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ABSTRACT

Pseudomonas aeruginosa causes serious intractable infections in humans and animals. Bacteriophage (phage) therapy has been
applied to treat P. aeruginosa infections, and phages belonging to the PB1-like virus genus in the Myoviridae family have been
used as therapeutic phages. To achieve safer and more effective phage therapy, the use of preadapted phages is proposed. To un-
derstand in detail such phage preadaptation, the short-term antagonistic evolution of bacteria and phages should be studied. In
this study, the short-term antagonistic evolution of bacteria and PB1-like phage was examined by studying phage-resistant
clones of P. aeruginosa strain PAO1 and mutant PB1-like phages that had recovered their infectivity. First, phage KPP22 was
isolated and characterized; it was classified as belonging to the PB1-like virus genus in the Myoviridae family. Subsequently,
three KPP22-resistant PAO1 clones and three KPP22 mutant phages capable of infecting these clones were isolated in three sets
of in vitro experiments. It was shown that the bacterial resistance to phage KPP22 was caused by significant decreases in phage
adsorption and that the improved infectivity of KPP22 mutant phages was caused by significant increases in phage adsorption.
The KPP22-resistant PAO1 clones and the KPP22 mutant phages were then analyzed genetically. All three KPP22-resistant
PAO1 clones, which were deficient for the O5 antigen, had a common nonsense mutation in the wzy gene. All the KPP22 mutant
phage genomes showed the same four missense mutations in the open reading frames orf060, orf065, and orf086. The informa-
tion obtained in this study should be useful for further development of safe and efficient phage therapy.

IMPORTANCE

Pseudomonas aeruginosa causes serious intractable infections in humans and animals; bacteriophage (phage) therapy has been
utilized to treat P. aeruginosa infections, and phages that belong to the PB1-like virus genus in the family Myoviridae have been
used as therapeutic phages. The preadapted phage is trained in advance through the antagonistic evolution of bacteria and phage
and is proposed to be used to achieve safer and more effective phage therapy. In this study, to understand the phage preadapta-
tion, the in vitro short-term antagonistic evolution was studied using P. aeruginosa strain PAO1 and the newly isolated PB1-like
phage KPP22. Phage KPP22 was characterized, and the molecular framework regarding the phage preadaptation of KPP22 was
elucidated. The importance of study of antagonistic evolution of bacteria and phage in phage therapy is discussed.

Pseudomonas aeruginosa is a Gram-negative bacterium that
causes opportunistic infections. Some P. aeruginosa strains

cause intractable chronic infections because of their ability to
form biofilms and their drug resistance, in addition to their viru-
lence factors (1–3). Bacteriophage (phage) therapy is the thera-
peutic use of phages to treat infections caused by pathogenic bac-
teria. It has a long history of successful clinical use in Eastern
societies (4). Phage therapy is useful as an alternative therapeutic
measure to chemotherapy for treating intractable P. aeruginosa
infections in humans and animals and has begun to be clinically
examined in Western countries (5–8).

Among the phages infecting P. aeruginosa, those belonging to
the PB1-like virus genus in the Myoviridae family have been iso-
lated worldwide and have relatively minor genetic variation (9–
11). The sizes of the heads and tails of the phages are ca. 75 nm in
diameter and ca. 140 nm in length, respectively (9). The genome
sizes of the phages range from 64 to 67 kbp (9, 11). Phages belong-
ing to the PB1-like virus genus in the Myoviridae family are typi-
cally included in the conventional phage mixture used against P.

aeruginosa infections (12, 13). A member of this group of viruses
has exhibited therapeutic effectiveness and safety in a mouse
model of P. aeruginosa keratitis (14). Thus, phages belonging to
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the PB1-like virus genus are considered to be one of the important
groups of therapeutic phages against P. aeruginosa infections.

In the antagonistic evolution of bacteria and phages, bacte-
ria acquire various mechanisms to become resistant to phage
infection, and phages evolve to overcome such bacterial immu-
nity (15, 16). The emergence of phage-resistant bacteria is the
consequence of such antagonistic evolution of bacteria and
phages. At present, the emergence of phage-resistant bacteria
appears to be a minor issue for phage therapy because other
phages capable of infecting phage-resistant bacteria can be iso-
lated in advance (4, 17).

To achieve safer and more effective phage therapy, the use of a
preadapted phage, which is a phage that is evolutionarily trained
in advance in in vitro antagonistic evolution, has been proposed
(18, 19, 20). A phage preadapted to a clinically isolated P. aerugi-
nosa strain has been shown not only to improve therapeutic effi-
cacy but also to reduce the chance of emergence of phage-resistant
bacterial strains (20). However, although the understanding of
PB1-like phage preadaptation in detail requires information re-
garding the molecular framework of the short-term antagonistic
evolution of P. aeruginosa and PB1-like phage, such a molecular
framework has not been studied genetically, to our knowledge.

In this study, we analyzed a newly isolated phage, KPP22, be-
longing to the PB1-like virus genus in the Myoviridae family.
KPP22-resistant clones of P. aeruginosa strain PAO1 and mutant
phages capable of infecting KPP22-resistant PAO1 clones were
isolated in in vitro culture and studied at the genetic level.

MATERIALS AND METHODS
Bacteria, phages, culture, culture media, and reagents. The P. aeruginosa
strains used in this study, which had been isolated from the patients in
Kochi, Japan, and have been described previously, are listed in Table 1 (14,
21). Phage KPP22 was isolated using strain PA33 as the host by a method
described elsewhere (22). Strain PAO1, which was kindly donated by
Tetsuya Matsumoto (Department of Microbiology, Tokyo Medical
University), was used for phage amplification, for mutant phage iso-
lation, and as an indicator host for phage concentration measurement,
unless otherwise stated. The bacteria and phage were cultured over-
night at 37°C in Luria-Bertani (LB) broth (Miller; Sigma-Aldrich, St.
Louis, MO). The plaque assay was performed using the double-layer
agar method, with LB-based medium containing 1.5% agar and LB-
based medium containing 0.5% agar used for the lower and upper
layers, respectively. All reagents were purchased from Nacalai Tesque
(Kyoto, Japan), Wako Pure Chemical Industries (Osaka, Japan), or
Sigma-Aldrich, unless otherwise stated.

Phage purification. The phages were cultured with bacteria in 250 ml
of culture medium. After bacterial lysis, the phage supernatant was col-
lected by centrifugation (10,000 � g, 10 min, 4°C). Polyethylene glycol
6000 and NaCl were added to final concentrations of 10% and 0.5 M,
respectively, and the mixture was left overnight at 4°C. After centrifuga-
tion (10,000 � g, 40 min, 4°C), the phage pellet was dissolved in TM buffer
(10 mM Tris-HCl [pH 7.2], 5 mM MgCl2) containing 100 �g ml�1 of
both DNase I and RNase A. After incubation at 37°C for 30 min, the phage
suspension was purified by cesium chloride density gradient ultracentrif-
ugation (100,000 � g, 1 h, 4°C), as described elsewhere (14). The phage
band was collected and dialyzed against AAS (0.1 M ammonium acetate,
10 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.2) for 1 h at 4°C.

Electron microscopy. Phages, negatively stained with 2% uranyl ace-
tate at pH 4.0, were observed with a JEM-1400Plus transmission electron
microscope (JEOL Ltd., Tokyo, Japan) at 80 kV.

Phage genome sequencing. The phage genomic DNA was extracted
from the purified phage sample using a previously described method (14).
A single-end library was constructed from the phage DNA and was se-

quenced using a 454 GS Junior pyrosequencer (Roche, Indianapolis, IN).
The sequence reads were assembled into one scaffold using GS Assembler
software. The homopolymers were resequenced with a BigDye Termina-
tor v1.1 cycle sequencing kit (Applied Biosystems, Foster City, CA) ac-
cording to the manufacturer’s instructions, using an ABI PRISM 3100-
Avant genetic analyzer (Applied Biosystems). The open reading frames
(ORFs) were determined by considering ribosomal binding sites, based on
the automated annotation data obtained from MiGAP (http://www
.migap.org/).

The phage genome DNA sequences were compared using BLASTn at
the National Center for Biotechnology Information (NCBI) (http://www
.ncbi.nlm.nih.gov/). The genome was analyzed using In Silico Molecu-
lar Cloning Genomic Edition (In Silico Biology, Inc., Yokohama, Ja-
pan) and GenomeMatcher (http://www.ige.tohoku.ac.jp/joho/
gmProject/gmhomeJP.html) (23).

A maximum-likelihood phylogeny was inferred on the basis of the

TABLE 1 Lytic activity of wild-type phage KPP22, KPP22 mutant
phages, and phage KPP12 against P. aeruginosa strains

P. aeruginosa
straina

Lytic activity of tested phageb

Wild-type
phage KPP22

Mutant phage:
Phage
KPP12cKPP22M1 KPP22M2 KPP22M3

PA1 I I I I I
PA2 I I I I I
PA3 I I I I �
PA4 I I I I �
PA5 I I I I O
PA6 I I I I I
PA7 I I I I I
PA8 I I I I I
PA9 I I I I O
PA10 I I I I I
PA11 I I I I �
PA12 � � � � O
PA13 I I I I I
PA14 I I I I �
PA15 I I I I �
PA16 � O O O �
PA17 I I I I I
PA18 I I I I I
PA19 I I I I I
PA20 I I I I �
PA21 I I I I I
PA22 � � � � O
PA23 I I I I �
PA24 I I I I I
PA25 I I I I �
PA26 I I I I I
PA27 I I I I �
PA28 I I I I �
PA29 I I I I �
PA30 I I I I I
PA31 I I I I I
PA32 I I I I I
PA33 I I I I I
PA34 I I I I I
PA35 I I I I O
D4 I I I I I
S10 I I I I O
PAO1 I I I I I
a The P. aeruginosa strains were clinically isolated in Kochi, Japan (14, 21).
b I, lysis from within; O, lysis from without; �, no lysis.
c Phage KPP12 lytic activity against P. aeruginosa strains as described previously (14).
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core genome alignment with PhyML, as implemented in REALPHY (24).
Each ORF was analyzed by InterProScan 5 (http://www.ebi.ac.uk/Tools
/pfa/iprscan5/), Conserved Domain search (http://www.ncbi.nlm.nih
.gov/Structure/cdd/wrpsb.cgi), and BLASTp (http://blast.ncbi.nlm.nih
.gov/Blast.cgi?CMD�Web&PAGE_TYPE�BlastHome).SomeORFswere
also analyzed by HHpred (http://toolkit.tuebingen.mpg.de/hhpred).

Virion protein analysis. The N-terminal amino acids of the virion
protein were analyzed as described elsewhere (14). Briefly, the virion
proteins separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) were transferred onto a polyvinylidene fluoride
membrane and analyzed by the Edman degradation method using a
PPSQ-31A/33A protein sequencer (Shimadzu, Kyoto, Japan). The virion
proteins were also analyzed using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) as described elsewhere (22). Briefly, after di-
gestion of the purified phage with trypsin (Trypsin Gold, mass spectrom-
etry grade; Promega, Fitchburg, WI), the peptide sample was subjected to
LC-MS/MS analysis using a Direct nanoLC/MALDI fraction system (KYA
Technologies, Tokyo, Japan) for liquid chromatography and an AB
SCIEX TOF/TOF 5800 system (AB Sciex, Framingham, MA) for matrix-
assisted laser desorption ionization (MALDI)–MS and MS/MS analyses.
An in-house database was constructed from putative protein data for
phage KPP22 for this study. The MS/MS data were analyzed by the Para-
gon algorithm using ProteinPilot 3.0 (AB Sciex) (25).

Isolation of phage-resistant bacterial clones and mutant phages. To
isolate the phage-resistant bacterial clone, bacteria and phages were incu-
bated on a double-layer agar plate for 24 h. A phage-resistant bacterial
colony, which appeared on the top agar of a confluent lysed sample, was
isolated. The bacterial colony was purified at least three times; at the final
purification, phage resistance was determined via a streak test, as de-
scribed below. The experiments were done in triplicate, and three phage-
resistant bacteria were isolated.

Next, to isolate mutant phages with large-plaque formation, phages
were cultured on a double-layer agar plate containing a phage-resistant
bacterial clone. After 24 h of incubation, a large and clear plaque was
isolated and purified at least three times using the phage-resistant bacte-
rial clone. The experiments were done in triplicate, and three mutant
phages were isolated.

Measurement of host spectrum, infectivity, and adsorption effi-
ciency of phage. The phage host spectrum was determined by examining
phage lytic activity against each bacterial strain using a streak test. A loop-
ful of the phage suspension (1010 PFU ml�1) was streaked onto a double-
layer agar plate containing a P. aeruginosa strain. After incubation over-
night, the bacteriolytic patterns, i.e., lysis with plaques, lysis without
plaques, and no lysis, were recorded. Based on the bacteriolytic pattern,
the lysis type, i.e., lysis from within, lysis from without, or no lysis, respec-
tively, was determined.

Next, phage infectivity was examined using efficiency of plating
(EOP). The EOP was measured as the ratio of PFU of phage plated on a
particular bacterial strain to the PFU of phage plated on standard strain
PAO1. Moreover, the phage adsorption efficacy was also measured. A
2.7-ml aliquot of a bacterial suspension in logarithmic growth phase (ca.
7.4 � 108 cells ml�1) was supplemented with 0.3 ml of phage suspension
(ca. 1.0 � 104 PFU ml�1). The mixture was then incubated for 20 min at
37°C. After pelleting of the bacterial cells by centrifugation (7,000 � g, 2
min) and filtration through a 0.45-�m membrane filter, the concentra-
tion of the unbound phages in the supernatant was measured using P.
aeruginosa strain PAO1 as an indicator host. Statistical analysis was per-
formed with Student’s t test using GraphPad Prism 6.0 (GraphPad Soft-
ware; La Jolla, CA).

Bacterial genome sequences and mutation analysis. The bacteria
were cultured overnight, and the genomic DNAs were purified using a
NucleoSpin tissue kit (Macherey-Nagel, Düren, Germany). A 150-bp
paired-end library was prepared and analyzed using Illumina HiSeq4000
(see Table S1 in the supplemental material). The resequencing analysis
was performed using the P. aeruginosa strain PAO1 genome as a reference

(GenBank accession no. NC_002516), and the mutation sites were iden-
tified using the CLC Genomic Workbench (Qiagen, Venlo, Netherlands)
(26). Comparing the mutation sites, those common to all bacteria were
identified. For the confirmation of the common mutations, the genomic
DNA was amplified with primers PAO1_wzy_F (5=-CGTCTGGGGACG
GAAATTTTCAATAATCC-3=) and PAO1_wzy_R (5=-CATAGAGTTTT
TCCTAAAGACATCTTGAGTGG-3=) and was then sequenced with a
BigDye Terminator v1.1 cycle sequencing kit (Applied Biosystems) ac-
cording to the manufacturer’s instructions using an ABI PRISM 3100-
Avant genetic analyzer (Applied Biosystems).

The product of the gene containing the common mutation was ana-
lyzed by Conserved Domain search at the NCBI. The transmembrane
domain structure of the protein was predicted using TOPCONS (http:
//topcons.net/) (27).

Analysis of LPS. Total lipopolysaccharide (LPS) was prepared from
the bacteria using the hot aqueous phenol extraction method, essentially
as described elsewhere (28). First, the LPS together with a molecular stan-
dard (Precision Plus Protein Dual Color Standards; Bio-Rad, Hercules,
CA) was separated by SDS-PAGE. The LPS was then fluorescently stained
using a Pro-Q Emerald 300 lipopolysaccharide gel stain kit (Molecular
Probes, Eugene, OR). Next, Western blotting of the LPS to detect the O5
antigen was performed using a method described elsewhere (29). Briefly,
the LPS, together with a molecular standard (Precision Plus Protein Dual
Color Standards; Bio-Rad), was separated by SDS-PAGE and transferred
onto a nitrocellulose membrane, which was then blocked with 3% bovine
serum albumin in phosphate-buffered saline. Mouse anti-P. aeruginosa
antigenic serotype O5 (MF15-4) IgM antibody (MédiMabs, Montreal,
Quebec, Canada) and alkaline phosphatase-conjugated goat anti-mouse
IgM IgG antibody (Bethyl Laboratories, Montgomery, TX) were used as
the primary and secondary antibodies, respectively (30). Detection was
performed using 5-bromo-4-chloro-3-indolylphosphate–nitroblue tetra-
zolium (BCIP-NBT solution kit; Nacalai Tesque).

Accession numbers. The complete genomic sequences of phage
KPP22 and the mutant phages KPP22M1, KPP22M2, and KPP22M3 were
deposited in DDBJ/EMBL/GenBank under accession no. LC105987,
LC105988, LC105989, and LC105990, respectively. The partial genome
sequences of PAO1, PAO1R1, PAO1R2, and PAO1R3 were deposited
in DDBJ/EMBL/GenBank under accession no. LC110405, LC110406,
LC110407, and LC110408, respectively. The sequencing data for PAO1,
PAO1R1, PAO1R2, and PAO1R3 were deposited in the DDBJ Se-
quence Read Archive (DRA) database under accession no. DRA004286,
DRA004287, DRA004288, and DRA004289, respectively. The virion pro-
tein sequence was deposited in the UniProt Knowledgebase under acces-
sion no. A0A0U5AF03.

RESULTS AND DISCUSSION
Characteristics of the newly isolated PB1-like phage KPP22.
Phage KPP22 was isolated from a water sample collected from an
agricultural wastewater drain in Kochi City, Kochi, Japan. First,
transmission electron microscopy showed that phage KPP22 had
an icosahedral head with a contractile tail and tail fibers (Fig. 1A).
Based on this morphology, phage KPP22 was assigned to the fam-
ily Myoviridae. Next, the whole genome of phage KPP22 was se-
quenced. It consisted of 64,415 bp, of which the G�C content was
55.6%. Eighty-six ORFs were predicted in the phage KPP22 ge-
nome (see Table S2 in the supplemental material). BLASTn anal-
ysis of the public database indicated that the DNA sequence of
phage KPP22 showed the highest sequence similarity to those of P.
aeruginosa phages belonging to the PB1-like virus genus (see Table
S3 in the supplemental material). This, together with the observed
morphology, meant that phage KPP22 was considered to belong
to the PB1-like virus genus in the Myoviridae family.

Shotgun proteomic analysis of the phage KPP22 virion pro-
teins identified 15 ORFs as encoding virion proteins (see Table S4
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in the supplemental material). These virion protein genes were
clustered in the genomic region from orf060 to orf086 (Fig. 1B).
The N-terminal protein sequencing of the major virion protein
confirmed that it was ORF081 (see Fig. S1 in the supplemental
material).

Next, the maximum-likelihood phylogeny was inferred based
on genome sequences of PB1-like phages (Fig. 1C). Phage KPP22
was inferred to be most closely related to phage KPP12, which had
been isolated from the agricultural wastewater sample at Kochi in
Japan and has shown therapeutic effects in experimental P. aerugi-

nosa keratitis (14). Because phage KPP22 was isolated in the same
region of Japan after the discovery of phage KPP12, phage KPP22
is highly likely to be related to phage KPP12.

The lytic activity (i.e., lysis from within, lysis from without, or
no lysis) of phage KPP22 against clinically isolated P. aeruginosa
strains that included various serotypes was compared with that of
phage KPP12 (16, 21, 31). Phage KPP22 showed lysis from within
on 92.1% (35 of 38) of the tested clinically isolated strains, while
phage KPP12 showed lysis from within and lysis from without on
68.4% (26 of 38) of the tested clinically isolated strains (Table 1).

A

B

C

10 20 30 40 50 60

ORF065ORF060 ORF086

(kbp)

vB_PaeM_PAO1_Ab29
vB_PaeM_PAO1_Ab27
KPP12
KPP22
NH-4

LMA2
vB_PaeM_CEB_DP1

SN
14-1

DL68
JG024

LBL3
PB1

vB_PaeM_C1-14_Ab28
DL60

DL52
SPM-1
F8

0.05

FIG 1 Characteristics of phage KPP22. (A) Electron micrograph. The bar indicates 100 nm. The head diameter and the tail length were 66.7 � 5.6 nm and
123.2 � 7.7 nm (mean � standard deviation; n � 20), respectively. (B) Genome map. Arrows indicate ORFs. Black arrows indicate ORFs coding for the virion
proteins, which were identified by LC-MS/MS analysis (see Table S4 in the supplemental material). (C) Phylogeny inference for the PB1-like viruses based on the
whole genomes. The phylogram was inferred by the maximum-likelihood method using REALPHY (24). The genome data for PB1-like viruses, which were
obtained from DDBJ/EMBL/GenBank, include phages DL52, DL60, DL68, F8, KPP12, JG024, LBL3, LMA2, NH-4, PB1, SN, SPM-1, vB_PaeM_PAO1_Ab29,
vB_PaeM_CEB_DP1, vB_PaeM_PAO1_Ab27, vB_PaeM_C1-14_Ab28, and 14-1 (GenBank accession no. KR054028, KR054030, KR054033, DQ163917,
AB560486, GU815091, FM201281, FM201282, JN254800, EU716414, FM887021, KF981875, LN610588, KR869157, LN610579, LN610589, and FM897211,
respectively).
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Thus, phage KPP22 can infect more P. aeruginosa strains than
phage KPP12.

Moreover, phage KPP22 showed lytic activity against the
strains that are not sensitive to phage KPP12, and vice versa. Using
these phages (KPP12 and KPP22), the clinically isolated P. aerugi-
nosa strains were considered to be lysed (Table 1). The P. aerugi-
nosa strains PA12 and PA22, which are sensitive to phage KPP12,
were not sensitive to phage KPP22. Although it is not known why
these strains are sensitive to phage KPP12 but not to phage KPP22,
which is another possible line of inquiry in the field of phage
research, the use of these phages can overcome the issue of the
phage host range.

Isolation of KPP22-resistant clones of P. aeruginosa strain
PAO1 and KPP22 mutant phages with improved infectivity.
Each KPP22-resistant mutant P. aeruginosa clone, including
PAO1R1, PAO1R2, and PAO1R3, was isolated from cultures of P.
aeruginosa strain PAO1 with phage KPP22 in in vitro independent
experiments (Table 2). Subsequently, the mutant phages, includ-
ing KPP22M1, KPP22M2, and KPP22M3, that formed plaques on
the double-layer agar plate containing the KPP22-resistant PAO1
clones PAO1R1, PAO1R2, and PAO1R3 were independently iso-
lated in in vitro experiments (Table 2).

The infectivity level of the phages can be examined by compar-
ison of their EOPs. The EOPs of phage KPP22 and of KPP22 mu-
tant phages were measured. First, the EOP of phage KPP22 on
each KPP22-resistant PAO1 clone was compared with that on
strain PAO1 (Fig. 2A). The EOPs of phage KPP22 on the KPP22-
resistant PAO1 clones were significantly lower (ca. 10�4 to 10�5

times) than that on strain PAO1. In contrast, the EOPs of the
KPP22 mutant phages on the KPP22-resistant PAO1 clones were
not significantly different from those on strain PAO1.

The host ranges of the KPP22 mutant phages were also com-
pared with each other and with that of phage KPP22. The KPP22
mutant phages KPP22M1, KPP22M2, and KPP22M3 all showed
the same host range, which was similar to that of phage KPP22,
although a small difference was observed on strain PA16 (Table 1).
The KPP22 mutant phages showed lysis-from-without activity
against strain PA16, while phage KPP22 showed no lytic activity.

Some mutant phages increase their infectivity by improving
their adsorption efficiency (18, 32–34). The adsorption efficien-
cies of the KPP22 mutant phages were compared with that of
phage KPP22 (Fig. 2B and C). Phage KPP22 barely adsorbed to the
KPP22-resistant PAO1 clones, although it could efficiently adsorb
to strain PAO1. However, the KPP22 mutant phages adsorbed to
the KPP22-resistant PAO1 clones. The difference in the infectivity
of phage KPP22 and the KPP22 mutant phages was considered to
result from the differences in their adsorption efficiency. This

short-term coevolutionary arms race between phage KPP22 and
strain PAO1 is outlined in Fig. 2D.

Analysis of KPP22-resistant clones of P. aeruginosa strain
PAO1. The whole DNAs of strain PAO1 and the KPP22-resistant
PAO1 clones were analyzed via next-generation sequencing, and
the sequence data were aligned to the PAO1 reference genome (see
Table S1 in the supplemental material). The common mutation
site shared by the KPP22-resistant PAO1 clones was searched. A
common nucleotide substitution from guanine (in our PAO1 ge-
nome sequence) to adenine (in the KPP22-resistant PAO1 clone
genome sequences) alone was found at nucleotide 3537912 in the
tag PA3154 locus (from nucleotide 3537808 to 3539124) of the
PAO1 reference genome (Fig. 3A) (26). No other common muta-
tion was found. Genome sequencing using cycle sequencing tech-
nology also confirmed this single-nucleotide substitution in the
KPP22-resistant PAO1 clones. The locus tag PA3154 in the strain
PAO1 genome is known to be the wzy gene. The nucleotide sub-
stitution found in the KPP22-resistant PAO1 clones is a nonsense
mutation, leading to a C-terminally truncated form of Wzy.
Bioinformatic analysis of the Wzy protein suggested a 12-mem-
brane-spanning structure, but no protein domain was predicted
(Fig. 3B).

Strain PAO1 is classified as antigenic type O5 according to the
International Antigenic Typing Scheme (IATS) classification (35,
36). The O5 antigen in strain PAO1 is produced via a Wzx/Wzy-
dependent pathway that includes the sequential activities of such
inner membrane proteins as Wzx, Wzy, Wzz, and WaaL (37). The
Wzy polymerizes the glycan of the O-specific antigen (38). We
hypothesized that such the nonsense mutation affected the O5
antigen production. To test the hypothesis, the LPSs of strain
PAO1 and the KPP22-resistant PAO1 clones were analyzed by
fluorescent staining and by Western blotting to detect O5 antigen,
after separation by SDS-PAGE (Fig. 3C). The results showed that
while the patterns of the total LPSs of all the bacteria were very
similar, the O5 antigen was not detected on the KPP22-resistant
PAO1 clones. Thus, the nonsense mutation seemed to have signif-
icantly reduced the activity of Wzy in the KPP22-resistant PAO1
clones, and the O5 antigen did not appear to be produced.

Analysis of KPP22 mutant phages. The genomes of the mu-
tant phages KPP22M1, KPP22M2, and KPP22M3 were sequenced
and compared with that of phage KPP22. The three mutant phages
showed the same four nucleotide substitutions at the same loca-
tions on their genomes, at nucleotides 39673, 39685, 46944, and
63915 of the phage KPP22 genome (Fig. 4A). No other mutation
sites were found. All four mutations in orf060, orf065, and orf086,
which occurred at the second position in the triplet codons, were
considered to lead to amino acid substitutions (i.e., missense mu-
tations). The same mutations found in the mutant phage genomes
were not considered to be coincident. These mutant phages with
the same mutation were likely to have been selectively isolated
from the same origin of the mutated phage, assuming that such
preadapted phage could have been naturally suspended in the
original phage stock (in a minute proportion) before the selection
by the KPP22-resistant PAO1 clones.

Moreover, the functions of these ORFs were assessed. ORF060
was predicted by BLASTp to be a tail fiber protein and by HHpred
to be a short and long tail fiber protein (Fig. 4B; see Table S5 in the
supplemental material). ORF065 was predicted by HHpred to be a
tail spike protein, and ORF086 was predicted by HHpred to be a
portal protein (Fig. 4B; see Table S5 in the supplemental material).

TABLE 2 KPP22-resistant clones of P. aeruginosa strain PAO1 and
mutant phages capable of infecting them

Expt no.
Isolated KPP22-resistant
PAO1 clone

Isolated mutant phage
with large-plaque
formation in response
to the KPP22-resistant
PAO1 clone

1 PAO1R1 KPP22M1
2 PAO1R2 KPP22M2
3 PAO1R3 KPP22M3
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Among these ORFs, orf060 and orf086 were identified in this study
as genes that encode virion proteins, as described above (Fig. 1B;
see Table S4 in the supplemental material).

Furthermore, the protein sequences of phage KPP22, i.e.,

ORF060, ORF065, and ORF086, were compared by BLASTp with
their homologous protein sequences of phage KPP12, i.e., ORF43,
ORF38, and ORF17, respectively (see Fig. S2 in the supplemental
material). The sequence identity between ORF060 of phage
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KPP22 and ORF43 of phage KPP12 (a putative long tail fiber) was
94%, whereas the sequence identities of ORF065 and ORF086
(putative spike and portal proteins, respectively) of phage KPP22
were 100% and 99%, respectively (query coverage of all BLASTp
results, 100%). Among these ORFs, ORF060 of phage KPP22 had
the lowest protein sequence identity to the homologous ORF of
phage KPP12, ORF043, and a dissimilarity was observed particu-
larly in the C-terminal region of the protein. Mutations in the
distal portion of tail fibers have been shown to be involved in
improvements in adsorption in other phages (33, 39), which sup-
ports that ORF060 can be a tail fiber protein.

Phage T4 undergoes specific binding to the host cell surface,
which is mediated by the reversible binding of long tail fibers to
the LPS or OmpC and the irreversible binding of short tail fibers/
spikes to the LPS (40, 41). The long tail fibers/spikes exhibit an
increase in the dwell time at the surface of the host bacterium to
search for the receptor molecules (41, 42). ORF060 and ORF065
were putative long tail fiber and tail spike proteins, respectively. If
this adsorption model of phage T4 applies to phage KPP22, these
putative tail proteins, like ORF060 and ORF065, are likely to be
highly associated with phage host specificity and adsorption.
However, virion proteins other than the tail protein also seem to
be important for phage adsorption. For example, the whisker pro-
tein of phage T4, which is the neck appendage protein and retracts
the tail fibers, is also considered to be associated with T4 adsorp-
tion (43). In phage KPP22, ORF086, which was assumed to be a
portal protein, may be associated with phage adsorption. Further
investigation is required to understand the adsorption mecha-
nism of phage KPP22 in detail.

O5 antigen as one of the receptor molecules to phage KPP22
and KPP22 mutant phages. The LPS and/or outer membrane
proteins of bacteria can be the receptor molecules for phages (39).
The PB1-like phages infecting P. aeruginosa have been shown to
adsorb to the LPS (44, 45). The LPS is generally divided into two
forms of O surface antigens in P. aeruginosa: common polysaccha-
ride antigen (formerly termed the A band) and O-specific antigen
(formerly termed the B band) (38). O-specific antigen, which is a
repeat of three to five distinct sugars, acts as a receptor mole-
cule for phage adsorption in some cases (38). The O5 antigen is
an important receptor molecule for phage KPP22 as described
above, and it is also one of the important receptor molecules
for KPP22 mutant phages. Observing the adsorption efficiency
of the KPP22 mutant phages (Fig. 2B), the rates of adsorption
to strain PAO1 and to KPP22-resistant PAO1 clones were al-
most 100% and ca. 30 to 60% in 20 min, respectively. This
suggested that the O5 antigen assisted even the adsorption of
KPP22 mutant phages to strain PAO1. Thus, the O5 antigen is
one of the important receptor molecules for phage KPP22 and
KPP22 mutant phages.

Moreover, some phages adsorb to both the typical LPS and LPS
that is deficient in O antigens (39). Phage KPP22 and KPP22 mu-
tant phages showed lytic activity against 92.1% (35/38) and 94.7%
(36/38) of the tested P. aeruginosa strains, respectively (Table 1).
Not all the tested P. aeruginosa strains had the O5 antigen, accord-
ing to screening by Western blotting (see Fig. S3 in the supplemen-
tal material). Thus, these phages were thought to adsorb to not
only the O5 antigens but also the other receptor molecules.

Considering the results above in the analysis of antagonistic
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evolution, phage KPP22 seemed to increase the affinity to certain
receptors on the P. aeruginosa strains with several mutations in its
genome, along with the host bacterial phenotypic change.

Study of antagonistic evolution of bacteria and phage in
phage therapy. Because phage therapy failed once in the past and
the present phage therapy is a second trial, the framework for
phage therapy should be carefully designed based on research and
developments in modern science. In addition to the understating
of the phage preadaptation, the antagonistic evolution of phage
and bacteria is still considered to be an important research topic to
develop safe and efficient phage therapy in the future. First, the
application of a phage cocktail is considered to be the solution for
phage host specificity in phage therapy (46). In this study, the use
of phages KPP12 and KPP22 lysed all the clinically isolated P.
aeruginosa strains. However, after years of use of the phage mix-
ture including these phages, we may face difficulties in treating
bacterial infections because of the emergence of multiphage-resis-
tant bacterial clones, as was the case in the history of chemother-
apy (12, 47).

Moreover, the bacterial virulence can be changed through
the antagonistic evolution in phage therapy. It has been shown
that phage-resistant bacteria lose their virulence during phage
therapy (48). In contrast, the virulence of the bacteria may
be increased with exposure to phage, according to this study.
For example, deletion of the O5 antigen and exposure to
phage have been shown to increase the virulence of strain
PAO1 (49, 50). Loss of the O5 antigen in strain PAO1 has been
shown to increase bacterial cell adhesion to polystyrene (51),
which may increase the biofilm formation on the plastic sur-
face. Further studies should be conducted to investigate the
antagonistic evolution of bacteria and phage in the use of a
phage cocktail for a long period, including risk assessment of
the emergence of multiphage-resistant bacteria and changes in
their virulence.

Efforts have been made recently in the research and devel-
opment of phage therapy using preadapted phage to increase
therapeutic efficiency and avoid any potential risks (19, 20, 47).
In this study, phage KPP22 showed increased infectivity to P.
aeruginosa strains through the antagonistic evolution with
KPP22-resistant PAO1 clones without changing its phage host
range. The accumulation of more knowledge regarding adapted
phages together with target bacteria may allow the future de-
velopment of tailor-made phage therapy, in which the adapted
phage that is adequate for the targeted bacteria is selected from
the collection of therapeutic phages. We believe that our study
will assist in the understanding of phage preadaptation and will
contribute to the development of such safe and efficient phage
therapy.
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