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Abstract
We report a specific and sensitive method to improve the coupling of propidium monoazide (PMA) with DNA derived from
killed cells of Escherichia coli using UV light of 365 nm. UV light of three different intensities mainly 2.4 × 103, 4.8 × 103, and
7.2 × 103 μJ/cm2 was applied to E. coli cells each for 1, 3, and 5 min. PMAwas found to be successfully cross-linked with the
DNA from killed cells of E. coli at 4.8 × 103 μJ/cm2 in 3 min leading to the complete inhibition of PCR amplification of DNA
derived from PMA-treated heat-killed cells. In spiked phosphate-buffered saline and potable water samples, the difference of the
Cq values between PMA-treated viable cells and PMA-untreated viable cells ranged from −0.17 to 0.2, demonstrating that UV-
induced PMA activation had a negligible effect on viable cells. In contrast, the difference of the Cq values between PMA-treated
heat-killed cells and PMA-untreated heat-killed cells ranged from 8.9 to 9.99, indicating the ability of PMA to inhibit PCR
amplification of DNA derived from killed cells to an equivalent as low as 100 CFU. In conclusion, this UV-coupled PMA-qPCR
assay provided a rapid and sensitive methodology to selectively detect viable E. coli cells in spiked water samples within 4 h.
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Water must be free from pathogens to become reliable for safe
drinking purposes. Public health protection requires an imme-
diate evaluation of microorganisms in drinking water to pre-
vent outbreaks of microbial contamination. Children under the
age of 5 years are more vulnerable to diarrheal diseases with
about 800 child deaths per day [1, 2]. Escherichia coli is
widely recognized not only as the indicator of fecal contami-
nation of water resources but also as pathogen [3, 4].
However, culture-based methods and biochemical assays used
for isolation and identification of E. coli strains require 72–

96 h while giving little information about the type of the strain
or the isolate. In order to prevent future outbreaks, it is neces-
sary to develop rapid yet specific methods for the detection of
E. coli. Thus, quantitative PCR (qPCR) has been effectively
employed to overcome the shortcomings associated with
culture-based methods mainly in terms of selectivity, specific-
ity, and rapidity [5, 6]. However, persistence of DNA from
dead or membrane-compromised cells in PCR reactions could
cause false-positive results, hence, lead to overestimation of
the viable cell counts in a water sample [7]. Such limitation
actually restricts the effective use of PCR for determining
microbiological safety of water samples. A propidium
monoazide (PMA)-based method has been shown to selec-
tively inhibit the PCR amplification of DNA derived from
dead or membrane-compromised cells by treating samples
with PMA before DNA extraction [8]. PMA can penetrate
membrane-compromised cells and when exposed to an in-
tense light source leads to covalent bond formation with the
DNA strands [8]. This process inhibits subsequent PCR am-
plification [9]. Notably, PMA cannot penetrate viable cells
with intact membranes; thus, only DNA from viable cells
can be amplified by PCR [10]. This method has been success-
fully used for microbiological monitoring of pathogens in a
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number of previous studies [10–16]. Moreover, earlier studies
employed high-wattage halogen lamps and LEDs for PMA
light activation [8, 17].

In the present study, we have demonstrated PMA activation
using UV light (365 nm). The CL-1000L UV Crosslinker
(Analytik Jena, USA) is a multi-purpose ultraviolet exposure
instrument (contains five mercury lamps) which utilizes a
non-destructive 365 nm longwave UV radiation. Therefore,
the purpose of the present study was (i) to improve the PMA
treatment protocol using UV irradiation (365 nm) and (ii) to
determine the effect of PMA on viable and heat-killed cells of
E. coli in spiked potable water samples using the new
protocol.

Escherichia coliMTCC 3221 cells were grown to logarith-
mic phase (optical density at 600 nm [OD600], 0.5 to 0.6) with
constant shaking in 100 mL Luria Bertani (LB, HiMedia,
Mumbai, India) broth at 37 °C. Aliquots of 1 mL of 0.5
OD600 (4 × 108 CFU/mL) viable cells of E. coli MTCC 3221
were added into autoclaved 1.5-mLmicrocentrifuge tubes and
centrifuged at 11,000×g for 1 min to remove the media com-
ponents. The pellet was washed twice with the sterile buffered
saline to obtain final bacterial suspension of 400 μL. The
bacterial cells contained in 400 μL aliquot were killed by
using a boiling water bath for 5 min. Loss of viability of
heat-killed bacterial cells was tested by spreading 400 μL of
cell suspension on the LB (HiMedia) agar plates which
yielded no growth of E. coli MTCC 3221 after incubation at
37 °C for 24 h. PMA treatment was performed according to
Nocker et al. [9] with some modifications as described below.
In brief, PMA (Biotium Inc., Hayward, CA, USA) was dis-
solved in 20% dimethyl sulfoxide (DMSO; Sigma-Aldrich,
St. Louis, MO, USA) to obtain a stock concentration of
10 mM and stored at − 20 °C in the dark. An aliquot of
2.0 μL of 10 mM PMAwas added to each 400 μL of viable
cells, heat-killed cells, and mixtures of viable and killed cells
to obtain a final concentration of 50 μM and incubated in dark
for 10 min using opaque microcentrifuge tubes. Each PMA-
treated cell suspension was then transferred to 5-mL sterile
glass vials (Fisherbrand™, #03-338B, Indiana, PA, USA) in
order to achieve maximum UV light treatment as mentioned
below. PMA-treated cells were exposed to 365 nm UV light
(8-W mercury lamp, #F8T5, HITACHI, Chiyoda, Tokyo,
Japan) for 1, 3, and 5 min each at 2.4 × 103 microjoules per
centimeter square (μJ/cm2), 4.8 × 103 μJ/cm2, and 7.2 ×
103 μJ/cm2. UV treatment was given at a distance of 15 cm
from the UV light source. To prevent the DNA degradation by
UV irradiation, 5 mM MgCl2 (filter-sterilized) was added to
killed and a mixture of killed and viable bacterial cells [18].

DNA from E. coli MTCC 3221 was extracted using a
FastDNA™ Spin Kit (MP Biomedicals, Santa Ana, CA,
USA) according to the manufacturer’s instructions. The con-
centration of DNA was determined by using a NanoDrop™
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,

USA)which yielded 10.5 ng/μLwith anA260/A280 ratio of 1.8.
For PMA-qPCR, we used primers IEC-UP 5 ′-CAA
TTTTCGTGTCCCCTTCG-3′ and IEC-DN 5′-GTTA
ATGATAGTGTGTCGAAAC-3′ [19] targeting distal and
proximal conserved flanking regions of the 16S rRNA gene,
the Internal Transcribed Spacer (ITS) region, and the 23S
rRNA gene for detection of E. coli to amplify an expected size
of 450 bp fragments. Oligonucleotide primers were synthe-
sized by Integrated DNA Technologies (Coralville, IA,
USA). The amplification reaction was carried out by using
the FastStart Universal SYBR Green Master (Roche
Diagnostics, Indianapolis, IN, USA) [6]. Five microliters of
the template was transferred directly to a 15-μL PCR mixture
containing 50 pmol/μL each of forward and reverse primer,
3.3 μg/μL BSA, 2× FastStart Universal SYBR Green Master,
and the volume of PCR reaction mixture was adjusted using
2 μL of PCR grade water (Roche Diagnostics) [6]. In each
experiment, 5 μL of PCR grade water (Roche Diagnostics)
was added to PCR mixtures as a negative control. The qPCR
mixtures were subjected to thermal cycling for 180 s at 95 °C
and then 40 cycles of 30 s at 94 °C, 30 s at 58 °C, and 30 s at
72 °C. The amplification reaction was performed using the
LightCycler® 96 Real-Time PCR system (Roche
Diagnostics) in triplicate. The specificity of the assay was
evaluated from melting profiles generated for the amplicons
over a temperature range of 65 to 95 °C, where the melting
temperature (Tm) was defined as the peak of fluorescence in
the generated melting curves. The PCR products were further
confirmed by 2% agarose gel electrophoresis and the gels
were visualized on a UV transilluminator (E-Gel Imager
System, Thermo Fisher Scientific). To evaluate the specificity
of the amplification of the target gene, the amplicon obtained
by qPCR was sequenced using the same set of primers at
Eurofins Genomics (Bengaluru, India). The obtained se-
quences were analyzed using the BLAST software suite at
the National Centre for Biotechnology Information (http://
www.ncbi.nlm.nih.gov/blast) to determine the phylogenetic
identity. A process control consisting of 500 Bacillus
atrophaeus spores was incorporated in the qPCR reaction.
The spores were prepared according to Picard et al. [20].
Primer sequence, F-5′-CACTTCATTTAGGCGACGAT
ACT-3′ and R-5′-TTGTCTGTGAATCGGATCTTTCTC-3′,
was used for detection of spores in qPCR reactions [20]. The
standard curves were generated using purified DNA extracted
from pure culture (OD600 = 0.5) of E. coliMTCC 3221 using
dilutions in the range from 56 picograms to 0.007 picograms
(1 × 103 CFU equivalents to 1 × 100 CFU equivalent),
wherein the experiments were performed three times using
three different DNA preparations. The Cq values for each set
of reactions were plotted against log DNA quantities to obtain
a standard curve.

For spiking experiments, E. coliMTCC 3221was employed
as a standard strain. The strain was grown to the logarithmic
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phase as described above. For spiking PBS (137 mM NaCl,
6.4 mM Na2HPO4, 2.7 mM KCl, 0.88 mM KH2PO4,
pH 7.4), ten 400 μL aliquots were transferred each into
1.5-mL tubes and five were killed by heating as described
above. Four each of the viable and heat-killed aliquots were
spiked in 1 mL PBS. One heat-killed cell aliquot was plated
onto LB agar which confirmed the complete loss of viability.
For spiking potable water samples, ten potable water samples
(total 1 L) were collected from Sancoale (Goa, India) in sterile
screw-cap glass bottles and stored at 4–8 °C until used. Ten
400 μL aliquots of cell cultures were transferred into 1.5-mL
tubes and five were killed by heating as described above. Four
each of the viable and heat-killed aliquots were spiked in 1 mL
double-autoclaved potable water samples. One heat-killed cell
aliquot was spread plated on LB agar which confirmed the loss
of cell viability of E. coli. Water samples were tested negative
for the occurrence of naked environmental DNA prior to the
spiking experiments. Each spiking experiment was performed
in triplicate. B. atrophaeus spores were included in PMA-
treated cell suspensions after the UV treatment to monitor the
inhibition of PCR amplification by any inhibitory factors from
the water samples. PMA treatment, UV irradiation, and DNA
purification were performed as described above.

The statistical significance of differences in Cq values was
assessed using a one-way analysis of variance (ANOVA) and
a post hoc Tukey-Kramer multiple comparison test. All indi-
vidual results were recorded and statistical significance was
calculated using Microsoft Excel 2007 software (Microsoft
Corporation; Redmond, WA, USA). To evaluate the effect of
PMA on qPCR-amplifiable DNA from viable and killed cell
samples,ΔCq (Cq value for PMA-treated cells − Cq value for
untreated cells) values were calculated. When the (two-sided)
p value was less than 0.05, we concluded that there was a
significant difference between PMA treatment of viable and
killed cells using UV radiation.

A novel strategy has been developed for real-time differen-
tiation of DNA from viable and dead or membrane-
compromised cells using PMA treatment as described previ-
ously [8]. This method involves the treatment of cells with
PMA and subsequent PMA activation using high-intensity
light. Many PMA-based studies have employed high-
wattage halogen lamps, which produce heat during PMA
treatment that may render viable cells to become membrane-
compromised and in turn susceptible to PMA cross-linking [8,
17]. As an alternative to halogen lamps, the use of 460 nm
LEDs was demonstrated by Hellein et al. [17]. However, im-
provements are required for PMA light activation. Therefore,
the purpose of our study was aimed at discriminating between
viable and killed E. coli cells by UV-induced PMA activation.
PMA-qPCR assay was successfully applied to detect the tar-
get genes, namely, 16S rRNA gene, the ITS region, and the
23S rRNA gene of E. coli using IEC primer set [19] (Fig. 1a).
Non-specific annealing and primer-dimer formation were not

observed. The melting curve analyses demonstrated that the
PMA-qPCR assay was highly specific. Such analyses also
demonstrated the presence of accurate and reproducible melt-
ing peaks devoid of any non-specific products (Fig. 1b).

PCR assays of PMA-treated cells could differentiate viable
cells from a mixture of viable and killed cells of E. coliMTCC
3221 for UV radiation exposure at 4.8 × 103 μJ/cm2 for 3 min
as shown in Fig. 2a. UV radiation exposures for 1 and 5 min
did not yield any differentiation between viable and mixture of
killed and viable cells (Supplementary Information, Table S1).
The UV radiation treatment of PMA-treated cells showed that
the cycle of quantitation (Cq) values of PMA-treated killed
cells was higher than the Cq values of the mixture of viable
and killed cells for E. coli MTCC 3221 (Fig. 2b). In contrast,
PMA-qPCR assay could not completely distinguish the pres-
ence of viable cells from a mixture of viable and killed cells of
E. coliMTCC 3221when exposed to UV light at 2.4 × 103 μJ/
cm2 and 7.2 × 103 μJ/cm2 either for 1, 3, or 5 min. UV irradi-
ation of PMA-treated cells did not reveal significant changes
in Cq values of PMA-treated viable cells when compared with
the Cq values of the mixture of viable and killed cells for
E. coliMTCC 3221 as illustrated in Figs. 3 and 4. In the case

Fig. 1 Amplification of DNA from Escherichia coli cells. Amplification
signals (a) and typical melting curves (b) showing detection of DNA from
pure cultures of Escherichia coli MTCC 3221. Bacillus atrophaeus
spores were used as process control in qPCR reactions using specific
primers targeting the atpD gene [20]. ΔRn, fluorescence intensity
change; − df/dt, fluorescence per unit temperature; NTC, no template
control
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of UV light at 2.4 × 103 μJ/cm2 and 7.2 × 103 μJ/cm2, the
covalent coupling of PMAwith DNA derived from killed cells

of E. coli MTCC 3221 could not be achieved when exposed
either for 1, 3, or 5 min. The reason for these results is un-
known; however, it could possibly be either due to the pene-
tration of PMA into viable cells in the mixture of viable and
killed cells as a result of UVirradiation or insufficient covalent
binding of PMA to DNA from killed cells. However, in the
present context, no supporting data are available for UV-
induced cross-linking of PMAwith the DNA from killed cells.

Applications of UV radiations for catalyzing the covalent
attachment of nucleic acids to blotting membranes by activat-
ing interactions between thymines or uracils and the amine
groups on the membrane matrix were reported previously
[21]. Besides, the versatile wavelength of UV radiation is ef-
fective inmanymolecular biology applications such as restric-
tion digestion of DNA and testing of recA mutations [18, 22].
In this study, PMAwas coupled with the DNA derived from
killed cells using UV light which resulted in complete inhibi-
tion of DNA amplification from killed cells. Due to UV irra-
diation, a declining tendency in Cq values of DNA from a
mixture of viable and killed cells (average Cq, 28.13) was
observed (Fig. 2a). The Cq values of mixed viable and killed
cells extensively reflected the amount of DNA of viable cells
(average Cq, 28.45) despite a large amount of DNA from
killed cells in the mixture (average Cq, 34.14) (Fig. 2a, b).
These observations indicated that PMA treatment differentiat-
ed between viable cells from a mixture of viable and killed
cells of E. coli when exposed to UV radiation at 4.8 × 103 μJ/
cm2 for 3 min. Herein, 1 and 5 min of UV exposure at 4.8 ×
103 μJ/cm2 might be inadequate for covalent cross-linking of
PMA to DNA derived from killed cells or PMA binding to
DNA from killed cells might be hindered; however, this as-
sumption requires a separate experimental validation.
Nevertheless, 3 min of UV treatment was found to be opti-
mum UV exposure time for PMA activation in the present
study.

Fig. 3 UV treatment of viable, killed, and a mixture of viable and killed
Escherichia coli MTCC 3221 cells at 2.4 × 103 μJ/cm2 for 1, 3, and
5 min. Each bar represents the average Cq value of a triplicate
experiment ± standard deviation

Fig. 4 UV treatment at 7.2 × 103 μJ/cm2 to viable, killed, and mixture of
viable and killed cells of Escherichia coliMTCC 3221 cells for 1, 3, and
5 min. Each bar represents the average Cq value of a triplicate experiment
± standard deviation

Fig. 2 UV treatment at 4.8 × 103 μJ/cm2 to viable, killed, and a mixture
of viable and killed cells of Escherichia coliMTCC 3221 for 3 min. UV
treatment at 4.8 × 103 μJ/cm2 for 3 min resulted in complete inhibition of
DNA amplification from killed cells by qPCR (a). Amplification curves
for PMA-treated viable, killed, and a mixture of viable and killed cells of
Escherichia coliMTCC 3221 at 4.8 × 103 μJ/cm2 for 3 min (b). Each bar
represents the average Cq value of a triplicate experiment ± standard
deviation. ΔRn, fluorescence intensity change; NTC, no template control
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The sensitivity of the qPCR was determined by gener-
ating the standard curves (Supplementary Information,
Fig. S2) using the optimized qPCR amplification assay
conditions. The analysis of the standard curve revealed
that the qPCR assay could detect as low as 6–7
femtograms of DNA per PCR reaction, which is equiva-
lent to approximately 1 viable cell of E. coli [6, 23, 24].
The amplification efficiency of the PMA-qPCR was 90%.
Agarose gel electrophoresis (2%) of the qPCR products
also showed the desired quality of amplification devoid of
any formation of primer-dimers (Supplementary
Information, Fig. S3). The amplicon sequencing also con-
firmed the specificity of IEC primer set employed in UV-
coupled PMA-qPCR assay for E. coli detection and quan-
tification (Supplementary Information, Fig. S4).

PMA-qPCR of spiked water and PBS samples yielded
the results in which PMA greatly reduced the amplifica-
tions of DNA derived from heat-killed samples. The ΔCq
values for live cells ranged from − 0.17 to 0.2 (Table 1)
indicating that UV-induced PMA activation had a negli-
gible effect on viable cells (equivalent to 8 × 102 CFU;
average Cq, 28.68). In contrast, ΔCq values for heat-
killed cells ranged from 8.9 to 9.99 (Table 1), demonstrat-
ing the ability of PMA to inhibit PCR amplification of
DNA derived from killed cells. These observations sug-
gested that the amplification of DNA derived from PMA-
treated heat-killed cells was reduced to an equivalent as
low as 100 CFU (average Cq, 37.65). In addition, we
observed significant differences between ΔCq values of
PMA-treated heat-killed cells and all other sample types
(PMA-treated viable cells, PMA-untreated viable cells,
and PMA-untreated heat-killed cells; p < 0.03) as deter-
mined by paired t test and Tukey-Kramer procedure
(Supplementary Information, Table S5). Subsequently,
these results indicated that UV-induced PMA activation
was sufficiently effective to inhibit PCR amplification of
DNA derived from killed cells (Fig. 5). Consequently,
these results showed that PMA coupled with UV light

proved to be a good method to differentiate DNA of via-
ble cells from that of killed cells. Moreover, setting and
usage of halogen and LED light are cumbersome, whereas
the use of CL-1000L UV Crosslinker is hassle-free, time-
efficient, and effective for cross-linking PMA.

In the present study, the assay represented a signifi-
cant improvement for selective detection of viable
E. coli cells by UV-irradiated PMA-qPCR. This could
be due to our modified PMA treatment process, as in-
dicated by the significant differences in ΔCq values be-
tween viable cells and killed cells resulting from PMA
cross-linking to DNA by UV light (Table 1) and the
selectivity of PMA in inhibiting DNA amplification
from dead cells [25]. These improvements appear to
be simple as they impart various advantages on the
PMA-qPCR assay such as it becomes convenient to
achieve a uniform cross-linking effect, which would
contribute to the improved sensitivity of PMA-qPCR.
It is also easy to place a large number of samples in
CL-1000L UV Crosslinker and irradiate equal intensity
of UV light exposure for cross-linking. Besides this,
there is no heat generation during UV treatment, there-
by, the killing of viable cells may be circumvented
which otherwise renders viable cells susceptible to
PMA treatment.

In conclusion, PMA-qPCR has been found to be spe-
cific and sensitive for the detection and quantification of
viable E. coli using UV irradiation at 4.8 × 103 μJ/cm2

for 3 min. This assay has also been adapted for the
detection of viable E. coli cells from spiked samples
and, hence, this strategy may, therefore, be effectively
used for accurate microbiological monitoring of water
quality. However, further studies may be required in or-
der to validate the time-dependent exposure of UV light

Table 1 Average ΔCq values (Cq value for PMA-treated cells − Cq
value for PMA-untreated cells) and standard deviations for amplification
of DNA from Escherichia coli cells spiked in PBS and water samples

Sample typen Viable cells* Heat-killed cells*

Escherichia coli cells–spiked in PBS

Sample 1 − 0.17 ± 0.4 9.34 ± 0.36

Sample 2 − 0.32 ± 0.27 9.99 ± 1.18

Escherichia coli cells–spiked in potable water

Sample 1 0.20 ± 0.13 8.9 ± 1.8

Sample 2 − 1.215 ± 0.94 9.965 ± 0.7

n = 3
*Mean ΔCq ± standard deviation

Fig. 5 Amplification plot for comparison between PMA-treated and
PMA-untreated viable and killed cells using UV light for 3 min at
4.8 × 103 μJ/cm2. ΔRn, fluorescence intensity change; NTC, no template
control
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for the activation of PMA to corroborate its equivalence
to the already existing PMA treatment protocols.
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