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Acinetobacter baumannii is an important Gram-negative opportunistic pathogen causing nosocomial infec-
tions. The emergence of multiple-drug-resistant A. baumannii isolates has increased in recent years. Directed
toward phage therapy, a lytic phage of A. baumannii, designated Abp53, was isolated from a sputum sample in
this study. Abp53 has an isometric head and a contractile tail with tail fibers (belonging to Myoviridae), a latent
period of about 10 min, and a burst size of approximately 150 PFU per infected cell. Abp53 could completely
lyse 27% of the A. baumannii isolates tested, which were all multiple drug resistant, but not other bacteria.
Mg2� enhanced the adsorption and productivity of, and host lysis by, Abp53. Twenty Abp53 virion proteins
were visualized in SDS-polyacrylamide gel electrophoresis, with a 47-kDa protein being the predicted major
capsid protein. Abp53 has a double-stranded DNA genome of 95 kb. Sequence analyses of a 10-kb region
revealed 8 open reading frames. Five of the encoded proteins, including 3 tail components and 2 hypothetical
proteins, were similar to proteins encoded by A. baumannii strain ACICU. ORF1176 (one of the tail compo-
nents, 1,176 amino acids [aa]), which is also similar to tail protein gp21 of Klebsiella phage phiKO2, contained
repeated domains similar to those within the ACICU_02717 protein of A. baumannii ACICU and gp21. These
findings suggest a common ancestry and horizontal gene transfer during evolution. As phages can expand the
host range by domain duplication in tail fiber proteins, repeated domains in ORF1176 might have a similar
significance in Abp53.

Acinetobacter baumannii, which is ubiquitous in the environ-
ment, is a nonmotile, nonfermentative, aerobic Gram-negative
bacterium that has emerged as an important opportunistic
pathogen (41). Though it is usually harmless to healthy indi-
viduals, this organism is dangerous to hospitalized patients and
especially those who are severely ill or debilitated in intensive
care units (ICUs). It causes various hospital-acquired infec-
tions, including pneumonia, bloodstream infections, wound in-
fections, septicemia, and meningitis (5, 7, 32). In addition, the
role of A. baumannii in war wound infections has been iden-
tified, with rampant infections in injured soldiers returning
from Iraq and Afghanistan (16, 18). A 2008 survey by the
Center for Disease Control, Taiwan, indicated that this organ-
ism ranked first among bacteria causing opportunistic infec-
tions in intensive care units in Taiwan (10). A. baumannii was
susceptible to most antibiotics in the 1970s, and the application
of antibiotics was routinely used to treat infections caused by
this organism (52). However, the treatment of A. baumannii
has recently become very difficult because of its resistance to

virtually all available drugs, including aminopenicillins, nar-
row- and expanded-spectrum cephalosporins, chlorampheni-
col, aminoglycosides, fluoroquinolones, and tetracyclines (34).
Multidrug-resistant A. baumannii (MDRAB) isolates have in-
creased in Taiwan since their first report in 1998 (25), similar
to the situations in other countries (24, 57, 60). Thus, the
treatment of MDRAB infections poses a new challenge, and
finding novel treatment agents or strategies has become an
absolute necessity.

The phage therapy approach was first evaluated in the late
1910s, and numerous cases of successfully treated bacterial
infections from Poland, Georgia, and the former Soviet Union
have been reported since (47, 51). However, phage therapy was
largely abandoned in the Western world in the 1940s due to the
advent of antibiotics and the inconsistency of phage-based
treatments compared to antibiotics (47). Then, when bacterial
resistance to antibiotics became widespread after the 1980s,
interest in phage therapy was renewed, and it has been con-
sidered as an alternative treatment against antibiotic-resistant
bacteria (35, 46). Studies have shown the effectiveness of using
phages as therapeutic agents to treat infections in experimental
mice, e.g., those infected by A. baumannii, Pseudomonas
aeruginosa, and Staphylococcus aureus (43, 44). In addition,
phage products have been approved for use in treating food-
poisoning bacteria such as Listeria monocytogenes and Salmo-
nella (23).

A few studies on A. baumannii phages are available, with
early reports focusing on typing host A. baumannii by using
specific phages (8, 21, 27). Until very recently, only two A.
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baumannii phages had been characterized (30, 58), AB1 and
�AB2. These phages belong to the families Siphoviridae and
Podoviridae, respectively (30, 58). In addition to �AB2, Lin et
al. (30) isolated 7 other podophages and 2 myophages, though
they remain uncharacterized. Therefore, further efforts remain
to be made to develop therapeutic phage products to prevent
A. baumannii infections. In this study, directed toward phage
therapy, a myophage specifically infecting A. baumannii was
isolated from a sputum sample collected from a hospital in
Taichung, Taiwan, and designated Abp53. This paper reports
the isolation, molecular properties, and phylogenetic analysis
of a large predicted tail protein from Abp53, the first charac-
terized myophage of A. baumannii.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains used in this study are
listed in Table 1.A. baumannii ATCC19606 was used as the reference strain.
Twenty-five strains of MDRAB were kindly donated by K. H. Shen of Taichung
Veterans hospital, among which strain Ab53 was the host for propagation of
phage Abp53 and the indicator host in plaque assay. Unless otherwise stated,
Luria-Bertani (LB) broth and LB agar plate were the general-purpose media
(31) used to cultivate A. baumannii (37°C), Escherichia coli (37°C), Xanthomonas
strains (28°C), and Stenotrophomonas maltophilia (37°C). TYG contained 10 g
tryptone, 6 g yeast extract, 1 mM MgSO4, 0.5% glucose, and distilled water in 1
liter. One unit of optical density at 600 nm (OD600) represented approximately
5.5 � 108 CFU/ml of A. baumannii cells.

Spot test and plaque assay. For phage screening on hospital samples and to
test for phage sensitivity, bacterial cells (100 �l) from overnight cultures were
mixed with 3.0 ml of molten soft agar (0.7%), which was then overlaid onto the
surface of the solidified regular agar (1.5%). Ten microliters of the Abp53
suspension (ca. 1.0 � 108 PFU/ml) was spotted onto the plate, which was then
incubated overnight. For titer determination, 100 �l of a phage suspension after
serial dilutions with sterilized, deionized water and 100 �l of cells from an
overnight culture of A. baumannii were mixed with 3 ml of molten soft agar and
poured onto the surface of the solidified regular agar. Plaque numbers were
counted after incubating the plates overnight.

Isolation of bacteriophage. Patient sputum samples, catheter washings of
bronchopulmonary aspirate, and drainage wastewater samples were collected
from Taichung Veterans General Hospital. The samples were centrifuged
(10,000 � g, 10 min, 4°C), and after filtering through a membrane filter (0.45-�m
pore size), the supernatants were checked for the presence of phages by spot test.
The top agar within the clearing zones was picked and soaked in 100 �l of LB
broth for 30 min. After appropriate dilution, the suspensions were plated for

plaque formation. Two more successive single-plaque isolations were performed
to purify the phage.

Purification of phage particles. High-titer lysates of Abp53 (400 ml, ca. 1.0 �
1010 PFU/ml) were centrifuged (10,000 � g, 20 min, 4°C). The supernatants were
passed through a membrane filter (0.45-�m pore size) and then centrifuged
(15,000 � g, 2 h, 4°C). The phage pellets were suspended in 1.0 ml of SM buffer
(50 mM Tris-HCl [pH 7.5] containing 100 mM NaCl, 10 mM MgSO4, and 0.01%
gelatin) and loaded on a block gradient of CsCl (1.2, 1.35, 1.45, 1.50, and 1.70
g/ml), followed by ultracentrifugation at 28,000 rpm for 2 h at 4°C with a TH641
rotor (Sorvall OTD Combi) (28). Banded phage particles were recovered and
dialyzed against SM buffer.

Separation of virion proteins by SDS-PAGE. After dialysis, purified phage
particles (ca. 5 � 107 PFU) were boiled in loading buffer for 3 min and separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(10% polyacrylamide and 0.1% SDS). Protein bands were visualized by staining
the gel with Coomassie brilliant blue (Bio-Rad) (39).

Assay for phage adsorption, host lysis, and one-step growth. Phage adsorption
experiments were carried out as described by Foschino et al. (20) with some
modifications. Cells of A. baumannii Ab53 grown to an OD600 of 0.6 were mixed
with an Abp53 suspension at a multiplicity of infection (MOI) of 0.0005 and
incubated at 30°C. Aliquots (100 �l) were taken at 1-min intervals (up to 10 min)
and diluted in 0.9 ml of cold LB. Following centrifugation (10,000 � g, 1 min),
the supernatants containing unadsorbed phage were diluted and the titers were
determined by plaque assay.

The host lysis assay was performed by mixing phage Abp53 at different MOIs
(0.01 to 10) with Ab53 cells grown in LB to an OD600 of 1.0. The reaction
mixtures (30 ml with and without MgSO4) were incubated at 37°C, and aliquots
were taken at 1-h intervals until 8 h postinfection to measure the OD600. To test
the effect of the magnesium ion, 10 mM MgSO4 was included in the reaction
mixture.

One-step growth experiments were performed as described by Pajunen et al.
(33) with some modifications. Cells of A. baumannii Ab53 (OD600 � 0.6) were
harvested by centrifugation and then resuspended in 30 ml of fresh LB (1 � 109

CFU/ml). Phage Abp53 was added at an MOI of 0.0005 and allowed to adsorb
for 5 min at room temperature. The mixture was centrifuged (10,000 � g, 1 min),
and the pellets containing infected cells were suspended in 30 ml of LB, followed
by incubation at 37°C. Two sets of samples were taken at intervals of 5 min. One
set was immediately 10-fold diluted and centrifuged to remove host cells and
determine the phage titers in the supernatant. The other set was treated with 1%
(vol/vol) chloroform at 37°C to release the intracellular phage particles before
titration. The LB used in these experiments was supplemented with 10 mM
MgSO4.

Phage DNA isolation, restriction enzyme digestion, and pulsed-field gel elec-
trophoresis (PFGE). Phage particles purified by ultracentrifugation were treated
with SDS (1%) and 20 U of proteinase K (P-2308; Sigma) at 58°C for 1 h,
followed by addition of an equal volume of phenol-chloroform (1:1) to remove
the proteinaceous materials. The extraction was repeated twice, and the DNA

TABLE 1. Bacterial strains used in this study and their sensitivity to phage Abp53

Species and strain(s) Sensitivity
to Abp53a

No. of strains/total
no. tested for
species (%)

Source or reference(s)

A. baumannii
Group I (Ab48, Ab51, Ab53, Ab55, Ab65, Ab72,

ATCC 19606)
� 7/26 (27) Taichung Veteran Hospital

Group II (Ab49, Ab52, Ab61, Ab62, Ab64,
Ab66, Ab67, Ab69, Ab70)

� 9/26 (35) Taichung Veteran Hospital

Group III (Ab46, Ab47, Ab50, Ab54, Ab59,
Ab63, Ab68, Ab71, Ab73, Ab74)

� 10/26 (37) Taichung Veteran Hospital

Escherichia coli DH5�, JM109 � 0/2 48, 59
Stenotrophomonas maltophilia T13, T16, T17, T21,

T33, T48
� 0/6 11

Klebsiella pneumoniae Kpp95 � 0/1 57a
Pseudomonas aeruginosa 27853 � 0/1 19
Xanthomonas campestris 17, P20H � 0/2 12
Xanthomonas oryzae 21 � 0/1 Laboratory collection
Xanthomonas vesicatoria 103 � 0/1 Laboratory collection

a Sensitivity to Abp53 in spot test. �, formed clear clearing zones; �, formed turbid clearing zones; �, did not form clearing zones.
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was precipitated as described previously (39). Restriction enzyme digestion of
the phage DNA was performed following the instructions provided by the sup-
pliers. DNA fragments were separated in 0.7% agarose gels in 1� TAE buffer
(40 mM Tris acetate [pH, 8.0] containing 2 mM EDTA).

The procedures described by Tseng et al. (53) were followed for preparation
of chromosomal DNA of A. baumannii, digestion of chromosomal DNA with
ApaI (New England BioLabs, Beverly, MA), and PFGE of the ApaI digests in
the CHEMMAPPER system from Bio-Rad (Richmond, CA). Neisseria menin-
gitides M413 chromosomal DNA cut with NheI was used for molecular size
markers (13). The same method was used to prepare Abp53 genomic DNA from
the purified Abp53 phage particles after they were embedded in agarose gel
plugs. PFGE was carried out in a CHEF-DR III apparatus from Bio-Rad (Rich-
mond, CA).

DNA sequencing and bioinformatics. The purified phage DNA was treated in
a HydroShear (GeneMachines, San Carlos, CA). Fragments of 1.0 to 3.0 kb were
isolated and ligated into the EcoRV site of pBluescript II SK. Inserts were
subjected to nucleotide sequencing using ABI 3700 (Life Technologies, CA). The
DNA sequence analysis programs used in this study were DNA Strider (17),
BLAST (3), Vector NTI, and Phylip package version 3.66. Dot matrix plots were
generated by a program provided by CLC bio using a 23-amino-acid scanning
window. Final multiple alignment was performed with Muscle 3.8 aided by
manual adjustments. Initial phylogenetic analysis was performed using the par-
simony method. Bootstrap values were obtained for a consensus based on 1,000
randomly generated trees using SEQBOOT, CONSENSE, and PROTPARS in
Phylip 3.69. Visualization of phylogenetic trees was carried out with Dendro-
scope (www.dendroscope.org). Jalview (jalview.org) was used for alignment pre-
sentation. Searches with BLASTP from NCBI using these regions of similarity as
queries confirmed the internally duplicated domains. HMMER 2.3.2 was utilized
to generate position-specific scoring matrices (PSSMs) for further confirmation
of these domains.

The dendrogram based on ApaI pulsotypes of A. baumannii was constructed
by BioNumerics software (Applied Maths, Kortrijk, Belgium), with 1% optimi-
zation and 0.8% position tolerance, using the unweighted-pair group method
using average linkages (UPGMA) algorithm and the Dice similarity coefficients.

Electron microscopy. Phage Abp53 was examined by electron microscopy of
negatively stained preparations as described previously (29) using a Hitachi/H-
7500 transmission electron microscope operated at 80 kV (Electron Microscopy
Laboratory, Tzu Chi University).

Nucleotide sequence accession number. The 10,290-bp sequence from phage
Abp53 determined in this study was deposited in GenBank under accession
number JF317274.

RESULTS AND DISCUSSION

Clinical strains of Acinetobacter baumannii isolated in Tai-
wan are highly diverse. Previous reports indicate that isolates
of A. baumannii are often diverse in genotype (4, 36, 55). In the
host range tests for A. baumannii phage Abp53 isolated in this
study, 9 Taiwan isolates from different patients and ATCC
strain 19606 were found to be susceptible to Abp53 (see be-
low). To determine how diverse these strains were, they were
characterized by analyzing genomic DNA through pulsed-field
gel electrophoresis (PFGE) using the restriction enzyme ApaI,
as described previously (40). Figure 1 shows that each isolate
exhibited a unique fingerprint pattern, and none of them had a
pattern identical to that of ATCC 19606. Among these strains,
which were even isolated from the same hospital, only 2 shared
95% similarity, 7 shared over 80% similarity, and 1 exhibited
only 66% similarity. These results confirm that they were dif-
ferent strains, indicating that the Taiwan isolates are highly
diverse, similar to the cases reported previously (4, 36, 55).

The isolated A. baumannii phage, designated Abp53, belongs
to Myoviridae type A1. To isolate a bacteriophage specifically
infecting A. baumannii, samples collected from Taichung Vet-
erans Hospital were subjected to the spot test. One of the
sputum samples was found to cause clearing zones on the
lawns formed by cells of A. baumannii strain Ab53. The phage

contained in the soft agar within the clearing zone was purified
after three rounds of single-plaque isolation. This phage,
Abp53, manifested clear plaques of 1 mm in diameter on the
lawns formed by cells of strain Ab53. Ab53 cultures grown in
TYG broth to the exponential phase (OD600 � 0.8) and in-
fected with Abp53 at an MOI of 0.1 were able to produce a
titer reaching 4 � 1010 PFU/ml. In contrast, the same strain
grown in LB produced about 5 � 109 PFU/ml phage progeny,
which was about one-eighth if that produced in TYG. Since the
major differences between the two rich media lie in the sup-
plementation of glucose and MgSO4 (10 mM) in TYG, these
two components were added separately to LB to test their
effects on phage yield. The results indicate that MgSO4 (10
mM) increased productivity to a level comparable to that ob-
served in TYG, indicating that Mg�2 was responsible for the
effect.

The purified phage particles were examined by electron mi-
croscopy, which revealed that Abp53 has an icosahedral head
and a contractile tail (Fig. 2A) and therefore is a Myoviridae A1
type phage (http://www.mansfield.ohio-state.edu/	sabedon
/names.htm). Size estimation with 8 observed phage particles
suggested that Abp53 has a head of about 59 nm in diameter
and a tail of 93 to 150 nm in length and 10 to 29 nm in width.
Tailed bacteriophages have a common origin and constitute an
order (Caudovirales) with three families. With the very recently
reported AB1 and �AB2, which belong to the families Sipho-
viridae and Podoviridae, respectively, each family of tailed
phages now has a characterized member that specifically in-
fects A. baumannii (30, 58).

To test for stability of Abp53 (about 4.0 � 1010 PFU/ml),
titers after storage were determined for the phage lysates di-
luted in LB containing 10 mM MgSO4. At 4°C, 1.0 � 1010

PFU/ml of the phage was found to retain infectivity after 12
months. No significant changes in titer were found when the
phage stood at room temperature for 3 months or was frozen
at �85°C for 24 months.

Abp53 can rapidly adsorb to host cells and cause either cell
lysis or growth inhibition. Since MgSO4 increased phage yield
as described above, the adsorption of phage Abp53 to Ab53
cells was tested with and without added MgSO4 (10 mM), as
described in Materials and Methods. Figure 3A shows that

FIG. 1. Dendrogram based on PFGE patterns of ApaI-digested
chromosomal DNAs from 10 different A. baumannii strains. Electro-
phoresis was performed with 0.8% agarose at 13°C (6 V/cm; high, 35 s;
low, 2.2 s; in a linear manner for 18 h). The dendrogram was con-
structed with BioNumerics software (Applied Maths, Kortrijk, Bel-
gium) as described in Materials and Methods. Percent similarity is
indicated on the scale.
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90% of the phage particles adsorbed to host cells in the pres-
ence of MgSO4 at 1 min and that less than 1% of the added
phage was detectable in the supernatants after 4 min. In con-
trast, without MgSO4, 90% of the phage particles were ad-
sorbed at 3 min, and the adsorption rate reached 99% at 6 min
(Fig. 3A). These results indicate that although Abp53 adsorp-
tion was efficient without Mg2�, this divalent cation apparently
enhanced the phage adsorption. Thus, the time required for
Abp53 to reach 99% adsorption is much shorter than those
observed for AB1 and �AB2, which took 
30 min and 6 min,
respectively. Among these A. baumannii phages, AB1 requires
calcium for efficient adsorption (58).

To reveal the adsorption sites, Ab53 cells were infected with
Abp53 at an MOI of 5.0 and the adsorption mixture was
examined under a microscope. The results show that numerous

phage particles attached evenly to the surfaces of Ab53 cells
(Fig. 2B), similar to the case for many other bacteriophages (1,
2). This suggests that Ab53 cells have multiple receptors dis-
tributed evenly on the cell surface, which may account for their
high rates of host adsorption.

The host lysis ability of Abp53 was tested by infecting Ab53
cells grown in LB broth to an OD600 of 1.0. Figure 3B shows
that uninfected Ab53 cultures with and without added MgSO4

(10 mM) grew at similar rates, ca. 38 min per generation. The
results of a lysis assay in the presence of MgSO4 show the
following: (i) the OD600 of the cultures infected with Abp53 at
an MOI of 0.01 increased to about 2.0 at 1 h, further increased
at a lower rate to about 2.3 at 2 h, and then decreased sharply;
(ii) at an MOI of 0.1, the OD600 increased to 1.8 at 1 h and
then decreased immediately; and (iii) at higher MOIs (1.0 and

FIG. 2. Transmission electron microscopy of Abp53 phage particles (A) and an A. baumannii cell with Abp53 phage particles adsorbed to the
surface (B).
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10), the OD600 decreased immediately after infection (Fig.
3B). Host lysis without supplemented MgSO4 was tested in
parallel by infecting Ab53 cultures at an MOI of 0.1. Figure 3B
shows that the infected cultures continued growing to an
OD600 of 2.1 at 1 h and then decreased to about 1.7, showing
a much lower efficiency in host lysis than those infected at the
same MOI in the presence of MgSO4 (0.4 OD600 unit re-
mained at 8 h). After initial lysis, the OD600s of these test
cultures either kept decreasing gradually or remained un-
changed even after prolonged incubation for 8 h (Fig. 3B).
These results indicate that (i) Mg2� is also required for the
lysis of host cells by Abp53, (ii) a dose-response relationship
exists in terms of host cell lysis by different MOIs of Abp53,
and (iii) the nonlysed Ab53 cells cannot resume growth, caus-
ing a bactericidal effect.

Classical examples have shown that divalent ions can play a
role in each step of the lytic cycle, including phage adsorption
(37, 54), penetration of nucleic acid (45, 56), intracellular
phage development (42, 54), and increase in phage yield (38).
In addition, Ca2� can stabilize phages and protect them from
inactivation by deleterious conditions (14). In some cases, the
requirement is ion specific and no effect is obtained by substi-
tuting one ion for another (14, 38). Thus, the results of phage
productivity, adsorption, and host lysis suggest that the effects
of Mg2� on phage Abp53 are even broader than those ob-
served in other phages.

Figure 3C shows the one-step growth curve of Abp53 on
Ab53. The latent period was approximately 10 min, whereas
the eclipse period was about 5 min. The average burst size
measured was about 150 PFU per infected cell. This burst size
is smaller than those of �AB2 and AB1, which were 200 and
409 PFU per infected cell, respectively.

Abp53 infects strains of A. baumannii but not other bacteria
tested. A spot test was performed to examine the host range of
phage Abp53. Among the 26 A. baumannii strains tested, 7
(27%), including Ab53, supported the formation of clear clear-
ing zones, 9 (35%) produced turbid zones, and the remaining
strains (10 strains, 37%) were resistant to Abp53 (Table 1). In
a plaque assay, all strains that gave clear clearing zones in the
spot test supported the formation of clear plaques, but no
distinct plaques were manifested by those that formed turbid
or no clearing zones. Thus, the infectivity rate of Abp53 for A.
baumannii isolates is low. Even lower infectivity rates were
shown for the 10 A. baumannii phages (4 to 39 out of 127
strains tested), including �AB2, which were recently isolated in
Taiwan (30). This might have resulted from high degrees of
strain diversity, which in turn can lead to cell surface variations
and phage resistance. The low infectivity rates of these indi-
vidual phages suggest that the formulation of phage cocktails,
as generally suggested (15, 22), is an especially important strat-
egy for phage therapy of A. baumannii.

Bacteria other than A. baumannii were also tested for sus-
ceptibility to Abp53 by the spot test and plaque assay. The
results showed that Abp53 did not infect the following bacte-
rial species: Escherichia coli (n � 2), Pseudomonas aeruginosa
27853 (n � 1), Stenotrophomonas maltophilia (n � 6), Xan-
thomonas campestris (n � 2), Xanthomonas oryzae (n � 1), and
Xanthomonas vesicatoria (n � 1).

The Abp53 virion consists of at least 20 proteins. The puri-
fied phage particles were analyzed by SDS-PAGE (10% poly-

FIG. 3. (A) Time course of phage Abp53 adsorption to the host cells
of A. baumannii strain Ab53. Symbols: E, LB broth; F, LB broth con-
taining 10 mM MgSO4. (B) Lysis of cells of Ab53 by phage Abp53. Curves
labeled with only MOI are for assays performed in LB medium with 10
mM MgSO4, while the upper three curves represent results of experi-
ments performed for comparison. (C) One-step growth curve of Abp53
on A. baumannii strain Ab53. The medium used was LB containing 10
mM MgSO4.
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acrylamide) separation. More than 20 distinct protein bands,
with molecular masses ranging from 20 to 94 kDa, were visu-
alized upon staining the gel with Coomassie brilliant blue (see
Fig. S1 in the supplemental material). Three bands, with mo-
lecular masses of 61, 47, and 42 kDa, were higher in abundance
than the others. The 47-kDa protein, being the most abundant
one, is most likely the major head protein (see Fig. S1 in the
supplemental material).

Abp53 has a genomic DNA of ca. 95 kb. This study tested the
digestibility of the Abp53 genomic DNA using 33 restriction
enzymes. The results indicate that the DNA was susceptible to
digestion with AseI, Ban II, ClaI, DraI, EcoRI, EcoRV,
HaeIII, HincII, HindIII, NdeI, PvuII, SacII, ScaI, SpeI, SphI,
XbaI, and XmnI but was resistant to ApaI, BamHI, BglII,
KpnI, MluI, NaeI, NcoI, NheI, NotI, PstI, SacI, SalI, Sau3A1,
SmaI, StuI, and XhoI. The enzymes AseI, ClaI, DraI, EcoRV,
HaeIII, and HindIII cut the DNA into discrete fragments as
revealed by agarose gel electrophoresis (Fig. 4A). The genome
sizes estimated by summing the fragment lengths from the
respective digests (65, 64.8, 59.6, 55.2, 58.4, and 62.6 kb from
the AseI, ClaI, DraI, EcoRV, HaeIII, and HindIII digests,
respectively) showed a difference of about 10 kb, which could
not appropriately represent the true genome size. However,
these data will be useful in the Abp53 phage genome project.
For better accuracy, pulsed-field gel electrophoresis (PFGE)
separation was implemented. The results show that the uncut
Abp53 genomic DNA displayed a single band of about 95 kb
(Fig. 4B).

Sequencing of a 10-kb region of Abp53 genome reveals sev-
eral virion proteins. Phylogenetic trees based on virion pro-
teins are commonly used for analysis of the relatedness of
phages (49). To reveal the relatedness of Abp53 to other
phages, shotgun-cloned fragments from the Abp53 genome
were sequenced. One of the clones with an insert of 2.4 kb was

found to encode amino acid sequences similar to those of
phage tail components. Since virion protein genes are com-
monly clustered in phage genomes, the flanking regions might
contain other virion protein genes. Therefore, PCR-based
primer walking on the Abp53 genome was performed to se-
quence the flanking regions, with both strands being sequenced
at least once on overlapping fragments, and a total of 10,290 bp
was obtained. Sequence analysis indicated that this region con-
tained 8 genes, ORF251-ORF163-ORF313-ORF336-ORF1176-
ORF309-ORF132-ORF201, with the numbers designating the
amino acid. Table S1 in the supplemental material lists the
predicted functions of these deduced Abp53 proteins and sim-
ilar proteins. ORF251 coded for a head maturation protease;
the protein deduced from ORF163 had no homologue in the
database; ORF313 encoded a phage-related protein; ORF336,
ORF1176, and ORF309 encoded tail proteins I, II, and III,
respectively; and ORF132 and ORF201 encoded hypothetical
proteins (see Table S1 in the supplemental material).

The regions of ORF336 (amino acids [aa] 106 to 334),
ORF1176 (the whole protein), and ORF309 (aa 162 to 308)
were similar to aa 963 to 1177, 1388 to 3255, and 3549 to 3700,
respectively, of ACICU_02717 from A. baumannii strain
ACICU, which is a large protein of 3,702 aa assigned as a
phage tail component (Fig. 5). The regions of ORF336 and
ACICU_02717 shared only a low degree of identity (26%).
These proteins also showed similarity to the predicted tail
protein gp21 (3,433 aa in length) from Klebsiella oxytoca phage
phiKO2 (Fig. 5; see Table S1 in the supplemental material). In
several bacteriophage host specificity proteins of the DUF1983
superfamily, there is a functionally uncharacterized conserved
domain in the C termini. This domain is conserved in aa 936 to
1017 of lambda gpJ (1,093 aa in length), a DUF1983 super-
family protein, whose C-terminal portion is responsible for
phage adsorption to the host receptor, LamB (6). The C ter-
mini of ORF309 (aa 158 to 238) and ACICU_02717 (aa 3553
to 3619) also contained a similar domain, strengthening the
assignment of ORF309 as a host specificity protein.

ORF132 and ORF201 showed high degrees of similarity (81
and 89%, respectively) to ACICU_02164 and ACICU_02163,
whose genes are 597 kb apart from ACICU_02717 on the
chromosome of A. baumannii strain ACICU (Fig. 5).

Abp53 ORF1176 possesses repeated domains which are ho-
mologous to those present in the predicted tail proteins of A.
baumannii strain ACICU and Klebsiella phage phiKO2.
BLAST searches against the NCBI nonredundant database
revealed similar regions in ORF1176, phiKO2 gp21, and
ACICU_02717. Dot plot analyses identified 5, 7, and 10 similar
regions (Fig. 5), respectively, for these proteins. Profile
searches using HMMER confirmed that these regions are sim-
ilar to one another. These repeated domains, ranging between
98 and 126 amino acid residues in length, were located at the
C-terminal three-fourths of ACICU_02717 and gp21 but were
dispersed in ORF1176. The N termini of ACICU_0217 and
gp21 shared no similarity with ORF1176 or the genes upstream
of ORF1176 (Fig. 5). The N terminus of gp21 can be viewed as
a lambda gpJ-like protein, while its C terminus appears to be a
large insertion made up of some repeats (9). This shows that
ORF1176 lacked the region corresponding to the N terminus
of the gpJ-like protein.

The similar regions detected by dot plot analyses were used

FIG. 4. (A) Agarose gel (0.7%) electrophoresis of phage Abp53
DNA digested with different restriction endonucleases (shown above
the lanes). Lane M contains a 1-kb DNA ladder (from Protech Bio-
technology, Taiwan) as size markers. (B) PFGE of the Abp53 genomic
DNA (ca. 30 ng). Electrophoresis was performed with a 1% agarose
gel at 14°C and 200 V (with an initial time of 1 s and a final time of
40 s), running for 20 h. Lane M contains a lambda DNA ladder (New
England BioLabs) as molecular size markers.
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to construct a multiple alignment to demonstrate sequence-
level similarity among the repeats (Fig. 5; see Fig. S2 in the
supplemental material). These observed similarities indicate
that these domains, about 100 amino acids in length, all shared
a common ancestor. The presence of multiple repetitive do-
mains suggests the occurrence of multiple duplication events,
while the presence of a nonhomologous region in the N ter-
minus preceding the repetitive domains is indicative of a fusion
event, which together resulted in the sequence composition of
ACICU_02717. Multiple alignment also showed two gaps for
many repeats (see Fig. S2 in the supplemental material), with
one being near alignment position 15 and the other around
position 100, likely due to insertion/deletion events. These
repeats formed 4 distinct clusters on the phylogenetic tree (see
Fig. S3 in the supplemental material). Two repeats from gp21
and one from ACICU_02717 form cluster 1, which contained
the most conserved sequences according to the multiple align-
ment and residue conservation throughout the alignment.
Cluster 2 contained 5 repeats with divergent sequences, 4 from
gp21 and 1 from ORF1176. Cluster 3 contained the largest
numbers of repeats, with 4 from ACICU_02717, 4 from
ORF1176, and 1 from gp21. Cluster 4 included 5 repeats from
ACICU_02717 exclusively. Thus, the analyses in this study
establish homology between predicted tail proteins from bac-
terial and phage genomes, suggesting that Abp53 is a potential
vehicle for horizontal gene transfer among A. baumannii and
closely related species. The finding that repeats extracted from
ORF1176 are clustered with bacterial domains indicates not
only common ancestry but also potential exchanges during the
process of evolution.

Phages can expand their host range by domain duplication in
tail fiber proteins, such as in the cases of phage OP1 of Xan-
thomonas oryzae pv. oryzae (26) and Escherichia coli phage T4
(50). This implies that the occurrence of repeated domains in
ORF1176 might have a similar significance in Abp53.
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