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Selection of phages and conditions for the safe phage therapy 
against Pseudomonas aeruginosa infections
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The emergence of multidrug-resistant bacterial pathogens forced us to consider the phage therapy 
as one of the possible alternative approaches to treatment. The purpose of this paper is to consider 
the conditions for the safe, long-term use of phage therapy against various infections caused by 
Pseudomonas aeruginosa. We describe the selection of the most suitable phages, their most 
effective combinations and some approaches for the rapid recognition of phages unsuitable for use 
in therapy. The benefi ts and disadvantages of the various different approaches to the preparation 
of phage mixtures are considered, together with the specifi c conditions that are required for the 
safe application of phage therapy in general hospitals and the possibilities for the development of 
personalized phage therapy.
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INTRODUCTION

Studies of bacterial viruses, or bacteriophages, which 
were originally discovered in parallel (Duckworth, 
1976) by F. H. d'Herelle (1917) and F. W. Twort (1915), 
have been fundamental to the development of a mod-
ern molecular understanding of biology. In spite of this, 
following the introduction of antibiotics, the possibility 
of using them as anti-infective agents became neglected 
almost immediately, worldwide. Recently, however, the 
introduction of new antibiotics into medical practice 
has seemed almost futile, owing to the emergence and 
widespread occurrence of multidrug-resistant pathogenic 
bacteria strains (Fowler et al., 2014). As a result, there 
has arisen a movement to return to the use of bacterio-
phages in general medical practice for the treatment of at 
least some bacterial infections (mainly superficial pyo-
genic infections). In addition, there are proposals to use 

phage-encoded enzymes in therapy (Rodríguez-Rubio  
et al., 2012; Schmelcher et al., 2012; Briers et al., 2014).

One problem about phage therapy is its uncertainty 
safety. Indeed, it has transpired that the development of 
methods for the rapid analysis of phage genomes has 
had virtually no influence on ou r understanding of the 
functions of most of the products encoded by phage 
genes. As an example, 157 open reading frames (ORFs) 
have been identified in the genome of Ps    eudomonas 
aeruginosa virulent phage PaP1 (Lu et al., 2013). Of 
these, although 143 encode homologs of proteins that 
have already been cited in protein databases, the precise 
functions are known for only 38 of them. Moreover, 
there remain 14 unique genes that encode gene products 
with completely unknown functions. The implications of 
this are that the events which occur in bacteria following 
infection with phages can be described only in general 
terms. Furthermore, it is sometimes the case that phages 
showing only minor differences between their genomes 
can nevertheless display differences that may affect the 
effi cacy and safety of phage treatments (see later).

Most of the publications that emphasize the safety 
and high degree of efficacy of phage therapies, phage 
products and the uses of phages as antiseptics usually 
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refer to work carried out in Russia, Poland and Georgia 
(Perepanova et al 1995; Ceyssens et al., 2009; Górski 
et al., 2009; Kutter et al., 2010; Abedon et al., 2011; 
Maura and Debarbieux, 2011; Chanishvili, 2012). 
Recently, some successful studies indicating the useful-
ness of phage therapy have been undertaken in Western 
countries, on animals (Wright et al., 2009; Alemayehu 
et al., 2012).

At the same time, even in countries where phage ther-
apy is recognized, the available commercial phage mix-
tures have still not replaced the use of antibiotics. One 
possible reason relates to safety concerns associated with 
modern therapeutic phage mixtures, and in particular to 
procedures for the enrichment of such mixtures with new 
phages. Conventionally, enhancement of the lytic activity 
of phage preparations is achieved through the incubation 
of phage-resistant pathogenic bacteria with samples from 
a variety of natural sources of phages (soil, ponds, sew-
age, etc.). Thus, there arises a possibility that temperate 
phages, which are considered as unacceptable in therapy 
(because of their active role in the evolution of virulence 
and pathogenicity) (Fortier and Sekulovic, 2013), may 
become included in therapeutic products during a process 
of uncontrolled enrichment. Usually, the spectrum of lytic 
activity is considered to be an important criterion of the ef-
fi cacy of a phage preparation. True effi cacy, however, may 
depend also on the final level of era  dication of bacterial 
cells in the microbiota at the location of the infection.

 Consequently, the only possibility for developing safe 
phage therapy is through the use of mixtures of well-stud-
ied phages, based not only on the results of genome an-
notations of selected phages, but upon a comparison with 
other phages of the same species. As will be shown in the 
results of the present work, even phage genomes that are 
almost identical in structure and composition can differ 
in important respects, raising doubts as to the possibility 
of using phages of some particular species. 

Such an approach requires an in-depth study of the 
candidate phages that are available. Unfortunately, there 
is no obvious way in which the precise functions of all 
the gene products of a phage can be elucidated in order 
to identify ‘undesirable’ genes. The problem can be only 
partly addressed by phenogenetic studies of phages in-
volved. The use of PCR (Polymerase Chain Reaction) 
or metagenomic analysis cannot provide guarantees of 
the safety of phage mixtures produced by the method of 
random enrichment. However, in some cases, there is 
the potential to use simple procedures based on visual 
comparisons for rapid evaluation of various properties 
of phages that are relevant to their use in therapy (see 
Results).

The use of phage mixtures leads to the emergence and 
dissemination of multiple-phage-resistant (MPR) strains. 
To prevent this, constant adaptation of lytic activity of 

phage mixtures for actual bacterial strains is required. It 
is unclear at present whether the extent of variability of 
the various different phage species is suffi cient to support 
the rapid isolation and substitution of phages with new 
lytic spectra. As will be shown later, not all lytic phages 
with a good host range are acceptable for use in therapy.

It is sometimes suggested that the set of available 
therapeutic phages might be enlarged by the addition 
of lytic variants of temperate phages, even transposable 
ones (Kim et al., 2012). As is well known, temperate 
phages can be active participants in the construction of 
pathogenic islands in bacterial chromosomes (Miao and 
Miller, 1999; Faruque et al., 2003; Tinsley et al., 2006; 
Winstanley et al., 2009). Genomes of transposable tem-
perate phages that are integrated into conjugative plas-
mids are able to migrate across a wide range of bacterial 
species. The use of such specific vectors for genetic 
exchanges between unrelated bacterial species is capable 
of creating new bacterial strains with unexpected and 
potentially dangerous properties (Chaconas et al., 1981; 
Plotnikova et al., 1982 and 1983; Jenkins et al., 1985; 
Groisman and Casadaban, 1987; Kaplan et al., 1988). 
The activity of transposable phages of P. aeruginosa is a 
basic cause of the emergence of the highly aggressive ep-
idemic of P. aeruginosa strains in cystic fi brosis centers 
worldwide (James et al., 2012). Thus, the use of nat  ural 
lytic variants of any temperate phage is unacceptable.

Som etimes it is diffi cult to denote the phage as either 
virulent or temperate. The term “pseudolysogeny” is 
frequently used to refer such cases, in which the nature 
of the interaction of the phage with sensitive bacteria is 
non-obvious.  There are different reasons for pseudoly-
sogenic condition. For instance, a study of the interaction 
between temperate phages and bacteria in chemostat 
continuous culture (Ripp et al., 1998) showed that under 
conditions of starvation and slow growth of bacterial 
cells, there was an increase in the frequency of pseudoly-
sogenic cells (cells that were infected but in which there 
was no intracellular development of phage), but that 
when nutrients were sufficient, there occurred a choice 
in favor either of lysogenization or of lytic phage devel-
opment. This may be considered as a specifi c strategy of 
bacteriophages to survive periods of starvation and thus 
to prevent abortive development. This strategy can be 
put to advantage in the selection of bacteriophages suit-
able for the treatment of infections in which the patho-
gens form stable biofi lms. Bacterial growth activity in a 
biofi lm decreases and some phages may lose effi cacy as 
a consequence, even though their lytic activity may be 
excellent on fresh bacterial lawns in Petri dishes.

The other situation arises as a result of true but unsta-
ble lys  ogeny and is a consequence of the weak activity 
of the particular phage repressor concerned. We  will 
show that for P. aeruginosa phages, both situations may 
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be encountered. Hence, since the use of “natural” phages 
can be the source of serious problems, each new phage 
proposed for phage therapy should be carefully studied, 
not only by genome sequencing and annotation, but in 
a subsequent obligatory and detailed analysis of its de-
velopment in different bacterial hosts. As a result, not 
only lytic variants of transposable phages but phages that 
produce pseudolysogenic conditions may be completely 
excluded from use in therapy. This approach therefore 
addresses two issues that are vitally important for phage 
therapy: 1) What is the level of knowledge of a phage 
that is necessary and sufficient to ensure its safe use 
in therapy? 2) Of the phages that are already known in 
existing collections, which of them can be used without 
possible complications?

MATERIALS AND METHODS

Bacterial strains 
Pseudomonas aeruginosa strain PAO1, received from 

Prof. B. Holloway (Monash University, Melbourne, 
Australia), was used routinely as the host for most of the 
phages mentioned in the experiments described below. P. 
aeruginosa strain Pu21 (pMG53) (from Prof. R. Miller, 
University of Tennessee, Knoxville, USA) was used as 
the host for phages TL and CHU (see below). P. aeru-
ginosa strain 8-20s (from Prof. C. Pourcel, Université 
Paris-Sud, Orsay, France) selectively supports the growth 
of CHU (i.e. not the growth of TL). Clinical isolates were 
received from a number of clinics in Moscow (Russian 
Federation). The mucoid strain P. aeruginosa Pse163 is 
from Professor M. Vaneechoutte, University of Ghent, 
Belgium.

Bacteriophages 
P. aeruginosa bacteriophages of species phiKZ 

(NC_004629), EL (NC_007653), RU (not sequenced), 
TL (NC_023583.1), CHU (sequencing in process) and 
phiKMV (NC_005045.1), and their variants, had been 
isolated and studied previously in our laboratory (Lavigne 
et al., 2003; Krylov  et al., 2010; Pleteneva  et al., 2011). 
All other bacteriophages used in this work were from our 
own laboratory collection, the Lindberg phage-typing set 
of P. aeruginosa phages (Lindberg and Latta, 1974) and 
the B. Holloway collection (Holloway  et al., 1960).

Media and conditions for incubation
Standard nutrient media and conditions were used for 

the culture of bacteria and bacteriophages (Sambrook et al, 
1989). 

Bioinformatic analysis
Bioinformatic analysis of DNA sequences was car-

ried out using the Basic Local Alignment Search Tool 

(BLAST) from NCBI (http://blast.st-va.ncbi.nlm.nih.
gov/Blast.cgi).

RESULTS

Gener  al description about virulent 
bacteriophages of P. aeruginosa

There is an accepted general protocol for the charac-
terization of a newly isolated phage, viz.: selection of the 
phage from the external source / DNA isolation / genome 
sequencing / genome annotation / and a recommendation 
that the phage is suitable for use in therapy. The biolog-
ical characterization of phages that are deemed suitable 
for use in therapy is usually limited to an estimation of 
their host range, and their designation as temperate or 
virulent. Some further features can be identifi ed from an 
annotation of the genome. However, only a direct com-
parative study of a new phage in relation to other phages 
including visual observation of phages interactions on 
the surface of infected bacterial biofilm, can provide a 
reliable indication regarding its safety for therapeutic ap-
plication. This is now illustrated below, using some new 
fi ndings.

Until June 2014, the NCBI database contained infor-
mation on 66 P. aeruginosa phages in the Caudata group. 
Most of these phages (47 out of 66) are considered as 
virulent and can be classifi ed into a small number of spe-
cies. It is evident that new species will be found, but it is 
also clear that the number of such new species will not 
be excessive. The presently known various species of P. 
aeruginosa virulent phages are presented in Table 1. All 
in all, there are 11 species of supposedly virulent phages 
for which the genomes have been annotated (genome of  
Lin68 has not been sequenced yet).

The species that are evident candidates for use in 
therapy are the first five in Table 1, which are also the 
most frequently occurring: the PB1-, phiKMV-, PaP1-, 
KPP10- and PaP3/LUZ24-like phages. The frequency of 
their isolation may refl ect their wide   lytic spectra. We de-
tected these species of phages in three different commer-
cially available phage mixtures (produced by Microgen 
in Perm, Ufa and Nizhnii Novgorod – all in the Russian 
Federation). We have noted that some of the phages from 
these commercial mixtures exhibit a specifi c phenotype 
(opales cence) that may be related to that of phage phiKZ 
and other giant phages. As it transpires, phages of spe-
cies phiKZ are permanent components of commercial 
mixtures, although EL-like and Lin68-like phages have 
not been yet found.

It is noteworthy, that in general, the sizes of phage 
DNAs of every species have their specific confined 
range. The largest volume may refl ect the maximum ca-
pacity of the capsid, and the smallest may correspond to 
the size of the DNA molecule that is required in order to 



Selection of phages for therapy

VIROLOGICA SINICA36　FEBRUARY  2015　VOLUME 30　ISSUE 1

contain all of the important phage genes for that species, 
although there may be specific exceptions (Sokolova 
et al., 2014). The s ize difference between the DNAs of 
phages within the same species perhaps suggests the 
presence of excessive nucleotide sequences that are not 
an essential component of the phage genome. This might 
imply that phages which carrying minimum number of 
ORFs open preferable for use in therapy.

phiKMV-like phages and features of their 
pseudolysogenic growth in biofi lms

phiKMV-like phages are present in all commercial 
preparations. DNA  restriction analysis for several phages 
reveals an appreciable degree of similarity to phiKMV 
(Burkal'tseva et al., 2006). It would appear that their 
presence in commercial phage mixtures reflects their 
high growth rate and their wide range of lytic activity. 
According to data (Ceyssens et al., 2011), the duration 
of their latent period is 21-28 min, and their spectrum 
of lytic activity ranges from 5% to 58% when assessed 
against more than 100 randomly selected clinical isolates 
of P. aeruginosa. In both size and structure, the genomes 
of phages of this species are very conservative and DNA 
homology is at the level of 83–97%. It is believed that 
the genomes of phiKMV-like phages have emerged to a 
substantial extent as a consequence of vertical evolution. 
In some cases, the differences between genomes may be 
so minimal as to be detectable only by a detailed compar-
ison of the nucleotide sequences (Kulak ov et al., 2009).

We have observed that some phiKMV-like phages, e.g. 
phiNFS (Figure 1) present in commercial preparations, 
when plated on a lawn of P. aeruginosa strain PAO1 
(which is considered to be a standard host for P. aeru-
gunosa phages), exhibit instability, with segregation of 
secondary mutants occurring as a result of adaptation to 

the new host. The secondary mutants are stable and show 
plaque morphology similar to that of phiKMV.

Some newly revealed properties of phiKMV-like 
phages, described below, permit a deeper understand-
ing of the interrelations of phiKMV-like phages with P. 
aeruginosa and alter the perception of these phages as 
promising candidates for use in phage therapy. Following 
a single day of incubation on lawns in Petri dishes, phiK-
MV-like phages produce large clear plaques with narrow 
halos. With continued incubation, however, an increasing 
number of bacterial colonies can be seen. In a plaque of 
phage phiKMV after three to four days of incubation, 
range of bacterial colonies can be seen, varying in ap-
pearance (Figure 2A). Two types of colonies isolated 
from such plaques produced phage after several repeated 

Table 1. Summary of species of virulent bacteriophages active against P. aeruginosa

No     Phage-Representative Family
Number of 
phages

Genome size, np,
Min-Max

Number ORF Δ, np

1 KMV Podovirudae 14 42954–43548 52–54 594
2 PB1 Myoviridae 10 64427–66616 88–94 2189
3 PaP1 Myoviridae 6 91175–93198 167–181 2023
4 KPP10 Myoviridae 4 88097–88322 165–158 225
5 PaP3/LUZ24 Podoviridae 4 45503–45625 71–68 122
6 N4 Podoviridae 2 72544–74901 98–115 2357
7 119x/PaP2 Podoviridae 2 43365–43783 53–58 418
8 YuA Syphoviridae 2 58663–61167 77–77 2504
9 PhiKZ Myoviridae 1(6) 280334 306 –
10 EL Myoviridae 1(2) 211215 201 –
11 PaBG Myoviridae 1 258139 308 –
12 Lin68 Myoviridae 2 ~280000 not sequenced –

Figure 1. Phage phiNFS isolated from a commercial 
mixture and plated on a lawn of P. aeruginosa strain 
PAO1, showing the presence of plaques of unusual 
morphology. Repeated subcultures confirmed phage 
instability under these conditions. The scale bar is 1 cm.
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cycles of re-plating (Figure 2B). We consider this phe-
nomenon to refl ect a transition of the bacterial cells into 
a pseudolysogenic state. It is may be due to an infection 
of some survivors within the plaques that are in a specifi c 
physiological state.

Within a few days, the sizes of phiKMV plaques in-
crease. Thus, unlike other phage species, phiKMV is ca-
pable of ov  ercoming for a period of time the conditions 
occurring in an a  ging biofi lm, which prevent the growth 
of phages of other species (Figure 3). Growth of phages 
of several other phage species produces halos of differ-
ent sizes and appearances. The halo of phiKMV phage 
is narrow in comparison with the halos of other phages. 
Halos that are especially large and mucous are formed 
around phiKZ-like phages (phiKZ, Lin68 and phi10/2). 
The formation of halos by P. aeruginosa phages is caused 
by the activity of depolymerases that act on polysaccha-
rides. These enzymes, produced by a range of phage spe-
cies, are structural components of the tail (Castillo and 
Bartell, 1974; 1976) and participate in the adsorption of 
phage particles to lipopolysaccharides (LPS) in the bac-
terial cell wall.

It is useful to compare the differences in growth pat-
terns of phages belonging to different species in areas of 
confl uent growth, so as to estimate the potential compat-
ibility of the phages concerned, with a view to designing 
phage mixtures that can exert an optimal lytic effect in 
biofilm without the drawback of mutual growth inhibi-
tion. Figure 4 demonstrates the incompatibility of some 
phages.

Currently, it is thought that phage enzymes that con-
tribute to halo formation during the growth of phages 
on lawns of non-mucoid P. aeruginosa strains can be 
assumed to be enzymes that are specifi c for the disrup-
tion of LPS in the external part of the bacterial cell wall. 

On the other hand, Hanlon and co-authors (Hanlon et 
al., 2001) have shown that although purified temperate 
bacteriophage F116 is capable of migrating through P. 
aeruginosa biofi lms and that this may be facilitated by a 
reduction in alginate viscosity, the source of the enzyme 
may in fact be the bacterial host itself.

The authors of one study (Glonti et al., 2010) have 
suggested that a member of the phiKMV-like phages, 
PT6, produces an enzyme that depolymerizes the alginic 
acid capsule. The genome of PT6 is as yet unse  quenced 

Figure 3. The growth of phage KMV and phages of 
other species from our collection after four days of in-
cubation on a P. aeruginosa PAO1 lawn. The different 
interactions of the halo-producing enzymes of the vari-
ous phages can be seen. They confi rm the differences 
in their specifi cities, which is important in selecting the 
composition of phage mixtures to achieve a maximal 
biofi lm-disrupting effect. The scale bar is 1 cm.

Figure 2. Pseudolysogeny of P. aeruginosa PAO1 cells after phiKMV infection. The growth of phiKMV (four days of 
incubation) on a PAO1 lawn is shown. The different types of resistant and sensitive colonies in the zone of lysis (A). 
Some of the isolated clones are phiKMV-resistant and do not produce phage (B-1); they do not affect the growth of 
most other phage species, including phage PB1. This means that the resistance of such mutants is not associated 
with loss of the surface lipopolysaccharide (LPS) (Jarrell and Kropinski, 1977). Other clones with different colony 
phenotypes produce phage after several re-plates (B-2  and B-3). The scale bar   i  s 1 cm.
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and unannotated, but in the annotated genomes of other 
phiKMV-like phages there are no genes that encode an 
alginate lyase. It will of interest to continue this line of 
enquiry, however. The possibility cannot be excluded that 
phage PT6 infection stimulates the production of a new 
bacterial alginase that is capable of destroying acetylated 
alginate. Further studies are clearly necessary to clarify 
this issue, given that the formation of acetylated alginate 
is the main precondition for the production of a stable 
biofi lm of P. aeruginosa. In order to prove the hypothesis 
that a phage produces an alginate lyase, it is necessary to 
use bacterial strains that generate an excess of alginate. 
In experiments with strain P. aeruginosa Pse163, which 
produces such an excess of alginate, we could not de-
tect evidence of anti-alginate activity in any of several 
phages that were tested. Thus, following infection of the 
stable alginate-producing strain Pse163 with phiKMV, 
there were no visible halos around the spot of phage after 
three days of incubation (Figure 5) (see also in Krylov 
and Shaburova, 2012). 

Figure 4. Mutual incompatibilit  ies of phages, on 
examples shown between phiKMV (in center) and PB1 
(upper left), phiKZ (upper right), phi11 (lower left), PMG1 
(lower right). The scale bar is 1 cm.

Figure 5. Comparison of the growth of several phages after overnight incubation and after three days of incubation 
on lawns of P. aeruginosa strains PAO1 (A, B) and PSE163 (C, D). The disposition of the phages on the bacterial 
lawns is given in the fi rst panel: 1-SL2; 2-Lin68; 3-EL; 4-φC17; 5-D3112; 6-B3; 7-phiKMV; 8-E79; 9-phiMK. The 
spot of phiKMV is greatly increased on lawn PAO1 (A, B) with increased incubation period. The sizes of the spots 
for the other phages remain unchanged. On the PSE163 lawn (C, D), none of the spots for the phages, including 
KMV, have increased in size. Thus, phage phiKMV, an common with the other phages, is incapable of digesting 
the alginate of the permanently alginate-producing strain, PSE163. The scale bar is 1 cm.
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We have two contradictory views on the value of 
phiKMV for phage therapy. Although the ability of phage 
phiKMV to lyse bacteria in aging biofi lms can be consid-
ered as a highly useful feature, it cannot be excluded that 
there is an intrinsic relationship with pseudolysogeny (as 
it is seen on Figure 2) and, as a result, with the survival 
of infected bacteria in the microbiota of the infection site. 
Perhaps this special feature of phiKMV-like phages has 
been the cause of the failure to use them for the eradica-
tion of P. aeruginosa in a mouse model of cystic fi brosis 
(Henry et al., 2013).

Seemingly, should it prove impossible to select mu-
tants of phiKMV-like phages without pseudolysogenic 
effects, it will be advisable to abandon the use of phiK-
MV-like phages as therapeutic agents.

Species of PB1-like phages
PB1-like phages are a usual component of phage ther-

apeutic commercial mixtures. This species is considered 
to be one of the most promising for application in phage 
therapy. One of its major advantages is the ability to gen-
erate mutants with extended lytic activity (Pleteneva et 
al., 2008 and 2009; Ceyssens et al., 2009), an absence of 
pseudolysogenic effects (complete lysis of infected bac-
teria), and low frequencies of phage-resistant bacterial 
mutants. Phages of this species are adsorbed onto LPS 
and produce a halo around the plaque as a result of the 
activities of LPS-destroying enzymes that are synthe-
sized by bacteria in the course of phage infection.

Species of PaP3/LUZ24-like phages–observation 
of genetic instabilities

Phages of species PaP3/LUZ24-like phages are perma-
nent components of commercial mixtures; but in some 
of them, we found unusual properties. Their possible 
influence on the behavior of the phage during the pro-
cess of phage therapy is not clear. Further comparative 
studies are required before phages of this species can be 

introduced into phage therapy as components of mixtures 
that are well- studied and safe for extended use. The fi rst 
phage of this species to be described, PaP3, was isolated 
as a temperate phage (Tan et al., 2007). However, no 
repressor gene has been found in its genome. The other 
phage of this species, LUZ24, shows a high degree of 
relatedness to PaP3 and also does not encoding repressor 
protein. A remarkable property of LUZ24 is the presence 
of an intron in its genome (Ceyssens et al., 2008). The 
isolation of phages of related species, infecting other 
pseudomonads, P. putida and P. fl uorescens (Glukhov et 
al., 2012; Eller et al., 2014), suggests a possibility for the 
migration of these phages between different soil pseudo-
monades.

 Two new phages, TL and CHU, were isolated in our 
laboratory from natural sources. According to the results 
of genome sequencing, TL is closely related to other 
phages of the species. But, unlike other related phages, it 
encodes a transposase. Phage CHU shows a positive PCR 
response with TL primers, and produces identical frag-
ments after DNA digestion by endonucleases. A feature 
common to TL and CHU is weak growth on lawns of the 
standard   P. aeruginosa strain PAO1. However, they grow 
well and selectively on lawns of some clinical isolates of 
P. aeruginosa (P. aeruginosa strain 8-20) or of mutants 
of PAO1 (P. aeruginosa strain PAO-ELR2), showing 
a high level of instability (Figure 6); however, the role 
of transposase in phage TL instability is not evident. 
Introduction of the plasmid pMG53 (IncP2) into P. aeru-
ginosa strain PAO1 restores the growth of both phages, 
with simultaneous loss of instability. From the point of 
view of their use in phage therapy, this is a desirable 
feature because IncP2 group plasmids frequently inhibit 
the growth of various phage species. In addition, in the 
regions of the halos formed during the growth of various 
other phages on lawns of P. aeruginosa strain PAO1, the 
lytic activity of phage TL increases signifi cantly, thereby 
allowing the identification of the halo-forming phages 

Figure 6. Genetic instability of plaque morphology in TL (A) and CHU (B) phages, as revealed on P. aeruginosa 
strain PAO-ELR2 (for TL) and clinical strain P. aeruginosa 8-20 (for CHU). The scale bar is 1 cm.
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(Pleteneva et al., 2011). CHU, on the hand, does not ex-
hibit this behavior (Figure 7).

It is unclear why phage PaP3, having no repressor in 
its genome, has been isolated from the bacterial strain 
as a temperate phage. It is possible that in this case, the 
bacteria were in a pseudolysogenic state. Thus, only after 
further studies of the cause and the consequences of the 
growth instability of these phages will it be possible to 
assess their potential utility.

  The group of phiKZ-like phages: pseudolysogeny 
and selection of virulent mutants

  The group of phiKZ-like phages active on P. aerugino-
sa now includes three species, phiKZ, EL and Lin68, and 
they attract the attention of investigators because of the 
unusual structure of their phage particles and some spe-
cifi c features in their infection of bacterial cells (Krylov 
and Zhazykov, 1978 and 1984; Hertveldt et al., 2005; 
Thomas et al., 2008; Pleteneva et al., 2010; Krylov et al., 
2011; Cornelissen et al., 2012; Sokolova et al., 2014). 
The common features for all phages in this group are: 1) 
identical morphology and size of the phage particle; 2) 
the specific packaging of DNA (“inner body” - helical 
coil with supercoiled DNA wound around it); 3) the ab-
sence of any enzyme recognized by genome annotation 
as a phage DNA polymerase; 4) the ability following 
infection with a high multiplicity to convert all of the 
bacterial cells into a pseudolysogenic condition (carrier 
state). Supposedly, the generality of these characteristics 
refl ects the phylogenetic relationship of the various spe-
cies within this group.

Pseudolysogeny in the case of the phiKZ-like phages 
displays very specific features that differentiate it from 
the cases of pseudolysogeny previously mentioned. 

Thus, in a one-step growth cycle experiment following 
the infection of sensitive cells with a multiplicity of in-
fection (m.o.i.) in the range of one to fi ve particles, these 
phages exhibit features of virulent phages – all infected 
cells were killed, with the liberation of a modest num-
ber of phage particles (Krylov and Zhazykov, 1978). At 
higher m.o.i. values, however, infection with phiKZ-like 
phages leads eventually to a special state in which bacte-
rial cells continue to divide, leading to the formation of 
colonies that can grow for several days in Petri dishes. 
In consequence, these colonies produce huge amounts of 
phage particles (Krylov and Zhazykov, 1978 and 1984; 
2004; Burkal'tseva et al., 2002; Pleteneva et al., 2009). 
This may be of particular signifi cance, in view of the fact 
that phages of species phiKZ have been found in various 
commercial therapeutic blends. Phages of species EL and 
Lin68 are infrequent (we have isolated two phages, RU 
and CHE, which are closely related to EL, and a single 
phage LBG22, which is related to Lin68) (Burkal'tseva 
et al., 2002).

To date, all the phiKZ-like phages that have been se-
quenced do not encode “standard” DNA-polymerases 
(Mesyanzhinov et al., 2002; Hertveldt et al., 2005). 
Nevertheless, a very unusual DNA polymerase activity of 
a new type has been found to be encoded in the genomes 
of phiKZ-like phages (Cornelissen et al., 2012). It is 
possible that under the conditions that arise following the 
high-multiplicity infection of cells, phage development is 
turned off for a period of time.

The precise mechanism for such an effect of m.o.i. is 
not yet clear, but it is evident that such phages, contain-
ing the phage genome in its wild-type state, can facilitate 
HGT (because pseudolysogenic cells can support the de-
velopment of other phages, including temperate phages). 

Figure 7. The growth of TL (A) and CHU (B) in the halos of some halo-forming phages on a lawn of P. aeruginosa 
strain PAO1. The phage TL acts as a “developer” of halos of phages phi297, E79 and F8 when grow in close prox-
imity to their plaques. This is related   to better growth in cells in the halo (Pleteneva et al., 2011). The nature of ha-
los, produced by phages phiMK, SL2 and phiKZ is different and they do not interact with TL. In contrast, the closely 
related phage CHU has no such activity. The scale bar is 1 cm.
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Thus, pseudolysogeny is one of the reasons why phiKZ-
like phages in their wild-type state are not desirable com-
ponents of phage mixtures. 

Such unusual behavior could not have been predict-
ed from the sequencing and annotation of the phage 
genomes. Furthermore, a study of phiKZ transcription 
(Ceyssens et al., 2014) has found one other unique fea-
ture of this phage: phiKZ does not require a functionally 
active bacterial transcriptional system. The mechanism 
of temporary lysis inhibition is not yet elucidated. It is 
of interest that in both the phiKZ and EL genomes there 
exist genes that encode proteins similar to the repressors 
of phages that are specific for unrelated bacterial spe-
cies (Mesyanzhinov et al., 2002; Hertveldt et al., 2005). 
These may function as a repressor-type activity, block-
ing the lytic cycle and leading the infected cells into a 
pseudolysogenic state. Bacterial cells in such a state, 
being infected with phiKZ, are capable of movement, 
division and the production of cells sensitive to phage 
infection (Krylov et al., 2013). In the case of cells infect-
ed with phiKZ-like phages at high m.o.i., the pseudoly-
sogenic state offers a biological advantage (to the phage) 
because, in the absence of a phage-coded DNA poly-
merase and given that these phages are independent of 
bacterial transcriptional activity, pseudolysogeny leads 
to a great increase in phage production. Some of the cells 
become temporarily resistant to phage infection and are 
able transport phage particles (phage as a “rider”) (Krylov 
et al., 2013).

Unconditional evidence of true but unstable lysogeny 
is provided by the selection of mutants with properties 
similar to those of virulent mutants of temperate phages 
(Krylov et al., 2011). Such virulent variants kill cells that 
are in a pseudolysogenic condition. The use of such mu-
tants in therapeutic mixtures instead of wild-type phiKZ-
like phages will prevent the possibility of HGT (Krylov 
et al., 2010; Pleteneva et al., 2010; Krylov et al., 2011). 
The dominance of mutant phage phiKZ in mixed infec-
tions with EL shows that even in choosing between relat-
ed phages for phage-therapy application, it is necessary 
to take into attention the possibilities of mutual inhibition 
(Krylov et al., 2013).

Excellent evidence that phiKZ-like phages cannot 
be used in phage therapy in their wild-type state has 
been reported in a recent study (Henry et al., 2013) that 
showed that it was impossible to eradicate P. aeruginosa 
in a mouse-lung infection model.

DISCUSSION

The increase in the number of infections caused by 
multidrug-resistant pathogenic strains provides a stim-
ulus to the development of alternative approaches, in-
cluding phage therapy. However, phage therapy is not 

yet a generally accepted method of anti-bacterial therapy, 
even in those cases where it could replace antibiotics, 
and even in those countries where it is permitted. The 
reasons for this are diverse, but they include a degree of 
conservatism amongst physicians and a lack of essential 
information.

Currently, there are no generally accepted and detailed 
criteria and protocols for the use of phage preparations. 
The reason may in part be uncertainty and concern re-
garding the safety and reliability of phage therapy. Such 
fears are justifi ed, because the procedures now used for 
updating the composition of phage mixtures do not pre-
clude the inclusion of temperate phages if they extend 
the lytic activity range of the preparation. Obviously, to 
conduct a reliable study of a phage mixture obtained by 
random enrichment (which can be denoted as “phage 
products of the fi rst generation”) is not straightforward; 
PCR is not adequate for this.  Metagenomic analysis 
could provide an overall assessment of the phage compo-
sition and, as a result by implication, its safety in thera-
peutic use (McCallin et al., 2013). However, this should 
be done for each batch of product made following any 
enrichment by the introduction of new natural phages. 
The positive outcomes of such a test should then increase 
the confidence of doctors and patients in the safety of 
“phage products of the fi rst generation”.

The use of complete personalization of phage therapy 
(meaning the isolation directly from the environment of 
phages active against a specifi c pathogen) will improve 
its safety and efficacy (Henry et al., 2013). However, 
in this case, there is a requirement to undertake a full 
study of individually selected phages within tight time 
constraints. This approach can be seen as desirable in 
the phage therapy of chronic pulmonary infections in 
patients with cystic fibrosis, given the proven role of a 
number of phages in increasing the pathogenicity of P. 
aeruginosa (Winstanley et al., 2009). However, it is un-
likely that complete personalization will be undertaken, 
for example, in the treatment of wounds or of nosocomi-
al infections.

Instead, for the treatment of wounds and hospital in-
fections, there is the possibility of using partial person-
alized therapy. In this case, the therapeutic phages may 
be selected from previously studied bacteriophages in 
existing collections. This need not preclude the possible 
use (under conditions designed to prevent completely the 
spread of phages beyond the ward designated for phage 
therapy) not only of virulent phages but also of lytic vari-
ants of temperate phages, such as PMG1, the natural lytic 
variant of phage D3, or the natural lytic phage YMC01/ 
01/P52 PAE BP, related to phi297 (Jeon et al., 2013).

We believe that the time has now come to progress to 
the creation of “Phage Therapy Products of the Second 
Generation” (PTP-2). In this case, a mixture with maxi-
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mal lytic activity range will be compiled selecting only 
previously studied virulent phages of various species. It 
will be possible to add into such mixtures, comprising 
lytic phages, variants of pseudo-temperate phage spe-
cies (of phiKZ-like species–phiKZ and EL) or of phage 
species PaP3/LUZ24 and phiKMV (provided that it is 
possible to isolate suitable variants that lack the ability 
to cause bacterial pseudolysogeny and that do not show 
manifest genetic instability).

 The few simple criteria for the assessment of phages 
from the viewpoint of practical suitability for therapy 
 that have been presented here (identification of phages 
causing the pseudolysogenic state in infected bacteria, 
phages exhibiting signs of mutual exclusion/incompat-
ibility and selection of phages for optimal disruption of 
capsular polysaccharides) may simplify the process of 
compounding effective lytic therapeutic preparations, 
avoiding the need in some cases to check the attributes of 
phages in animal models. The basic and as yet unsolved 
problem in phage therapy is the lack of knowledge of 
the functions of most of the gene products encoded by 
the phage genome. There is always the possibility that 
the genome of a phage of a species that is recognized 
as suitable for use in phage therapy will contain a gene 
encoding an undesirable product (such as the transposase 
of phage TL in species PaP3/LUZ24). Using compara-
tive genetic studies of groups of related bacteriophages, 
it is possible to identify such “problem” genes, to esti-
mate their importance for the viability of the phage and 
to inactivate them by site-directed mutagenesis.  The 
transition to the “Third Generation of Phage Therapy” 
will depend on the development of   ‘recombineering’, 
genetic modifi cation techniques based on the use of such 
recombinases as lambda phage enzyme Red, capable of 
performing recombination using very short regions of 
homology (Murray 2006; Fehér et al., 2012; Marinelli 
et al., 2012; Schmelcher et al., 2011; Thomason et al., 
2009). The adaptation of recombineering procedures for 
use with DNA of P  . aeruginosa phages will permit their 
genomes to be tailored, permitting the use of modified 
phages in safe and totally controlled therapies – but that 
is another story.

Once again, it is necessary to emphasize the number 
one rule in any type of phage therapy: to prevent the 
accidental d issemination of bacteriophages beyond their 
designated place of use-called as “Phage Hospital Ward” 
(PHW) – to the parts of the hospital (Krylov et al., 2014).

ACKNOWLEDGMENTS

The authors express their gratitude for collaboration in 
phage studies to Prof. Leonid Kulakov (UK), and to Prof. 
Cristine Pourcel (France), and Prof Mario Vaneechoutte 
(Belgium) for bacterial strains used in the study.

COMPLIANCE WITH ETHICS GUIDELINES

All the authors declare that they have no competing 
interest. This article does not contain any studies with 
human or animal subjects performed by any of the au-
thors.

AUTHOR CONTRIBUTIONS

VK designed the experiments. OS, EP, AK, MB and 
OP carried out the experiments. OS, SK and MB ana-
lyzed the data. VK and OS wrote the paper. All authors 
have read and approved the fi nal manuscript.

REFERENCES

Abedon ST, Kuhl SJ, Blasdel BG, Kutter EM. 2011. P hage treat-
ment of human infections. Bacteriophage, 1: 66–85.

Alemayehu D, Casey PG, McAuliffe O, Guinane CM, Martin JG, 
Shanahan F, Coffey A, Ross RP, Hill C. 2012. Bacteriophages 
φMR299-2 and φNH-4 can eliminate Pseudomonas aerugino-
sa in the murine lung and on cystic fi brosis lung airway cells. 
MBio, 3: e00029–e00012. 

Briers Y, Walmagh M, Grymonprez B, Biebl M, Pirnay JP, De-
fraine V, Michiels J, Cenens W, Aertsen A, Miller S, Lavigne R. 
2014. Art-175 is a highly efficient antibacterial against multi-
drug-resistant strains and persisters of Pseudomonas aeruginosa. 
Antimicrob Agents Chemother. 58: 3774–3784.

Burkal'tseva MV, Pleteneva EA, Shaburova OV, Kadykov VA, 
Krylov VN. 2006. Genome conservatism of phiKMV-like bacte-
riophages (T7 supergroup) active against Pseudomonas aerugi-
nosa. Genetika, 42: 33–38.    (In Russian)

Castillo FJ, Bartell PF. 1974. Studies on the bacteriophage 2 recep-
tors of Pseudomonas aeruginosa. J Virol, 14: 904–909.

Castillo FJ, Bartell PF. 1976. Localization and functional role of 
the pseudomonas bacteriophage 2 depolymerase. J Virol, 18: 
701–708.

Ceyssens PJ, Hertveldt K, Ackermann HW, Noben JP, Demeke M, 
Volckaert G, Lavigne R. 2008. The intron-containing genome of 
the lytic Pseudomonas phage LUZ24 resembles the temperate 
phage PaP3. Virology, 377: 233–238.

Ceyssens PJ, Miroshnikov K, Mattheus W, Krylov V, Robben J, 
Noben JP, Vanderschraeghe S, Sykilinda N, Kropinski AM, Vol-
ckaert G, Mesyanzhinov V, Lavigne R. 2009. Comp  arative anal-
ysis of the widespread and conserved PB1-like viruses infecting 
Pseudomonas aeruginosa. Envi  ron Microbiol, 11: 2874–2883.

Ceyssens PJ, Glonti T, Kropinski NM, Lavigne R, Chanishvili N, 
Kulakov L, Lashkhi N, Tediashvili M, Merabishvili M. 2011. 
Phenotypic and genotypic variations within a single bacterio-
phage species. Virol J, 8: 134.

Ceyssens PJ, Minakhin L, Van den Bossche A, Yakunina M, Klim-
uk E, Blasdel B, De Smet J, Noben JP, Bläsi U, Severinov K, 
Lavigne R. 2014. Development of giant bacteriophage ΦKZ 
is independent of the host transcription apparatus. J Virol, 88: 
10501–10510.

Chaconas G, de Bruijn FJ, Casadaban MJ, Lupski JR, Kwoh TJ, 
Harshey RM, DuBow MS, Bukhari AI. 1981. In vitro and in 
vivo manipulations of bacteriophage Mu DNA: cloning of Mu 
ends and construction of mini-Mu's carrying selectable markers. 
Gene, 13: 37–46.



Victor Krylov et al

www.virosin.org FEBRUARY 2015　VOLUME 30　ISSUE 1　43

Chanishvili N. 2012. Phage therapy-history from Twort and 
d'Herelle through Soviet experience to current approaches. Adv 
Virus Res, 83: 3–40.

Cornelissen A, Hardies SC, Shaburova OV, Krylov VN, Mattheus 
W, Kropinski AM, Lavigne R. 2012. Complete genome se-
quence of the giant virus OBP and comparative genome analysis 
of the diverse ΦKZ-related phages. J Virol, 86: 1844–1852.

Duckworth DH. 1976. "Who discovered bacteriophage?" Bacteriol 
Rev, 40: 793–802.

Eller MR, Vidigal PM, Salgado RL, Alves MP, Dias RS, da Silva 
CC, de Carvalho AF, Kropinski A, De Paula SO. 2014. UFV-P2 
as a member of the LUZ24likevirus genus: a new overview on 
comparative functional genome analyses of the LUZ24-like 
phages. BMC Genomics, 15: 7.

Fehér T, Karcagi I, Blattner FR, Pósfai G. 2012, Bacteriophage 
recombineering in the lytic state using the lambda red recombi-
nases. Microb Biotechnol, 5: 466–476.

Fortier LC  Sekulovic O. 2013. Importance o  f prophages to evolu-
tion and virulence of bacterial pathogens. Virulence, 4: 354–365.

Glonti T, Chanishvili N, Taylor PW. 2010. Bacteriophage-derived 
enzyme that depolymerizes the alginic acid capsule associated 
with cystic fi brosis isolates of Pseudomonas aeruginosa. J Appl 
Microbiol, 108: 695–702.

Glukhov AS, Krutilina AI, Shlyapnikov MG, Severinov K, Lavysh 
D, Kochetkov VV, McGrath JW, de Leeuwe C, Shaburova OV, 
Krylov VN, Akulenko NV, Kulakov LA. 2012. Genomic analy-
sis of Pseudomonas putida phage tf with localized single-strand 
DNA interruptions. PLoS One, 7: e51163.

Górski A, Miedzybrodzki R, Borysowski J, Weber-Dabrowska 
B, Lobocka M, Fortuna W, Letkiewicz S, Zimecki M, Filby G. 
2009. Bacteriophage therapy for the treatment of infections. 
Curr Opin Investig Drugs, 10: 766–774.

Groisman EA, Casadaban MJ. 1987. Cloning of genes from mem-
bers of the family Enterobacteriaceae with mini-Mu bacterio-
phage containing plasmid replicons. J Bacteriol, 169: 687–693.

Hanlon GW, Denyer SP, Olliff CJ, Ibrahim LJ. 2001. Reduction in 
exopolysaccharide viscosity as an aid to bacteriophage penetra-
tion through Pseudomonas aeruginosa biofi lms. Appl Environ 
Microbiol, 67: 2746–2753.

Henry M, Lavigne R, Debarbieux L. 2013. Predicting in vivo 
effi cacy of therapeutic bacteriophages used to treat pulmonary 
infections. Antimicrob Agents Chemother, 57: 5961–5968.

d'Herelle FH. 1917. S  ur un microbe invisible antagoniste des 
bacilles dysenteriques. C    R Acad Sci, 165: 373–375. (In French)

Hertveldt K, Lavigne R, Pleteneva E, Sernova N, Kurochkina L, 
Korchevskii R, Robben J, Mesyanzhinov V, Krylov VN, Volck-
aert G. 2005. Genome comparison of Pseudomonas aeruginosa 
large phages. J Mol Biol, 2; 354: 536–545.

Holloway BW, Egan JB, Monk M. 1960. Lysogeny in Pseudomo-
nas aeruginosa. Aust J Exp Biol Med Sci. 38: 321–329.

James CE, Fothergill JL, Kalwij H, Hall AJ, Cottell J, Brockhurst 
MA, Winstanley C. 2012. Differential infection properties of 
three inducible prophages from an epidemic strain of Pseudo-
monas aeruginosa. BMC Microbiol, 12: 216.

Jarrell K, Kropinski AM. 1977. Identifi cation of the cell wall re-
ceptor for bacteriophage E79 in Pseudomonas aeruginosa strain 
PAO. J Virol, 23: 461–466.

Jenkins FJ, Casadaban MJ, Roizman B. 1985. Application of the 
mini-Mu-phage for target-sequence-specific insertional muta-
genesis of the herpes simplex virus genome. Proc    Natl Acad Sci 
U S A, 82: 4773–4777.

Jeon J, Kim JW, Yong D, Lee K, Chong Y. 2012. Complete ge-
nome sequence of the bacteriophage YMC01/01/P52 PAE BP, 
which causeslysis of verona integron-encoded metallo-β-lact-
amase-producing,carbapenem-resistant Pseudomonas aerugino-

sa. J Virol, 86: 13876–13877
Kaplan AM, Akhverdian VZ, Reulets MA, Krylov VN. 1988. 

Compatibility of transposable phages of Escherichia coli and 
Pseudomonas aeruginosa. I. Co-development of phages Mu and 
D3112 and integration of phage D3112 into RP4::Mu plasmid 
in Pseudomonas aeruginosa cells. Genetika, 24: 634–640. (In 
Russian)

Kim S, Rahman M, Kim J. 2012. Complete genome sequence 
of Pseudomonas aeruginosa lytic bacteriophage PA1O which 
resembles temperate bacteriophage D3112. J Virol, 86: 3400–
3401.

Kulakov LA, Ksenzenko VN, Shlyapnikov MG, Kochetkov VV, 
Del Casale A, Allen CC, Larkin MJ, Ceyssens PJ, Lavigne R. 
2009. Genomes of "phiKMV-like viruses" of Pseudomonas 
aeruginosa contain localized single-strand interruptions. Virolo-
gy, 391: 1–4.

Krylov VN, Shaburova OV. 2012. Factors Favoring Co-Evolution 
of Pseudomonas Aeruginosa and its Viruses in Microbial Com-
munities of Infected Wounds Surfaces and Prospects for Phage 
Therapy. In: Pseudomonas Aeruginosa: Symptoms of Infection, 
Antibiotic Resistance and Treatment. Beningo M. Penha Escu-
deiro and Eduardo C. Baracho Marques. USA: NOVA Science 
Publishers. pp37–66.

Krylov   VN, Zhazykov IZh. 1978. Pseudomonas bacteriophage 
phiKZ-possible model for studying the genetic control of mor-
phogenesis. Genetika, 14: 678–685. (In Russian)

Krylov VN, Smirnova TA, Minenkova IB, Plotnikova TG, 
Zhazikov IZ, Khrenova EA. 1984. Pseudomonas bacteriophage 
phi KZ contains an inner body in its capsid. Can J Microbiol, 
30: 758–762.

Krylov V, Shaburova O, Krylov S and Pleteneva E. 2013. A Genet-
ic Approach to the Development of New Therapeutic Phages to 
Fight Pseudomonas aeruginosa in Wound Infections. Viruses, 5: 
15–53.

Krylov V, Pleteneva E, Shaburova O, Bourkaltseva M, Krylov S, 
Chesnokova E, Polygach O. Commo  n Preconditions for Safe 
Phage Therapy of Pseudomonas aeruginosa Infections. 2014. 
Advances in Microbiology, 4: 766–773.

Krylov SV, Pleteneva EA, Burkal'tseva MV, Shaburova OV, 
Miroshnikov KA, Lavigne R, Cornelissen A, Krylov VN. 2011. 
Genome instability of Pseudomonas aeruginosa phages of the 
EL species: examination of virulent mutants. Genetika, 47: 
183–189. (In Russian)

Kutter E, De Vos D, Gvasalia G, Alavidze Z, Gogokhia L, Kuhl S, 
Abedon ST. 2010. Phage therapy in clinical practice: treatment 
of human infections. Curr Pharm Biotechnol, 11: 69–86.

Lavigne R, Burkaltseva MV, Robben J, Sykilinda NN, Kurochkina 
L P , Grymomprez B, Jonckx B, Krylov VN, Mesyanzhinov VV, 
Volckaert G. 2003. The genome of bacteriophage phiKMV, a 
T7-like virus infecting Pseudomonas aeruginosa. Virology, 312: 
49–59.

Lindberg RB, Latta RL. 1974. Phage   typing of Pseudomonas aeru-
ginosa: clinical and epidemiologic considerations. J Infect Dis. 
130: S33–S42.

Lu S, Le S, Tan Y, Zhu J, Li M, Rao X, Zou L, Li S, Wang J, Jin X, 
Huang G, Zhang L, Zhao X, Hu F. 2013. Genomi c and proteom-
ic analyses of the terminally redundant genome of the Pseudo-
monas aeruginosa phage PaP1: establishment of genus PaP1-
like phages. PLoS One, 8: e62933.

Marinelli LJ, Hatfull GF, Piuri M. 2012. Recombineering: A pow-
erful tool for modifi cation of bacteriophage genomes. Bacterio-
phage, 2: 5–14.

Maura D, Debarb  ieux L. 2011. Bacteriophages as twenty-fi rst cen-
tury antibacterial tools for food and medicine. Appl Microbiol 
Biotechnol, 90: 851–859.



Selection of phages for therapy

VIROLOGICA SINICA44　FEBRUARY  2015　VOLUME 30　ISSUE 1

McCallin S, Alam Sarker S, Barretto C, Sultana S, Berger B, Huq S, 
Krause L, Bibiloni R, Schmitt B, Reuteler G, Brüssow H. 2013. 
Safety analysis of a Russian phage cocktail: from metagenomic 
analysis to oral application in healthy human subjects. Virology, 
443: 187–196.

Mesyanzhinov VV, Robben J, Grymonprez B, Kostyuchenko VA, 
Bourkaltseva MV, Sykilinda NN, Krylov VN, Volckaert G. 
2002. The Genome of Bacteriophage phiKZ of Pseudomonas 
aeruginosa. J Mol B iol, 317: 1–19.

Miao EA, Miller SI. 1999. Bacteriophages in the evolution of 
pathogen–host interactions. Proc Natl Acad Sci U S A, 96: 
9452–9454.

Morello E, Saussereau E, Maura D, Huerre M, Touqui L, Debar-
bieux L. 2011. Pulmonary bacteriophage therapy on Pseudomo-
nas aeruginosa cystic fi brosis strains: fi rst steps towards treat-
ment and prevention. PLoS One, 6: e16963.

Murray     NE. 2006. The impact of phage lambda: from restriction to 
recombineering. Biochem Soc Trans, 34: 203–207.

Perepanova TS, Darbeeva OS, Kotliarova GA, Kondrat'eva EM, 
Maĭskaia LM, Malysheva VF, Baĭguzina FA, Grishkova NV. 
1995. The effi cacy of bacteriophage preparations in treating in-
fl ammatory urologic diseases. Urol Nefrol (Mosk), 5: 14–17. (In 
Russian)

Pleteneva EA, Shaburova OV, Sykilinda NN, Miroshnikov KA, 
Krylov SV, Mesianzhinov VV, Krylov VN. 2008. Study of the 
diversity in a group of phages of Pseudomonas aeruginosa spe-
cies PB1 (Myoviridae) and their behavior in adsorbtion-resistant 
bacterial mutants. Genetika, 44: 185–194. (In Russian)

Pleteneva EA, Shaburova OV, Krylov VN. 2009. A formal scheme 
of adsorptional receptors in Pseudomonas aeruginosa and possi-
bilities for its practical implementation. Genetika, 45: 43–49. (In 
Russian)

Pleteneva EA, Krylov SV, Shaburova OV, Burkal'tseva MV, Miro-
shnikov KA, Krylov VN. 2010. Pseudolysogeny of Pseudomo-
nas aeruginosa bacteria infected with phiKZ-like bacteriophag-
es. Genetika, 46: 26–32. (In Russian)

Pleteneva EA, Burkal'tseva MV, Shaburova OV, Krylov SV, Pech-
nikova EV, Sokolova OS, Krylov VN. 2011. TL, the new bacte-
riophage of Pseudomonas aeruginosa and its application for the 
search of halo-producing bacteriophages. Genetika, 47: 5–9. (In 
Russian)

Plotnikova TG, Kulakov LA, Eremenko EN, Fedorova TV, Krylov 
VN. 1982. Expression of the genome of Mu-like phage D3112 
specific for Pseudomonas aeruginosa in Escherichia coli and 
Pseudomonas putida cells. Genetika, 18: 1075–1084. (In Rus-
sian)

Plotnikova TG, Ianenko AS, Kirsanov NB, Krylov VN. 1983. 
Transposition of the phage D3112 genome in Escherichia coli 
cells. Genetika, 19: 1611–1915. (In Russian)

Rodríguez-Rubio L, Martínez B, Donovan DM, Rodríguez A, 

García P. 2012. Bacteriophage virion-associated peptidoglycan 
hydrolases: potential new enzybiotics. Critical Reviews in Mi-
crobiology, 39: 427–434.

Sambrook J, Fr  itsch EF, Maniatis T, 1989. Molecular Cloning: A 
Laboratory Manual. Second edition. New York: Cold Spring 
Harbor Press. V.3, Apendix A.1–4

Schmelcher M, Tchang VS, Loessner MJ. 2011. Domain shuffl ing 
and module engineering of Listeria phage endolysins for en-
hanced lytic activity and binding affi nity. Microb Biotechnol, 4: 
651–662.

Schmelcher M, Donovan DM, Loessner MJ. 2012. Bacteriophage 
endolysins as novel antimicrobials. Future Microbiol, 7: 1147–
1171.

Seeger K, Saunders D, Harris D, Parkhill J, Hancock RE, Brink-
man FS, Levesque RC. 2009. Newly introduced genomic 
prophage islands are critical determinants of in vivo compet-
itiveness in the Liverpool Epidemic Strain of Pseudomonas 
aeruginosa. Genome Res, 19: 12–23.

Sokolova OS, Shaburova OV, Pechnikova EV, Shaytan AK, Kry-
lov SV, Kiselev NA, Krylov VN. 2014. Genome packaging in 
EL and Lin68, two giant phiKZ-like bacteriophages of P. aeru-
ginosa. Virology, 468–470: 472–478.

Tan Y, Zhang K, Rao X, Jin X, Huang J, Zhu J, Chen Z, Hu X, 
Shen X, Wang L, Hu F. 2007. Whole genome sequencing of a 
novel temperate bacteriophage of P. aeruginosa: evidence of 
tRNA gene mediating integration of the phage genome into the 
hostbacterial chromosome. Cell Microbiol, 9: 479–491.

Thomas JA, Rolando MR, Carroll CA, Shen PS, Belnap DM, 
Weintraub ST, Serwer P, Hardies SC. 2008. Characterization of 
Pseudomonas chlororaphis myovirus 201varphi2-1 via genomic 
sequencing, mass spectrometry, and electron microscopy. Virol-
ogy, 376: 330–338.

Thomason LC, Oppenheim AB, Court DL. 2009. Modifying bacte-
riophage lambda with recombineering. Methods Mol Biol, 501: 
239–251.

Twort FW. 1915. An investigation on the nature of ultra-micro-
scopic viruses. Lancet, ii: 1241–1243.

Winstanley C, Langille MG, Fothergill JL, Kukavica-Ibrulj I, Par-
adis-Bleau C, Sanschagrin F, Thomson NR, Winsor GL, Quail 
MA, Lennard N, Bignell A, Clarke L, Seeger K, Saunders D, 
Harris D, Parkhill J, Hancock RE, Brinkman FS, Levesque RC. 
2009. Newly introduced genomic prophage islands are critical 
determinants of in vivo competitiveness in the Liverpool Ep-
idemic Strain of Pseudomonas aeruginosa. Genome Res, 19: 
12–23.

Wright A, Hawkins CH, Anggård EE, Harper DR. 2009. A con-
trolled cl  inical trial of a therapeutic bacteriophage preparation 
in chronic otitis due to antibiotic-resistant Pseudomonas aeru-
ginosa; a preliminary report of effi cacy. Clin Otolaryngol, 34: 
349–357.


