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1  | INTRODUC TION

Propidium monoazide combined with a real- time polymerase chain 
reaction (PMA real- time PCR), is one of the most promising meth-
ods to evaluate viable cells in food samples. The basic mechanism 
relies on the ability of PMA to penetrate compromised membranes 
of non- viable cells, given that when the cell membrane is intact, 
PMA is incapable to penetrate. A following photoactivation step 
converts the azido group of the PMA to a reactive nitrene rad-
ical which reacts with the double- stranded DNA and binds to it 

with high affinity (Taskin et al., 2011). This reaction inhibits PCR 
amplification of the modified DNA- targeted sequence (Nocker 
et al., 2006).

This method offers several advantages over traditional tech-
niques. It can determine viable counts faster than plate counting. In 
addition, produces less waste, it is more specific and less time con-
suming. Moreover, some authors have demonstrated that it is able 
to detect viable but not cultivable cells (Banihashemi et al., 2012; Fu 
et al., 2020; Liu et al., 2018; Scariot et al., 2018; Taskin et al., 2011; 
Zhong & Zhao, 2018).
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Abstract
Propidium monoazide (PMA) is a selective nucleic acid intercalating dye that can be 
combined with real- time PCR (qPCR) in order to evaluate cell viability in food sam-
ples. The aim of the present work was to evaluate PMA- qPCR to detect and quantify 
viable STEC cells in beef burgers using stx2 as target gene. First, it was determined 
that 100 µM of PMA could inhibit qPCR signal from non- viable cells and had no in-
fluence on the amplification of different concentrations of viable cells. Then, it was 
shown that PMA efficiently distinguished between different log cfu of viable cells 
in presence of a high concentration of non- viable cells, both in culture and in beef 
burger homogenates. Finally, it was determined that PMA could distinguish between 
viable and non- viable cells within the same log cfu in beef burger homogenates. 
PMA- qPCR effectively detected and quantified viable STEC cells in culture and in 
beef burger homogenates.
Novelty impact statement: The main achievement of this work is that we dem-
onstrate PMA- qPCR could not only detect, but also quantify viable STEC cells 
targeting stx2 gene, even in the presence of a high concentration of non- viable 
STEC cells in a complex matrix as beef burgers. This methodology can be used to 
assess effectiveness of antimicrobial treatments to reduce STEC contamination in 
meat products more rapidly and with less pathogenic residues than conventional 
methods.
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One of its potential uses is to assess the effectiveness of anti-
microbial treatments against foodborne pathogens in different food 
matrixes (Laidlaw et al., 2019). In this context, some researchers 
have evaluated it for the detection of viable Escherichia coli O157:H7 
(Xing- Long et al., 2013).

Shiga toxin- producing Escherichia coli (STEC) includes all E. coli 
carrying the stx gene. This bacterium is a foodborne pathogen 
that has been frequently related to the consumption of contam-
inated ground beef and burgers (Centers for Disease Control and 
Prevention, 2019). STEC can cause bloody diarrhea, hemorrhagic 
colitis, and hemolytic uremic syndrome (HUS) (Guth et al., 2010). The 
most common serotype associated with human diseases worldwide, 
including Argentina, is O157:H7. The main virulence factor of STEC 
is the production of Shiga toxins 1 and 2 encoded by stx1 and stx2 
genes, respectively.

The food matrixes in which PMA real- time PCR has been suc-
cessfully applied for the detection of viable cells of E. coli O157:H7 
were beef cuts, ground beef, and vegetables (Elizaquível, Sánchez, 
& Aznar, 2012; Elizaquível, Sánchez, Selma, et al., 2012; Liu & 
Mustapha, 2014; Moyne et al., 2013). However, the target genes 
used in the cited studies were uidA, RfbE, and lpfA, none of which 
are specific for pathogenic strains. Therefore, the aim of this study 
was to evaluate PMA- qPCR to detect and quantify viable STEC cells 
in beef burgers.

2  | MATERIAL S AND METHODS

2.1 | Experimental design

This study included a qPCR validation in order to determine the 
assay performance characteristics according to the MIQE guidelines 
(Bustin et al., 2009). After that, five assays were performed. Each 
assay was carried out twice with three replicates per test.

2.1.1 | Target	gene	selection

Primers and probes for the detection of stx1 and stx2 genes were 
used (ISO 13136:2012). The fragment that led to the best qPCR per-
formance, based on analytical sensitivity (Limit of detection: LOD), 
qPCR efficiency, linear dynamic range, and precision, was selected 
for further assays.

2.1.2 | Assay	1

Minimal concentration of PMA to inhibit non- viable cell signal. The 
samples included in the present assay were cells suspensions of non- 
viable STEC with three different concentrations (4, 5, and 6 log cfu/
ml). Each concentration was treated with three different concentra-
tions of PMA (0, 50, and 100 µM).

2.1.3 | Assay	2

Potential interference of PMA on the amplification of different con-
centrations of viable cells. The samples included in this assay were 
two sets of serial 10- fold dilutions of viable STEC cell suspension 
(3, 4, 5, and 6 log cfu/ml). One set was treated with 100 µM of PMA 
while the other one was not.

2.1.4 | Assay	3

PMA effectiveness to distinguish among different logarithmic orders 
of viable cells, in the presence of a high concentration of non- viable 
cells, in cell suspensions. The samples included in this assay were two 
sets of serial 10- fold dilutions of cell suspensions of viable STEC (1– 7 
log cfu/ml), mixed with 5 log cfu/ml cell suspension of non- viable STEC. 
One set was treated with 100 µM of PMA while the other one was not.

2.1.5 | Assay	4

PMA effectiveness to distinguish among different logarithmic orders 
of viable cells in the presence of a high concentration of non- viable 
cells, in beef burgers homogenates. The samples were two sets of 
beef burgers homogenates inoculated with a serial of 10- fold dilu-
tions of cell suspensions of viable STEC (1– 7 log cfu/ml) mixed with 5 
log cfu/ml cell suspension of non- viable STEC. One set was treated 
with 100 µM of PMA while the other one was not. The aim was to 
determine if the food matrix had any effect in PMA effectiveness.

2.1.6 | Assay	5

PMA effectiveness to distinguish among viable and non- viable cells 
within the same logarithmic order of bacterial cells in beef burg-
ers homogenates. The samples of this assay were two sets of beef 
burger homogenates inoculated with three mixtures of viable and 
non- viable STEC cells in ratios of 25:75, 50:50, and 75:25. One set 
was treated with PMA while the other one was not.

2.2 | Preparation of viable cells

The STEC strain used in this study was EDL 933. The culture was 
kept	at	−80°C	until	subcultures	were	prepared	by	inoculating	a	test	
tube containing 10 ml of tryptic soy broth (TSB, Biokar, France) with 
a single colony growth in MacConkey agar (MAC, Biokar, France), 
and	 incubated	 at	 37°C	 overnight.	 Cells	 were	 harvested	 by	 cen-
trifugation at 12,000g for 5 min at room temperature (Centrifuge 
5417C, Eppendorf, Germany) and the pellets were washed twice 
with phosphate- buffered saline solution (PBS, pH 7.2, Oxoid, UK). 
Cell suspensions were serial diluted to obtain final concentrations of 



     |  3 of 8REY Et al.

8, 7, 6, 5, 4, 3, 2, and 1 log cfu/ml. STEC counts were performed in 
triplicate	in	MAC	agar	after	incubation	at	37°C	for	24	hr.

2.3 | Preparation of non- viable cells

To obtain non- viable cells, an aliquot of 8 log cfu/ml inoculum was 
treated	at	95°C	for	10	min	in	a	dry	heat	plate.	Cell	viability	was	veri-
fied by plate count in tryptone soy agar (TSA, Biokar, France). Heat 
inactivated cells suspensions were serial diluted to obtain final con-
centrations of 6, 5, and 4 log cfu/ml.

2.4 | Beef burger preparation

Beef burgers were formulated with 70% of ground meat, 20% of 
fat, 2% of NaCl (Dos Anclas, Argentina), and 0.25% of sodium trip-
olyphosphate (Prayphos, Argentina) and 7.75% of water. Meat was 
purchased at a retail store, minced, and then, beef burgers pre-
pared following Szerman et al. (2019) methodology. Each batch was 
weighed,	 vacuum	 packed,	 and	 then	 frozen	 at	 −20°C	 until	 further	
analysis.

2.5 | Homogenates preparation

Each beef burger was transferred into sterile stomacher bags and 
90 ml of 0.1% peptone water were added (PW, Biokar, France). 
Immediately after, samples were stomached (easy Mix, AES, France) 
for 60 s and kept in refrigeration conditions until analysis were 
performed.

2.6 | Sample inoculation

For assays 3 and 4, aliquots of 10 ml of beef burger homogenates 
were inoculated with 100 µl of viable and/or non- viable STEC cell 
suspensions. For assay 5 samples were inoculated with 25, 50, or 
75 µl of STEC cell suspensions, depending on the corresponding vi-
able: non- viable ratio.

2.7 | PMA treatment

PMA (PMAxx, Biotium Inc., CA, USA) was diluted in DEPC water 
(UltraPure,	Invitrogen,	CA,	USA)	and	stored	in	the	dark	at	−20°C	as	
a 5 mM working solution. The treatment with PMA was performed 
according to the manufacturer’s instructions. Briefly, an aliquot of 
PMA 5 mM and PMA enhancer 5X were added to 400 µl of sample in 
order to achieve a final PMA concentration of 100 µM. After incuba-
tion at room temperature in the dark for 30 min with manual agita-
tion, samples were exposed to photoactivation with a blue LED lamp 
(PhAST Blue, GenIUL, Spain) for 15 min. After light exposure, the 

excess of PMA was removed by centrifugation at 8,000g for 10 min 
(Centrifuge 5417C, Eppendorf, Germany).

2.8 | DNA extraction

Genomic DNA extraction was carried out using DNeasy Blood and 
Tissue kit (Qiagen, Germany) following manufacturer´s instructions 
for Gram negative bacterial DNA. The incubation time with protein-
ase K was of 1 hr.

2.9 | Real- time PCR

Real- time PCR was performed using an Applied Biosystems One Step 
Plus equipment (Thermo Fisher Scientific, USA). Primers and probes 
are described in the ISO 13136:2012 method (ISO 13136:2012, 
2012) to detect stx1 and stx2 genes. A final reaction volume of 20 µl 
was used, containing 10 µl of 2X iTaq Universal Probes Supermix 
PCR master Mix (Bio- Rad, USA); 1 µM of each primer, 0.2 µM of 
probe, and 2 µl of DNA template.

The sequences of primers and probes were as follows: primer 
forward	 5ʹ	 TTTGTYACTGTSACAGCWGAAGCYT	 3 ;́	 primer	 re-
verse	 5ʹ	 CCCCAGTTCARWGTRAGRTCMACRTC	 3ʹ	 and	 probes	
5ʹ	FAM˗TCGTCAGGCACTGTCTGAAACTGCTCC˗BHQ1	3´	 for	stx2 
fragment	and	5ʹ	HEX-	CTGGATGATCTCAGTGGGCGTTCTTATGTAA-	
BHQ1	3ʹ	 for	 stx1 fragment. The thermal cycling parameters were: 
95°C	for	10	min,	and	then,	40	cycles	at	95°C	for	10	s,	55°C	for	5	s,	
72°C	for	15	s,	and	40°C	for	30	s	(Perelle	et	al.,	2004).

2.10 | Standard curve

An overnight inoculum of STEC EDL 933 was divided in two ali-
quots. One of them was serial diluted and plated in triplicate over 
the	surface	of	agar	MAC	and	 incubated	at	37°C	for	24	hr	 in	order	
to determine its concentration in cfu/ml while the other one was 
used for DNA extraction as previously described. The DNA template 
obtained was fivefold diluted to obtain the standard curve points, 
ranging from 8.9 log cfu/ml to 2.6 log cfu/ml. Each point was run 
20 times in five different days to calculate the qPCR limit of detec-
tion (LOD), repeatability, linear dynamic range, and efficiency (Bustin 
et al., 2009). For LOD determination probit regression model was 
performed with a 95% confidence interval (Kralik & Ricchi, 2017), 
setting the limit at the lowest concentration of cfu/ml at which 95% 
of positive samples were detected. The repeatability (intra- assay 
variation) of the qPCR assays was calculated as the standard devia-
tion of replicate samples within the standard curves. Limit of quan-
tification (LOQ) was determined as the lowest concentration within 
the linear range of the standard curve (Kragh et al., 2020). Specificity 
was not determined since primers and hydrolysis probes used were 
from the ISO 13136:2012, and were only to detect STEC- specific 
genes.
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2.11 | Statistical analysis

The Cq values obtained from the different assays were analyzed 
using ANOVA and either the t- Student test or the Thamane test, 
depending on the variance analysis (Levene test). For all qPCR data 
a p value < 0.05 was considered statistically significant. The SPSS 
software package, version 21 (SPSS Inc., Chicago, Ill., U.S.A.) was 
used. The curve fitting, characterization of the qPCR and correlation 
analysis were performed using GraphPad Prism 6.0 software (San 
Diego, California, USA). All statistical analyses were carried out at a 
95% level of confidence.

3  | RESULTS AND DISCUSSION

3.1 | qPCR validation

Standard curves for stx1 and stx2	genes	had	similar	slopes	 (−3,298	
and	−3,364,	respectively)	but	the	LOD	for	stx2 was lower (3.27 log 
cfu/ml) than the one for stx1 (4.26 cfu/ml). For that matter, stx2 was 
used as the targeted gene for the following PMA- qPCR assays. The 
fact that this type of Shiga toxin is associated with the most severe 
illness also supports the use of the stx2 gene for to detection and 
quantification of viable STEC cells in beef burgers (Guth et al., 2010).

As to the limit of quantification (LOQ) for qPCR that detected stx2 
gene was of 3.33 log cfu/ml, corresponding to a Cq value of 35.52. 
Samples with Cq values higher than that were considered negative. 
Linear dynamic range was between 8.92 and 3.33 log cfu/ml. Efficiency 
values from the different standard curves were always between the 
acceptable limits of 90%– 105% (Kralik & Ricchi, 2017), with a mean 
of 98 ± 2% and R2 = 0,97. Among all assays performed on different 
days, no significant differences were found (p < .05). Therefore, re-
peatability (intra- assay variation) is shown in Figure 1 as standard 
deviation in each point of the standard curve, for a n = 20.

3.2 | Assay 1. Minimal concentration of PMA to 
inhibit non- viable cell signal

As expected, the samples with non- viable STEC cells that were not 
treated with PMA were positive for stx2 gene with Cq values of 
21.82, 25.58, and 31.12 for concentrations 6, 5, and 4 log cfu/ml, 
respectively. After a treatment with 50 µM of PMA, the non- viable 
STEC samples were positive for stx2 gene but with higher Cq values 
than the untreated samples. For the latter, the Cq values were as 
follows: 28.32, 29.71, and 33.38 for concentrations 6, 5, and 4 log 
cfu/ml, respectively. After the treatment with 100 µM of PMA, the 
samples of 6 log cfu/ml of non- viable STEC were positive for stx2 
gene with a Cq value of 32.76 while the samples of 5 and 4 log cfu/ml, 
the stx2 gene was undetectable (Table 1).

Based on these results, 50 µM of PMA was not enough to in-
hibit the non- viable STEC signal, regardless of the concentrations 
analyzed. As to 100 µM of PMA, it was able to inhibit 4 and 5 log 
cfu/ml, but not 6 log cfu/ml of non- viable STEC cells. Similar results 
were reported by other authors (Li & Chen, 2013; Liu et al., 2014). 
Li and Chen (2013) demonstrated that 50 µM of PMA treatment 
was enough to inhibit the DNA amplification up to 4 log cfu/ml non- 
viable Salmonella spp. in cell culture, whereas from 5 log cfu/ml up-
ward the signal was detected. Liu et al. (2014) showed that both, 50 
and 100 µM of PMA treatments completely inhibited qPCR signal 
up to 5 log cfu/ml of non- viable E. coli O157:H7 cells in cell culture, 
whereas from 6 log cfu/ml upward the signal was detected. The am-
plified gene used in the latter was the wzx gene. Laidlaw et al. (2019) 
used 100 µM of PMA as the most suitable treatment to inhibit DNA 
amplification from dead E. coli O157 cells from beef, which agree 
with our work. However, these authors did not inform if the non- 
viable cell concentration was assessed. It is well known that at higher 
concentrations of cells, the turbidity of the samples increases. Cited 
authors suggested that turbidity, from the matrix or from cells, may 
affect PMA efficiency to bind DNA (Fu et al., 2020). The treatment 
of 100 µM of PMA was selected for further analysis as effectively 
inhibits the real- time PCR signal of non- viable STEC cells, with the 
caveat that the final cell concentration of non- viable cells should not 
exceed 5 log cfu/ml. As Han et al. (2020) stated, differences in op-
timal PMA concentrations reported in literature may be due to the 
sensitivity of membranes from different bacterial strains, incuba-
tion times, and also type and power of light used in photoactivation 
steps. These authors obtained s successful qPCR signal inactivation 
after treating 6 log cfu/ml of non- viable cells of E. coli O157:H7 with 
10 µM of PMA in inoculated fresh produce samples.

3.3 | Assay 2. Potential interference of PMA 
on the amplification of different concentrations of 
viable cells

The samples included in this assay were two sets of serial 10- fold 
dilutions of cell suspensions of viable STEC (3, 4, 5, and 6 log cfu/ml). 
One set was treated with 100 µM of PMA while the other set was 

F I G U R E  1   Standard curves for stx1 (circles) and stx2 (triangles). 
Points represent an average of replicates and the bars correspond 
to the standard deviation (n = 20). LOD for both genes are 
represented in the figure as dotted vertical lines (LOD = 3.27 for 
stx2 gene and LOD = 4.26 for stx1 gene)
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not. The Cq values of samples with PMA compared to the Cq val-
ues of samples without PMA were not different among themselves 
(p value > 0.05) (Figure 2). As expected, Cq values decreased as the 
viable cell concentration increased, regardless of the PMA treatment 
(p < .05). This result demonstrated that PMA had no influence on 
the qPCR signal of viable cells, indistinctly of the cell concentration 
analyzed. Similar results were reported by Moyne et al. (2013) who 
showed that 40 µM of PMA did not interfere with DNA amplification 
of 7.5 log cfu of E. coli O157:H7 viable cells on lettuce samples. Also, 
Liu and Mustapha (2014) described that 100 µM of PMA had no ef-
fect on DNA amplification of 8 log cfu/ml of viable E coli O157:H7 
cells in culture. Fu et al. (2020) treated agricultural soil samples with 
25, 50, 75, and 100 µM of PMA to assess if the dye has influence on 
E. coli O157:H7 viable cells inoculated (5 log cfu/ml). These authors 
concluded that no significant difference between Cq values was ob-
tained after PMA- qPCR, therefore, PMA did not affect viable cells in 
this type of samples.

3.4 | Assay 3. PMA effectiveness to distinguish 
among different logarithmic orders of viable cells in 
presence of a high concentration of non- viable cells in 
bacterial suspensions

The samples included in this assay were two sets of serial 10- fold 
dilutions of cell suspensions of viable STEC (1– 7 log cfu/ml), mixed 
with 5 log cfu/ml cell suspension of non- viable STEC. One set was 

treated with 100 µM of PMA while the other one was not. Without 
PMA treatment, no significant differences (p > .05) were observed 
among the Cq values of samples with 1, 2, 3, and 4 log cfu/ml of 
viable cells, while significant differences (p < .05) were registered 
among Cq values of samples with 5, 6, and 7 log cfu/ml of viable 
cells (Figure 3). These differences were expected, as the number 
of viable STEC was higher than the number of non- viable STEC in 
the latter samples. In samples with PMA treatment, positive signals 
were recorded from 2 log cfu/ml of viable cells upward. Significant 
differences (p < .05) among the Cq values of samples with 3, 4, 5, 
6, and 7 log cfu/ml of viable cells were recorded. As viable bacte-
rial concentration increased, Cq values decreased (Figure 3). Based 
on these results it was concluded that, under the experimental 
conditions evaluated, PMA effectively distinguished among 3 to 7 
log cfu/ml of viable cells in the presence of a high concentration of 
non- viable cells. These results were consistent with the LOD previ-
ously calculated for qPCR. Similar results were reported by Liu and 
Mustapha (2014), who evaluated the effectiveness of 25 µM PMA to 
differentiate DNA from viable and non- viable E. coli O157:H7 cells 
in culture. For that purpose, cited authors made mixtures containing 
6 log cfu/ml of non- viable cells of E. coli O157:H7 in combination 
with viable cells ranging from 1 to 8 log cfu/ml. Under the conditions 
evaluated, these authors achieved a detection range of 2 to 8 log 
cfu/ml which was larger than ours. This could be due to differences 
in the experimental conditions used in each of the assays as well as 
the light source for the photo activation process.

3.5 | Assay 4. PMA effectiveness to distinguish 
among different logarithmic orders of viable cells in 
presence of a high concentration of non- viable cells in 
beef burgers homogenates

This assay was carried out as described for assay 3 with the differ-
ence that cells were suspended in beef burger homogenates. Results 
showed that without PMA treatment no significant differences 
(p > .05) were observed among the Cq values from samples with 
2, 3, and 4 log cfu/ml of viable cells, while significant differences 
were observed among Cq values of samples with 5, 6, and 7 log 
cfu/ml of viable cells. As it was explained before, these differences 
were expected as the number of viable STEC was higher than the 
number of non- viable STEC in the last three samples. In those in-
oculated homogenates with PMA treatment, Cq values decreased 
as viable bacterial concentration increased (Figure 4). This behavior 

Non- viable cell concentration 
(log cfu/ml) Without PMA 50 µM PMA 100 µM PMA

6 21.8 ± 0.2c 28.3 ± 0.1c 32.8 ± 0.08a

5 25.6 ± 0.3b 29.7 ± 0.03b Undetectable

4 31.1 ± 0.3a 33.4 ± 0.2a Undetectable

Note: Cq values from different samples with their respective standard deviation are shown. 
Different letters correspond to significative differences between values.

TA B L E  1   Minimal concentration of 
PMA to inhibit non- viable cell qPCR signal

F I G U R E  2   Potential interference of PMA on the amplification of 
different concentrations of viable cells. Note: Different letters mean 
significant differences between values (p < .05). Bars are averages 
of replicates (n = 6) and error bars indicate standard deviation
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presents a linear tendency with a slope of 3.17 and Pearson coef-
ficient of R2 = 0.99, similar to the standard curve for qPCR previ-
ously described. Based on these results, food matrix had little effect 
on the amplification of different logarithmic orders of viable cells 
in presence of a high concentration of non- viable cells. In contrast, 
Liu and Mustapha (2014) reported that in ground beef samples the 
detection range was of 5 to 8 log cfu/g instead of 1 to 8 log cfu/
ml reported for cell suspensions, regardless of whether non- viable 
cells were present or not. Authors have suggested that this could 
be due to the high counts of background microflora and food matrix 
compounds that may inhibit PCR amplification or lead to a reduc-
tion in the amplification efficiency of PCR reactions. The differences 
with our results could be explained by the fact that the counts of 
background microflora were lower than 2 log cfu/g. Other source 

of variation could be the different DNA extraction methods. While 
we use a commercial column kit which guarantees clean templates 
with high yields, Liu and Mustapha (2014) used a reagent that does 
not have a purification step, therefore, cellular debris may be pre-
sent in the DNA sample, affecting posterior qPCR. Our results were 
very promising for PMA- qPCR detection of mixed viable/non- viable 
STEC population in beef burgers.

3.6 | Assay 5. PMA effectiveness to distinguish 
among viable and non- viable cells within the same 
logarithmic order of bacterial cells in beef burger 
homogenates

The samples of this assay were two sets of three mixtures of viable 
and non- viable STEC cells suspended in beef burger homogenates 
(25:75, 50:50, and 75:25). One set was treated with PMA while the 
other one was not. Without PMA treatment, Cq values for the three 
mixtures of viable and non- viable cells (25:75, 50:50, and 75:25) 
were 27.91, 27.45, and 27.32, respectively. With PMA treatment, Cq 
values increased proportionally as the fraction of viable bacteria de-
creased, as follows: 28.12, 28.81, and 29.57, respectively (Figure 5). 
These Cq values corresponded to concentrations extrapolated 
from the standard curve of 5.52, 5.32, and 5.10 log cfu/ml which 
was consistent to the amount of viable bacteria inoculated in the 
homogenates.

These findings support the hypothesis that PMA is capable of 
distinguishing between viable and non- viable cells within the same 
logarithmic order of bacterial cell in beef burgers. These results were 
similar to those obtained by Liu et al. (2014), who evaluated PMA- 
qPCR signal at different proportions of viable and non- viable (30%, 
50%, and 70%) of E. coli O157:H7 cells in cell culture and reported 
higher Cq values as the amount of viable cells decreased.

F I G U R E  3   PMA effectiveness to distinguish among 
different logarithmic orders of viable cells in presence of a high 
concentration of non- viable cells in bacterial suspensions. Values 
on x axis correspond to viable cells concentration. Sample with 
0 log of viable cells (only non- viable) and treated with PMA was 
undetermined by qPCR (ND = Not determined). Note: Different 
letters mean significant differences between values (p < .05). Bars 
are averages of replicates (n = 6) and error bars indicate standard 
deviation

F I G U R E  4   PMA effectiveness to distinguish among 
different logarithmic orders of viable cells in presence of a high 
concentration of non- viable cells in beef burgers homogenates. 
Values on x axis correspond to viable cells concentration. Different 
letters mean significant differences between values (p < .05)

F I G U R E  5   PMA effectiveness to distinguish among viable and 
non- viable cells within the same logarithmic order of bacterial 
cells in beef burger homogenates. Values on x axis correspond to 
the ratios in which viable:non- viable cells were mixed. Different 
letters mean significant differences between values (p < .05). Bars 
are averages of replicates (n = 6) and error bars indicate standard 
deviation
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4  | CONCLUSIONS

PMA real- time PCR that targeted the stx2 gene, was able to dis-
criminate between viable and non- viable Shiga toxin- producing 
Escherichia coli in beef burger homogenates. This was demonstrated 
in samples with different logarithmic orders of viable cells, in pres-
ence of a high concentration of non- viable cells and in mixtures of 
viable and non- viable STEC cells within the same logarithmic order. 
This technique could be potentially used for the assessment of the 
effectiveness of antimicrobial treatments against STEC in beef 
burgers.
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