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Abstract
Diarrheal diseases caused by Salmonella pose a major threat to public health, and assessment of bacterial viability is critical in 
determining the safety of food and drinking water after disinfection. Viability PCR could overcome the limitations of traditional 
culture-dependent methods for a more accurate assessment of the viability of a microbial sample. In this study, the physiological 
changes in Salmonella Typhimurium induced by pasteurization and UV treatment were evaluated using a culture-based method, 
RT-qPCR, and viability PCR. The plate count results showed no culturable S. Typhimurium after the pasteurization and UV treat-
ments, while viability PCR with propidium monoazide (PMA) and DyeTox13-qPCR indicated that the membrane integrity of 
S. Typhimurium remained intact with no metabolic activity. The RT-qPCR results demonstrated that invasion protein (invA) was 
detectable in UV-treated cells even though the log2-fold change ranged from − 2.13 to − 5.53 for PMA treatment. However, the 
catalytic activity gene purE was under the detection limit after UV treatment, indicating that most Salmonella entered metabolically 
inactive status after UV disinfection. Also, viability PCRs were tested with artificially contaminated eggs to determine physiological 
status on actual food matrices. DyeTox13-qPCR methods showed that most Salmonella lost their metabolic activity but retained 
membrane integrity after UV disinfection. RT-qPCR may not determine the physiological status of Salmonella after UV disinfec-
tion because mRNA could be detectable in UV-treated cells depending on the choice of target gene. Viability PCR demonstrated 
potential for rapid and specific detection of pathogens with physiological states such as membrane integrity and metabolic activity. 

Key Points
• Membrane integrity of Salmonella remained intact with no metabolic activity after UV.
• mRNA could be detectable in UV-treated cells depending on the choice of target gene.
• Viability PCR could rapidly detect specific pathogens with their physiological states.
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Introduction

Acute diarrheal disease remains a major public health issue, 
with 555 million people falling ill every year according 
to the World Health Organization, including 220 million 

children under the age of five (World Health 2021). Salmo-
nellosis is a globally common diarrheal disease caused by 
Salmonella, a zoonotic and Gram-negative pathogenic bac-
terium. The ubiquitous distribution of Salmonella in nature 
makes its infection a global human health issue (Majowicz 
et al. 2010), and contaminations of food matrices such as 
milk, eggs, and produce with Salmonella have been reported 
in Singapore and worldwide (Majowicz et al. 2010; Sánchez-
Vargas, Abu-El-Haija et al. 2011, Aung et al. 2020).

Thermal and nonthermal technologies (e.g., ultraviolet 
(UV) irradiation) have been used to ensure the microbio-
logical safety of food and water. Traditional methods for 
isolating and identifying Salmonella rely on enrichment 
followed by isolation using selective and differential media 
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(Zhang et al. 2015). However, culture-dependent approaches 
are time-consuming and might potentially result in false 
negatives due to the presence of “viable but nonculturable” 
(VBNC) cells that could be produced by sublethal heat 
(pasteurization), UV treatment, and autoclave sterilization 
(heat-lysis) (Zhao et al. 2017; Lee and Bae 2018a, b). Alter-
natively, molecular detection methods such as PCR have 
been applied for rapid detection of Salmonella. Despite its 
speed, sensitivity, and specificity, the major disadvantage of 
the PCR approach is its inability to discriminate dead from 
live bacteria, hence the presence of dead bacteria leading to 
false-positive results.

Viability PCR has been developed to overcome the above 
limitations by rapidly and selectively quantifying viable cells 
using DNA-intercalating dyes such as ethidium monoazide 
(EMA) and propidium monoazide (PMA) (Bae, Wuertz et al. 
2009). Both EMA and PMA are membrane-impermeant and 
can selectively bind to the DNA of dead cells whose cell 
membranes have been compromised. After photo-activation, 
EMA or PMA binds covalently to nucleic acids and inhibits 
DNA amplification of DNA from membrane-compromised 
cells during the PCR reactions. DyeTox13 Green C-2 Azide 
(DyeTox13), a newly developed DNA-intercalating dye, is 
also membrane-permeant and can selectively detect only 
viable cells that have enzymatic activity. In principle, Dye-
Tox13 binds to the nucleic acids of dead and enzymatically 
inactive cell with intact membrane to prevent PCR amplifi-
cation, while the nucleic acids of metabolically active cells 
can be amplified by PCR polymerase because the intracel-
lular esterase enzyme activity cleaves the azide group in 
DyeTox13 (Lee and Bae 2018a, b, Chiang et al. 2021).

Recognizing that culturability is not the best proxy for 
cell viability, the detection of bacterial transcripts has been 
proposed as an indicator of cell viability due to the short 
half-lives and high turnover rates of mRNAs. It has been 
assumed that mRNA levels rapidly decrease after cell death 
because bacterial transcripts are sensitive to degradation by 
intra- and extra-cellular RNases (Kort et al. 2008; Trevors 
2012; Ju et al. 2016). Therefore, reverse-transcription quan-
titative PCR (RT-qPCR) assays have been used to detect 
foodborne pathogens such as enterohemorrhagic E. coli, 
Listeria monocytogenes, Salmonella, and Campylobacter 
species (Rodriguez-Lazaro et al. 2006). However, transcript 
detection is not always correlated with the presence of viable 
cells (Kort et al. 2008), and continued gene expression after 
cell death in bacteria has been reported to limit the value 
of RT-qPCR for viability assessment (Trevors 2012). For 
example, all VBNC E. coli O157:H7 retained expression of 
Shiga-like toxin in river water, buffer, deionized water, and 
chloraminated treated water (Trevors 2011), and E. coli and 
Pseudomonas putida cells have demonstrated gene expres-
sion in milk after pasteurization (Gunasekera et al. 2002). 
Also, RNA from dead E. coli O157:H7 and RNaseA-treated 

E. coli was amplified by RT-qPCR, demonstrating that gene 
expression can continue in dead bacteria cells for limited 
periods of time (Ju et al. 2016).

Determining the viability of microbial samples is one of 
the most routine tasks in a microbiological laboratory. The 
viability of microorganisms is crucial in determining the 
safety of food and drinking water and has critical implica-
tions in the fields of environmental and medical microbi-
ology. However, the term ‘viability’ is complex and often 
difficult to define, as it can refer to several characteristics, 
such as culturability, intact cell membrane, and metabolic 
activity. Since each method for determining cell viability is 
based on criteria that reflect different levels of cellular integ-
rity or functionality, this study aimed to evaluate changes in 
the physiological characteristics of pathogenic Salmonella 
enterica Typhimurium induced by pasteurization and UV 
treatment. Specifically, we employed different detection 
methods representing culturability, membrane permeability, 
mRNA contents, and metabolic activity. Thus, the objectives 
of this study were to (1) to optimize the DyeTox13 assay 
with EMA to reduce the PCR signal from dead cells in the 
Gram-negative bacteria S. Typhimurium; (2) to investigate 
physiological changes of S.  Typhimurium cell’s condition 
induced by pasteurization and UV disinfection using RT-
qPCR, PMA-qPCR, DyeTox13-qPCR, and a plate counting 
method; and (3) to test the DyeTox13-vPCR approach in 
monitoring S. Typhimurium on the surface of contaminated 
eggshells after pasteurization and UV treatment.

Materials and methods

Bacteria strains and growth conditions

Salmonella enterica serovar Typhimurium ATCC 14028 (S. 
typhimurium) was used as a model organism to study the 
effects of pasteurization and UV irradiation on cell viabil-
ity criteria such as culturability, membrane integrity, meta-
bolic activity, and gene expression. A single colony from 
the overnight Tryptic Soy (Difco™, USA) agar plate of S. 
Typhimurium was transferred to 100 mL of sterile tryptic 
soy broth (TSB, Sigma-Aldrich, USA) and incubated for 
12 h at 37 °C with shaking at 150 rpm. The cells were then 
washed and resuspended in 50 mL 1 × phosphate-buffered 
saline (1 × PBS). The final concentration of S. Typhimu-
rium was adjusted to OD600 equal to 0.25 (approximately 
107 to 108 CFU/mL) for the following experiments.

Heat‑lysis, pasteurization, and UV disinfection

Before PMA, DyeTox13, and DyeTox13 + EMA treat-
ment, the suspensions of S. Typhimurium were treated with 
either heat-lysis, pasteurization, or UV disinfection. In the 
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heat-lysis treatment, S. Typhimurium suspensions in 500 μL 
1 × PBS (OD600 = 0.25) were heated at 95 °C for 15 min on 
a standard laboratory heat block (Bio Laboratories, Singa-
pore). The cells were then immediately placed on ice for 
5 min until they reached room temperature. The loss of 
viability was determined in triplicate by spreading 100 μL 
of heat-killed cells on TSA plates.

For pasteurization, the same condition of S. Typhimu-
rium suspensions in 500 μL 1 × PBS was heated to 63 ℃ 
for 30 min. After this step, samples were kept cool by 
placing them on ice before the dye treatments. UV disin-
fection experiments were conducted on 5 mL of bacterial 
suspensions (1 × PBS, OD600 = 0.25) in 30-mm Petri dishes 
with fully covering the base of Petri dish. The Petri dishes 
were placed in a Type A2 Biological Safety Cabinet (BSC) 
equipped with a timed UV system (Thermo Scientific), 
where the intensity of the UV disinfection was maintained at 
0.055 mW/cm2 as tested by a standard laboratory radiometer 
(IL 1400A Radiometer, International Light). UV exposure 
times of 10, 20, and 30 min were applied, equivalent to 33, 
66, and 99 mJ/cm2, respectively. Cells suspended in 1 × PBS 
buffer without UV treatment were tested in parallel as a con-
trol in the following dye experiments. For both pasteuriza-
tion and UV-treated cells, the loss of cell culturability was 
determined in triplicate by plate counting on TSA.

PMA, DyeTox13, and DyeTox13+EMA treatments

Propidium monoazide (PMA, Biotium, Hayward, CA, USA), 
DyeTox13 Green C-2 Azide (DyeTox13, Setareh Biotech, 
OR, USA), and ethidium monoazide bromide (EMA, Bio-
tium, USA) were dissolved in 20% dimethyl sulfoxide 
(DMSO, Sigma-Aldrich, Singapore) to obtain a 20 mM stock 
solution and stored at − 20 °C in the absence of light. Each 
500-μL aliquot of cell suspension was treated with either 
PMA or DyeTox13 to obtain a final concentration of 50 μM 
based on previous studies (Bae, Wuertz et al. 2009; Lee and 
Bae 2018a, b; Lee and Bae 2018a, b). In addition, DyeTox13 
and EMA were added together to create a third co-treatment 
of DyeTox13 + EMA assay, in which DyeTox13’s final con-
centration remained 50 μM while EMA’s final concentration 
was adjusted to 10, 25, and 50 μM separately. After the addi-
tion of the dyes, cell suspensions were mixed well by vor-
tex and then incubated in the dark at room temperature for 
10 min. Subsequently, the samples were exposed to intense 
visible light for 15 min using a PMA-Lite™ LED photolysis 
device (Biotium, Inc., CA, USA). The maximum tempera-
ture measured for PMA-Lite™ LED photolysis exposure 
was at 38.2 °C, which is close to the bacterial culture tem-
perature. Thus, the additional heat generated during PMA-
Lite exposure can be ignored. The dye-treated samples were 
then pelleted by centrifugation for DNA extraction (5000 × g 
for 10 min) and RNA extraction (5000 × g for 5 min).

DNA and RNA extraction

Genomic DNA (gDNA) was extracted from the 500-
μL dye-treated and untreated samples using a GeneJET 
Genomic DNA Purification Kit (Thermo Fisher Scientific, 
Wilmington, DE, USA) according to the manufacturer’s 
instructions. The concentrations of DNA were determined 
using a NanoDrop 2000 spectrophotometer (Thermo 
Fisher Scientific, USA).

Before RNA extraction, the RNA Protect Bacterial 
Reagent (Qiagen, Valencia, CA, USA) was added to sta-
bilize the total RNA in the bacterial cultures. RNA extrac-
tion was subsequently performed using a PureLink RNA 
Mini Kit (Ambion, Life Technologies, USA) according 
to the manufacturer’s protocol. The eluted RNAs were 
treated with an on-column PureLink DNase Kit (Ambion, 
Life Technologies, USA) to remove residual contami-
nating DNA before cDNA synthesis. We determined 
the amount of RNA present using the NanoDrop 2000 
spectrophotometer.

cDNA synthesis and quantitative PCR assays

The invA (Invasion protein InvA) and purE (phosphori-
bosylaminoimidazole carboxylase) genes were selected to 
understand bacteria detection and metabolic activity in this 
study. The invA gene, an essential component of the inva-
sion-associated protein secretion apparatus, contains unique 
sequences specific to the genus Salmonella and has been 
used as a target gene in both PCR and qPCR assays (Kidgell 
et al. 2002; Chen et al. 2011; Yang et al. 2018). The purE 
gene was used to examine the metabolic activity of bacteria 
cells because of its involvement in nucleotide biosynthesis 
(Karlinsey et al. 2019). cDNA was synthesized from 10 ng 
of total RNA using a SuperScript IV Reverse Transcriptase 
(Thermo Fisher Scientific). The primers used in this study 
are listed in Table S1, including the primer sequences, the 
optimal Tm, and the amplicon sizes of the target genes. 
Quantitative PCR (qPCR) assays were performed to amplify 
both gDNA and cDNA in a MicroAmp optical 96-well reac-
tion plate using an automated ABI Step-One-Plus Real-Time 
PCR system (Applied Biosystems, CA, USA). Each of the 
20-μL qPCR reactions (applied in triplicate) contained 2 μL 
of gDNA or cDNA, 10 μL of 2 × PowerUp SYBR® Green 
PCR Master Mix (Applied Biosystems, CA, USA), and 1 μL 
of 10 μM forward and reverse primers. qPCR assays were 
conducted under the following conditions: the temperature 
was held at 50 °C for 2 min and 95 °C for 10 min, followed 
by 40 cycles of 95 °C for 15 s, annealing at different tem-
peratures (Table S1) for 15 s, and 72 °C for 30 s. Melt curve 
analysis was conducted for all SYBR® Green real-time PCR 
assays to verify the specificity of the primer.
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PCR assays and agarose gel electrophoresis

PCR was conducted on a DNA thermocycler (Applied Bio-
systems, CA, USA) to amplify the invA and purE genes from 
the cDNA samples. Each 25-μL PCR reaction contained 2 
μL of cDNA template, 1 μL of each primer from 10 μM 
stock, 12.5 μL of 2 × GoTaq®G2 Green Master Mix, and 
8.5 μL PCR-grade sterile water. The PCR reaction was pro-
grammed for 5 min at 95 °C, followed by 30 cycles of 15 s 
at 95 °C, 15 s at annealing temperature (Table S1), and 30 s 
at 72 °C, with a final extension for 5 min at 72 °C. The PCR 
products were confirmed by agarose gel electrophoresis.

Standard curves of qPCR assays

The standard curves in the qPCR assays were achieved by 
serially diluting the plasmids containing each target gene 
(101 to 106 copies per reaction). The purified PCR products 
were ligated into the pGEM-T Easy Vector (Promega, USA), 
which was then cloned into JM109 competent cells. Plas-
mids containing the PCR amplicons were extracted using a 
QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA, USA). 
The plasmid DNA concentration was quantified using the 
NanoDrop 2000 spectrophotometer. Standard curves were 
prepared using serial tenfold dilutions of the plasmid DNA 
containing each target gene.

Detection of S. Typhimurium on eggshell surface

Eggs with an average weight of approximately 50 g were 
purchased from a Singapore local market. Before the arti-
ficial contamination process, the eggshell was sterilized 
using 70% ethanol. Each egg was placed in 200 mL tryptic 
soy broth, inoculated with a single colony of S. Typhimu-
rium from the overnight tryptic soy (Difco™, USA) agar 
plate and shaken at 60 rpm at 37 °C for 48 h in a laboratory 
shaking incubator.

After incubation, the eggs (replicate n = 3) used for UV 
treatment were placed in Petri dishes (one egg per Petri 
dish). Then, 1-h UV disinfection was conducted in a Type 
A2 Biological Safety Cabinet (BSC) equipped with a timed 
UV system (Thermo Scientific), and the eggs were turned 
every 15 min to other sides with fulfilled UV exposure. 
Meanwhile, another batch of three contaminated eggs was 
placed in sealed plastic bags (one egg in each bag) and sub-
jected to pasteurization disinfection in a water bath at 60 
℃ for 15 min. The pasteurization condition was selected to 
avoid the denaturation of egg protein, since we incubate S. 
Typhimurium cells together with the whole egg. After the 
pasteurization disinfection, the plastic bags with eggs were 
immediately placed on ice to cool down before the follow-
ing procedure. For control group, three contaminated eggs 
without any disinfection treatment were placed in parallel. 

Subsequently, S. Typhimurium was transferred from the sur-
face of the eggs into 20 mL 1 × PBS buffer using three steri-
lized swabs sequentially to maximize the availability of S. 
Typhimurium cells. Next, DNA-intercalating dye treatments, 
DNA extraction, and qPCR assay were performed following 
the same procedures described above. For all experimental 
conditions, the loss of cell culturability was determined in 
triplicate by plate counting on TSA.

Data analysis

To evaluate the effects of PMA, DyeTox13, and Dye-
Tox13 + EMA on the treated and untreated samples, we 
calculated ΔCt values by subtracting the Ct value of the 
untreated samples from the Ct value of the dye-treated sam-
ples. The error bars in the figures of this study indicate the 
standard deviations from three independent biological repli-
cates. Analysis of variance (ANOVA) and Tukey’s test were 
applied to evaluate the significance of differences in ΔΔCt 
using OriginPro 8.5. Also, the limit of detection (LOD) was 
determined via a serial dilution method to consider the Ct 
values for the disinfected samples (Ripp 1996; Desimoni 
and Brunetti 2015). To further understand the changes in 
the gene expression of S. Typhimurium after pasteurization 
and UV treatment, the gene expression levels of invA and 
purE genes were normalized using the cDNA concentra-
tions from untreated samples with either pasteurization or 
UV disinfection.

Results

Optimization of the DyeTox13‑qPCR assay for S. 
Typhimurium

To optimize the concentrations of the DyeTox13 and Dye-
Tox13 with EMA addition (DyeTox13 + EMA) treatments, 
viable and heat-killed S. Typhimurium were treated with 
different EMA concentrations (10, 25, and 50 μM) while 
the DyeTox13 concentration remained at 50 μM. Figure 1 
illustrates the effect of the different EMA concentrations on 
the DyeTox13-qPCR assay results for S. Typhimurium. As 
the EMA concentration increased in the dye treatments, the 
ΔCt values of the viable (untreated) samples changed only 
slightly with no significant difference (p-value > 0.05). How-
ever, the heat-killed S. Typhimurium exposed to increasing 
EMA concentrations exhibited noticeably higher ΔCt val-
ues (p-value < 0.05) (Fig. 1A). For example, the ΔCt value 
increased from 8.77 to 10.98, 13.85, and 13.21 after adding 
EMA concentrations of 10, 25, and 50 μM, respectively. Fig-
ure 1 B illustrates the ΔΔCt values calculated by subtracting 
the ΔCt values of untreated samples from the ΔCt values 
of heat-killed samples. Tukey’s test showed a significantly 
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higher ΔΔCt value (p-value < 0.005) at the EMA concentra-
tion of 25 μM, indicating that the EMA treatment was com-
plementary for reducing the PCR signals from dead cells, 
resulted in enhanced performance of the DyeTox13 treat-
ment. Thus, we selected 25 μM EMA coupled with 50 μM 
DyeTox13 for further dye applications in the subsequent 
disinfection experiments.

The effects of pasteurization and UV disinfection 
on culturability, membrane integrity and metabolic 
activity of S. Typhimurium

The effects of pasteurization and UV treatment on S. Typh-
imurium were evaluated using a culture-dependent method 
(plate counting method) and viability PCR (PMA-qPCR, 
DyeTox13-qPCR, and DyeTox13 + EMA-qPCR). The pas-
teurization experiments were performed with different cell 
concentrations of S. Typhimurium. The ΔCt values (with 
dyes minus without dyes) of untreated (non-pasteurized) 
samples under different cell concentrations were mostly 
in a range of 1 to 3 units with no significant difference 
(p-value > 0.05) according to the viability PCR assays 
(Fig. 2). The plate count results showed no culturable S.  
Typhimurium after the pasteurization treatment (Table S2), 
indicating that all S. Typhimurium lost their culturability. 
The results of DyeTox13-qPCR were comparable to those 
of PMA-qPCR under the pasteurization conditions at S. 
Typhimurium concentrations from 107 to 105 CFU/mL. 
Meanwhile, the addition of EMA to DyeTox13 significantly 
increased the ΔCt values to 13.83 and 13.53 for the S. Typh-
imurium concentrations of 107 and 106 CFU/mL, respec-
tively (p-value < 0.05), as shown in Fig. 2 A and B. How-
ever, when the S. yphimurium concentration was 105 CFU/
mL, the ΔCt values of the pasteurization treatment samples 
for the three different dye assays were 7.47, 7.91, and 6.17 

for PMA, DyeTox13, and DyeTox13 + EMA, respectively 
(Fig. 2C). This can be attributed to the smaller amount of 
DNA extracted from the pasteurization samples and the Ct 
values being close to the limit of detection (LOD). Figure 
S2A shows the relative abundances of the different physi-
ological statuses of S. Typhimurium measured by the three 
dye treatments (PMA, DyeTox13, and DyeTox13 + EMA), 
indicating that the condition of most of the cells was “mem-
brane-compromised” after the pasteurization treatment.

Next, the effects of UV treatment on the viability of S. 
Typhimurium were examined. None of the culturable S. 
Typhimurium were detected via plate counting after UV 
treatment (Table  S2), indicating that the UV exposure 
induced a non-culturable state of S. Typhimurium. The 
effects of UV disinfection at different doses caused the 
physiological states of S. Typhimurium shown in Fig. 2 
D, E, and F. The ΔCt values for all the non-UV-treated 
(untreated) samples were in the range of 1 to 2 units, and 
the PMA-qPCR results of S. Typhimurium for the samples 
exposed to UV treatment for the three exposure times were 
not significantly different (p-value > 0.05) from the ΔCt 
values of the non-UV-treated results (Fig. 4). These PMA-
qPCR results demonstrated that the membrane integrity of S. 
Typhimurium remained intact after UV treatment. However, 
considerably higher ΔC>t values were observed with the 
DyeTox13 treatments (ΔCt = 8.00, 8.90, and 9.45 for UV 
treatments of 10, 20, and 30 min, respectively). Further-
more, the addition of EMA to the DyeTox13 treatment led 
to even higher ΔCt values (ΔCt = 10.09, 12.16, and 12.65 
for 10-, 20-, and 30-min exposures to UV, respectively). 
The addition of EMA improved DyeTox13’s performance at 
determining the level of metabolic activity in the UV-treated 
cells by reducing the PCR signals from dead cells. Also, the 
pie chart indicated that high UV doses decreased the rela-
tive abundance of dormant cells and ABNC (active but not 

Fig. 1   Optimization of the DyeTox13-qPCR assay for S. Typhimu-
rium. A results are shown as differences in ΔCt values (with–w/o 
DyeTox13 Green C-2 Azide or/and EMA) by subtracting the Ct val-
ues of dye-untreated from the Ct values of dye-treated samples. (In 
the dye, DyeTox13 concentration remains 50 μM and the concentra-
tion of EMA increased gradually from 0 to 50 μM). B shows the dif-

ferences in ΔΔCt values (heat-killed ΔCt–untreated ΔCt) by subtract-
ing the ΔCt values of untreated from the ΔCt values of heat-killed 
samples. Alphabet placed on the top of columns presents the ANOVA 
distribution based on p-value < 0.005. The mean values and error bars 
were calculated from three independent replicates. Error bars indicate 
standard deviations of three independent biological repeats
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culturable) in UV-treated samples (Figure S2B). Consider-
ing the CFU count and qPCR results for the DyeTox13 and 
DyeTox13 + EMA assays, most S. Typhimurium exposed to 
UV ceased their metabolic activities, and the relative abun-
dance of membrane-compromised cells increased with the 
UV exposure time.

Evaluation of the disinfection treatment effect 
on gene expression levels in S. Typhimurium.

RT-qPCR measurements were used to analyze changes in 
gene expression levels caused by pasteurization and UV 
disinfection. The membrane-associated gene invA (invasion 
protein InvA) and the catalytic activity gene purE (phos-
phoribosylaminoimidazole carboxylase) of S. Typhimu-
rium were selected in this study. RT-qPCR was used together 
with three DNA-intercalating dyes to understand the changes 
in the mRNA of S. Typhimurium as an indicator of physi-
ological shifts during the disinfection treatments.

The effects of the two disinfectants on the transcripts 
coding invasion protein (invA) and biosynthesis (purE) 
were compared using the log2-fold changes. The log2-fold 
changes were calculated by normalizing the expressed tran-
scripts for the samples with and without the pasteurization 

and UV irradiation treatments. The presence invA and purE 
was undetectable in pasteurization treatment sample via aga-
rose gel electrophoresis (data not shown). The gene expres-
sion levels of cDNA (invA and purE) of the samples, which 
were exposed by PMA, DyeTox13, and DyeTox13 + EMA 
treatments, did not significantly differ because the concen-
trations of cDNA (invA and purE) were below the limit of 
detection or undetected (Fig. 3 A and B). Significant reduc-
tions of the gene expression level were observed based on 
differences in the log2 fold changes, ranging from − 6.5 
to − 10.07. The gene expression levels corresponded with the 
results that pasteurization led to a membrane-compromised 
state and low proportion (less than 0.1%) of dormant and 
ABNC cells, as shown in Figure S2A. The cDNA of the invA 
genes without any dye treatment indicated relatively low fold 
changes at 107 CFU/mL of S. Typhimurium after pasteuriza-
tion, while no gene expression of purE was detected in the 
samples treated with the DNA-intercalating dyes (Fig. 3B). 
Thus, the log2-fold changes of invA and purE indicated that 
pasteurization triggered disruption of both the cell mem-
brane and the metabolic activity of S. Typhimurium.

UV irradiation significantly inhibited the gene expres-
sion of the purE gene, while invA transcripts persisted after 
the UV exposure except with the DyeTox13 (30 min only) 

Fig. 2   Effect of pasteurization and UV exposure on bacteria viabil-
ity measured by PMA, DyeTox13, and DyeTox13 + EMA-qPCR. 
A, B  and C show the effect of pasteurization on different bacterial 
concentration: 107, 106, and 105  CFU/mL, respectively. D, E  and F 
display the effect of different UV duration (10, 20 and 30 min) on S. 
Typhimurium, respectively. PMA, DyeTox13, and DyeTox13 + EMA 

treatment results are shown in ΔCt (with-w/o dyes) based on PMA, 
DyeTox13, and DyeTox13 + EMA-qPCR analysis. The white and 
grey bars represent untreated and treated samples such as pasteuriza-
tion and UV treatments, respectively. Error bars represent means and 
standard deviations, which were obtained in three independent bio-
logical replicates
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and DyeTox13 + EMA (all durations) treatments (Fig. 3 
C and D). Yet, increasing intensity of the UV dose caused 
greater log2-fold changes of invA in the PMA, DyeTox13, 
and DyeTox13 + EMA treatments, whereas the changes in 
the invA gene were relatively insignificant under no dye 
treatment. As shown in Fig. 3C, the RT-qPCR revealed the 
presence of target cDNA in the UV-treated samples, even 
though the log2-fold change ranged from − 2.13 to − 5.53 
for the PMA treatment. Also, the fold change values of the 
DyeTox13 and DyeTox13 + EMA assays were significantly 
higher than those of the PMA assay (p-value < 0.05), indi-
cating that UV disinfection caused inhibition of meta-
bolic activity and slight damage to the membrane. Sig-
nificant differences in the gene expression of purE were 
observed, and most expression levels were under the limit 
of detection or were not detected (Fig. 3D). The dispar-
ity in the gene expression level between invA and purE 
demonstrated that while UV irradiation hindered catalytic 
activity, the membrane-associated protein gene invA was 
still expressed in UV-treated cells. Thus, the fold changes 
showed that cells maintained their membrane integrity but 
were metabolically inactive following the UV treatment. 
Also, continued gene expression of the invA gene could 
occur in UV-treated cells, indicating that the invA gene 

might not be a suitable target gene for the detection of 
metabolically active Salmonella.

vPCR assay of S. Typhimurium on the eggshell

No S. Typhimurium was detected on the control eggshell 
using the plate counting method, while the amount of S. 
Typhimurium ranged from 105 to 106 CFU on the non-dis-
infected eggshell after 48 h of incubation in a laboratory 
shaking incubator (Table S2). However, after pasteurization 
or UV disinfection, no S. Typhimurium was detected via the 
culture-based method. The ΔCt values of heat-treated (pas-
teurized) S. Typhimurium that were artificially contaminated 
on eggshells showed significant differences among the PMA, 
DyeTox13, and DyeTox13 + EMA assays, with values of 
2.98, 5.77, and 7.18, respectively (p-value < 0.05) (Fig. 4A). 
Figure 4 B shows that PMA could not effectively differenti-
ate bacterial viability on eggshells after UV disinfection, as 
the ΔCt value was 0.81 and was not significantly different 
from that of the non-UV-exposed samples. However, the ΔCt 
values for the DyeTox13 and DyeTox13 + EMA assays were 
4.96 and 5.83, respectively. Thus, the DyeTox13 treatment 
can identify the physiological states of bacteria after disin-
fection, particularly for UV exposure, which can interfere 
with metabolic activity without compromising the intact cell 

Fig. 3   The effect of pasteurization and UV treatment on the gene 
expression of invA and purE gene in S. Typhimurium  measured by 
PMA, DyeTox13, DyeTox13+EMA assay, and no dye treatment. 
A and B show the log2-fold changes of invA (A) and purE (B) after 
of pasteurization. C and D present the log2-fold change of invA (C) 
and purE (D) after 10-min, 20-min, 30-min UV treatment, respec-

tively. The fold changes were normalized by the expressed transcripts 
without any pasteurization and UV treatments. Error bars represent 
means and standard deviations, which were obtained in three inde-
pendent biological replicates. Black and red dot indicate the gene 
expression below the limit of detection and non-detection after pas-
teurization and UV treatment, respectively
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membrane. Based on these findings, the DyeTox13 treatment 
could provide rapid detection of viable S. Typhimurium after 
pasteurization and UV disinfection. Furthermore, Fig. 4B 
also implies that the addition of EMA to DyeTox13 could 
improve the performance of DyeTox13 in the detection of S. 
Typhimurium on different environment matrices.

Discussion

In this study, viability measurements were performed using 
different viability methods: the plate counting method for 
cell culturability, DyeTox13-PCR for enzymatic activity as 
a proxy for metabolic activity in viable cells, and PMA-
qPCR for membrane integrity. Specifically, we investigated 
changes in the physiological status of bacterial cells induced 
by pasteurization and UV disinfection because microbial 
populations might exhibit heterogeneous responses to these 
stressors.

To determine metabolic activity, we employed the Dye-
Tox13 assay, a membrane-permeable DNA-intercalating 
dye, to identify cells with enzymatic activity (Lee and 
Bae 2018a, b). When DyTeox13 penetrates the cytoplasm, 
the intracellular esterase activity in a metabolically active 
cell (“ABNC” and “culturable alive” cells) hydrolyzes the 
dye’s ester bonds. The DyeTox13 dye is thereby disabled 
from binding to nucleic acids. In contrast, in metabolically 
inactive cells, the dye retains its azide group and preferen-
tially binds to intracellular nucleic acids during photoacti-
vation, altering the structure of the nucleic acids to block 
its amplification during PCR. In this study, the addition 
of EMA to the DyeTox13-qPCR improved the dye’s per-
formance in differentiating viable from heat-killed cells. 
Since EMA is relatively permeant, EMA could penetrate 
viable cells to some extent (Seinige et al. 2014; Lee and 
Bae 2018a, b). However, we observed that the low-dose 

EMA treatment did not affect PCR amplification from live 
S. Typhimurium. In previous work, when treatment with 
PMA alone was insufficient to suppress the amplification 
from residual dead bacteria, the combination of PMA with 
EMA improved discrimination of live cells from dead cells 
(Minami et al. 2010). In our study, this was verified by 
significantly higher ΔCt values (with–w/o dye) when the 
EMA concentration was at least 25 μM under the heat lysis 
condition (Fig. 1). The combination of DyeTox13 and low-
dose EMA could enhance discrimination of enzymatically 
active cells from dead cell because PCR signals of extra-
cellular enzyme activity from dead or membrane-compro-
mised cell could be reduced by EMA treatment (Codony 
et al. 2015; Kiefer et al. 2020). In detail, DyeTox13 is 
based on intracellular esterase activity in cells. However, 
extracellular esterase could be present from membrane-
compromised cells or dead cells. Thus, the membrane-
impermeable EMA dye can improve DyeTox13 perfor-
mance by reducing PCR signal from those cells that could 
retain esterase enzyme or extracellular esterase enzyme.

When applied to differentiate the physiological states of 
bacteria after disinfection treatments such as pasteuriza-
tion and UV irradiation, this DyeTox13 assay could esti-
mate subpopulation shifts in S. Typhimurium from alive to 
dead state, a process which contains many steps, as shown 
in Fig. 5. The microbial population can be classified into 
more diverse physiological statuses than “live” and “dead” 
(Davey 2011). Subpopulations of cells could be character-
ized on a spectrum from “live, actively metabolizing cell” 
to “dead” and, potentially, degraded (Fig. 5). Over the 
disinfection process, viability measurements based on cul-
turability, metabolic activity, RNA and/or DNA content, 
and membrane permeability implied different physiologi-
cal statuses in different individual cells. While the extreme 
cases (e.g., alive and dead) are relatively straightforward, 
the reversibility of these steps and the moment of death 

Fig. 4   Effect of pasteurization and 1 h-UV exposure on S. Typhimu-
rium  viability on eggshell surface measured by PMA, DyeTox13, 
and DyeTox13 + EMA-qPCR (invA gene). A and B show the results 
of pasteurization and UV treatment in viability qPCR assay, respec-

tively. PMA, DyeTox13, and DyeTox13 + EMA assays results are 
shown in ΔCt (with-w/o dyes) based on qPCR analysis. Error bars 
represent means and standard deviations, which were obtained in 
three independent biological replicates
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are often difficult to define. For example, the mechanism 
of inactivation of bacteria during pasteurization is to dis-
rupt the cell membrane and proteins through heat transfer 
for a specified duration (Wang et al. 2020). Thus, most of 
the S. Typhimurium after pasteurization moved toward a 
membrane-compromised state, while “ABNC” and “dor-
mant” cells made up less than 1% of the total number of 
cells (Figure S2). Because the dominant cell status after 
pasteurization was extensive membrane damage, both 
the DyeTox13 and PMA treatments were capable of dis-
tinguishing alive and dead cells (Bae and Wuertz 2009; 
Liang et al. 2011).

Low UV doses have been reported to lead to negligible 
damage to the cell membrane, retaining the unimpaired 
integrity of the cell membranes but disrupting the cell’s 
metabolic activities (Xu et al. 2018). Thus, aside from 
membrane integrity and culturability, metabolic activity 
might be considered as a meaningful viability criterion 
when determining the physiological state of the bacte-
rium to differentiate the “ABNC” state and the “dormant” 
state in VBNC cells (Trevors 2012). While PMA can only 
bind to DNA in membrane-compromised cells, DyeTox13 
penetrates the intact membrane of bacteria to bind to the 
DNA in enzymatically inactive cells and prevent DNA 
amplification (Nocker et al. 2006, Lee and Bae 2018a, b). 
Moreover, as the enzymatically active cells can hydrolyze 
to cleave the azide groups in DyeTox13, the cleaved azide 
group can be excluded via efflux pump, preventing the 
binding of DyeTox13 to the DNA (Lee and Bae 2018a, 
b). The high ΔCt value in the DyeTox13 assay (Fig. 3) 
indicated that DyeTox13 was more capable of distinguish-
ing UV-treated bacterial cells from non-UV (untreated)-
treated cells. Furthermore, the DyeTox13-vPCR could 
provide insight into the changes in physiological states 

during the UV disinfection, implying that an increasing 
dose of UV irradiation gradually shifted the bacterial 
population from a “dormant” state to the “membrane-
compromised” state (Fig. 5). Our study indicated that 
“ABNC” bacteria accounted for less than 0.1% of the total 
number of bacteria (Figure S2B).

 Because of the shorter half-life of RNA relative to 
DNA, RNA-based assays have been used to detect liv-
ing cells or recent pathogenic contaminations of foods 
(Techathuvanan and D'Souza 2020). Thus, RNA-based 
gene expression for two transcripts (invA and pureE) was 
also measured to determine different physiological states 
of cells under pasteurization and UV disinfection in this 
study. The main function of the purE gene is the transla-
tion of the enzyme involved in nucleotide biosynthesis, 
particularly for purine biosynthesis in metabolism (Meyer 
et al. 1992; Petersen et al. 1996). Meanwhile, the invA 
gene usually codes for a protein in the inner bacterial 
membrane that is responsible for the invasion of intes-
tinal cells of the host. Also, the expression of the invA 
gene is more dependent on the cell’s internal environment 
than on individual metabolic activities (Wang et al. 2009). 
The pasteurization treatments caused most of the cells to 
become membrane-compromised, as shown by the ΔCt 
values from the PMA and DyeTox13 assays (Fig. 2). The 
overall tendency of the gene expressions of invA and purE 
also indicated that heat-treated cells entered a membrane-
compromised state (Fig. 3 A and B).

mRNA has been a promising candidate as an indicator 
of viability in bacteria, but its persistence in dead cells 
depends on the inactivating treatment and subsequent 
holding conditions (Sheridan et al. 1998). The normalized 
gene expression levels of purE were significantly lower in 
UV-treated cells because the pyrimidines and purines can 

Fig. 5   The route from “live” to “dead” contains many steps containing different physiological states and the schematic representation of selected 
viability states and characteristics associated with three viability criteria. ABNV refers to “active but nonculturable”
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absorb UV light, resulting in inhibition of purine biosyn-
thesis (Sinha and Hader 2002). Interestingly, invA mRNA 
remained detectable under the low intensity of UV treat-
ment with the PMA treatment and the no dye treatment. 
This could be explained by the mRNA transcripts that 
were being transcribed during the time of UV exposure not 
being destroyed or completely leaked from the cells. Also, 
continued gene expression after cell death might occur for 
limited periods of time in bacteria (Trevors 2012). The 
log2-fold changes of the DyeTox13 and DyeTox13 + EMA 
assays were significantly greater than that of PMA, indi-
cating that permeable DyeTox13 can bind to the mRNA 
of metabolically inactive cells and subsequently inhibit 
cDNA synthesis. When a population of cells is exposed 
to stress, depending on the magnitude of the stress, there 
might be heterogeneous responses where some cells are 
killed, others are injured, and yet others may exhibit via-
bility features such as reduced metabolic activity, reduced 
RNA content or intact cells with no detectable metabolic 
activity. In a mixed population composed of cells in differ-
ent physiological states, as mentioned above, resuscitation 
stimulus could transition dormant to ABNC cells or allow 
injured cells to recover to an active state.

In our study, the PMA and DyeTox13 assays were applied 
to eggs artificially contaminated with pure-cultured S. Typh-
imurium, which were then treated by pasteurization and 
UV disinfection. The significant difference in ΔCt values 
between DyeTox13 assay and PMA indicated that the S. 
Typhimurium on the eggshell entered the dormant state after 
pasteurization. Also, the ΔCt values of the egg samples were 
observed to be significantly lower than those of suspended 
cultures. One reason for this could be the formation of a bio-
film on the eggshell after a long incubation of the eggs with 
S. Typhimurium, where the biofilm itself could reduce the 
efficiency of heat transfer during pasteurization (Charack-
lis, Nevimons et al. 1981). Also, the performance of the 
DNA-intercalating dyes could be hindered by the complex 
components swabbed from the eggshell because of potential 
interferences, such as ion concentrations, pH value, organic 
and inorganic ingredients, and chemical adsorption (Fitti-
paldi et al. 2012; Fang et al. 2018). Additionally, the Dye-
Tox13 assay proved that “dormant” S. Typhimurium cells 
with no metabolic activity were prevalent in the eggshell 
samples after UV irradiation, whereas the PMA assay could 
only distinguish “membrane-compromised” cells. Thus, 
DyeTox13 can be applied to various disinfection methods, 
as disinfection achieved by different treatments can lead 
to distinct differences in the enzymatic activity as a proxy 
for metabolic activity and membrane permeability of the 
disinfected microbes (Blatchley et al. 2007). Therefore, the 
detection of metabolically inactive S. Typhimurium using 
the DyeTox13-qPCR assay could provide rapid identification 

of metabolically active cells and determine disinfection effi-
ciency for food safety.
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