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Abstract—Specific amplification of nucleic acids is a convenient and quick alternative to the culture-based
method of detecting bacterial cells. However, conventional PCR and other amplification reactions can not
differentiate between live bacteria and dead or dormant ones, and are also capable of amplifying DNA that
persists for a long time and in a cell-free state. Several methods have been developed in order to establish the
viability of microorganisms by amplification of specific sequences of nucleic acids, both those controlled by
changing temperatures and isothermal ones. For some of them, DNA modified by phenanthridine dyes
serves as a target, and simultaneous use of monoazides of ethidium and propidium was shown to be preferable
for the purpose. For other methods, the targets are directly RNA molecules or their cDNA copies. Pre-rRNA
detection seems to be the most preferable approach, due to the presence of these types of RNA exclusively in
living cells.

Keywords: microbial viability, live and dead bacteria, PCR, RT–PCR, NASBA (Nucleic Acid Sequence
Based Amplification), Molecular Viability Testing (MVT), ethidium monoazide (EMA), propidium
monoazide (PMA), pre-rRNA
DOI: 10.1134/S0026261720010038

In applied microbiology, a topical issue is the need
for reliable, highly sensitive, and specific assays for
detection of viable microorganisms in various media,
both for diagnostics of infectious diseases, and for
evaluation of the sanitary state of the environment
(e.g., water, air, or foodstuffs). The culture-based
approach, although currently considered the gold
standard, still has a number of important shortcom-
ings that are, in particular, related to a considerable
duration of the analysis. Moreover, a large number of
microorganisms of medical and/or veterinary signifi-
cance, such as nearly all currently known obligate and
facultative intracellular parasites or anaerobic bacte-
ria, are unculturable under normal conditions.
Accordingly, immediately after the advent of poly-
merase chain reaction (PCR), this method was
adopted by microbiologists to detect target microor-
ganisms by amplification of specific DNA sequences
in the analyzed specimens.

Modern amplification-based approaches to differ-
entiation of live and dead bacterial cells started devel-
oping in the mid 1990s, when it was proposed to use
boundary regions of rRNA and pre-rRNA as targets.
In the early 2000s, this research direction was further
boosted due to introduction of ethidium monoazide
(EMA), which permeates only dead bacterial cells and
intercalates within DNA molecules, thus preventing
their amplification by PCR (Nogva et al., 2003). This
review will summarize and analyze the considerable
body of experience that has been accumulated during
the fifteen years since the approach to differentiating
viable and dead bacteria by means of PCR with
phenanthridine dyes (EMA, as well as propidium
monoazide, PMA) was proposed; in addition, it con-
siders other methods of nucleic acid amplification
employed for differentiation of live and dead bacteria.
However, before discussing these techniques, we will
briefly describe the viability states in bacteria.
13
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Currently, several major forms of bacterial viability
state are recognized: apart from spores, there are at
least three different states: live, dead, and dormant
bacteria. The latter group is frequently referred to as
viable but nonculturable (VBNC) cells. For instance,
bacteria may acquire the VBNC status as a result of
exposure to bacteriostatics or sublethal concentrations
of antibiotics, other bactericides, or disinfectants. A
study by Davey (2011) recognized an even greater
number of grades between live and dead cells. That is,
a living cell with active metabolism (1) may become a
living cell with decreased metabolic activity (2), a cell
with decreased RNA levels (3), and then an intact cell
without signs of metabolic activity (4). The subse-
quent viability stages involve compromised membrane
integrity (5), DNA degradation (6), and finally, for-
mation of cell debris (7). It is specifically pointed out
that the so-called point of no return after which it
becomes impossible to restore the viability of bacteria
exposed to stress factors is unknown, as well as the
exact point of bacterial death (Davey, 2011). More-
over, they may vary depending on bacterial species and
their environment. The viability states in bacteria,
including dormant cells, are comprehensively dis-
cussed in several reviews (Kell et al., 1998; Barer and
Harwood, 1999; Oliver, 2010; Pinto et al., 2013).

DIFFERENTIATING LIVE AND DEAD 
BACTERIA BY AMPLIFICATION OF RNA 
OR DNA FRAGMENTS WITHOUT THEIR 

PRELIMINARY MODIFICATION

Since the invention of PCR, this method has been
extensively applied to detect bacteria in diverse envi-
ronments. The very first work aimed at detection of
toxicogenic Escherichia coli was performed at the Uni-
versity of Kuwait and employed the initial low-effi-
cient PCR variant using the Klenow fragment of
E. coli DNA polymerase I (Olive et al., 1988). The
level of the assay sensitivity was higher than 1000 bac-
teria, which could be detected using 24 PCR cycles
and subsequent hybridization of the 299-bp-long
amplicon with a labeled DNA probe. Subsequently,
the method was improved to allow E. coli detection by
electrophoresis after 30 cycles of amplification with
thermostable DNA polymerase (Olive, 1989). In the
same period, it was shown that PCR could be
employed for practical purposes of detecting patho-
genic bacteria (Bernet et al., 1989; Dutilh et al., 1989;
Rosa and Schwan, 1989). The possibility to detect dis-
ease-causing bacterial agents that are unculturable in
vitro was considered particularly promising. For
instance, PCR was used to detect Mycobacterium lep-
rae, the causative agent of lepra (Hartskeerl et al.,
1989). In another study published several years later,
viable M. leprae cells were detected by amplifying two
DNA fragments of different sizes: 571 and 285 bp
(Jamil et al., 1993).
Fairly soon, it became clear that DNA molecules
could be preserved in dead bacteria and even in the
free form in the environment, which was why their
detection by PCR did not provide the crucial informa-
tion as to whether the specimen in question actually
contained viable microorganisms capable of affecting
other living organisms, including humans, or the envi-
ronment. Therefore, RNA molecules with lifetimes
that are significantly shorter than that of DNA were
considered more appropriate targets for detection by
PCR in combination with reverse transcription (RT–
PCR). For instance, it was shown that PCR amplifi-
cation of a 650-bp-long cDNA fragment encoding the
mip RNA of Legionella pneumonia could be used to
differentiate between live and dead bacteria, as well as
those in the VBNC state (Bej et al., 1991). Subse-
quently, this group utilized the same approach to dif-
ferentiate live and dead Vibrio cholerae cells (Bej et al.,
1996). An RT–PCR assay employing several mRNA
species as targets to ensure sensitivity gradation was
shown to be efficacious for detection of live Listeria
monocytogenes cells in meat products (Klein and
Juneja, 1997). It was reported that RT–PCR using
mRNA targets was appropriate to differentiate
between several species of live bacteria (Sheridan
et al., 1998; Lleò et al., 2000). Moreover, Sheridan
et al., (1998) also noted that RT–PCR targeted at
detection of 16S rRNA molecules was unsuitable for
specific differentiation of viable bacteria, since the
presence of significant amounts of mature rRNA dis-
torts the results. At the same time, it was reported that
rRNA was successfully used for differentiation of live
and dead cells of E. coli and Staphylococcus aureus
(McKillip et al., 1998). To eliminate false positive
results caused by amplification of genomic DNA
instead of mRNA during detection of viable microor-
ganisms, it was proposed to perform RT–PCR only
after repeated DNase treatments of RNA specimens
resulting in complete disappearance of target ampli-
cons in conventional PCR (Kobayashi et al., 2009).

For a number of reasons, RT–PCR is not a perfect
technique of detecting viable bacteria. In particular, it
is necessary to remove DNA from the specimens using
DNase treatment, which is a difficult task itself due to
the presence of residual amounts of these nucleic
acids. There is a risk of partial or even complete dis-
ruption of target RNA as a result of DNase contami-
nation with RNase. It should also be taken into
account that PCR has an extremely high sensitivity,
which is why it is critically important that these bacte-
rial detection assays be thoroughly controlled both for
false positive results due to working zone contamina-
tion or other causes and for false negative results, for
instance, caused by the presence of various kinds of
PCR inhibitors in the specimens (Chemeris et al.,
2011, 2012a, 2012b).

Apart from RT–PCR, microbial viability state can
be assessed by detecting bacterial RNA using a tech-
nique termed NASBA (Nucleic Acid Sequence Based
MICROBIOLOGY  Vol. 89  No. 1  2020
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Fig. 1. Structural formulas of ethidium monoazide and the products of its photolysis. 
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Amplification): isothermal amplification that does
not involve the initial dsDNA chains. Its utility has
been demonstrated in several bacterial species (Vliet
et al., 1994; Simpkins et al., 2000), in particular, using
real-time monitoring of amplification results (Fykse
et al., 2007). A study that compared PCR, RT–PCR,
and NASBA assays for differentiation of live and dead
bacteria showed that NASBA had the highest sensitiv-
ity (Birch et al., 2001). Along with NASBA, mRNA in
live Mycobacterium tuberculosis cells was detected
using the technique of reverse transcriptase strand dis-
placement amplification (RT–SDA), which also
enables amplification under isothermal conditions
(Hellyer et al., 1999).

It was shown that RT–PCR targeting a fragment of
intact pre-rRNA can distinguish antibiotic-resistant
M. tuberculosis cells from the sensitive ones (Cangelosi
et al., 1996). Moreover, by selecting primers in such a
way that one of them anneals to a site of mature 16S
rRNA, and the other one, to a fragment removed
during rRNA processing, it was possible to detect pre-
rRNA molecules that have just appeared in the course
of transcription. However, it was only fifteen years
later that a basically new technique of differentiating
live and dead bacteria ultimately termed Molecular
Viability Testing (MVT) was proposed (Cangelosi
et al., 2010; Weigel et al., 2017). This molecular assay
of bacterial viability employs RT–PCR for selective
amplification of an intact pre-rRNA sequence with
primers for cDNA synthesis and amplification
designed so as to anneal to a fragment of mature rRNA
and to a pre-rRNA fragment that exists only not long.
The authors claim that this technique is the most
accurate means of assessing microbial viability state,
since it is known that dormant cells do not synthesize
new pre-rRNAs and do not retain those synthesized
previously, whereas addition of nutrients can induce a
rapid transformation of dormant cells into metaboli-
cally active live ones, which is accompanied by
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appearance of new pre-rRNAs. Moreover, the suit-
ability of MVT based on detecting intact pre-rRNA by
means of RT–PCR for differentiation of microbial
viability states was shown for several slow- and fast-
growing bacterial species of different phylogenetic
groups: M. tuberculosis, Acinetobacter baumanii, Pseu-
domonas aeruginosa, and S. aureus. It is noted that
MVT provides a more accurate estimate of bacterial
viability state than the widespread techniques based on
detecting bacterial DNA after exposure to phenanthri-
dine dyes (Cangelosi and Meschke, 2014). Neverthe-
less, it is this latter group of methods that will be com-
prehensively discussed below.

METHODS OF DIFFERENTIATING LIVE 
AND DEAD BACTERIA BASED ON VIABILITY 

PCR USING PHENANTHRIDINE DYES

DNA modification with phenanthridine dyes was pro-
posed based on the fact that ethidium monoazide (3-
amino-8-azido-5-ethyl-6-phenylphenanthridinium chlo-
ride) can permeate the compromised membranes of dead
bacterial cells, bind to their DNA, and induce fluores-
cence that may be detected using flow cytofluometry;
thus, dead microorganisms can be counted (Riedy et al.,
1991). Importantly, it was considered that exposure to vis-
ible light made DNA/EMA complex irreversible and
changes some DNA properties. Previous research estab-
lished also that light causes transformation of EMA that
intercalated DNA molecules into extremely reactive ethid-
ium nitrene (Knowles, 1972), which interacts with DNA,
while free EMA in the presence of water undergoes pho-
tolysis and produces relatively inert ethidium hydroxyl-
amine (Graves et al., 1981); the structural formulas of
these compounds are shown on Fig. 1.

The principal idea of this approach is as follows:
after exposure to visible light, EMA that has perme-
ated the damaged membrane of dead bacterial cells in
the dark irreversibly binds to cellular DNA; as a result,
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this DNA will be excluded from PCR. Quantitative
assessment of the live/dead bacteria ratio can be per-
formed by real-time PCR after dividing the specimen
concerned in two parts and treating one of them with
a phenanthridine dye, while leaving the other one
untreated. Next, DNA is isolated from both specimens
using an appropriate technique and amplified, and the
proportion of live and dead bacteria in the initial spec-
imen is determined as the ratio of the obtained prod-
uct amounts. Importantly, EMA that has undergone
degradation by photolysis, cannot interact in the solu-
tion with native DNA isolated from live cells.

PCR Combined with Ethidium Monoazide Treatment 
(EMA–PCR)

The first experimental article that described suc-
cessful application of EMA–PCR for differentiation
of live and dead bacteria was published in 2003 (Nogva
et al., 2003). This work was performed using the fol-
lowing microorganisms: several strains of toxicogenic
E. coli variant O157:H7, L. monocytogenes, and Salmo-
nella sp., which were killed by exposure to high tem-
perature and chemical disinfectants. The authors
tested different EMA concentrations, as well as treat-
ment conditions, in particular, the duration and inten-
sity of illumination. The results of viability evaluation
were verified using conventional microscopy with a
commercial LIVE/DEAD BacLight kit (Molecular
Probes, Inc., currently ThermoFisher Scientific)
including two dyes: SYTO 9 and propidium iodide;
this test confirmed validity of the quantitative EMA–
PCR microbial viability assay. A study using Campylo-
bacter jejuni isolated from different foodstuffs showed
that EMA–PCR was superior to microscopic analysis,
in particular, due to the possibility to discriminate
concominant microorganisms (Rudi et al., 2005). The
EMA–PCR technique was adapted to differentiate
live and dead bacteria in soil (Pisz et al., 2007) and
water samples (Inoue et al., 2008). A considerable dis-
cussion (Hein et al., 2006) was provoked by the find-
ing that exposure to EMA caused selective DNA elim-
ination from dead cells in mixed bacterial samples
(Nocker and Camper, 2006). It turned out that there
occurred DNA fragmentation rather than irreversible
EMA binding to DNA (Soejima et al., 2007). The
authors noticed that the amount of DNA isolated from
dead bacteria after EMA treatment decreased signifi-
cantly and undertook a special study to find out what
actually happened to this DNA, taking into account
that similar observations have been reported previ-
ously (Nocker and Camper, 2006). The products
obtained in vitro were analyzed using several tech-
niques of electrophoresis, as well as by electron
microscopy, and it was found that exposure to EMA
and light caused single-strand breaks in double-
stranded DNA; at higher EMA concentrations in the
reaction mixture, they became so numerous that actu-
ally resulted in double-strand breaks (Soejima et al.,
2007). These data invited some hypotheses concerning
the mechanism of DNA disintegration and suggested
new considerations on using EMA–PCR to differen-
tiate live and dead bacteria. Thus, assuming that the
permeation of EMA into damaged bacterial cells and
its interaction with intracellular DNA before and after
exposure to light compromised the integrity of bacte-
rial DNA, the researchers evaluated the likelihood of
obtaining amplicons of different sizes in L. monocyto-
genes (Soejima et al., 2008). It was found that a 894-
bp-long target fragment was not amplified, whereas a
shorter one (113 bp) still could be detected, which fur-
ther confirmed the fact of DNA fragmentation caused
by double-strand DNA breaks.

It should be noted that a study performed with two
bacterial species, C. jejuni and L. monocytogenes,
reported that real-time EMA–PCR did not ensure the
required level of differentiation between live and dead
cells (Flekna et al., 2007). Nevertheless, even after the
more appropriate assay with propidium monoazide
(PMA) was introduced, EMA has not fallen out of use
(Fukuzawa et al., 2019), in particular, due to the lower
cost of this reagent. To improve the reliability of
the EMA assay, Minami et al. (2010) proposed to per-
form repeated treatments of specimens with low EMA
concentrations, using Enterobacter sakazakii as a con-
trol.

PCR Combined with Propidium Monoazide Treatment

Taking into account that propidium iodide, which per-
meates only the membranes of those bacterial cells that
have lost viability, has long been used for differentiation of
live and dead bacteria by means of microscopy and flow
cytometry (Nebe-von Caron et al., 1998), it was proposed
to perform viability PCR (vPCR) using its analog, propid-
ium monoazide (3-amino-8-azido-5-{3-[diethyl(me-
thyl)ammonio]pro-pyl}-6-phenylphenanthridinium di-
chloride; Fig. 2), which was first utilized by Nocker et al. in
2006. Subsequently, a series of experimental studies that
analyzed a broad range of microbial species using quantita-
tive PCR, DNA microchip technology, and pyrosequenc-
ing showed that PMA could be efficiently employed for dif-
ferentiation of live and dead bacteria (Nocker et al., 2007,
2009, 2010; Contreras et al., 2011; Yáñez et al., 2011;
Schnetzinger et al., 2013).

A considerable number of articles have addressed
the issues of quantifying live and dead bacteria using
real-time PCR for the purposes of monitoring bacte-
rial abundance in the samples, in particular, after dif-
ferent types of disinfecting treatment (Bae and
Wuertz, 2009; Wahman et al., 2009; Yokomachi and
Yaguchi, 2012; Kaushik and Balasubramanian, 2013;
Xing-Long et al., 2013; Lee et al., 2015; Kibbee and
Örmeci, 2017; Zhou et al., 2017). For instance, the
abundance of live bacteria in a wastewater microbial
community before and after disinfection, as well as in
specimens of feces was assessed using digital droplet
MICROBIOLOGY  Vol. 89  No. 1  2020
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Fig. 2. Structural formula of propidium monoazide.
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PCR in combination with PMA treatment (Gobert
et al., 2018).

The study by Janssen et al. (2016), who applied
real-time quantitative PMA–PCR to detect live and
dead Chlamydia trachomatis cells, was the first to
employ vPCR to control the microbial abundance in
sexually transmitted diseases. Along with analysis of
clinical specimens, the study included model experi-
ments performed to validate the technique, which
confirmed its appropriateness for monitoring antibi-
otic therapy of chlamydiosis. It was also shown that
PMA treatment of microbial samples followed by
PCR is a promising approach to treatment monitoring
in patients with tuberculosis (Nikolayevskyy et al.,
2015). A recent work found that, along with PMA–
PCR, the effect of antibiotics on P. aeroginosa can also
be assessed using PCR-based detection of pre-rRNA
(Lee and Bae, 2018a).

Li et al. (2015) reported using multiplex real-time
vPCR after PMA treatment of water samples for
simultaneous detection of viable bacteria of three spe-
cies: Legionella pneumophila, Salmonella typhimurium,
and S. aureus. Previously, multiplex vPCR in combi-
nation with immunomagnetic separation and PMA
treatment was utilized for simultaneous detection of
viable Listeria monocytogenes, S. typhimurium, and
E. coli O157:H7 in food products (Yang et al., 2013).

It should be noted, however, that, according to cer-
tain publications, PMA‒vPCR overestimated the
abundance of live bacteria in the specimens tested
(Lovdal et al., 2011; Ditommaso et al., 2014). To
achieve better discrimination between live and dead
bacteria by increasing the permeability of damaged
bacterial membranes for PMA, some studies utilized
various detergents, such as sodium deoxycholate, sar-
kosyl, sodium dodecyl sulfate, or Triton X-100, as well
as EDTA, a chelating agent (Wang et al., 2014a, 2014b;
Dong et al., 2018; Zi et al., 2018; Kontchou et al.,
2019). Dimethyl sulfoxide could also be used for the
same purpose (Seidel et al., 2017).

A model system study where PMA–PCR was used
for relative quantification of live and dead L. pneu-
mophila cells after their experimental introduction in
wastewater and disinfection treatments showed that
there was a risk of both false positive and false negative
results (Fittipaldi et al., 2011). Several works report
that PMA treatment of microorganisms, including
exposure to light, could be successfully performed
directly on the membrane filters that were used to
concentrate bacterial cells from water samples (Sli-
mani et al., 2012; Villarreal et al., 2013). In addition to
evaluating bacterial viability state, quantitative PMA–
PCR was efficiently utilized to determine viability of
Bacillus subtilis spores (Rawsthorne et al., 2009).

For a rather long time, vPCR assays with phenan-
thridine dyes involved exposure to visible light using
high-power halogen lamps, which heated the speci-
mens and therefore implied the need for some cooling
MICROBIOLOGY  Vol. 89  No. 1  2020
systems. The problem was resolved after it was pro-

posed to use blue LED lamps with emission wave-

lengths from 445 to 485 nm (Vesper et al., 2008).

Although halogen lamps are still sometimes used in

vPCR assays, LED-based light sources are signifi-

cantly more common and they are manufactured by

several companies. For instance, two devices by Bio-

tium, Inc., PMA-Lite and Glo-Plate, are designed for

blue-wave illumination of PMA bound to bacterial

DNA in test tubes or plates. The same company also

produces a broad range of reagents and kits for differ-

entiation of live and dead bacteria, in particular,

PMAxx, a novel dye advertised as an improved PMA

version. In addition, the well-known company Qiagen

produces the BLU-V System, a heating-free illumi-

nating device.

At this point, we feel it necessary to discuss two

recent studies on differentiation of live and dead bac-

teria performed by two different research groups (Will-

ers et al., 2017; Huang et al., 2018). Huang et al. (2018)

compared the efficiency of culturing, vPCR, and flow

cytometry using the already mentioned LIVE/DEAD

BacLight kit with SYTO 9 (which stains all cells green)

and propidium iodide (which stains only dead cells

red) for the assessment of E. coli viability state. This

work evaluated a number of parameters, such as the

duration of both preliminary steps and the experiment

as such, the waiting period until final results, the cost

of the analysis, and its throughput (parallelism). On

the whole, in contrast to f low cytometry, which is a

rapid assay but does not discriminate different species

of bacteria, vPCR enables selective amplification of

the desired target and should be considered a promis-

ing approach. The study by Willers et al. (2017) com-

pared the efficiency of PMA–PCR and flow cytome-

try that utilized only PMA instead on the standard

LIVE/DEAD BacLight kit. Although the latter assay

had an advantage of rapidity, it should be noted the

described experiments were performed with pure cul-

tures of Helicobacter pylori. At the same time, it cannot

compete with vPCR if applied to real specimens that

might contain numerous bacterial species, including

unknown ones, mainly because of nonspecific detec-

tion of viable bacteria.
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Fig. 3. Interaction of ethidium monoazide and propidium monoazide with DNA of live (a), dormant (b), and dead (c) bacteria. 
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Combined Use of EMA and PMA in PCR Assays
As soon as PMA was proposed as a phenanthridine

dye for differentiation between live and dead bacteria,
experiments were performed to compare its efficiency
to that of the already known EMA (Nocker et al.,
2006). The principal difference between EMA and
PMA is that the latter dye cannot permeate into a liv-
ing bacterial cell, because it carries two positive
charges, whereas EMA with a single positive charge
still can permeate an undamaged membrane and then
be exported, which results in an equilibrium shown
schematically on Fig. 3. Moreover, this process may
either occur by passive diffusion or be mediated by a
cell pump that, in particular, ensures antibiotic resis-
tance in bacterial cells (Willers et al., 2017).

A further advantage of PMA is its lower toxicity for
microorganisms. For instance, it was shown that PMA
exhibits no antibacterial activity against L. monocyto-
genes (Pan and Breidt, 2007). Another study that ana-
lyzed viability of E. sakazakii using vPCR found that
both PMA and EMA prevented amplification of DNA
from dead bacteria, but EMA treatment also had an
inhibiting effect on PCR with DNA isolated from live
cells (Cawthorn and Witthuhn, 2008).

A study on the viability of Clostridium perfringens,
L. monocytogenes, and Salmonella enterica showed that
neither EMA nor PMA treatment could completely
exclude amplification of DNA from dead bacteria
(Wagner et al., 2008). Some authors found that treat-
ment of mixed bacterial communities with phenan-
thridine dyes EMA and PMA produced an elevated
rate of false results for the latter (Lee and Levin, 2009).
Another study determined that the PMA concentra-
tion required to inhibit vPCR with DNA from
L. pneumophila was 4 times higher than the necessary
EMA concentration, which suggested that EMA was a
more appropriate reagent (Chang et al., 2010). Appar-
ently, the already mentioned lower cost of EMA is also
of substantial importance. On the other hand, it was
shown that PMA was superior to EMA for differentia-
tion of live and dead H. pylori, because the latter dye
also permeated living cells and prevented amplifica-
tion of their DNA (Nam et al., 2011). A similar con-
clusion was proposed by other authors who analyzed
live and dead pathogenic bacteria in the mouth cavity:
Streptococcus mutans, Prevotella intermedia, and
Aggregatibacter actinomycetemcomitans (Loozen et al.,
2011). Relatively recently, a fairly large-scale study was
performed in five different model objects: gram-nega-
tive bacteria L. pneumophila, P. aeruginosa, and
S. enterica, as well as gram-positive bacteria S. aureus
and Enterococcus faecalis, to determine the optimal
EMA and PMA concentrations for differentiation of
live and dead bacteria of these species (6 and 50 μM,
respectively), as well as to evaluate the efficiency of
using DNase for the same purpose (Reyneke et al.,
2017). This work showed that the efficiency of EMA
for the viability detection in the analyzed species of
gram-negative and gram-positive microorganisms was
basically the same. Previously, other authors reported
that EMA had similar effects on gram-negative
C. jejuni and gram-positive L. monocytogenes (Flekna
et al., 2007). Nevertheless, it should be noted that
there exist certain differences in PMA penetration
through the cell walls of gram-positive and gram-neg-
ative microorganisms; for the latter group, the com-
pany Biotium produces an enhancer of PMA penetra-
tion to ensure better differentiation of live and dead
bacteria.

We should certainly mention an alternative
approach to specific detection of live bacteria using
DNase I that was proposed by Villarreal et al. (2013).
DNase I treatment degrades extracellular DNA and
DNA of dead bacteria with a damaged cell wall, while
MICROBIOLOGY  Vol. 89  No. 1  2020
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DNA subsequently isolated from the remaining (live)
bacterial cells can be analyzed by conventional PCR.
To obtain accurate results, DNase had to be degraded
by proteinase K treatment after the DNA degradation
step and prior to DNA isolation. The efficiency of
elimination of undesirable DNA was controlled using
PMA‒vPCR, which showed similar results in the
analysis of autochthonous microbial communities of
biofilms developing in the reservoirs for drinking water
production.

PCR Assay with PEMAX

The study by Fittipaldi et al. (2011) cited above
probably served as a starting point for vPCR improve-
ment research by this group. In their review published
in 2012, the authors provided a detailed analysis of var-
ious advantages and shortcomings of phenanthridine
dyes used for vPCR (Fittipaldi et al., 2012), which
became the basis for subsequent development of a
novel bacterial viability assay, followed by a series of
similar studies. For instance, an analysis performed in
a model system of Salmonella enteritidis showed that
combined treatment with 10 μM EMA and 50 μM
PMA with subsequent vPCR produced more accurate
results and allowed detection of not only live and dead
bacteria, but also specifically of VBNC cells (Codony
et al., 2015). The Spanish company GenIUL manu-
factures reagents and equipment required for these
vPCR assays. To standardize the critical procedure of
exposure to light, the company proposes several types
of LED devices: PAUL (Photo Activation Universal
Light system), PhotoActivation System for Tubes
(PhAST), and Phast Blue, saving the researchers the
trouble of selecting the light source, as well as the
necessity of cooling the specimens to prevent their
overheating by halogen lamps. The product worth spe-
cial mentioning is the PEMAX reagent: its exact com-
position is kept secret, but it is described as a blend of
two dyes (probably, EMA, PMA, or their analogs)
supposed to ensure improved differentiation of live
and dead bacteria. Several recently published method-
ical articles describe using the PEMAX reagent to
determine the viability state in different bacterial spe-
cies and suggest, in particular, that the issue with false
positive results has been basically resolved (Agusti
et al., 2017; Lizana et al., 2017). For instance, com-
bined double photo-activation treatment of S. enterica
cells, including those artificially added to food prod-
ucts, prevented amplification of the PCR product that

could have represented over 107 dead bacteria, while
the use of PEMAX completely excluded their DNA
from the reaction as potential templates (Dinh Thanh
et al., 2017). Moreover, changing the reaction tubes
and continuing the experiment in new ones helped
decrease the rate of false positive results, since it is
long known that DNA can be adsorbed on polypropyl-
ene (Belotserkovskii et al., 1996).
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Amplicon Size for Detection of Viable Microorganisms

Irrespectively of the technique employed, the size
of amplified DNA or RNA fragments is critically
important for the assessment of bacterial viability
state. For instance, a special experiment performed as
long ago as in 1993 showed that L. pneumophila treated
with different chlorine concentrations for different
periods of time lost their ability to grow on solid
media, but a 168 bp-long DNA fragment sometimes
could still be detected by conventional PCR, in con-
trast to a longer amplicon of 650 bp, which was not
amplified (McCarty and Atlas, 1993). This suggested
that cell death was associated with progressive DNA
degradation and with disappearance of large DNA
fragments. Thus, the size of amplified fragments is an
indirect indicator of the bacterial cells viability state. It
is therefore no wonder that the amplicon size issue
attracts considerable attention in vPCR protocols,
considering that it provides a further sign of viable or
unviable state in microorganisms. As mentioned
above, the results of an EMA assay for detection of live
L. monocytogenes cells were more accurate when lon-
ger DNA fragments were amplified (Soejima et al.,
2008). Subsequently, the same group applied this
approach to other bacteria. For instance, an EMA-
based assay for differentiation of live and dead cells of
five species of the family Enterobacteriaceae revealed
an evident inverse relationship between the size of
amplicons (110, 340, 670, 1490, and 2840 bp) and the
efficiency of their accumulation in vPCR (Soejima
et al., 2011b). Another study on differentiation of live
and dead E. sakazakii bacteria was performed using
EMA treatment with nested vPCR, where stage 1
involved amplification of a larger 1514-bp-long frag-
ment, and a shorter fragment of 560 bp was amplified
at the second stage to improve the sensitivity of the
assay (Soejima et al., 2012). Moreover, a 2451-bp-long
DNA fragment present in various coliform bacteria
was detected directly in EMA-treated milk, without
the DNA isolation step (Soejima et al., 2012). Taking
into account the presence of numerous PCR inhibi-
tors in milk, the authors used proteinase K treatment
to prevent false negative results. A further difficulty
was related to the fact that pasteurized milk contains
many dead bacteria, which also could affect the final
result.

A number of studies have evaluated the efficiency
of nested vPCR with PMA treatment (Contreras et al.,
2011; Banihashemi et al., 2012; Martin et al., 2013;
Schnetzinger et al., 2013; Ditommaso et al., 2014;
Banihashemi et al., 2017). It was shown that the assay
for the presence of live salmonella in ham was more
reliable when the amplified DNA fragment was 417 bp
long, in comparison to shorter fragments of 95 and
285 bp (Martin et al., 2013). The death rate of patho-
genic enterobacteria Yersinia enterocolitica, S. enterica,
C. jejuni, and Arcobacter butzleri in river water was
assessed by PMA–PCR amplifying even longer frag-
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ments: 1213, 1614, 1512, and 1415 bp, respectively
(Banihashemi et al., 2017). Previously, model experi-
ments of the same research group showed that the best
results in detection of live S. enterica and C. jejuni after
PMA treatment were obtained by amplification of
1614- and 1512-bp-long DNA fragments, respectively,
whereas amplicons of 119, 174, and even 899 bp could
not ensure the necessary level of discrimination (Bani-
hashemi et al., 2012).

Differentiation of Live and Dead Bacteria by Isothermal 
Amplification of DNA or RNA Fragments Involving 

Phenanthridine Dyes

Alternatively to PCR, differentiation of live and
dead microorganisms can utilize other methods of
nucleic acid amplification, in particular, those per-
formed under isothermal conditions, which provides
certain advantages. For instance, in 2009, the EMA–
LAMP technique (Ethidium MonoAzide‒Loop-
mediated isothermal AMPlification) was proposed for
differentiation between the live and dead S. enterica
cells (Lu et al., 2009). Subsequently, the more appro-
priate PMA replaced EMA in the LAMP assay
employed to detect both salmonella and other bacte-
ria, e.g., E. coli, Vibrio parahaemolyticus, or S. aureus
(Chen et al., 2011; Youn et al., 2017; Li et al., 2017; Yan
et al., 2017; Fang et al., 2018). However, the group that
developed an EMA-based Rti-LAMP technique with
real-time detection of amplification results also
reported that the use of PMA for differentiation of live
and dead S. enterica cells was less efficient (Wu et al.,
2015). It was proposed that, after eliminating DNA of
dead bacteria from the reaction using PMA treatment,
the results of LAMP assay with DNA of live bacteria
could be detected using other technical variations,
e.g., on a microfluidic platform or in combination
with biosensor techniques or lateral chromatography
(Ahmad et al., 2017; Zhao et al., 2017; Zhang et al.,
2017). Another method of nucleic acid amplification,
microarray-based recombinase polymerase amplifica-
tion using PMA was applied to enable rapid (in
approximately 1 h) differentiation of live and dead
Legionella spp. cells (Kober et al., 2018). The current
standard for detection of these dangerous bacteria,
causative agents of legionellosis, are culture-based
methods, which, however, require at least 10 days, and
moreover, cannot detect VBNC bacteria. In another
study, differentiation of live and dead streptococci
using the same technique could be performed as rap-
idly as in 20 min (Chen et al., 2018).

CONCLUSIONS

There can be no doubt about the importance of
detecting viable bacteria in diverse environments,
including food products, drinking water, human and
animal tissues and excretions, and environmental
media (water, soil, or air), especially in isolated com-
partments, such as space stations. Essential informa-
tion concerns not only the presence of microorgan-
isms or their abundance, but also their ability to prolif-
erate and thus to represent a danger for human health
or for other biological objects. PCR-based approaches
to differentiation of live and dead bacteria have been
developing for nearly three decades, and during this
time, some techniques of this group have advanced
considerably, while other turned out to be less effica-
cious (Table 1).

Most commonly, viable bacteria are detected using
phenanthridine dyes, and there has been considerable
progress in this field; nevertheless, this approach
might still require adaptation to particular bacterial
species or genera. Our review does not discuss the
technical issues of using ethidium and propidium
monoazides for differentiation of live and dead bacte-
ria, such as the range of their concentrations, tempera-
tures, or duration of treatment, which can vary
strongly depending on bacterial species in question,
but the necessary information can be found in the
original articles listed in References. Another promis-
ing approach is detection of viable microorganisms by
means of RT–PCR amplification of intact pre-rRNA,
which is not preserved in nonviable bacterial cells.
Ongoing research aims to find or synthesize some
novel compounds that could help differentiate live and
dead bacteria, in particular, using nucleic acid ampli-
fication. For instance, in a recent study by Lee and
Bae (2018b), viability state of both gram-negative
(P. aeruginosa) and gram-positive (E. faecalis) bacteria
was successfully determined using a derivative of the
known SYTO 13 dye, which was termed DyeTox13
Green C-2 Azide and shown to be superior to both
EMA and PMA. Furthermore, it was proposed to
replace phenanthridine dyes with certain platinum
compounds, which also penetrate only compromised
membranes of nonviable bacteria and form chelate
complexes with purine bases of their DNA, preventing
further DNA amplification (Soejima et al., 2016a).
The authors underline that the entire assay could be
performed at light without any risk that these platinum
compounds would enter the reaction prematurely;
moreover, they are hundreds of times cheaper than
phenanthridine dyes. The same research group
achieved further cost reduction in differentiation of
live and dead bacteria by using a number of palladium
compounds that also penetrate only damaged bacterial
membranes; it was possible to perform this assay in
pasteurized milk containing numerous dead microor-
ganisms (Soejima and Iwatsuki, 2016).

For the most accurate assessment of the bacterial
viability state in various media, it seems optimal to
divide the initial sample in three aliquots and to per-
form three assays: one of them will amplify all bacte-
rial DNA, the second will detect only viable bacteria
that maintain their cell wall and/or plasma membrane
impermeable for monoazide phenanthridine dyes (or
their analogs), and the third one should involve an
MICROBIOLOGY  Vol. 89  No. 1  2020
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Table 1. Methods of differentiating live and dead bacteria based on DNA or RNA amplification in combination with addi-
tional treatments (in the chronological order)

Year Method Target and features Reference

1988 PCR The first use of PCR to detect bacterial presence

in a specimen; no differentiation of live and dead bacteria

Oliver et al., 1988

1991 RT–PCR The first use of PCR with an mRNA target to differentiate 

live and dead bacteria

Bej et al., 1991

1993 PCR The first study to differentiate live and dead bacteria

by detecting amplicons of different sizes

Jamil et al., 1993

1994 NASBA Isothermal RNA amplification of live and dead bacteria 

that did not involve DNA

van der Vliet et al., 1994

1996 RT–PCR The first use of the pre-rRNA and rRNA boundary region 

as a target

Candelosi et al., 1996

1999 RT–SDA Isothermal RNA (cDNA) amplification with preliminary 

DNA elimination

Hellyer et al., 1999

2003 PCR The first use of PCR with phenathridine dye (EMA)

treatment allowing fairly reliable differentiation of live

and dead bacteria

Nogva et al., 2003

2006 PCR PMA is proposed as a more specific phenathridine dye 

enabling better differentiation of live and dead bacteria

Nocker et al., 2006

2008 PCR Treatment with a mixture of two phenathridine dye (EMA 

and PMA) is proposed for more reliable differentiation

of live and dead bacteria

Cawthorn and Witthuhn, 

2008

2009 EMA–LAMP A technique of highly sensitive isothermal amplification 

with phenathridine dye (EMA) treatment

Lu et al., 2009

2010 PCR (MVT) Revised technique using pre-rRNA and rRNA boundary 

region as a target

Candelosi et al., 2010

2011 PMA–LAMP A technique of highly sensitive isothermal amplification 

with PMA treatment

Chen et al., 2011

2016 PCR PCR-based differentiation of live and dead bacteria using 

certain platinum and palladium compounds

Soejima et al., 2016;

Soejima and Iwatsuki, 2016

2018 PMA-RPA A rapid and highly sensitive technique of isothermal

amplification with phenathridine dye PMA treatment

proposed for differentiation of live and dead bacteria

Kober et al., 2018

2018 DyeTox-PCR PCR-based differentiation of live and dead bacteria

using a novel promising dye, DyeTox13 Green C-2 Azide

Lee and Bae, 2018b
appropriate technique of highly sensitive pre-rRNA
amplification without DNase treatment under iso-
thermal conditions. This could prevent both the
potential degradation of RNA molecules and DNA
amplification, so that amplicons would be produced
only from RNA templates. A further important aspect
of this triple assay is the fact that bacteria exposed to
UV radiation can retain PMA-impermeable cell walls,
and even though they lose their viability, the corre-
sponding information cannot be obtained. In spite of
the necessity to conduct three independent reactions,
this expenditure of resources may be justified in a
number of cases requiring differentiation of live and
dead bacteria.
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