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a b s t r a c t

The advent of quantitative PCR has improved the detection of human viral pathogens in the environment.
However, a serious limitation of this method may arise from the inability to discriminate between viruses
that are infectious and viruses that have been inactivated and do not represent a human health hazard.
To assess whether propidium monoazide (PMA) pre-treatment is a good approach to inhibiting DNA
amplification from non-infectious viruses, bacteriophage T4 survival was measured using cell culture
titration and real-time PCR with and without PMA pre-treatment. Heat (85 ◦C) and proteolysis methods
were carried out. After these inactivation treatments, the results indicated that the PMA pre-treatment
irus infectivity
MA
eal-time PCR

approach is not appropriate for differentiating infectious viruses. However, when a heat treatment at
110 ◦C was undertaken, PMA pre-treatment did allow differentiation of non-infectious from infectious
viruses. In this case, effective binding of PMA to bacteriophage T4 DNA could be taken to indicate capsid
damage. Therefore, PMA pre-treatment may be appropriate for assessing effective disinfection treatments
and for a more reliable understanding of the factors that contribute to viral inactivation through capsid
damage monitoring. The PMA-PCR approach could be useful as a rapid and inexpensive analytical tool

ion o
for screening and evaluat

. Introduction

Viruses are some of the most significant pathogens for public
ealth, recognized as leading causes of food-borne and water-borne
isease (Bern et al., 1992; Mead et al., 1999). Detection of infectious
iral particles in different types of samples is fundamental for an
nderstanding of (i) the persistence capacity of viruses in the envi-
onment, (ii) the efficacy of disinfection treatments, and (iii) the
valuation of transmission risk to people.

Many methods have been devised for detecting these viruses
Richards, 1999), and cell culture is employed currently to quantify
he infectivity of certain viruses. However, culturing can take days
o weeks to yield results, and many viruses important for public

ealth are either difficult to culture or are non-culturable (Pecson
t al., 2009). In addition, detection of infectious viruses in a sample
ill depend greatly on the assay conditions, such as the duration

f exposure to host cells, volume of inocula, age of the cells, and
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f the efficacy of disinfectants.
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the presence of inhibitory or toxic substances (Rodriguez et al.,
2009).

The advent of PCR and quantitative PCR (qPCR) has improved
considerably the ability for detection of human viral pathogens
in the environment (Abbaszadegan et al., 1993; Fong and Lipp,
2005; Gersberg et al., 2006; He and Jiang, 2005). In this sense,
qPCR is a successful method for monitoring the viral contamina-
tion of water and food products (Beuret et al., 2002; Di Pinto et al.,
2003; Lee and Kim, 2002). Although PCR-based methods have led to
excellent sensitivity and specificity for virus detection and quanti-
tation, a serious limitation is that the technique cannot discriminate
between viruses that are infectious and viruses that have been inac-
tivated and do not represent a human health hazard (Richards,
1999). Because of the persistence of DNA in the environment
(Josephson et al., 1993; Masters et al., 1994), DNA-based assays can-
not assess pathogenic risk because signals can originate from both
infectious and non-infectious viruses (Pecson et al., 2009; Shin and
Sobsey, 1998). To address this limitation, some new approaches

have been developed recently (Rodriguez et al., 2009). Generally,
additional pre-treatment steps have been employed, like immuno-
capture of the virus from the sample (Gilpatrick et al., 2000; Schwab
et al., 1996); the use of cell attachment to remove viruses from
the sample (Nuanualsuwan and Cliver, 2003); and enzymatic pre-

dx.doi.org/10.1016/j.jviromet.2010.06.011
http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
mailto:codony@oo.upc.edu
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reatment (Nuanualsuwan and Cliver, 2002). Other strategies have
ncluded using longer amplicons (Allain et al., 2006; Duizer et al.,
004; Simonet and Gantzer, 2006) and the use of multiple PCR sites
Sobsey et al., 1998). Although enzymatic pre-treatment is one of
he most promising techniques developed because it has become
seful for measuring capsid integrity, none of these methods is
pplicable for all viruses because they do not quantify only infec-
ious viruses. Furthermore, many fundamental questions regarding
he relationship between virus inactivation and damage to the
enome or damage to the capsid and the host attachment site
emain unanswered. Most studies (Pecson et al., 2009; Rodriguez
t al., 2009) agree in pointing out the importance of using qPCR
oupled with other protocols for quantitation of infectious viral
articles.

In recent years, the use of qPCR and selective nucleic acid
ntercalating dyes like ethidium monoazide (EMA) and propid-
um monoazide (PMA) has been evaluated effectively for different
acteria (Bae and Wuertz, 2009; Cawthorn and Witthuhn, 2008;
elgado Viscogliosi et al., 2009; Nocker et al., 2009; Pan and Breidt,
007; Rudi et al., 2005; Soejima et al., 2007), spores (Rawsthorne
t al., 2009), and fungi (Vesper et al., 2008). EMA and PMA should
enetrate only into membrane-compromised cells and once inside
he cell, they bind irreversibly to the DNA by photoactivation. The
resence of an azide group allows cross-linking of the dye to the
NA by exposure to strong visible light. The photolysis of EMA and
MA converts the azide group into a highly reactive nitrene rad-
cal, which can react with any organic molecule in its proximity,
ncluding the bound DNA. In its bound state, the DNA cannot be
mplified theoretically by PCR (Nocker and Camper, 2009; Rudi et
l., 2005). At the same time, when the cross-linking occurs, the light
eacts the unbound excess dye with water molecules. The resulting
ydroxylamine is no longer reactive, so the DNA extraction proce-
ure does not modify the DNA from cells with intact membranes
Nocker et al., 2009). Thus, the approach relies on the integrity of
he membrane to distinguish between viable and cells damaged
rreversibly.

As far as can be discerned, the utility of PMA for distinguishing
etween infectious and non-infectious viruses has not been con-
rmed. The qPCR method for quantitation of infectious viruses is
ased on the measure of genomic integrity. A PMA pre-treatment
ombined with qPCR (PMA-qPCR) could be useful for quantifying
iruses that are inactivated because of damaged capsid integrity. It
s equally probable, however, that such a PMA-qPCR method would
ave limitations because PMA can penetrate only into a virus with
damaged capsid, and not all non-infectious viruses have compro-
ised capsids. As an example, a virus might lose the receptors that

llow infection of the host, rendering it inactive, even while main-
aining an intact capsid; PMA in this case would be unable to bind
o its DNA.

The purpose of this study was to determine if PMA pre-
reatment can be used with qPCR to quantify the infectivity of
he bacteriophage T4, allowing discrimination of DNA from infec-
ious and non-infectious bacteriophage T4 viruses. This phage was
elected because it and its host, Escherichia coli, are well character-
zed and it is cultivated easily.

. Materials and methods

.1. Virus propagation
Bacteriophage T4 and its E. coli host were purchased from the
erman Collection of Microorgansims and Cell Cultures (DSMZ,
umbers 4505 and 613, respectively; Braunschweig, Germany).
he viruses were inoculated initially into 250 ml of Tryptic Soy
roth (TSB, Merck, Darmstadt, Germany) containing log-phase E.
al Methods 168 (2010) 228–232 229

coli at roughly 106 colony forming units per milliliter (CFU/ml).
The culture was kept 24 h at 37 ◦C in an orbital shaker (Optic
Ivymen System, Barcelona, Spain) at 120 rpm. After inoculation,
10% trichloromethane solution was added to the bacteria–virus
suspension to facilitate cell lysis and viral particle release. The
suspension was centrifuged 15 min at 4000 × g to separate the
bacterial debris from the virus. The volume of supernatant con-
taining the phage was adjusted using phage buffer (containing,
per liter, 7 g Na2HPO4, 3 g KH2PO4, 5 g NaCl, 0.1 M MgSO4 10 ml,
0.1 M CaCl2 10 ml; Sigma Aldrich, Madrid, Spain) to obtain a stock
virus solution. This suspension was kept at 4 ◦C. Bacteriophage T4
was quantified using a double-layer agar technique, and infectious
virus concentrations were measured in plaque-forming units per
milliliter (PFU/ml).

2.2. Inactivating treatments

Heat and proteolytic treatments were conducted to study
the discrimination between infectious and non-infectious viruses.
These modes of inactivation were chosen because they target
predominantly the viral coat protein by physical and chemi-
cal routes respectively. In addition, heat is used commonly for
food preparation and processing, and in emergencies with water
(Nuanualsuwan and Cliver, 2002). Samples were taken in triplicate
at 0, 5, 10, 20, and 30 min for inactivation rate analysis by cell cul-
ture, qPCR, and PMA-qPCR. Sample manipulation was carried out
immediately following the inactivation treatment.

The thermal inactivation temperature was 85 ◦C. Aliquots (2 ml)
of bacteriophage T4 stock solution were heated in a Thermomixer
comfort (Eppendorf, Hamburg, Germany) at 85 ◦C for the times
specified above and then placed immediately at room temperature.
Phage suspension without heating was used as a control.

For proteolysis, 2-ml aliquots of bacteriophage T4 stock solu-
tion were mixed with Protease OB (Omega Bio-Tek, Norcross, GA,
USA) at a 4 mg/ml concentration and incubated at 56 ◦C for 30 min
according to the manufacturer’s instructions. Samples were taken
at 0, 5, 10, 20, and 30 min. Phage suspension without protease treat-
ment was used as a control.

A dilution series of the stock virus solution was prepared with
phage buffer to obtain an initial bacteriophage T4 concentration of
1.2 × 1010 PFU/ml. Experiments with a high-temperature thermal
inactivation temperature of 110 ◦C were performed, as well. This
high temperature was chosen to achieve complete destruction of
the viral coat protein. Tubes containing 2 ml of phage suspension
were heated at 110 ◦C in a water bath for 15 min. The absence of
infectious phages was confirmed by spread-plating 100-�l aliquots
of heat-treated viruses on plaques using a double-layer agar tech-
nique. Phage suspension without heat treatment was used as a
control.

2.3. PMA treatment

PMA (Biotium, Inc., Hayward, CA, USA) was dissolved in 20%
dimethylsulfoxide (Sigma Aldrich, Madrid, Spain) to obtain a 2-mM
stock solution. Given a scarcity of data regarding viruses and PMA in
the literature, the PMA concentration used in this study was chosen
based on references related to other microorganisms and consid-
ering that there was sufficient PMA for the DNA-PMA binding (Bae
and Wuertz, 2009; Brescia et al., 2009; Chang et al., 2010; Varma et
al., 2009). The PMA solution was added at a final concentration of

100 �M to a 200-�l aliquot of either heat-treated (85 ◦C) or phages
inactivated enzymatically, heat (110 ◦C)-inactivated virus, or infec-
tious virus without inactivating treatment, following an incubation
period of 5 min in the dark at room temperature with occasional
mixing to allow PMA penetration. After incubation in the dark,
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than the PMA-pre-treated infectious virus concentration (Fig. 2).
The phage infectivity was evaluated by spread-plating 100 �l
aliquots of heat-treated viruses on plaques using a double-layer
agar technique. The results were all negative. The concentration of
ig. 1. Bacteriophage T4 quantitation over time by plate count, qPCR, and PMA-PC
nfectious virus quantitation, and the PMA-qPCR approach is not sufficiently effectiv
eviations from three independent assays.

amples were exposed to light for 15 min using a photoactivation
ystem (Led-Active Blue, Ingenia Biosystems, Barcelona, Spain).

.4. Real-time PCR

The quantitation of bacteriophage T4 was conducted using a
ightCycler 1.5 PCR system (Roche, Barcelona, Spain). Genomic
NA from samples was extracted using the E.Z.N.A. DNA
xtraction kit (Omega Bio-Tek, Norcross, GA, USA) accord-
ng to the manufacturer’s instructions. Primers specific to
acteriophage T4 (Thermo Scientific Biopolymers, Waltham,
A, USA), T4F (5′-AAGCGAAAGAAGTCGGTGAA-3′), and T4R (5′-

GCTGTCATAGCAGCTTCAG-3′) were used to amplify a 163-bp
egion of the gp18 tail protein (Gerriets et al., 2008). The qPCR
mplification was performed in a total volume of 20 �l compris-
ng 10 �l of FastStart SYBR Green Master (Roche, Barcelona, Spain),
.5 �M forward and reverse primers, and 10 �l of DNA template
r PCR-grade water (Eppendorf, Hamburg, Germany) for negative
ontrol. The experimental LightCycler protocol consisted of one
tep of 10 min at 95 ◦C for Taq polymerase activation followed by 45
ycles of PCR amplification. Each PCR amplification cycle consisted
f 15 s of denaturation at 95 ◦C, 60 s of annealing at 60 ◦C, and 60 s
f elongation at 72 ◦C. A standard curve was constructed by making
erial 10-fold dilutions of the initial virus stock dilution using ster-
le buffer to obtain the set of dilutions for the curve. DNA was then
xtracted, and qPCR amplification was carried out in triplicate.

. Results

.1. Standard curve

A linear regression analysis was performed by plotting the cycle
hreshold (Ct) values against the logarithm of the PFU/mL of bacte-
iophage T4. The experimental points aligned in a straight line with
correlation coefficient (r) = −0.993 (R2 = 0.9867). The quantitation

imit was estimated to be 1 × 102 PFU/ml of sample.

.2. Thermal and proteolytic inactivation

Bacteriophage T4 thermal inactivation assays were conducted

t 85 ◦C. The detection limit of the cell culture technique was
PFU/ml. Fig. 1A shows the thermal inactivation curves by plaque
ount, qPCR, and PMA-qPCR. After 20 min, the initial infectivity
f 1.2 × 1010 ± 4.5 PFU/ml of bacteriophage T4 was detectable no
onger by culture, which implies a ∼10 log reduction. However,
Heat treatment (85 ◦C). (B) Protease treatment. The qPCR approach overestimates
istinguish between infectious and non-infectious viruses. Error bars show standard

after 20 min, very strong DNA amplification signals were obtained
by the detection of infectious viruses using qPCR and PMA-qPCR.
PMA-qPCR and qPCR resulted consistently in higher levels of sur-
vival compared to plate counts, which indicates that inactivated
viruses can be detected still by molecular methods.

Similar results were found for samples inactivated by proteol-
ysis. Fig. 1B shows the proteolytic inactivation curves by plaque
count, qPCR, and PMA-qPCR. In this case, after only 10 min, the ini-
tial infectivity of 1.2 × 1010 ± 4.5 PFU/ml of bacteriophage T4 was
detectable no longer by culture while inactivated viral particles
were detectable by molecular methods.

In addition, assays were conducted to examine the efficiency
of PMA pre-treatment in minimizing detection signals from non-
infectious viruses inactivated by heat at 110 ◦C for 15 min. The
results showed that PMA pre-treatment resulted in a significant
decrease in the detection of non-infectious virus by qPCR. The PMA-
pre-treated non-infectious virus concentration was 7.63 log lower
Fig. 2. PMA pre-treatment did block qPCR amplification of heat-treated bacterio-
phage T4 DNA when the bacteriophage T4 was inactivated by heat at 110 ◦C. The
virus concentration was measured by qPCR with or without PMA pre-treatment.
The plate count of heat-treated viruses was negative. Error bars show standard
deviations from three independent assays.



ologic

h
t
o
(
(

4

a
v
a
a
i
c
c
t
t
o
P
f
c
w
c

m
2
c
t
s
p
d
a
t
i
f
c
p
h
v
o
t
t

s
t
b
r
r
t
t
g
d
m
G
G
m
t
D
p
t
h
m
o
t

M. Fittipaldi et al. / Journal of Vir

eat-treated phages was a little lower (1.39 log) than the concen-
ration of untreated phages by qPCR; in addition, the concentration
f PMA-pre-treated infectious viruses was only slightly lower
0.66 log) than the infectious virus concentration obtained by qPCR
Fig. 2).

. Discussion

Real-time PCR is an excellent tool for environmental virology
nd has been used successfully to determine the concentrations of
iral genomes in the environment (Abbaszadegan et al., 1999; Choi
nd Jiang, 2005). However, these assays do not provide information
bout the infectious risk because this technique does not discrim-
nate between infectious viruses and non-infectious viruses that
onvey no health threat. Currently, the combination of PCR and cell
ulture offers the best approach to assess viral infectivity. Never-
heless, there are difficulties in achieving a cell culture model for
he detection of important water-borne pathogens, leaving the use
f direct PCR as the most feasible technique. Therefore, the ability of
CR to assess viral infectivity would enhance greatly its application
or the monitoring of water and food quality and for treatment pro-
esses (Rodriguez et al., 2009). In this study, a PMA pre-treatment
as used to assess the potential of the PMA-qPCR method to dis-

riminate between infectious and non-infectious viruses.
Infectious viral particles of most enteric viruses consist of two

ajor components, the capsid and the genome (Strauss and Strauss,
002), and their infectivity requires the functional integrity of both
omponents. Because the genomes of all viruses comprise essen-
ially the same nucleic acids (either RNA or DNA), it appears that the
tability of some viruses lies primarily in the capsid structure. At the
rotein-structure level, conformational changes in the capsid that
iminish viral stability or affect attachment to a cell receptor jeop-
rdize directly viral infectivity (Nuanualsuwan and Cliver, 2003);
herefore, critical damage to the capsid is not required necessar-
ly to inactivate viruses. Indeed, Nuanualsuwan and Cliver (2003)
ound that the capsids of inactivated human picoviruses and feline
alcivirus at 37 ◦C could still protect the viral genome from RNase
re-treatment. Also, many viruses (such us the influenza virus)
ave viral envelopes covering their capsids that are used to help
iruses enter host cells, and most enveloped viruses are dependent
n the envelope for their infectivity (Mahy, 1998). Thus, some inac-
ivation mechanisms may damage the viral envelope, inactivating
he virion but leaving its capsid uncompromised.

These previous findings regarding capsid integrity could explain
ome of the current results. The findings from the thermal and pro-
eolytic virus inactivation assays in this study demonstrated that
acteriophage T4 is inactivated relatively rapidly, at 20 and 10 min,
espectively, as detected by culture. However, positive and similar
esults were obtained by qPCR for each sample time of inactiva-
ion, either by heat at 85 ◦C or enzymatic treatment. Consequently,
he qPCR alone, which targeted genomic integrity, did not distin-
uish infectious from non-infectious viruses. Earlier studies have
escribed similar results using the same or different inactivation
ethods and viruses (Baert et al., 2008; Gassilloud et al., 2003;
raiver et al., 2009; Lee et al., 2008; Safaa et al., 2008; Simonet and
antzer, 2006). These outcomes could arise from the fact that the
ain mechanism of virus inactivation under the conditions used in

his study (heat at 85 ◦C and enzymatic treatments) did not involve
NA degradation, at least at the primer location. However, the
hage concentration did not change significantly when PMA pre-

reatment followed by PCR was performed with the tests involving
eat at 85 ◦C or proteolytic inactivation. These findings indicate that
oderate heating (85 ◦C) and protease treatment may cause a loss

f infectivity in bacteriophage T4, as cell culture results showed, but
hat these treatments do not appear to cause critical damage to the
al Methods 168 (2010) 228–232 231

viral capsid. It is also possible that more damage to the viral cap-
sid may occur with heat treatment than with enzymatic treatment.
Graiver et al. (2009) found that EMA pre-treatment titers were sig-
nificantly higher than the measured cell culture titers when EMA
pre-treatment followed by PCR was carried out to determine the
survival of influenza virus in reverse-osmosis water at 37 ◦C. A pos-
sible reason for this behaviour is that EMA did not inhibit RT-PCR
amplification because inactivation mechanisms other than capsid
compromise were at work.

When a higher inactivation temperature (110 ◦C) was applied,
a clear discrimination of infectious and non-infectious viruses was
observed with PMA-qPCR (Fig. 2). A slight difference between qPCR
and PMA-qPCR for concentrations of infectious virus was observed,
which may indicate that some viruses could be non-infectious
before the heat treatment or that PMA could have a slightly anti-
virucidal effect. However, this effect appeared to be weak and
therefore not an impediment to the use of PMA pre-treatment.
The obtained concentrations using qPCR alone were similar for
infectious and non-infectious viruses. An amplification signal that
was only slightly lower than the amplification signal of untreated
phages was observed when heat-treated phages were amplified by
qPCR, indicating that little genome damaged had occurred; how-
ever, the non-infectious virus concentration reported based on
PMA-qPCR fell dramatically. These results suggest that PMA could
penetrate the capsid and bind to DNA as a result of the denaturation
of the viral capsid protein at high temperatures. Although the data
from the PMA-qPCR method were in better agreement with the
cell culture data than the qPCR for this case, the PMA-qPCR method
resulted in a positive signal amplification. This outcome suggests
that PMA-qPCR could yield false positives. Similar results have been
observed with bacteria in previous reports (Bae and Wuertz, 2009;
Chang et al., 2010; Kralik et al., 2010). Many factors could cause
bias in the application of PMA-qPCR; for example, the presence of a
high number of dead cells is one possible reason for false-positive
detection signals (Wang et al., 2009). Nevertheless, optimization of
the PMA method can help reduce false-positive results. Although
experiments should be done that focus on factors that can affect via-
bility results when PMA pre-treatment is applied, without doubt
the PMA approach is an important step forward in the quantita-
tion of viable microorganisms by DNA detection-based methods
and allows for better characterization of microbial dynamics in
most of areas of microbiology, including environmental and clinical
microbiology and quality control.

In conclusion, PMA pre-treatment could allow differentiation of
non-infectious from infectious viruses in cases of significant dam-
age to the integrity of the viral capsid. On the other hand, the
PMA approach is not sufficiently efficient for distinguishing non-
infectious viruses when moderate heat and protease treatment
are used; in these cases, an intact capsid may protect the viral
nucleic acid from PMA and a positive qPCR will result even for
non-infectious viruses. In such cases, a different complementary
treatment will be necessary to distinguish between infectious and
non-infectious viruses using molecular methods. Despite the use
of a single virus strain in this study, it is very probable that using
different viruses under similar experimental conditions would pro-
vide results equivalent to those reported in this study. However,
other factors suitable for optimization, such as the concentration
of PMA, incubation time, the light source, distance from the light
source, and light exposure time may lead to a more effective PMA
pre-treatment for viruses.

Extreme conditions of heat, chlorine, or acidity are required to

inactivate enteric viruses rapidly and efficiently in food or water
(Croci et al., 1999; Ma et al., 1994; Wang et al., 1995). In these cases,
the inactivating agent is likely to attack the viral capsid protein, and
the PMA approach could prove to be useful. In this sense, the PMA-
qPCR approach can be a good method for assessing damage to the
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apsid and provide a more reliable understanding of the factors that
ontribute to viral inactivation.
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