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The comparative susceptibility of DNA- and RNA-type
viruses to photodynamic inactivation has not yet been clearly
addressed. In this study the effect of the tricationic por-
phyrin Tri-Py+-Me-PF on the inactivation of four DNA and
three RNA non-enveloped phages was compared. The results
obtained show that the photodynamic efficiency varied with
the phage type, the RNA-type phages being much more
easily photoinactivated than the DNA-type ones.

Introduction

The use of antivirals has largely increased in the last few years
and resistance to antiviral drugs is now well documented for
several pathogenic viruses.1–3 Moreover, as viruses are geneti-
cally flexible, they may mutate quickly and, consequently, the
emergence of antiviral drug resistance can become a great
problem, possibly even greater than that observed for bacteria in
relation to antibiotics. Consequently, the emergence of antiviral
drug resistance requires alternative methods, unlikely to cause
resistance. Microbial photodynamic inactivation (PDI), which
uses a combination of a photosensitizer (PS), light and molecular
oxygen to induce damage of important biological targets,4 has
been described as a promising alternative for viral inactivation,
namely for bacteriophages that are frequently used as surrogates
of mammalian viruses.

After bacteriophage PDI the virus is rendered unable to pene-
trate a prospective host cell or it is unable to replicate after entry
because its genome has been rendered defective, or the virus
replication cycle is inhibited at some other step.5,6

Although several studies clearly indicate that enveloped
viruses, including the non-usual enveloped bacteriophages, are
more susceptible to PDI than their non-enveloped counter-
parts,7,8 the comparative susceptibility of DNA- and RNA-type
viruses to PDI has not been clearly addressed yet. Studies
employing non-enveloped phages T7 (DNA phage), PM2 (DNA
phage with internal lipids) and MS2 (RNA phage) indicated that
both DNA and RNA phages can be photoinactivated.9 An

increase in T7 phage photoinactivation was observed with an
increase in methylene blue concentration from 1.0 to 10 μM,
while the photoinactivation rate of MS2 did not vary under the
same experimental conditions. It was suggested that the critical
targets for MS2 phage were saturated at 1.0 μM of phenothia-
zines.9 Hotze et al.10 also showed that PRD1 and T7 (DNA-type
phages) are significantly more resistant to singlet oxygen inacti-
vation than MS2 phage. The high propensity for MS2 phage
photoinactivation was attributed to the damage of its A-protein,
necessary for infecting its host Escherichia coli since it contains
highly reactive amino acids such as Met, Cys, His, and Tyr.10

The objective of this study was to compare the susceptibility
to photodynamic inactivation of a series of “DNA- and RNA-
type” bacteriophages (the designation “DNA- and RNA-type” is
used in respect to the nature of the nucleic acid and capsid pro-
teins). For that, a tricationic porphyrin, 5,10,15-tris(1-methyl-
pyridinium-4-yl)-20-(pentafluorophenyl)porphyrin tri-iodide
(Tri-Py+-Me-PF), a very promising PS already tested with
success against several types of microorganisms,11 was used.

Methods

Porphyrin synthesis

Tri-Py+-Me-PF used as a PS (Fig. 1) was prepared in accordance
with the methodology described by Carvalho et al.12 PS purity
was confirmed by 1H NMR spectroscopy. The PS was dissolved
in dimethyl sulfoxide (500 μM work solution) and sonicated for
30 min before use.

Fig. 1 Structure of the PS used for bacteriophage photoinactivation.
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Bacteriophages

Wastewater from a sewage secondary-treatment plant (Aveiro,
Portugal) was used to select the somatic bacteriophages of
Escherichia coli C (ATCC 13706).11 Phages of Aeromonas
salmonicida (AS) and Vibrio anguillarum (VA) were isolated from
the aquaculture system Corte das Freiras (Ria de Aveiro, Portu-
gal).14 Pseudomonas aeruginosa phage (PA) was obtained from
a sewage water sample collected at the wastewater treatment
plant of the University of Coimbra Hospitals.15 MS2 and Qβ
phages were purchased from DSMZ collection (Braunschweig,
Germany). LAIST_PG002 phage was isolated from a sewage
secondary-treatment plant (Lisboa, Portugal) (unpublished data).

T4-like, AS, PA and VA phages are non-enveloped double
stranded (ds) DNA viruses with a simple capsid without
lipids.14–16 MS2, Qβ and LAIST_PG002 phages are non-envel-
oped single stranded (ss) RNA viruses also with a simple capsid
without lipids.5,17,18

Bacteriophage quantification

Bacteriophage quantification was done by the double agar layer
technique,19 using E. coli (ATCC 13706), A. salmonicida, P.
aeruginosa and V. anguillarum as host strains, respectively, for
T4-like, AS, PA and VA phages and Salmonella typhimurium
WG4920 for MS2, Qβ and LAIST_PG002 phages. From each
sample, duplicates of 1.0 mL of non-diluted or of serially diluted
samples and 0.3 mL of bacterial host were added to a tube with
5.0 mL of soft TSA growth medium. The content of the tube
was mixed by manual rotation and then immediately poured
onto a TSA monolayer on a Petri plate. After 5 (MS2 phage) and
18 h (Qβ, LAIST_PG002, T4-like, AS, PA and VA phages) of
dark incubation at 37 °C, the number of phage plaques was
counted for the most convenient series of dilutions and the
number of plaque forming units per millilitre (PFU mL−1) was
determined.

Experimental setup

Phage photoinactivation by Tri-Py+-Me-PF at 5 and 0.5 μM,
respectively for DNA and RNA phages, was achieved by expos-
ing the bacteriophages in PBS (≈ 107 PFU mL−1) to white light
(13 fluorescent lamps OSRAM 21 of 18 W each, 380–700 nm)
of 40 W m−2 (measured with a light meter LI-COR Model
LI-250) for 270 min, with agitation (100 rpm) at 25 °C. Dark
and light controls were also included in the experiment and were
carried out simultaneously. In the light control (LC), the phage
suspension without PS was exposed to the same irradiation pro-
tocol. In the dark control (DC), the beaker containing the phage
suspension and the PS at the studied concentration (0.5 or
5.0 μM) was covered with aluminium foil to protect it from light
exposure. Sub-samples of 1.0 mL of test and control samples
were aseptically taken at time 0, 60, 90, 180 and 270 min (for
DNA phages) and at time 0, 15, 30, 60, 90, 180 and 270 min
(for RNA phages). The kinetics of phage inactivation was evalu-
ated through the quantification of the number of phages accord-
ing to Costa et al.13 Three independent experiments were carried
out with two replicates each.

Statistical analysis

SPSSWIN 14.0 was used for data analysis. The significance of
difference in phage inactivation among different DNA and RNA
phages was assessed using one-way ANOVA. Only the data with
normal distribution (assessed by the Kolmogorov–Smirnov test)
and with homogeneity of variances (assessed by the Levene test)
were used.

Results

The results of LC and DC showed that white light or a PS under
dark conditions did not significantly affect the phages viability
(Fig. 2 and 3), indicating that the reduction on phage survival
was due to the PDI treatment.

The efficiency of bacteriophage photoinactivation by Tri-Py+-
Me-PF irradiated with 40 W m−2 for 270 min was markedly
different between DNA (T4-like, AS, PA and VA) and RNA
(MS2, Qβ and LAIST_PG002) phages (Fig. 2 and 3). All

Fig. 2 Variation of DNA-type phages density after irradiation with
white light (40 W m−2) in the presence of 5.0 μM Tri-Py+-Me-PF
(–■– T4-like, –▲– PA, –●– AS, –◆– VA, –×– T4-like LC, –□– T4-like
DC, – - – PA LC, –Δ– PA DC, – – AS LC, –○– AS DC, –+– VA LC,
–◊– VA DC). Each value represents mean ± standard deviation of three
independent experiments, with two replicates each.

Fig. 3 Variation of RNA-type phages density after irradiation with
white light (40 W m−2) in the presence of 0.5 μM Tri-Py+-Me-PF
(–▲– MS2, –■– LAIST_PG002, –◆– Qβ, – – MS2 LC, –Δ– MS2
DC, –×– LAIST_PG002 LC, –□– LAIST_PG002 DC, –+– Qβ LC,
–◊– Qβ DC). Each value represents mean ± standard deviation of three
independent experiments, with two replicates each.
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phages were efficiently photoinactivated (6–7 log), but the inacti-
vation occurred earlier for RNA-type phages and at a PS concen-
tration ten times lower than that required to efficiently
photoinactivate the DNA-type ones (0.5 μM versus 5.0 μM and
60–90 min versus 180–270 min).

Although DNA-type phages exhibited different rates of photo-
inactivation (Fig. 2), the differences were not statistically signifi-
cant (ANOVA, p > 0.05). The T4-like phage was the only DNA
phage photoinactivated to the limits of detection (∼7 log) after
180 min of irradiation at 5.0 μM PS. Reductions ranging from
5.7 to 6.1 log, after 270 min of irradiation, were attained for AS,
PA and VA phages. RNA-type phages were all inactivated to the
detection limit (6.2 to 7.2 log), after 60–90 min of irradiation, in
the presence of 0.5 μM PS (Fig. 3) and their rates of inactivation
were not statistically different (ANOVA, p > 0.05).

Discussion

The present study demonstrates that both “DNA-” and “RNA-
type” bacteriophages can be efficiently photoinactivated by Tri-
Py+-Me-PF when irradiated with white light (40 W m−2), and
that “RNA-type” phages are more susceptible to PDI than the
“DNA-type” ones. The rate and efficiency of the inactivation
process seem to be dependent on the type of phages. “RNA-
type” phages were inactivated to the detection limit, after
60–90 min of irradiation with white light at 0.5 μM of Tri-Py+-
Me-PF, while the “DNA-type” phages, although also efficiently
inactivated by Tri-Py+-Me-PF, required a concentration of PS ten
times higher (5.0 μM) and a longer irradiation period (180 min
for the T4-like phage and 270 min for AS, PA and VA phages).

All “DNA- and RNA-type” phages tested in this study are
non-enveloped, with a simple capsid without lipids. As the
capsid of the studied “DNA-type” phages is composed of a
higher diversity of proteins,16,21 when compared with the capsid
of “RNA-type” phages,18 the major difference between the two
phage groups may not only reside on the type of nucleic acids,
but also on the composition of their capsids, which can also
explain the different pattern of PDI.

It has been shown that the main targets of PDI are the external
microbial structures that, in the case of viruses, are the protein
capsids and lipid envelopes (if present).10 The damage of the
external viral structures can involve leakage of particle contents
and/or inactivation of enzymes.22,23 Nucleic acid has been also
identified as a PDI target.10,24 However, although nucleic acid
damage occurs, it is not suggested as the main cause of viral
PDI.10 A demonstration of this is the bacterium Deinococcus
radiodurans, which is known to have a very efficient DNA
repair mechanism, but it is easily killed by PDI.25 However, in
contrast to DNA, short-lived RNA molecules are rapidly
degraded in living microorganisms by enzymes (RNase), which
are very stable even in harsh environments.26,27 Consequently, in
the case of viruses, for which the nucleic acid can be ss or
dsDNA or RNA, and contrarily to bacteria and fungi, the type of
nucleic acid can be an important and a determinant factor of the
efficiency of viral PDI. Moreover, as for bacteria, the damage in
the viral DNA can yet be repaired by the action of DNA repair-
ing systems of the host cells,28 but it is impossible for the host
cells to repair the damaged nucleic acid of RNA viruses.

Therefore, “DNA-type” viruses tend to be more genetically
stable than “RNA-type” viruses.

The studies so far conducted with “DNA- and RNA-type”
phages9,10 showed that RNA-type phages were more easily in-
activated than “DNA-type” ones under the same PDI protocol.
However, in these studies, although several “DNA-type” phages
were used, only one ssRNA phage (MS2) was tested, which pre-
cludes a clear picture of the effect of the nucleic acid type in
viral PDI and generalizations are difficult to make. In this study,
three “RNA-type” phages were used, including the well-studied
MS2 phage, and all of them were significantly more easily in-
activated than any of the four DNA-type phages tested.

Associated with the higher stability of DNA strands, and the
possibility of DNA repair by the host repair system, the more
complex capsids of “DNA-type” phages could also contribute to
the less effective PDI relatively to “RNA-type” phages, which
have no RNA host repair mechanisms and have less complex
capsids. In fact, it has been shown that the main targets of viral
PDI are the capsid proteins.10

In conclusion, this work emphasizes that the efficiency of
phages PDI is different for “DNA- and RNA-type” phages.
However, more and detailed experimental work focusing on the
main targets involved in the PDI of both “DNA-type and RNA-
type” bacteriophages, including also dsRNA phages, is in
progress.
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