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Combination of pretreatment with propidium monoazide by competitive polymerase chain
reaction (cPCR) was evaluated to enumerate the viability of Salmonella spp. The results showed
that PMA treatment was effective in preventing the cPCR detection of target sequences from nonviable cells. In less than 5 hrs, this method generated a signal from viable but nonculturable
(VBNC) Salmonella spp. The standard culture method gave approximately 1-2 log10 cfu ml-1 less
as compared to the PMA-cPCR results. These results provided evidence to support the VBNC
state, whereas, the viable cells failed to be cultured by SCM. The proposed method did not detect
DNA from dead Salmonella spp. but recognizes the infectious potential of the VBNC state and is
thereby, able to assess the effect of control strategies and provide trustworthy data for risk
assessment.
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Introduction

Salmonellosis is an enteric pathogen that has
frequently been reported for causing illness in many
industrialized countries. Salmonella can be found in humans
and in various animal species, and is generally shed in their
feces. The operations that take place in slaughterhouses, feed
mills, food production units, and with herds of livestock are
the most common sources of Salmonella that pose a threat to
human health (Yang et al., 2012; Elizaquível et al., 2012).
Salmonella strains are responsible for most cases of
gastroenteritis, enteric fever, septicemia, and are capable of
surviving outside their host for various periods of time (Sunar
et al., 2009a, 2009b).
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The standard cultivation methods typically take
around 24 hours or more to quantify the amount of
Salmonella in samples (Sunar et al., 2010a). These methods
have several disadvantages apart from being time-consuming
(Jacobsen & Bech 2012; Sunar et al., 2009a). They are not
always specific, they omit organisms that are viable in their
natural environment but cannot be cultured (VBNC) as these
sometimes fail to detect Salmonella spp. when present
(Trevors, 2012).
The PCR is well known as an effective tool for
detecting bacteria in environmental samples; however, PCR
can only provide qualitative results. Competitive PCR
(cPCR) is a powerful technique for quantifying DNA that
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Fig. 1 : The outcome from cPCR. (Panel A) The amplification of a fixed amount of Salmonella spp DNA (2.4 x 104 cfu/μl) with increasing amounts of
competitor DNA from 64 copies/μl (Lane 4) to 6.4E+108 copies/μl (Lane 11). (Panel B) cPCR validation. The quantification of template/competitor ratio
after being quantified by Image J software.
Journal of Environmental Biology, Special issue September 2016
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functions as a DNA-intercalating dye with groups to allow
covalent binding of the chemical to DNA upon exposure to
bring visible light, known as photoactivation (Wang et al.,
2014). Propidium monoazide can penetrate comprised
membranes (that generally occur in dead cells), after which
they bind to DNA after photo-induction of azide group. DNA
covalently bound to propidium monoazide cannot be
subsequently amplified by PCR and free propidium
monoazide is deactivated during photo-activation. The
process renders the DNA insoluble and it will be removed
during the DNA extraction protocol (Frankenhuyzen et al.,
2013). Thus, only DNA from viable cells is amplified in a
PCR on a template solution that has been treated with
propidium monoazide. This paper reports the development of
a novel cPCR protocol that is combined with propidium
monoazide pre-treatment. According to existing knowledge,
propidium monoazide has never been coupled with a cPCR
method to test the viability of Salmonella spp. The aim of the
present study was to examine the potential usefulness of
propidium monoazide-cPCR to quantify viability of
Salmonella DNA in aqueous samples. With this aim, the first
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overcomes the limitations of conventional PCR by coamplifying the target DNA fragment with a known amount of
competitor DNA fragment. If the competitor fragment is
selected, as it shares most of its sequence with the target
particularly the primer annealing sites, then the two templates
will be subject to the same predictable and unpredictable
variables that affect the amplification rate (Zentilin and
Giacca, 2007). Thus, the ratio of the target and competitor
after PCR reflects the relative initial amount of two
templates. Often the competitor is selected to be slightly
shorter than the target so that the two fragments can be readily
distinguished after PCR (e.g., by agarose gel
electrophoresis). Quantification is more straightforward if
the series concentration of target and competitor are similar;
thus, a cPCR experiment usually involves reactions
containing the same amount of target and a serial dilution of a
known amount of competitor.
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The technique of cPCR targets the DNA sequence
that co-amplifies with known amount of a competitor DNA,
which shares most of its sequence with the target. As the
target sequence and competitor fragment are amplified at the
same rate, their relative abundance in the PCR product is a
measure of their initial relative abundance.
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As a matter of fact, though a PCR-based technique,
such as cPCR, is considered to have potential as a fast
alternative method to detect pathogenic bacteria in samples
but unfortunately it can not differentiate between live or dead
cells as the DNA of both would be amplified together. This
could result in the overestimation of (pathogenic) organisms,
particularly in samples that have undergone some form of
sanitization treatment. Thus, differentiation between live and
dead cells is an important challenge in microbial enumeration
methods.
Recently, to solve this limitation, propidium
monoazide and ethidium monoazide have been reported to be
useful in determining viable DNA using PCR technique
(Elizaquível et al., 2012). Some researchers indicated that
ethidium monoazide-PCR was likely to be the most useful
method to differentiate between viable and dead cells (Blooi
et al., 2013). However, other reports indicated that propidium
monoazide was more advantageous than ethidium
monoazide (Lee and Levin, 2009).

Propidium monoazide only penetrates into dead cells,
whereas ethidium monoazide has been shown to be
incorporated in living cells as well, leading to a substantial
loss of DNA (Fittipaldi et al., 2012). Propidium monoazide

Fig. 2 : Salmonella spp. DNA cell results for samples that contained live
cells, dead cells, and mixture of live and dead cells. Lane 1: Ladder (100bp
New England Bio); Lane 2: Negative control; Lane 3: Positive control;
Lane 4: 100% of dead cells of Salmonella spp.; Lane 5: 100% of live cells
of Salmonella spp.; Lane 6: Mixture of 50% dead and 50% live
Salmonella spp. cells.
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The PCR reaction mixture contained 2.5μl of purified
DNA, 5 units of GoTaq reaction buffer from Promega Corp.,
USA, 1 x PCR reaction buffer at approximately 10μl, 1.5mM
MgCl2 (already in the GoTaq reaction buffer), 10 mM PCR
nucleotide mix (Promega Corp., USA) and 1.5 μM DNA
primer in a final volume of 50 μl. The reaction mixtures were
incubated at 95°C for 2 min, and then cycled 30 times for
another three steps: denaturing (95°C, 30 sec); annealing
(50°C, 30 sec); and finally, primer extension (72°C, 45 sec).
This was followed by the final extension step at 72°C for 7
mins. Amplification product sizes were verified by
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Materials and Methods

and centrifuged at top speed in a micro-centrifuge for one
minute to remove cell debris. The supernatant was then
transferred into a new tube that was used as a source of DNA.
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propidium monoazide-cPCR was evaluated and compared
with those derived from plate counts. This improved
technique will be useful as an essential tool to differentiate
between viable and dead cells of pathogen counts, especially
in waste, food and environment samples.

Test 1

Relative density (C/T)

5
4
3
2
1
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Bacterial cell culture and culture media : Salmonella
enteritidis culti-loops, ATTC 13076 (Remel, Lenexa, KS)
were suspended in a tryptone soya broth (Oxoid). Tryptone
soya broth (TSB) was prepared earlier by suspending 30g in
one liter of distilled water in a clean flask. The flask
containing the broth was then sterilized by autoclaving at
121°C for 15 mins. The cell was grown in tryptone soya broth
approximately after 24 hrs in the fridge. The cell culture was
enumerated by plating appropriate serial dilutions using a
sterile ringer solution on tryptone soya agar from Oxoid. It
was prepared by suspending 40g of tryptone soya agar in one
liter of purified water and boiled until it dissolved
completely; it was then sterilized at 121°C for 15 mins. The
cells grown in the TSB were counted by plating out on TSA
immediately after incubation for 24 hours at 37°C.
Approximately, 500μl of Salmonella spp. solution was then
distributed into tubes with three replicates. This cell culture,
known as the template that would be used in cPCR works.
The TSA was also used for enumerating the colony forming
unit in an aqueous sample immediately after propidium
monoazide treatment. This procedure was to corroborate the
enumeration provided by cPCR after propidium monoazide
treatment.
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Polymerase chain reaction carried out (PCR) procedure :
The original PCR experiments were on cell cultures in order
to validate the functionality of the reagents and primers. Cells
were taken from the growing colonies on media plates using a
sterile toothpick and were suspended in 100μl of sterile
o
distilled water. Samples were heated at 99 C for 5 minutes,

Test 2 :
cPCR
Test 2 :
PMA
Linear :
cPCR
Linear :
PMA
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Selection of primers : PCR primers were selected that
targeted a 285 bp segment of the invA gene of Salmonella (the
invA gene of Salmonella is a component of the cell invasion
apparatus) (Rahn et al., 1992). These primers were invA139
(5' gtg aaa tta tcg cca cgt tcg ggc aa 3') and invA141 (5' tca tcg
cac cgt caa agg aac c 3'), which target locations 287-312 and
571-550 within the invA gene respectively (Rahn et al.,
1992). These primers showed excellent specificity for
Salmonella, detecting 99.4% of Salmonella strains without
false positives when tested against 630 Salmonella strains
and 142 non-Salmonella strains (Rahn et al., 1992).
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Fig. 3 : Analysis of average relative density of template and competitor
fragment (n=3) measured by ImageJ software for Tests 1, 2 and 3

Rapid propidium monoazide cPCR assay for exclusive quantification
Table 1 : Calibration curves estimation for PMA-cPCR validation values
by quantification of competitor/template ratio against dilution of the
competitor series.
Validation value (R2)

Test 1
Test 2
Test 3

0.97
0.96
0.96

BLAST2 (Basic Local Alignment Search Tool) produced by
EMBL Nucleotide Sequences Database (European
Molecular Biology Laboratory) from the European
Bioinformatics Institute (Wéry et al., 2008). Default settings
were used for the BLAST parameters (match/mismatch
scores 2,-3, open gap penalty 5, gap extension penalty 2). The
default settings used the drop down menu showing the hits
found in BLAST that locate all common three-letter words
between the sequence of interest and the hit sequence, or
sequences from the database.
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electrophoresis of 10 μl samples in a 1.0% agarose Tris
borate ethylenediaminetetraacetic acid gel with ethidium
bromide staining.
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PCR reaction conditions using salmonella spp. DNA :
PCR with invA genes primers was then conducted with DNA
from Salmonella enteritidis (ATCC13076) supplied from
Remel Europe Ltd. in culti-loops. A suspension of
Salmonella cells in sterile distilled water was lysed by
heating to 99ºC for 5 mins. Cell debris was then removed by
centrifugation. A PCR reaction was set-up containing 2.5 μl
of DNA solution, 5 units of GoTaq DNA polymerase
(Promega Corp., USA) 1× GoTaq PCR reaction buffer
(containing 1.5mM MgCl2), 0.2mM PCR nucleotide mix
(Promega Corp., USA) and 0.6 μM DNA primers in a final
volume of 50 μl. This reaction mixture (and a sterile control)
was incubated at 95ºC for 2 mins and then cycled 30 times in
three steps: i) denaturing (95ºC, 30 sec); annealing (50ºC, 30
seconds), iii) primer extension (72ºC, 45 sec). This was
followed by a final extension step at 72ºC for 7 mins. The
PCR product was purified using agarose gel electrophoresis
and a QIAquick Gel Extraction Kit (QIAGEN Ltd., UK). The
PCR product, which was just under 300bp long, was then sent
for direct DNA sequencing (ABI 3100xl Capillary
Sequencer) using both the invA139 and invA141 primers.

Competitive fragment for cPCR : The DNA fragment
competitor with a small deletion was utilized from the DNA
fragment produced by the Salmonella spp. primers invA139
and invA141, following the outline protocol developed by
Sunar et al. (2010b). The third 'internal' primer required,
which comprises a ~20bp sequence that will anneal to a site
within the DNA template attached to the 3 end of one of the
primers that produced the template (Zentilin and Giacca,
2007). The design of this 20bp sequence was undertaken
from the target sequence using Primer3 (Rozen and
Skaletsky, 2000) to produce a competitor fragment
approximately ~100bp shorter than the target for easy
identification by agarose gel electrophoresis. Two suitable
20bp sequences were used (5 ctg ttt acc ggg cat acc at 3 and 5
ggg cat acc atc cag aga aa 3) and two primers (Sal-I and Sal-IV1, respectively) attached to these sequences to the 3 end of
invA141. These primers were manufactured by Eurofins
MWG Operon, Germany.
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Fig. 4 : Comparison of different enumeration methods for Salmonella spp.
using aqueous sample
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DNA sequence analysis : The specificities of all the probes
and primers at species level were verified using NCBI-

1.00E+10

Competitor fragments were acquired by a PCR
reaction using the invA139 and either the Sal-I or Sal-I-V1
primers. Each PCR contained 5 μl of DNA solution, 5 units of
GoTaq DNA polymerase (Promega Corp., USA), 1× GoTaq
PCR reaction buffer (containing 1.5mM MgCl2), 0.2mM
PCR nucleotide mix (Promega Corp., USA) and 0.6 μM
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Fig. 5 : Overall average values for enumeration of Salmonella spp. using
different methods
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mix (Promega Corp., USA) and 0.6 μM DNA primers
(invA139 and invA141) in a final volume of 50 μl. The
reaction mixtures were incubated at 94ºC for 4 mins and then
cycled 40 times in three steps: denaturing (94ºC, 30 seconds);
annealing (53C, 30 seconds) and primer extension (72ºC, 60
seconds). This was followed by a final extension step at 72ºC
for 7 mins. The PCR products were then imaged via
electrophoresis of 10 μl samples in 1.5% agarose TBE gel
with ethidium bromide staining.

Cop

DNA primers in a final volume of 50 μl. The reaction
mixtures (and a sterile control) were incubated at 95 ºC for 2
minutes, and then cycled 30 times through three steps:
denaturing (95 ºC, 30 seconds), annealing at 64 ºC (De Clercq
et al., 2007) for 30 seconds, primer extension (72ºC, 45
seconds). This was followed by a final extension step at 72ºC
for 7 mins. The PCR products were visualized by agarose gel
electrophoresis and the gel bands representing the desired
products were subsequently excised and purified using
QIAquick Gel Extraction Kit (QIAGEN Ltd., UK).

Analysis of cPCR : In order to quantify the DNA target,
competitive PCR was utilized by running the amplification
according to the cycling profiles, much the same as the
competitor amplification. At this stage, DNA subjected to be
quantified was combined with scalar amount of competitor
DNA. The PCR products were then resolved by gel
electrophoresis and stained with ethidium bromide. The
intensity of two bands, i.e., competitor and target, was
quantified by ImageJ (downloaded from the Research
Service Branch of the National Institute of Mental Health of
NIH) (Zentilin and Giacca, 2007). The competitor and target
bands were easily distinguished by their different mobility
after electrophoresis. The ratio between the amplification
products (competitor/target) was plotted against the
competitor concentrations. This plotted graph provided
reading as an initial amount of target DNA.
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The PCR products were ligated into a standard
cloning vector (p-GEM-T Easy supplied by Promega),
transformed into E. coli cells (XL1-Blue super-competent
cells from Stratagene) and colonies were grown on LB-agar
plates containing ampicillin (100 g ml-1) surface dressed with
IPTG and X-gal (as per the Stratagene protocol) for bluewhite color screening. Colonies containing the insert were restreaked on LB-ampicillin agar plates and single colonies
from these plates were then incubated overnight in liquid LBampicillin. Plasmid DNA was extracted using a QIAprep
Spin Miniprep Kit (QIAGEN Ltd., UK) and sent for
automated DNA sequencing (ABI 3100xl Capillary
Sequencer) using the T7P primer.

Preparation of propidium monoazide solution : The
propidium monoazide (phenanthridium,3-amino-8 azido-5[3-(diethylmethyl-ammonio)propyl]-6-phenyldichloride
(Biotium, Hayward, CA) solution was prepared by diluting
one mg of propidium monoazide with 19.6μl of 100% DMSO
(anhydrous dimethyl sulfoxide) (Biotium, Hayward, CA).
This produced 100mM of propidium monoazide solution in
100% of DMSO. This step was important as propidium
monoazide was only dissolved in DMSO instead of using
water for the initial step of dilution. This solution was then
distributed into dark centrifuge tubes with 4 μl of solution in
each tube. The stock concentration of propidium monoazide
was then prepared by diluting five-folds, by adding 16 μl of
ddH2O directly into each tube. This resulted the stock
concentration of 20mM of propidium monoazide solution in
20% of DMSO. All the tubes were labeled and stored at -20°C
in dark.
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Following confirmation that the plasmid contained
the correct insert, the cells derived from the same original
single colony were then incubated overnight in liquid LBampicillin, so as to achieve the extraction of larger amounts
of plasmid DNA (Sunar et al., 2010b). This concentration of
plasmid in the solution was measured by NanoDrop ND1000 UV-spectrophotometer (Thermo-Fisher Scientific Inc.,
USA). It was then converted into an approximate number of
plasmid copies assuming that 1g of 1,000bp DNA contains
9.1 x1011 molecules (New England Biolab) after correcting
the length of the plasmid formed by pGEM-T Easy and the
insert.

cPCR reaction conditions : A cell culture from Salmonella
enteritidis (ATCC13076) was lysed (99 ºC for 5 mins),
centrifuged to remove the cell debris, and the supernatant
diluted by a factor of 10 was used as target DNA solution.
Each experiment comprised a number of PCR reactions
containing an equal amount of target DNA and one member
of dilution series of the competitor DNA (64, 640, 6400,
64000, 640000, 6400000, 64000000, 6.4E+08 copies/L).
Each PCR reaction mixture contained 10 μl of target DNA
solution, 2l of competitor DNA solution, 5 units of GoTaq
DNA polymerase (Promega Corp., USA), 1× PCR reaction
buffer (containing 1.5mM MgCl2), 0.2mM PCR nucleotide
Journal of Environmental Biology, Special issue September 2016

Propidium monoazide cross-linking procedure : The
propidium monoazide was dissolved in water to make a stock
concentration of 5 mg/ml and stored at -20oC in the dark.
After a brief vortex of DNA samples, propidium monoazide
was added to the samples at a final concentration of 100 μg

Rapid propidium monoazide cPCR assay for exclusive quantification

Different dilution series of competitor were tested in
cPCR to develop the calibration curve as shown in Fig. 1.
This calibration curve for cPCR was plotted according to the
competitor/template ratio. The bands of the amplification
products corresponding to the competitor and target
(Salmonella spp. DNA from aqueous sample) of the gel were
quantified by Image J software. The number of DNA copies
of the competitor added to the sample before starting
amplification was plotted against the competitor/template
ratio. The experimental points were fitted by a straight line
(r''= 0.97), as expected from the theory of competitive PCR.
Fig. 1 shows the reaction conditions using invA gene as a
primer.

Cop

y

-1

ml . It has been reported earlier that this is a suitable
concentration, resulting in highest signal reduction (Nogva et
al., 2003). Following an incubation period of 5 mins in dark
with the occasional flipping at room temperature (Nocker et
al., 2007), the sample was then exposed to light for 3 mins
using a 500 W halogen light source (Varma et al., 2009),
which was placed 20 cm from the sample tubes. During the
exposure, the sample was placed on ice in order to avoid
excessive heating. Following the photo-induced crosslinking process, cells were pelleted at 5,000 x g for 5 mins
prior to DNA isolation.

1063

The upper and lower arrows shown in Panel A
indicate the amplification products for the template and
competitor, respectively. The amount of target amplification
product (T, corresponding to invA gene primer) and the
competitor product (C) were evaluated using Image J
software. The ratio between the two values (C/T) has been
reported at the bottom of gel image. The graph in Fig. 1 (Panel
B) shows quantification of template/competitor ratio after
being quantified by Image J software.
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Propidium monoazide-cPCR reaction conditions : A
propidium monoazide-cPCR with invA primer was
conducted with DNA solution immediately after the
propidium monoazide cross-linking procedure. The dilution
series of the competitor DNA used was 64, 640, 6400,
64000, 640000, 6400000, 64000000, 6.4E+08 copies/L.
Each PCR reaction mixture contained 10 μL of target DNA
solution, 2L of competitor DNA solution, 5 units of GoTaq
DNA polymerase (Promega Corp., USA), 1× PCR reaction
buffer (containing 1.5mM MgCl2), 2mM PCR nucleotide
mix (Promega Corp., USA) and 0.6 μM DNA primers
(invA139 and invA141) in a final volume of 50 μl. The
reaction mixtures were incubated at 94°C for 4 mins, and
then cycled 40 times through three steps: i) denaturing
(94°C, 30 second), ii) annealing (53°C, 30 second), iii)
primer extension (72°C, 60 second). This was followed by a
final extension step at 72°C for 7 mins. The PCR products
were imaged by electrophoresis with 1.5% agarose TBE gel
with ethidium bromide straining.

The PCR program used in the study for cPCR was
deliberately selected to maximize the probability of
obtaining a product from very low copy numbers. Features
included a relatively low annealing temperature of 53ºC, and
a large number of thermal cycles. The former would
maximize the chances of primers annealing to the DNA
template, but may allow non-specific annealing (annealing at
a site where there is some degree of mismatch). The outcome
of such a non-specific annealing would be non-specific PCR
products, which were usually easy to distinguish from the
desired product due to their difference in length (it is
extremely improbable that non-specific annealing of the
primer to either an incorrect site on the Salmonella template
or to non-Salmonella DNA will produce a product of exactly
183bp). Experiments carried out till date with Salmonella as
only template do not indicate any issues with non-specific
amplification, but further work with different samples is
required to completely eliminate this possibility. A PCR

Onl

Results and Discussion

Relationship between the C/T ratio and the input
amount of competitor is shown as a straight line fit
(correlation coefficient, R2= 0.97). The equation describing
this straight line is shown above the line. According to this
equation, the number of competitor DNA copies at C/T ratio,
r''=1 refers to the number of target quantifications in the
aliquot of the sample during PCR amplification.

cPCR validation for Salmonella spp. : The 40-cycle
program used for cPCR takes approximately 2.5 hrs to run.
Different bands on agarose gel produced by the target and
competitor DNA were easily distinguishable on a normal size
gel after 1.5 hrs. Thus, the entire protocol look less than 5 hrs.
Other reactions with very low target DNA copy numbers (not
reported here) showed that 40 copies of the competitor were
readily detected by PCR as a bright band on agarose gel and
significantly fewer than 40 copies of the target DNA (i.e. a
target concentration that produced no band when 40 copies of
the competitor fragment were present) can be detected in the
absence of the competitor fragment. Thus, provided a cPCR
dilution series is always one PCR reaction with no competitor
fragment, it is possible to detect extremely low copy numbers
(possibly one or two copies) of the target.
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Viability of Salmonella spp. DNA (propidium monoazidePCR) : This developed method is highly significant and
useful, particularly when applied in the sanitizing process in
environmental samples. In the beginning, the propidium
monoazide procedure was combined with PCR to determine
the Salmonella spp. DNA target with live and dead cells
(known as propidium monoazide-PCR). The result is shown
in Fig. 2.

the tests (Tests 1, 2, and 3) used the same source of fresh
Salmonella spp. DNA that was prepared in a culture broth
solution. The tests (Tests 1, 2 and 3) were not conducted on
the same day. Each test that involved a set of cPCR and
propidium monoazide-cPCR was carried out on the same
day. The standard cultivation method was used for every
enumeration and to ensure that the Salmonella spp. source
was not less than 1-2 log10 cfu/ml in the original stock.

y

program involving 40 thermal cycles is sufficient to reach the
plateau phase of amplification for most systems, and thus the
products will be readily detectable with rapid, low-cost, easy
to use techniques like gel electrophoresis.

The enumeration methods used for Salmonella spp. is
shown in Fig. 4. Fig. 5 shows additional tests pertaining to
standard cultivation technique that was applied to enumerate
the culture before and after the propidium monoazide pretreatment. These results proved that the method developed
for propidium monoazide treatment did not affect the
viability of live Salmonella spp. during photo-activation
procedure. Fig. 4 and 5 show that the amount of Salmonella
spp. in cfu before and after propidium monoazide pretreatment did not decrease significantly, as all figures were
maintained at the same order or magnitude. This is in
agreement with the previous reports that show that propidium
monoazide does not affect DNA yield from live cells
(Nkuipou-Kenfack et al., 2013; Nocker et al., 2007).
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In this experiment, the Salmonella spp. DNA cells
were separately prepared as 100% dead cells (Lane 4), 100%
live cells (Lane 5), and a mixture of 50% live cells and 50%
dead cells (Lane 6). Propidium monoazide was added to all
the samples containing dead, live and a combination of live
and dead cells. This test showed the success of the propidium
monoazide cross-linking procedure as a pre-treatment to the
PCR method. The light exposure (500 watts) for 5 mins led to
covalent binding and inactivation of free propidium
monoazide.

Fig. 3 shows the result of statistical analysis produced
from relative density of bands measured by Image J software.
The analysis involved an average of relative density
measurements (n=3), which were then plotted against a series
of competitor fragments. As shown in Fig. 3, the amount of
initial target template was read from the point on the curve
where the amount of competitive (C) and target (T) are equal
(Raeymaekers, 1995), whereas, in the study the value point
for relative density (C/T) was 1.

The results of the standard culturing method
(standard culture method) in Fig. 4 for fresh culture showed
the typical bacterial growth phase, as all the tests (Tests 1, 2
and 3) were performed on different days. Beginning with
Test 1 the culture broth was approximately 5.0x107 cfu ml-1.
Then, it slightly increased indicating that the cells in the broth
culture grew at log-phase as measured in Tests 2 and 3, which
gave approximately 6.0x108 cfu ml and 3.0x108 cfu ml-1,
respectively. However, the standard culture method only
measures viable cells in samples. The study showed that
cPCR gave a higher enumeration figure for each test as
compared to standard culture method.

Onl

Propidium monoazide-cPCR validation for Salmonella
spp. : Propidium monoazide combined successfully with
cPCR to utilize the quantitative PCR for enumerating viable
Salmonella spp. DNA. From the results, it can be seen that the
developed cPCR method was successfully combined with
propidium monoazide procedure (in this study it is known as
propidium monoazide-cPCR). A wide range of dilution
series was applied in order to perform the cPCR test (Test 1,
Test 2 and Test 3). This result highlights the trend of
enumeration of known samples of viable DNA shown by the
lines getting brighter with decreasing amounts of competitor
fragment. Validation result of propidium monoazide-cPCR
was analyzed with Image J software to determine relative
density of the bands. The density ratio (C/T) for propidium
monoazide-cPCR was plotted against dilution of the
competitor series, following the same procedure as shown in
Fig. 1 (validation of cPCR). The competitor copy number
was calculated when the C/T ratio was 1 (Zentilin and Giacca,
2007). All validation experimental points were nearly fitted
by a straight line (R2 ~ 1), as shown in Table 1.
Quantification of viable DNA of Salmonella spp
(propidium monoazide-cPCR) : The method of
enumeration of Salmonella spp. using an aqueous sample of
Salmonella spp. in sterile culture broth was conducted. All
Journal of Environmental Biology, Special issue September 2016

This can be explained as the enumeration figures
provided by cPCR included both viable and non-viable DNA.
Standard culture method only enumerated viable culturable

Rapid propidium monoazide cPCR assay for exclusive quantification

The results demonstrated that cPCR has potential to
enumerate Salmonella spp. species in an aqueous solution.
The PCR program used in this study for cPCR was selected in
order to maximize the probability of obtaining a product from
very low copy numbers. Features include a relatively low
annealing temperature of 53°C, and a large number of
thermal cycles. The former maximized the chance of primer
annealing to the DNA template, but may ultimately allow
non-specific annealing, i.e., annealing at a site where there is
some degree of mismatch. The outcome of such non-specific
annealing would be non-specific PCR products, which are
usually easy to distinguish from the desired product owing to
their difference in length. It is extremely improbable that
non-specific annealing of a primer to either an incorrect site
on the Salmonella spp. template or to a non-Salmonella spp.
DNA would produce a product of exactly 183bp.
Importantly, a PCR program involving 40 thermal cycles was
sufficient to reach the plateau phase of amplification for most
systems, and the products would be readily detectable with
rapid, low-cost, easy-to-use techniques, such as gel
electrophoresis.

Cop

Standard culture method gave approximately 1-2
log10 cfu ml-1 less in comparison to the propidium monoazidecPCR results. These results provide evidence to support the
VBNC state; whereas, the viable cells failed to be cultured by
the standard culture method. This is a significant advantage
of DNA-molecular based quantifying methods, such as
cPCR, when applied with propidium monoazide pretreatment. In Fig. 5, all values were used to determine an
average figure to summarize all the tests based on the
different methods.

monoazide-cPCR methods developed in this study.

y

cells. The propidium monoazide-cPCR, only enumerated
viable DNA, thus, showing slightly lower figures as
compared to cPCR.
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In this study, it was found that enumeration technique
using propidium monoazide-cPCR provided rapid
enumeration for viable DNA. The conventional culture
method required 24 hrs to provide the enumeration result;
whereas, the cPCR methods combined with propidium
monoazide treatment required approximately 5 hrs to obtain
the results. The cPCR used in the study showed that they
could provide a potential method for accurately quantifying
Salmonella spp. in samples. cPCR was more accurate than
real-time PCR in all experimental conditions, especially
when determining differences in the nucleic acid abundance
of less than two to four folds (Zentilin and Giacca, 2007).

Onl

The propidium monoazide-cPCR was developed to
turn the qualitative PCR method into an improvised one,
which gave both quantitative results and differentiate
between live and dead. Whilst, in this case, conventional
PCR only showed presence or absence of target
microorganisms, not their concentrations. The results
obtained were considered important because the method also
gave numerical results for Salmonella spp. as these are
needed elsewhere when assessing any environmental quality.
A cPCR method was developed in order to provide
quantitative results for the target microorganisms. The
previous study on deletion method of pathogen-specific
competitor fragments for use in cPCR (Sunar et al., 2009c)
was suitably utilized in this propidium monoazide-cPCR
development. In this study, cPCR technique was utilized to
enumerate Salmonella spp. in aqueous samples. The primers
that produced 284 bp fragment from invA gene proved to be
effective for detection of Salmonella spp. by PCR owing to its
high specificity. A clear and single band imaged in 2%
agarose gel electrophoresis produced a good match; thus, it
was highly significant in the cPCR and propidium

The development of cPCR to enumerate Salmonella
spp. was highly significant and suitable to be adapted to any
aqueous and solid environmental samples. Furthermore,
cPCR detects the presence of pathogen specific DNA and is
able to identify the presence of VBNC cells, which cannot be
enumerated through traditional culturing methods (Higgins
et al., 2007). On this basis there may appear a role for
conventional cPCR in environmental monitoring. The cPCR
procedure, as presented, does not differentiate between
viable and dead cells, which means it could overestimate the
number of viable cells in a system. This might be a serious
limitation for a test applied to the sanitizing process, as the
dead cells may rethidium monoazidein after the waste is safe.
Therefore, the propidium monoazide pretreatment step as
DNA-intercalating dye was used in the cPCR protocol to
provide viable/dead cell differentiation known as propidium
monoazide-cPCR.
The propidium monoazide-cPCR method developed
was shown to be effective in enumerating the live Salmonella
spp. DNA. The quantification results from the propidium
monoazide-cPCR method for viable and non-viable DNA
were analyzed and compared with conventional methods and
cPCR. This type of cPCR and propidium monoazide-cPCR
procedure for quantifying Salmonella spp. showed positive
results, especially when utilized with aqueous sample.
Journal of Environmental Biology, Special issue September 2016
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approximately 10 NTU. Though it can be easily seen by the
naked eye, low turbidity affects and interrupts the propidium
monoazide cross-linking photoactivation process (Luo et al.,
2010). In this context, Varma et al. (2009) reported that tests
with water and biomass samples containing suspended solids
appeared to interfere with the ability of the propidium
monoazide-qPCR method to specifically detect live cells,
thereby suggesting that further optimization of the method is
required (Bae and Wuertz, 2009). The developed propidium
monoazide-cPCR method presented in this study, even if
used effectively for a DNA viability study, may require
further optimization before propidium monoazide pretreatment, as environmental samples usually contain high
levels of turbidity and suspended solids (Sunar, 2011).
Despite the concerns about the propidium monoazide crosslinking procedure, e.g., the DNA-based quantification also
presents challenges with false or negative results that,
depending on the elements contained in the environmental
samples, require laborious optimization procedures to be
eliminated. Therefore, highly competent individuals are
needed if the molecular DNA-based amplification is to be
used for routine environment sample quality monitoring in
the field.

Cop

Moreover, it also represented non-degradation of Salmonella
spp. DNA during cross-linking upon bright light exposure.
The results were approximately of the same magnitude order
at an average 108cfu ml-1 for measured before and after photoactivation procedure. This proves that propidium monoazide
does not penetrate the membranes of live Salmonella spp. cells
and that it is efficiently taken up by the permeabilized cells
(Singh et al., 2013). The propidium monoazide entered the
cells intercalating the dye into double-stranded nucleic acids.
In the binding process, the photo-induced cross-linkage
renders the DNA insoluble and results in its degradation
together with cell debris during the DNA extraction
procedure. In this test, an aqueous sample containing
unknown live and dead Salmonella spp. cells was used;
therefore, the rethidium monoazideining Salmonella spp.
DNA from the live cells is amenable to further downstream
quantification using cPCR.

ine

Overall, the study successfully upgraded the
application of cPCR from DNA-based quantification to
limiting diagnostics to only live cells of Salmonella spp. by
utilizing the propidium monoazide-cPCR methodology. The
results show that the propidium monoazide-cPCR method
only enumerated the viable DNA of Salmonella spp. in the
samples. The propidium monoazide-cPCR gives a higher
amount of viable DNA in the sample compared to the
standard cultivation method, which provides evidence for the
VBNC state. Several authors have reported on the VBNC
state (Dinu and Bach, 2013; Li et al., 2014; Vendrame et al.,
2013), stating that bacterial cells that are in a VBNC state
may still have the potential to cause human infection
(Josefsen et al., 2010). In this study the reasons for the
Salmonella spp. entering a VBNC state were not clear and
should be addressed in future studies concerning the viability
of pathogen indicators. Several possibilities such as sublethal
injury, which reduces their ability to grow on selective media,
the presence of growth inhibitors; and/or transition into a
survival mode with changes in physiology that reduces
culturability were reportedly associated with the VBNC state
(Higgins et al., 2007).

Onl

This study has been successful in developing the
propidium monoazide-cPCR as a useful molecular technique
for pathogen indicator detection and DNA-based
quantification. The propidium monoazide-cPCR as DNA
based detection and nucleic acid amplification protocols are
shown to be practical for a viability study of Salmonella spp.
This can be applied to produce accurate and reliable data for
risk assessment in waste, food and environmental samples.
The propidium monoazide-cPCR method recognizes the
potential of the VBNC state and is thereby able to assess the
outcome and impact of new control strategies.

Several researchers have indicated that the efficiency
of propidium monoazide for environmental samples depends
on the type of chemical used (Su et al., 2013; Barth Jr. et al.,
2012). For example, the soil sample is associated with the
turbidity and suspended solids in the samples extracted from
the compost material (results not shown). For any
environmental samples, it is recommended that turbidity and
suspended solids should be measured before propidium
monoazide pre-treatment and should be less than
Journal of Environmental Biology, Special issue September 2016
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