells or environmental samples spiked
with E. faecalis cells), and RNase-free sterile water to a final
volume of 25 μL. Amplification was performed using the
following program: an initial step at 50 °C for 2 min (to
eliminate any cross-contaminating PCR products) (Frahm
and Obst 2003), followed by a denaturing step at 95 °C for
10min, followed by 40 cycles of denaturation at 95 °C for 15 s
and annealing at 60 °C (optimized annealing temperature) for
1 min. For each PCR run, a negative (no template) control was
used to test for false positives or contamination and Ct values
over 40 were considered negative.

qPCR and PMA-qPCR standard curves

qPCR and PMA-qPCR standard curves were generated for the
quantification of total and viable E. faecalis in marine waters.
The standard curves were constructed using seawater samples
(10 mL) spiked with increasing concentrations of E. faecalis
cells, ranging from 101 to 107 CFU/mL. For the PMA-qPCR
standard curves, the samples were processed using the opti-
mized PMA treatment in seawater. Prior to spiking, the sea-
water samples were autoclaved and exposed to UV light to
eliminate any background Enterococcus spp. and DNA. The
target sequence was amplified in triplicates. Negative (no
template) controls were included in all PCR runs.

Sensitivity of PMA-qPCR

To study the sensitivity of the developed PMA-qPCR assay,
seawater samples (10 mL) were simultaneously spiked with
serially diluted concentrations of heat-killed E. faecalis cells
(106, 102, 101, and 10° cells/mL) and a constant concentration
of viable cells (102 CFU/mL). The samples were then proc-
essed through the developed PMA-qPCR assay. The Ct values
obtained for each of the spiked seawater samples were
compared.

Effect of TDS in seawater on PMA activity

To evaluate the effect of salinity in seawater on PMA activity,
heat-killed E. faecalis cells (107 cells/mL) were spiked into
artificial seawater (10 mL) and 1× PBS (10 mL) samples. The

samples were filtered on polycarbonate filters and subjected to
PMA treatment. Artificial seawater was prepared by dissolv-
ing NaCl in 1× PBS to reach a TDS value of 32 ppt which is
similar to that of the collected seawater samples.

Comparison of methods

To compare the developed PMA-qPCR assay with qPCR (no
PMA treatment) and the MF method, an experiment was
designed for quantifying total (qPCR), viable (PMA-qPCR),
and culturable (MF) E. faecalis cells in seawater samples. In
this experiment, the environmental conditions of marine rec-
reational waters were simulated. Seawater samples were
spiked with viable E. faecalis cells (107 CFU/mL) and trans-
ferred to transparent sterile polyethylene tubes (50 mL), where
each tube was filled with 30 mL of the spiked seawater. The
tubes were, then, placed horizontally on a customized vortex
adapter under constant shaking and exposed to the daily solar
radiation for a period of 3 days. Samples were taken at specific
time intervals (2, 8, 25, 49, and 55 h) and tested by the three
methods. For each method tested, duplicate samples (10 mL
each) were collected at each sampling event.

The time intervals chosen for sampling were based on the
results of a preliminary experiment conducted earlier. The
preliminary experiment had the same experimental setup as
described above, where duplicate 10-mL samples were taken
every 2 h, between 8:00 AM and 6:00 PM (sunset), for three
consecutive days and tested only by the standard MF method.
The quantification by the MF method showed five critical
sampling times where significant decreases in the concentra-
tion of the viable E. faecalis cells were observed, and thus
these times were selected for the comparison experiment
described above.

Data analysis

Data collection and analysis were performed using iQ5 optical
system software v1.0 (Bio-Rad Laboratories, Hercules, CA).
TheCt values obtained by qPCRwere plotted against the log10
starting quantity (total or viable). Linear regression analysis
was performed to determine the slopes and regression coeffi-
cients (R2) of the generated standard curves. Only standard
curves having the R2 value greater than 0.95 were selected.
The amplification efficiency, E, was calculated from the slope
of the standard curve using the formula E=10(−1/slope)−1.
One-way ANOVAwas used to compare the average Ct values
and determine whether or not these values were significantly
different at p<0.05. To this end, the Shapiro–Wilk test was
used to check the normality of the data where a data set was
considered to follow a normal distribution at p>0.05 (Shapiro
and Wilk 1965). The coefficient of variation (CV, %) for the
slope and y-intercept was used to determine the reproducibil-
ity in standard curves. If replicate standard curves were
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significantly different, the analysis of standard curves was
repeated. In case the standard curves were found to be con-
sistent, the average values of the slopes and y-intercepts were
used to quantify total and viable E. faecalis. All statistical
analyses were performed using Microsoft Excel.

Results

Optimization of cell recovery

The ability of several eluents (1× PBS, STE, and 0.1 % Tween
80) to recover viable cells from polycarbonate filters was
tested. These eluents were selected based on their frequent
use for recovering bacterial cells from different types of filters
(Kim et al. 2008; Ahmed et al. 2008). STE achieved the
highest recovery (97 %) of viable E. faecalis cells from
polycarbonate filters followed by 0.1 % Tween 80 (80 %)
and 1× PBS (69 %). According to Kim and colleagues (2008),
a percent recovery of 80 % or higher is considered to be

optimal. Based on these results, STE was used in subsequent
experiments.

Optimization of PMA treatment in PBS

The PMA-qPCR assay was first optimized in PBS to ensure
that the proposed procedure (i.e., combining blue LEDs with
membrane filtration) was feasible and could differentiate be-
tween viable and heat-killed E. faecalis cells in large-volume
(10 mL) samples. Different PMA concentrations (10, 15, 25,
or 50 μM), incubation periods (5, 10, or 20 min), and light
exposure periods (10, 20, 30, or 40 min) were tested. The
average Ct difference between PMA-treated and non PMA-
treated samples was reported (Table 1).

The average Ct difference between PMA-treated and non
PMA-treated heat-killed E. faecalis cells was significantly
higher (p<0.05) at a PMA concentration of 15 μM compared
to 10 μM. The reduction in the qPCR signal of the heat-killed
cells did not significantly change (p>0.05) when the concen-
tration of PMA was further increased to 25 and 50 μM
(Table 1). The incubation period of PMA (5 min) was

Table 1 Optimization of PMA treatment in PBS and seawater

PMA treatment in PBS

Optimization of PMA concentration: PMA incubation period (5 min) and light exposure period (30 min)

PMA concentration (μM)

10 15 25 50

Average Ct difference
a 11.15±0.16 13.03±0.92 12.38±0.77 11.65±0.21

Optimization of light exposure period: PMA concentration (15 μM) and light exposure period (30 min)

PMA incubation period (min)

5 10 20

Average Ct difference 13.90±0.48 12.27±0.52 10.90±0.48

Optimization of PMA concentration: PMA incubation period (15 μM) and incubation period (5 min)

Light exposure period (min)

10 20 30 40

Average Ct difference 8.49±0.46 9.05±0.43 11.05±0.48 10.40±0.35

PMA treatment in seawater

Optimization of PMA concentration: PMA incubation period (10 min) and light exposure period (30 min)

PMA concentration (μM)

15 25 50 100

Average Ct difference 4.80±1.14 6.09±1.15 9.21±1.74 9.01±1.98

Optimization of PMA incubation period: PMA concentration (50 μM) and light exposure period (30 min)

PMA incubation period (min)

5 10 20

Average Ct difference 5.70±0.30 7.75.±0.25 8.35±0.47

Optimization of light exposure period: PMA concentration (50 μM) and incubation period (10 min)

Light exposure period (min)

30 60

Average Ct difference 8.30±0.51 7.95±0.29

a The average Ct difference is the average difference in the Ct values between PMA-treated and non PMA-treated heat-killed E. faecalis cells
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sufficient to reduce the qPCR signal of heat-killed E. faecalis
cells by 13.90±0.48 Ct cycles (4.21±0.15 log10 units). The
higher incubation periods (10 and 20 min) tested, however,
significantly decreased (p<0.05) the qPCR signal reduction of
the heat-killed cells (Table 1). The qPCR signal of heat-killed
E. faecalis cells was significantly reduced by 11.05±0.48 Ct

cycles (3.35±0.15 log10 units) when the light exposure period
was increased from 10 to 30 min. There was no significant
change (p<0.05) in the reduction of the qPCR signal of the
heat-killed cells when the light exposure period was further
increased to 40 min (Table 1). Note that the viable E. faecalis
cells were not significantly affected by the treatment of PMA.
The average Ct difference between PMA-treated and non
PMA-treated viable E. faecalis cells was minimal (2.26±
0.86 Ct cycles) (Table S2).

The PMA-qPCR assay was successfully optimized in PBS,
reducing the qPCR signal of heat-killed E. faecalis cells by
approximately 4 log10 units without affecting that of the viable
cells. The optimized treatment conditions of PMA, which are
a PMA concentration of 15 μM, an incubation period of
5 min, and a light exposure period of 30 min, were used as
baseline conditions for the optimization of PMA treatment in
seawater.

Optimization of PMA treatment in seawater

After the PMA-qPCR assay was shown to be feasible, the
PMA treatment was optimized in seawater. Seawater samples
were collected from the AUB beach and were characterized
for TSS (18.3±1.3 mg/L), TDS (32.0±2.1 ppt), turbidity
(0.60±0.14 NTU), and apparent color (2.8±0.6 PtCo).

The optimized concentration of PMA (15 μM) in PBS was
tested first in seawater and achieved a reduction in the qPCR
signal of heat-killed E. faecalis cells by 4.80±1.14 Ct cycles
(1.45±0.35 log10 units). The concentration of PMA was in-
creased to 25 and 50 μM to achieve significantly higher
reductions (p<0.05) in the qPCR signal of the heat-killed cells
by 6.09±1.15 and 9.21±1.74 Ct cycles (1.85±0.35 and 2.79±
0.53 log10 units), respectively. The reduction in the qPCR
signal of the heat-killed cells did not significantly change
(p>0.05) when the concentration of PMA was further in-
creased to 100 μM (Table 1). Similarly, the optimized incu-
bation period of PMA (5 min) in PBS was tested in seawater
and achieved a reduction in the qPCR signal of heat-killed
E. faecalis cells by 5.70±0.30 Ct cycles (1.73±0.09 log10
units). The incubation period of PMA was increased to
10 min to achieve a significantly higher reduction (p<0.05)
in the qPCR signal of the heat-killed cells by 7.75±0.25 Ct

cycles (2.35±0.08 log10 units). The higher incubation period
tested (20 min) did not result in a significant change (p>0.05)
in the reduction of the qPCR signal of the heat-killed cells
(Table 1). The optimized light exposure period (30 min) in
PBS was shown to be also optimal in seawater, reducing the

qPCR signal of heat-killed E. faecalis cells by 8.30±0.51 Ct

cycles (2.52±0.15 log10 units). There was no significant
change (p<0.05) in the qPCR signal reduction of the heat-
killed cells when the light exposure period was increased to
60 min (Table 1).

The developed PMA-qPCR assay reduced the qPCR signal
of heat-killed E. faecalis cells in seawater by approximately 3
log10 units under the optimized treatment conditions of a PMA
concentration of 50 μM, an incubation period of 10min, and a
light exposure period of 30 min. These optimized treatment
conditions of PMAwere subsequently used for PMA-treated
seawater samples and for the generation of the PMA-qPCR
standard curve.

Standard curves

The generated qPCR (no PMA added) standard curve was
linear over a 6-log dynamic range (R2=0.98 and p<0.05) and
had an overall PCR amplification efficiency of 0.93 (Fig. 2).
The PMA-qPCR standard curve was also linear over a 6-log
dynamic range (R2=0.95 and p<0.05) and had an overall PCR
amplification efficiency of 1.04 (Fig. 2). An average of 1.17
log10 reduction in the qPCR signal of the PMA-qPCR stan-
dard curve was observed in comparison to that of the qPCR
standard curve. The limit of detection, corresponding to the
smallest amount of E. faecalis cells that gave positive ampli-
fication in all replicate runs, was 102 cells/mL of seawater for
both standard curves.

Fig. 2 qPCR and PMA-qPCR standard curves. The curves were con-
structed to quantify total (diamond) and viable (square)E. faecalis cells in
seawater. The plotted data points are the average means of the results of
duplicate samples (triplicate qPCR/sample), and the error bars represent
the standard deviations

Appl Microbiol Biotechnol (2014) 98:8707–8718 8713



Sensitivity of PMA-qPCR assay

The sensitivity of the developed PMA-qPCR assay in detect-
ing and quantifying viable cells in a mixture of viable and
heat-killed E. faecalis cells was evaluated. The average Ct

value of the seawater samples spiked with only 102 cells/mL
(limit of detection) of viable E. faecalis cells with no back-
ground of heat-killed cells was 28.58±0.62. In comparison to
the Ct value obtained above, the average Ct values observed
for the seawater samples spiked with 102 cells/mL of viable
E. faecalis cells in a background of increasing concentrations
of heat-killed E. faecalis cells (100, 101, 102, and 106 cells/
mL) were not significantly different (p>0.05). The Ct values
ranged between 28.50±0.81 for samples with the lowest heat-
killed to viable E. faecalis cell ratio (100:102) and 27.83±0.32
for samples with the highest heat-killed to viable cell ratio
(106:102).

Effect of TDS in seawater on PMA activity

The seawater samples collected from the AUB beach had an
average TDS level of 32.0 ppt. The effect of this high TDS
level on the activity of PMAwas assessed. The qPCR signal of
the spiked artificial seawater and 1× PBS samples was re-
duced, under the optimized PMA treatment conditions in
PBS, by 11.27±0.21 and 12.80±0.55 Ct cycles (3.42±0.06
and 3.88±0.17 log10 units), respectively (Table 2). This dif-
ference of 1.53±0.59 Ct cycles (0.46±0.18 log10 units) in the
reduction of the qPCR signal observed between the artificial
seawater and PBS samples was statistically significant
(p<0.05). These results suggest that the high TDS level of
32.0 ppt in seawater can reduce the activity of PMA.

Comparison of the PMA-qPCR assay to the standard MF
method

The developed PMA-qPCR assay was compared with qPCR
and the MF method in spiked seawater samples exposed to
solar radiation (Fig. 3). At the first sampling event (t=2 h), the
concentration of E. faecalis cells measured by the three
methods was similar (p>0.05). The concentration of total
E. faecalis cells, measured by the qPCR assay, remained
constant throughout the period of the experiment. At the
second sampling event (t=8 h), the concentration of culturable

E. faecalis cells, measured by the MF method, decreased by 3
log10 units while that of the viable cells, measured by the
PMA-qPCR assay, decreased by less than 1 log10 unit. At
the third sampling event (t=25 h), the concentration of
culturable E. faecalis cells continued to decrease and that of
the viable cells significantly decreased by 2 log10 units. At the
fourth and fifth sampling events (t=49 and 55 h), the concen-
tration of culturableE. faecalis cells decreased to reach a value
of zero at t=55 h, while that of the viable cells remained
constant.

Discussion

The proposed PMA-qPCR assay was successfully developed
to exclude dead cells and quantify viable E. faecalis cells in
10-mL samples of PBS and seawater. This differentiation
between dead and viable E. faecalis cells is based on

Table 2 Effect of TDS on PMA
activity Sample type TDS level (ppt) PMA treatment Average Ct value Average Ct difference

1× PBS 7.71 No 15.83±0.70 –

1× PBS 7.71 Yes 28.63±0.55 12.80±0.55

Artificial seawater 32.0 No 15.97±0.64 –

Artificial seawater 32.0 Yes 27.23±0.21 11.27±0.21

Fig. 3 Comparison of methods. The concentrations of E. faecalis cells in
seawater samples exposed to solar radiations were measured by the
developed PMA-qPCR assay (square), qPCR (triangle), and the standard
MF method (diamond). The plotted data points are the average means of
the results of duplicate samples (triplicate qPCR/sample), and the error
bars represent the standard deviations
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membrane integrity. The assay specifically inhibits the qPCR
signal of membrane-compromised cells while maintains that
of intact E. faecalis cells. The membrane-compromised
E. faecalis cells can be regarded as dead cells since the
damage to the cytoplasmic membrane is usually irreversible
(Berney et al. 2008; Hammes et al. 2011), and the intact
E. faecalis cells can be regarded as viable cells since the
preservation of the cytoplasmic membrane allows the mainte-
nance of an intracellular environment (Hammes et al. 2011).
However, it is important to note that intact E. faecalis cells are
not necessarily viable since these cells can lose functionality
and metabolic activity before the disintegration of its mem-
branes (Nocker and Camper 2009; Berney et al. 2008;
Hammes et al. 2011).

Performance of the PMA-qPCR assay

Although the developed PMA-qPCR assay in this study did
not totally inhibit the qPCR signal of dead E. faecalis cells, it
was successful in reducing the qPCR signal of deadE. faecalis
cells in PBS by 4 log10 units under the optimized treatment
conditions of PMA. Similar reductions of 3 to 4 log10 units in
the qPCR signal of dead B. fragilis , E. faecalis ,
B. thetaiotaomicron, S. aureus, and S. epidermidis cells in
PBS were observed in previous studies using halogen light for
the photoactivation of PMA (Bae and Wuertz 2009a; Varma
et al. 2009; Kobayashi et al. 2009). Unlike these previous
studies which were limited to small-volume samples (0.4–
1.0 mL), the reductions in the qPCR signal of dead E. faecalis
cells were observed in large-volume PBS samples of 10 mL.
The present study is the first to demonstrate the applicability
of the PMA-qPCR assay to large-volume samples. One ap-
proach to improve the treatment of PMA and achieve a better
reduction in the qPCR signal of dead E. faecalis cells was
recently suggested by Nkuipou-Kenfack et al. (2013). In their
study, an additional 1 to 2 log10 units reduction in the qPCR
signal of dead bacterial cells were observed when high PMA
incubation temperatures (10 °C above ambient temperature)
were employed. Thus, the developed PMA-qPCR assay can
be further improved through the optimization of the PMA
incubation temperature.

The optimal treatment of PMA in seawater was successful
in reducing the qPCR signal of dead E. faecalis cells by 3
log10 units, which is 1 log10 unit lower in comparison to the
optimization of PMA in PBS. The complex matrix of seawater
contributed to the reduced activity of PMA. The high TDS
level, which is a main characteristic of the seawater matrix,
was shown in this study to inhibit the treatment of PMA. The
mechanism of such inhibition could be through the adsorption
of the PMA particles into the surface of the dissolved solids,
limiting the penetration of PMA into the dead cells
(Gedalanga and Olson 2009; Fittipaldi et al. 2011). In addi-
tion, the use of membrane filtration to concentrate seawater

samples (10 mL) might lead to the formation of cell-particle
clumps on the surface of the polycarbonate filters, which
could prevent the penetration of PMA and blue LED light
inside these clumps (Gedalanga and Olson 2009; Fittipaldi
et al. 2011). These results highlight the importance of opti-
mizing PMA-qPCR assays to the conditions present in envi-
ronmental samples. This was not the case in most previous
studies where PMA treatment was optimized in saline buffers
(Delgado-Viscogliosi et al. 2009; Nocker et al. 2007b;Wagner
et al. 2008).

The developed PMA-qPCR assay had minimal effect on
the qPCR signal of viable E. faecalis cells in PBS and seawa-
ter. The qPCR signal of viable E. faecalis cells was reduced by
an average of 1 log10 unit upon the treatment of PMA. This
reduction can be due to the presence of subpopulations of
dead cells in the initial culture of E. faecalis. This is in
accordance with the results of previous studies, where similar
reductions of up to 1 log10 unit in the qPCR signal of viable
bacterial and fungal cells were observed upon PMA treatment
(Varma et al. 2009; Vesper et al. 2008).

Previous studies have shown that the presence of high
concentrations of dead cells could reduce the sensitivity of
the PMA-qPCR assay (Pan and Breidt 2007; Fittipaldi et al.
2011). For example, Pan and Breidt (2007) showed that the
sensitivity of their assay was dictated by the dead to viable cell
ratio, where a dead to viable L. monocytogenes cell ratio higher
than 104 would reduce the sensitivity of their assay and lead to
inaccurate quantification of viable L. monocytogenes cells. In
this study, the developed PMA-qPCR assay was successful in
detecting and quantifying viable E. faecalis cells in seawater
samples with dead to viable E. faecalis cell ratios ranging
between 10−2 and 104. Thus, the dynamic range of the devel-
oped PMA-qPCR assay in this study, as defined by Pan and
Breidt (2007), is limited by the detection limit of 102 viable
E. faecalis cells per milliliter and dead to viable E. faecalis cell
ratio of 104 until further testing and improvement.

Although determining the DNA extraction efficiency of
E. faecalis cells was not within the scope of the current study,
the developed PMA-qPCR assay can benefit from using sam-
ple process controls as suggested by Krüger et al. (2014) in
order determine any DNA loss during extraction and verify
that sufficient reduction in the qPCR signal of dead cells and
background DNA took place. In their suggested assay, Krüger
and colleagues divided each sample into four aliquots (with
and without PMA treatment), two of which were spiked with a
sample process control consisting of a defined concentration
of dead bacterial cells. The qPCR signal of the two aliquots
(without PMA treatment) was compared where the sample
process control was used as a quantitative reference for the
DNA extraction efficiency. Thus, future studies on PMA-
qPCR should include a sample process control to provide a
more reliable quantification of viable E. faecalis cells in
seawater.
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Comparison of the PMA-qPCR assay to the standard MF
method

The results of the developed PMA-qPCR assay did not match
that of the standard MF method in spiked seawater samples
exposed to solar radiation. This difference in the results re-
flects the different physiological states of E. faecalis cells in
seawater. Previous studies have confirmed the susceptibility
of culturable E. faecalis cells to solar radiation (Bae and
Wuertz 2009b; Sassoubre et al. 2012). In this study, the
exposure to solar radiation led the E. faecalis cells to lose
culturability and enter a VBNC state. This was indicated by
the decrease in the concentration of culturable E. faecalis cells
and concurrent relative persistence in the concentration of
viable E. faecalis cells. Thus, in this case, the MF method
underestimated the concentration of viable E. faecalis cells.
Moreover, Sassoubre and colleagues (2012) suggested that
solar radiation could damage and inhibit the metabolic activity
of E. faecalis cells before disrupting its membrane integrity.
Therefore, solar radiation does not directly damage the cellu-
lar membrane of E. faecalis cells and this could lead the
developed PMA-qPCR assay to overestimate the concentra-
tion of viable E. faecalis cells.

It is important to note that Sassoubre and colleagues (2012)
also showed that E. faecalis cells cannot repair the damage
caused by exposure to solar radiation which is consistent with
previous studies that suggested that the VBNC state is only a
transient state before the disintegration of the cellular mem-
brane and consequently cell death (Bogosian et al. 2000).
Thus, the initial decrease in the concentration of viable
E. faecalis cells, which was also observed in the study of

Bae and Wuertz (2009b), could be due to the presence of
previously injured cells that directly entered a VBNC state
and eventually lost its membrane integrity after 25 h (Fig. 3).

The integration of blue LEDs and membrane filtration into
the PMA-qPCR assay was successful for the detection and
quantification of viable E. faecalis cells in 10-mL samples of
marine recreational waters. The developed PMA-qPCR assay
was rapid (∼5 h) compared to the standard MF method
(Table 3). However, the accuracy and detection limit of the
assay should be further improved to achieve better results. For
example, Fittipaldi and colleagues (2011) developed a three-
assay qPCR strategy to determine and eliminate the false-
positive and false-negative results obtained by PMA-qPCR
in wastewater settings. The validation of this strategy in sea-
water settings could improve the accuracy of the developed
PMA-qPCR assay.

Also, it is important to emphasize the need to further test
the developed PMA-qPCR assay in different seawater sites
and settings in order to achieve a robust assay that could be
implemented at a wide scale. In addition, epidemiological
studies are required in order to associate the PMA-qPCR
results of E. faecalis cells in seawater with the rates of
swimming-related illnesses among recreational bathers. These
steps are crucial to determine quantitative health risk values
that would be used to develop new guidelines for marine
recreational waters based on PMA-qPCR. Only then, the
developed PMA-qPCR assay could substitute the standard
MF method in monitoring the microbiological quality of
marine recreational waters.

The approach developed in this study by integrating blue
LEDs and membrane filtration into PMA-qPCR assay can be

Table 3 Comparison of the developed PMA-qPCR and qPCR assays with the standard MF method

Method Type Time (h) Accuracyc Detection limit Throughput Costf Remarks

PMA-qPCR Molecular–nucleic
acid amplification

∼5a Moderate 102 cells/mLd High High Generates false-positive results in case
of inactive cells with intact membranes or in
case of environmental samples with complex
matrices that prevent the penetration of PMA
or light into membrane-compromised cells.

Generates false-negative results in case of cells
with reversibly damaged membranes

qPCR Molecular–nucleic
acid amplification

∼4a Low 102 cells/mLd High High Extracellular DNA

Does not differentiate between dead and viable
cells

Standard MF Culture 24b Moderate 10 CFU/100 mLe Low Low Generates false-negative results in case of VBNC
cells

a Based on this study
b The time period of the standard MF method was determined from U.S. Environmental Protection Agency (2009)
c The accuracy is rated based on the ability of the method to detect and quantify viable E. faecalis cells
d Based on this study
e The detection limit of the standard MF method was determined from Ferretti et al. (2011)
f The cost of each method was based on the cost of required reagents, consumables and equipment
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applicable to other matrices of clinical or environmental origin
where the target microorganism is present at low concentra-
tions and consequently large-volume samples are required for
analysis. However, the developed approach should be opti-
mized for the matrix conditions (e.g. TDS in case of seawater)
of the respective samples.
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