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ABSTRACT The increased prevalence of drug-resistant, nosocomial Acinetobacter in-
fections, particularly from pathogenic members of the Acinetobacter calcoaceticus-
baumannii complex, necessitates the exploration of novel treatments such as phage
therapy. In the present study, we characterized phage Petty, a novel podophage
that infects multidrug-resistant Acinetobacter nosocomialis and Acinetobacter bau-
mannii. Genome analysis reveals that phage Petty is a 40,431-bp �KMV-like phage,
with a coding density of 92.2% and a G�C content of 42.3%. Interestingly, the lysis
cassette encodes a class I holin and a single-subunit endolysin, but it lacks canonical
spanins to disrupt the outer membrane. Analysis of other �KMV-like genomes re-
vealed that spaninless lysis cassettes are a feature of phages infecting Acinetobacter
within this subfamily of bacteriophages. The observed halo surrounding Petty’s large
clear plaques indicated the presence of a phage-encoded depolymerase capable of
degrading capsular exopolysaccharides (EPS). The product of gene 39, a putative tail
fiber, was hypothesized to possess depolymerase activity based on weak homology
to previously reported phage tail fibers. The 101.4-kDa protein gene product 39 (gp39)
was cloned and expressed, and its activity against Acinetobacter EPS in solution was de-
termined. The enzyme degraded purified EPS from its host strain A. nosocomialis
AU0783, reducing its viscosity, and generated reducing ends in solution, indicative of hy-
drolase activity. Given that the accessibility to cells within a biofilm is enhanced by deg-
radation of EPS, phages with depolymerases may have enhanced diagnostic and thera-
peutic potential against drug-resistant Acinetobacter strains.

IMPORTANCE Bacteriophage therapy is being revisited as a treatment for difficult-
to-treat infections. This is especially true for Acinetobacter infections, which are noto-
rious for being resistant to antimicrobials. Thus, sufficient data need to be generated
with regard to phages with therapeutic potential, if they are to be successfully em-
ployed clinically. In this report, we describe the isolation and characterization of
phage Petty, a novel lytic podophage, and its depolymerase. To our knowledge, it is
the first phage reported to be able to infect both A. baumannii and A. nosocomialis.
The lytic phage has potential as an alternative therapeutic agent, and the depoly-
merase could be used for modulating EPS both during infections and in biofilms on
medical equipment, as well as for capsular typing. We also highlight the lack of pre-
dicted canonical spanins in the phage genome and confirm that, unlike the round-
ing of lambda lysogens lacking functional spanin genes, A. nosocomialis cells in-
fected with phage Petty lyse by bursting. This suggests that phages like Petty
employ a different mechanism to disrupt the outer membrane of Acinetobacter hosts
during lysis.
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Pathogenic members of the Acinetobacter genus, particularly from the Acinetobacter
calcoaeticus-baumannii complex, are considered a significant threat to human

health (1, 2). The prevalences of infections caused by these Gram-negative bacteria,
specifically A. baumannii, A. pittii, and A. nosocomialis (3), have increased both in
hospital settings (4–6) and in the community (7). The high number of multidrug-
resistant (MDR) strains reported, and the capability of these opportunistic pathogens to
colonize and persist on catheters and other medical equipment (8, 9), hinders effective
clinical intervention strategies and outcomes. Although the mechanism by which
Acinetobacter establishes infection is not fully characterized, it is known that the
presence of a capsule in clinical strains, resistance to desiccation, and ability to form
biofilm promote pathogen colonization and survival (10–12).

Clinical strains of the A. calcoaeticus-baumannii complex display capsular exopoly-
saccharides (EPS), which have been shown to contribute to biofilm formation (13),
enhance bacterial colonization, and promote survival in mammalian tissues (14).
By covering components on the otherwise-exposed bacterial outer membrane, EPS
thwarts recognition of host immune mechanisms and diminishes the action of antimi-
crobial compounds. Together, these factors have been correlated with the develop-
ment of systemic infections (15). EPS also plays a role as a phage resistance mechanism:
by masking the receptors on the membrane, bacteria limit the access to potential
phage binding sites and resist infection (16). To circumvent this barrier, some bacte-
riophages express a depolymerase that degrades capsular polysaccharides, which
enables viral particles to access the bacterial surface (17). It has been asserted (18, 19)
that phage depolymerases are either integral components of the phage particles or
soluble proteins generated during host cell lysis with either hydrolase or lyase activity.

In clinical settings, phage depolymerases have been used to determine capsule
types of different Klebsiella strains with epidemiological and diagnostic purposes (20,
21). A serotyping system for Acinetobacter based on monoclonal antibodies was
developed (22, 23) but was not widely used. Since capsular variations and strain
adaptation require both a phenotypic and genotypic characterization of clinical isolates
(24), depolymerases are being evaluated as tools for capsular typing of A. calcoaeticus-
baumannii complex clinical isolates (14, 25, 26).

There is evidence that exposure of A. baumannii to subinhibitory concentrations of
antibiotic results in an increased capsule locus gene expression and a concomitant
increase in bacterial virulence (27). Associated with the variable susceptibility pattern of
different Acinetobacter strains (28, 29), this may complicate treatment and clinical
outcome. It has been shown that intraperitoneal administration of a phage-derived
endosialidase in Escherichia coli-infected mice successfully prevented bacteremia and
death from systemic infection (30, 31). Recently, phages with depolymerase activity
isolated against A. baumannii and Pseudomonas were shown to degrade biofilms of
MDR strains (32–34) and reduce colonization. Thus, modulation of EPS has therapeutic
potential (33, 35), which is why phage depolymerases could also be used as part of the
novel strategies to treat MDR isolates of Acinetobacter.

We have isolated a novel bacteriophage against a multidrug-resistant clinical strain
of A. nosocomialis, AU0783. The phage produces plaques surrounded by a turbid halo,
suggesting the presence of a virion-associated protein with depolymerase activity. In
phages such as E. coli K1, Pseudomonas AF, or Erwinia L1, the depolymerase activity is
encoded in the tail fiber (36–38). We cloned and characterized Petty’s tail fiber gene
and show that the tail fiber protein is able to hydrolyze EPS. The use of bacteriophages
(phages) to treat and/or control multidrug-resistant infections is being reconsidered an
alternative strategy for therapeutic and prophylactic applications, but its implementa-
tion requires a thorough characterization of candidate phages (39, 40). In this report, we
present phage Petty’s host range and genome features. To our knowledge, this is the
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first report of a phage able to infect multiple species of the A. calcoaeticus-baumannii
complex.

RESULTS
Phage isolation and characterization. Bacteriophage Petty was isolated from

sewage collected in the summer of 2009 in College Station, TX. When plated on A.
nosocomialis AU0783, the phage produces plaques of �2 mm in diameter surrounded
by a slowly expanding turbid halo (Fig. 1A). Transmission electron microscopy (TEM) of
negatively stained virions showed a 60-nm head and a short, stubby 15-nm tail,
characteristic of Podoviridae morphology (Fig. 1B). The phage infection was character-
ized by a 25-min latent period and a burst size of 240 particles per infective center (Fig.
2A). As shown in Fig. 2B, 90% of the phage particles were adsorbed within 10 min of
addition; the adsorption constant was calculated to be 1.8 �10�9 ml/min. Phage-
resistant cells were present at a frequency of �10�7 CFU in typical cultures.

Using a spot-dilution assay, the host range of Petty was tested against a panel of 40
Acinetobacter strains, including 38 A. calcoaeticus-baumannii strains, Acinetobacter
genospecies 16, and A. baylyi ADP1; 25 of these strains are clinical multidrug-resistant
strains (see Table S1 in the supplemental material). Phage Petty plated and produced
plaques on 4 drug-resistant A. baumannii strains, isolated from wound and eye infec-
tions, with a reduced efficiency of plating (EOP; �10�2). The ocular strains, character-
ized previously (28), are resistant to chloramphenicol, cefotaxime, tetracycline, and
cefazolin and are able to form biofilms; this ability enhances adherence and coloniza-
tion of the corneal tissue.

In addition, Petty formed clearing zones on one clinical A. baumannii strain (41)
when the undiluted phage stock (�109 PFU/ml) was spotted on the lawn, presumably
the result of lysis from without.

Genome analysis. The 40,431-bp podophage Petty genome was assembled into a
single contig at 88.4-fold coverage. It has a coding density of 92.2% and a G�C content
of 42.3%. It encodes 45 predicted proteins encoded on the positive strand (Table S2 in
the supplemental material), 20 of which have homologs in non-Acinetobacter phage
genomes. Of the 23 proteins with unknown function encoded in the Petty genome, 11
are unique to phage Petty. One protein with hypothetical function has homologs only
in bacterial genomes. The morphology, genome arrangement, genomic DNA (gDNA)
size, and presence of a T7-like single-subunit RNA polymerase gene (gene 26) establish
Petty in the T7-like phage subfamily; moreover, the position of the polymerase gene,
adjacent to virion structural genes (Fig. 3A), groups it in the �KMV-like genus of that
extensive subfamily (https://talk.ictvonline.org/taxonomy/). The length of the direct
terminal repeats was determined to be 308 bp by primer walking, shorter than for other
�KMV-like phages (410 bp for Acinetobacter phage �AB1, 341 bp for Acinetobacter
phage Abp1, and 414 bp for Pseudomonas phage �KMV) but 150 bp longer than the

FIG 1 Phage Petty plaque and virion morphology. Phage Petty was isolated from sewage and propa-
gated on A. nosocomialis AU0783. (A) The phage produces plaques with an expanding translucent halo,
suggesting exopolysaccharide depolymerase activity. (B) Transmission electron microscopy shows
podophage morphology with a capsid diameter of �60 nm.
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terminal repeats of phage T7 (42–44). In a pairwise alignment of the phage Petty
genome (Fig. 3B) with those of bacteriophages �AB1 and Acibel007 (which share 56%
identity between them), Petty was found to share 47% and 53% identity with each of
these phages, respectively (42, 45).

The genome organization of phage Petty is similar to those of other �KMV-like
phages (Fig. 3A). Early genes code for proteins of unknown function, with homology
only to other Acinetobacter phages with the exception of gene product 1 (gp1), which
is homologous to hypothetical proteins of other �KMV-like phages infecting different
hosts, suggesting that it has a strongly conserved function within phages of this group.

The genes encoding proteins required for replication/recombination are grouped,
including a DnaG-like primase (gp13), helicase (gp15), ligase (gp16), and DNA poly-
merase (gp17). Unlike Acinetobacter AB1, �AB1, and Abp1, which encode multiple
putative HNH endonucleases (42, 43), phage Petty encodes a single putative DDE
endonuclease (gp18) (in purple in Fig. 3A). Despite differences in their domains, both
HNH and DDE endonucleases cleave DNA and facilitate a strand transfer reaction.
Homing endonucleases such as the ones found in Acinetobacter phages Abp1, �AB1,
and Fri1 are either “free-standing,” usually found at intergenic regions—where the
impact on host gene structure is reduced (46, 47)— or encoded within introns and
inteins (48). Unlike the DDE endonuclease of phage Petty, the endonucleases of
Acinetobacter phages Abp1, �AB1, and Fri1 are either interrupting the DNA polymerase
gene or upstream of the endonuclease (Fig. 3B). The DDE endonuclease of Petty lacks

FIG 2 Characterization of Petty adsorption and lysis of its host, A. nosocomialis AU0783. (A) One-step
growth curve of phage Petty on to A. nosocomialis AU0783. The cells lyse 22 min after infection, with a
burst size of 240 particles per infective center. (B) Adsorption of phage Petty to A. nosocomialis AU0783.
Error bars represent SDs (n � 3).
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the HNH motif, despite having sequence similarity with other HNH endonucleases in
the database. Homing endonucleases, both HNH and DDE, confer mobility by recom-
bination, but unlike HNH endonucleases, DDE endonucleases require metal ions for
catalysis, which are coordinated by carboxylate residues.

Like Acinetobacter phages �AB1, �AB6, Adp1, and Acibel007 (Fig. 3B), the genes
upstream of the RNA polymerase (gp26) encode a deoxyribonucleotide monophos-
phate kinase (gp25), a phosphoesterase (gp24), and a DNA exonuclease (gp22). Type VII
endonucleases have been shown to resolve mismatch repair and Holliday junctions by
recognizing a variety of DNA substrates, from single-pair mismatches to branched
DNAs. In T4, endonuclease VII (gp49) is expressed at both the early and late stages of
infection, and it is involved in recombination-mediated replication and in resolving
branch points prior to DNA packaging (49). Although closely related to gp49 of
Acinetobacter phage Acibel007 (65% identity), the recombination endonuclease VII
(gp23) of phage Petty shares significant sequence similarity to otherwise distant
�KMV-like phages infecting Pseudomonas (68% and 59% identity with gp33 of LKA1

FIG 3 Genome architecture of phage Petty and other �KMV-like Acinetobacter phages. (A) Genome architecture and predicted ORFs of phage Petty are shown.
The linear map is based on nucleotide sequences of the phage genome and predicted ORFs. ORFs are color-coded based on their functional role category:
yellow for phage DNA replication and recombination, orange for regulation, purple for endonucleases, blue for morphogenesis-related proteins, pink for lysis,
and green for DNA packaging. Unattributed genes are colored black. Selected gene numbers are shown. Like for other �KMV-like phages, the Petty RNA
polymerase gene is adjacent to the morphogenesis genes. Interestingly, the lysis cassette of the phage genomes does not have a predicted canonical spanin.
(B) Genome maps and protein identity comparison between selected �KMV-like phages infecting Acinetobacter. Phages are aligned relative to gp1, which is
highly conserved in this genus. Gene products (gp) sharing significant sequence identity are linked in gray (see Materials and Methods).
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and gp21 of �2, respectively), Pectobacterium (53% identity with gp28 of PP16), and
Proteus (62% identity with gp24 of PM16).

As noted above, the single-subunit RNA polymerase (gp26) of Petty is adjacent to
the phage replication and structural genes. Petty gp26 is closely related to gp32 in
Acibel007 (with a 66% identity) and other Acinetobacter �KMV-like phages (63%
identity), such as Fri1, Abp1, IME200, and �AB1. This is reflected in the phylogenetic
relations shown in Fig. 4, where despite being grouped with other �KMV phages that
infect Acinetobacter, both Petty and Acibel007 are relatively distant from the other
members of the clade and closely related to each other.

The nine identified structural genes identified by homology are also clustered and
located downstream of the gene encoding the RNA polymerase. SDS-PAGE of purified
phage particles coupled to mass spectrometry identified 11 structural proteins (Fig. 5),
among which 3 have an unknown function (gp10, gp27, and gp29) and 1 is unique to
phage Petty (gp27). Proteins homologous to Petty gp29, namely, gp30 of �AB1 and
gp36 of phage Abp1, have been detected by mass spectrometry previously (42, 43),
whereas Petty gp10, which is homologous to gp13 of Acibel007, was detected only in
this study and not in the mass spectrometry analysis of Acibel007 (45).

Similar to other proteomic analyses of �KMV-like phages, the coverage for most of
the sequenced proteins is low (30 to 40%), except for the larger (gp38 and gp37) or
more abundant (gp32) proteins. Mass spectrometry confirmed the presence of the
predicted head-to-tail connector protein (gp30), the major capsid protein (gp32), the
tail tubular proteins (gp34 and gp35), the tail fiber (gp39), and capsid core protein
(gp38), which were identified in the genome by homology to other T7-like phages. As
seen in Pseudomonas phage �KMV, Petty gp32 does not contain any detectable
ribosomal slippage sites, which are a feature of the major capsid protein genes of
phages T7 and T3 (44).

Among the proteins with no known function present within the structural gene
cluster of phage Petty (gp33 and 37), only gp37 was detected by mass spectrometry.
The gp31 protein, identified as a scaffolding protein by homology to gp37 of Acineto-
bacter phage Acibel007 (35% identity), gp31 of Pseudomonas phage LKD16 (28%

FIG 4 Petty is genetically distant from other �KMV-like Acinetobacter phages. Phylogenetic tree of the RNA
polymerase of �KMV-like phages was constructed by aligning the protein sequences with MUSCLE (88) and using
the pipeline available in Phylogeny.fr (89) to run the maximum likelihood analysis and plot the tree using TreeDyn.
Branch support values are displayed in purple, and accession numbers of each RNA polymerase are given. Phage
T7 RNA polymerase was included as a reference.
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identity), and the scaffolding protein of Klebsiella phage KPV811 (34% identity), is also
encoded in the cluster but not present in the mass spectrometry results, as scaffolding
proteins are not present in the mature phage particle in T7-like phages. Proteomic
analysis done on Acinetobacter phage Acibel007 identified 3 structural proteins, 2 of
which are encoded among Acibel007 early genes (gp03 and gp04), which were not
detected in this study. Multiple bands were observed at �50 kDa and �30 kDa which
could not be assigned to identified open reading frames (ORFs). These proteins could
be proteolytic products of some other phage structural proteins, which could be
confirmed by N-terminal sequencing.

The genes encoding the small and large subunit of the terminase (gp42 and gp43)
are involved in DNA recognition and packaging. Like the RNA polymerase, the large
subunit of the terminase has higher homology to that of Acibel007 (71% identity) than
to other T7-like Acinetobacter phages (�60% identity).

The lysis cassette lacks spanins. In the lysis systems of phages infecting Gram-
negative hosts, there are two established pathways: the canonical holin-endolysin
pathway, involving a holin that forms micrometer-scale holes in the inner membrane
(IM) and a cytoplasmic endolysin, and the pinholin-signal anchor release (SAR) endo-
lysin pathway, where the pinholin forms nanometer-scale holes in the membrane and
the muralytic enzyme is exported by the host sec apparatus (50). In phage Petty, the
lysis cassette encodes a holin (gp40) and an endolysin (gp41). The holin has 3 predicted
transmembrane domains (TMDs) with a predicted N-out, C-in topology and is thus a
member of the class I holins, which have been shown to form micrometer-scale holes
(51–53). The gp41 endolysin has one predicted muralytic enzyme domain and lacks any
secretion or membrane localization signal. Taken together, these observations strongly
suggest that Petty uses the canonical lysis pathway. The Petty holin has homology to
other holins of �KMV-like Acinetobacter phages (Fig. 3B), such as Acibel007, Fri1, and
�AB1, with which it shares �47% amino acid identity. Unlike the holin, the endolysin
of phage Petty is not closely related to the endolysins of other phages infecting
Acinetobacter. Instead, the protein shares between 47 and 49% identity with Pseudomo-
nas KPP10 and PaP1-like myophages. This is consistent with previous observations that
lysis cassettes are often mosaic, suggesting that the holin and endolysin do not
physically interact and can evolve independently in unrelated bacterial hosts.

FIG 5 Gene products of phage Petty, identified by mass spectrometry. (A) Whole-phage particles were run
on SDS-PAGE alongside the purified recombinant Dpo1, and the bands were trypsin digested and analyzed
by mass spectrometry system. Molecular masses (MM) of the protein ladder are indicated to the left of the
gel. (B) The generated peptide spectra were identified by comparison to all potential peptide spectra
deduced from a predetermined database which included the predicted gene products of phage Petty. The
total number of peptides identified, as well as the number of unique peptides for each inferred gp, the
corresponding function of each gp predicted by BLAST, and the protein sequence coverage is indicated. ID,
identifier.

Acinetobacter Podophage Petty and Its Depolymerase Journal of Virology

March 2018 Volume 92 Issue 6 e01064-17 jvi.asm.org 7

http://jvi.asm.org


In the current model for lysis of Gram-negative hosts, after permeabilization of the
IM by the holin and the subsequent degradation of the peptidoglycan by the endolysin,
a third step, disruption of the outer membrane (OM), is effected by the phage-encoded
spanins (54). There are two types of spanins, the 2-component spanins, comprised of an
OM lipoprotein and an integral IM protein, and the unimolecular spanins, in which a
single polypeptide has both OM lipoprotein motifs and a C-terminal TMD (50, 55).
Inspection of the Petty genome revealed that none of the encoded proteins had an OM
lipoprotein “lipobox” motif and thus ruled out the possibility that Petty has either type
of established OM disruption system. Bioinformatic analysis confirmed that other
�KMV-like phages of A. calcoaeticus-baumannii complex strains also lack spanins.
However, spanins can be identified in T4-like myophages and N4-like podophages of
Acinetobacter, and spanin genes can be found in genomes of other �KMV-like phages
of other hosts, such as Pseudomonas and Ralstonia. The spanin-defective lysis pheno-
type has been characterized in coliphage lambda infections where the parental phage
effects abrupt, explosive polar lysis, whereas infections with spanin-defective mutants
terminate in spherical cell forms, bounded by an intact OM (55). To determine if, with
no canonical spanins, Petty infections might exhibit a significant lysis defect, single
infected cells were examined using phase-contrast video microscopy (Movie S1). Similar
to wild-type (wt) lambda lysis, AU0783 cells infected with Petty lyse explosively without
exhibiting a spherical intermediate (Fig. 6), but unlike for lambda, there does not seem
to be a preference to lyse from the poles. These results indicate that the outer
membrane is actively disrupted during lysis. In an attempt to quantify the explosive
nature of AU0783 lysis, we measured the average pixel intensity during a lysis event to
determine the speed in which lysis occurred, evidenced by the loss of cell refractivity
(Fig. 7). Acinetobacter cells lyse in an average of 5 s (Fig. 7A), a time frame comparable
to that of lambda lysis (Fig. 7B), suggesting that Petty and other �KMV-like phages of
Acinetobacter manage to disrupt the OM via a different pathway than the 2-component
or unimolecular spanins used by other �KMV-like phages as well as A. calcoaeticus-
baumannii complex phages of different subfamilies.

The simplest explanation is that the lysis proteins of Petty somehow bypass the
requirement for a spanin to disrupt the OM. The gp40 holin has no exceptional features
that distinguish it from other class I holins, with no predicted periplasmic domains
capable of interacting across the periplasm. Based on the notion that any protein
involved in disrupting the OM would have to have some kind of secretory signal, the
Petty genome was examined for proteins predicted to have TMDs or signal sequences.
Other than the gp40 holin, three proteins, encoded by genes 4, 27, and 36, were found,

FIG 6 Lysis of A. nosocomialis cells infected by phage Petty. AU0783 cells were grown to an A550 of �0.4
and infected with phage Petty at a multiplicity of infection (MOI) of 2. Samples were taken 2 min before
the onset of lysis, to be observed with phase-contrast microscopy in order to document the morphology
of phage lysis at 5 frames/s. A time-lapse series of 2 representative lysis events is shown. The zero time
point (in seconds) was established at the frame before cell modifications leading to lysis were observed.
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with one, two, and one predicted TMD, respectively; no proteins with a secretory signal
were found. gp4 is only 24 residues long, and its predicted periplasmic N terminus
spans only 4 residues. gp36 is a virion structural protein, probably involved in DNA
injection at the start of infection. gp27 has two predicted TMDs flanking a substantial
(�50-residue) periplasmic domain and is thus is a candidate for a protein that could
interact with the OM. Interestingly, the C-terminal domain of this protein has homology
to a bacterial acyltransferase (39% identity) and an autolysin from Bacillus phage JL.
However, there are no gp27 homologs in the database, much less in other �KMV-like
phages. Recently, some endolysins of phages infecting Gram-negative hosts have been
found to contain membrane-penetrating domains consisting of a pair of amphipathic
helices at the C terminus of the enzyme (56, 57). Although no such domains are
predicted for gp41, and its close homologs in phages of Pseudomonas and Ralstonia
function with spanin systems, it is nevertheless possible that there are novel motifs in
the Petty endolysin that allow it to interact with and destabilize the OM during lysis.

Gene 39 encodes a putative tail fiber with depolymerase activity. Phages that
infect encapsulated bacteria, such as clinical A. calcoaeticus-baumannii complex iso-

FIG 7 Phage Petty causes explosive lysis of AU0783 cells. After selecting sections of equal size (in pixels),
a subset of images of single lysis events (taken at 5 frames/s) were extracted from the video microscopy
using Zeiss image analysis software v. 2.3 (Zeiss, NY). The stack of images obtained was used to quantify
the average intensity per pixels per frame using ImageJ (90, 91). Relative time was established using time
zero as the time in the frame taken before the first lytic lesion was visible. The experiment was performed
with both AU0783 cells infected by Petty (A) and E. coli cells infected by lambda (B). Each series
represents one independent lysis event. The results were normalized to the average initial intensity of the
images before cell lysis (before time zero).
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lates, may possess specific mechanisms that allow them to infect cells. In the case of
phage Petty, we observed plaques surrounded by expanding translucent halos, indic-
ative of phage-associated capsular depolymerase activity. Phage depolymerase activity
is often encoded in the tail fiber or tail spike; hence, gene 39, encoding a putative tail
fiber, was hypothesized to possess this activity. Bioinformatic analysis of gp39 shows
that the protein shares �13% identity with other phage tail fibers, except for the
putative tail fiber of Abp1 and �AB1 (35% and 34% identity, respectively). The protein
has 2 conserved domains: an N-terminal T7-like tail fiber domain and a centrally located
metal-dependent hydrolase domain with a pectin lyase fold (Fig. 8A). Secondary-
structure prediction (58, 59) shows the N-terminal domain being mostly alpha-helical,
while the hydrolase domain is mostly composed of beta-sheets connected by coils
(Fig. 8A).

Gene 39 was cloned into pET28b in frame with a C-terminal hexahistidine tag and
confirmed by sequencing. The 102.4-kDa protein, renamed Dpo1, was expressed in E.
coli BL21(DE3) and Dpo1 was purified by immobilized-metal affinity chromatography
(IMAC) (Fig. 8B). The protein concentration was determined spectrophotometrically,
and protein yield was calculated to be 39 mg/liter of culture. As can be seen in Fig. 7B,
the purified protein has an apparent molecular mass of 100 kDa, which is in close
agreement with the predicted molecular mass of 102.4 kDa. The recombinant enzyme
was also able to form translucent zones on lawns of AU0783 similar to the halos formed
around phage plaques, as well as in the other multidrug-resistant A. baumannii strains
that are sensitive to the phage (data not shown). Size exclusion chromatography was
performed to predict the oligomeric state of Dpo1 in solution and further purify the
protein. Fractions collected were tested for activity and analyzed by SDS-PAGE; the

FIG 8 Dpo1 protein structure and purification. (A) Diagram of the predicted domains of Dpo1. Numbers
indicate the position of the amino acid residue in the polypeptide chain, when counted from the amino
terminus. The predicted N-terminal virion-binding domain, coiled-coil domain, sugar hydrolase domain,
C-terminal chaperone domain, and hexahistidine tag (black) are labeled. (B) Gene 39 was cloned into
pET28b in frame to a C-terminal histidine tag [lane 1, empty vector control; lane 2, uninduced BL21(DE3)/
pET-Dpo1 after cell disruption]. BL21(DE3)/pET-Dpo1 cells were induced with IPTG, lysed by French press,
and centrifuged to clear cell debris (lane 3, supernatant; lane 4, pellet). The putative depolymerase gp39
was purified using immobilized-metal affinity chromatography (IMAC) (loading flowthrough; lanes 5 and 6).
The column was washed with 10 bed volumes of buffer (lane 7) and eluted in 400 mM imidazole (lane 8).
MM, prestained protein molecular mass marker (Invitrogen). (C) Purified recombinant Dpo1 was run on a
Superdex 200 10/300 size exclusion column under native conditions, with elution monitored by absorbance
at 280 nm. Arrows at the top indicate elution of molecular mass standards, in kilodaltons. Activity was
recovered from fractions eluted at a 9- to 12-ml volume. While the monomer molecular mass is predicted
to be 101.4 kDa, the protein is eluted from the column with an apparent molecular mass of �600 kDa.
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protein was eluted in a single peak at an equivalent molecular mass of �600 kDa,
suggesting that it may form a stable hexamer or a dimer of trimers in solution (Fig. 8C).

Characterization of Dpo1 activity. The ability of Dpo1 to depolymerize EPS was
determined by measuring the generation of reducing ends as determined by a color-
imetric copper-bicinchoninate assay. Purified EPS was incubated with Dpo1; samples
were taken every 5 min, and reducing activity was measured. As shown in Fig. 9A, the
generation of reducing ends from the EPS substrate suggests that Dpo1 possesses
hydrolase activity. Adding 5 mM EDTA to the buffer reduced the activity of the enzyme
by almost half (data not shown), which shows that enzyme activity is enhanced by the
presence of divalent cations. To assess if the production of reducing ends correlated
with the degradation of the substrate, the viscosity of EPS solutions was measured
qualitatively using an Ostwald viscometer, which measures solution viscosity as a
function of travel time through a narrow channel. As can be observed in Fig. 9B, the
viscosity of the EPS solution was reduced to a level comparable to buffer alone when
incubated with active enzyme, suggesting that the tail fiber binds and degrades the
substrate backbone to reduce overall carbohydrate chain length. Viscosity was retained
in the untreated EPS solution and in EPS incubated with inactive enzyme. The effect of
Dpo1 on biofilms of Acinetobacter strains was assessed using a colorimetric microtiter

FIG 9 Dpo1 is able to reduce EPS viscosity in vitro and generates reducing ends. (A) Purified EPS (1
mg/ml) was incubated either with active enzyme (0.5 �g/ml) (�) or with previously boiled enzyme ({)
at 37°C. Samples were taken at the times indicated, and the generation of reducing ends was determined
by a colorimetric copper-bicinchoninate assay measured at 560 nm. Data shown represent results from
3 independent assays. The generation of reducing ends from the EPS substrate suggests that Dpo1
possesses hydrolase activity. (B) EPS (2.5 mg/ml) was purified from the phage host A. nosocomialis
AU0783 and incubated with purified enzyme (17 �g/ml) for 1 h at 37°C. EPS viscosity was measured
qualitatively using an Ostwald viscometer, which measures solution viscosity as a function of travel time
through a narrow channel. Untreated EPS and EPS incubated with boiled enzyme were used as controls
and retained viscosity.
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plate method (Fig. 10). Although Dpo1 was able to remove biofilm of some of the
tested Acinetobacter strains, the removal amounted to only �20%. Interestingly, biofilm
formed by the phage host AU0783 was not removed significantly, even though Dpo1
is active against this strain’s EPS in vitro. These results suggest that simple degradation
of capsular polysaccharide may not be sufficient for removal of Acinetobacter cells
adhered to solid substrates.

DISCUSSION

Multidrug-resistant strains of Acinetobacter baumannii have been isolated more
frequently in clinical settings, especially from patients who have severe underlying
diseases or are hospitalized for extended periods, immunosuppressed, subjected to
invasive procedures, or treated with broad-spectrum antibiotics (2). Phage therapy has
been contemplated as an alternative to antibiotic treatment in scenarios of infections
with multidrug-resistant pathogens (39, 60). However, knowledge about mechanisms
of phage infection and phage resistance for phages of A. baumannii remains limited.
Phage Petty is a novel podophage able to infect multidrug-resistant strains of A.
nosocomialis and A. baumannii. Although its host range is limited, it has potential use
in therapeutic phage preparations. Although Petty’s genome is smaller than those of
known �KMV-like Acinetobacter phages (26, 42, 43), it contains 8 genes with hypothet-
ical function that share homology to genes exclusively found in other Acinetobacter
phages of this group.

One benefit of the small genome was that it was possible to demonstrate unam-
biguously that no lipoprotein genes, and thus no spanin genes, were present in Petty.
Nevertheless, we were able to show that Petty caused saltatory, explosive lysis and the
lysis morphology exhibited no evidence of a defect in OM disruption. The fact that this
lack of spanin genes was common to other �KMV-like phages of Acinetobacter but not
for �KMV-like phages in general or for other phages of Acinetobacter suggests that this
group of phages has evolved a different mechanism for OM disruption in lysis. No
protein predicted to have a periplasmic domain or other secretory signal that would
render it capable of interacting with the OM was found to be shared among these
phages. The recent identification of membrane-penetrating domains in endolysins of
phages of Gram-negative hosts (56, 57) raises the possibility that the �KMV-like phages
have endolysins that are capable of direct destabilization of the OM during lysis.
Although primary-structure analysis of Petty gp41 did not reveal predicted amphipathic

FIG 10 Removal of static Acinetobacter biofilms by Dpo1. Biofilms of different A. calcoaeticus-baumannii
strains, either left untreated (white bars) or treated with purified active Dpo1 (gray bars), were quantified.
Data shown for each strain (x axis) are normalized to cell growth and represent results from 3
independent assays; error bars indicate SDs. Biofilm was significantly reduced (t test, P � 0.05) in four
strains (marked with asterisks).
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helices that are characteristic of the demonstrated membrane-active endolysins, it is
interesting that the Petty endolysin is not related to the endolysins of the other
Acinetobacter �KMV-like phages, despite the fact that the holins of these phages are
similar. This suggests that a common progenitor of the �KMV-like phages of Acineto-
bacter lost its spanin function and that descendants diverged in terms of acquiring
genes that would complement the lysis defect. It will be interesting to determine
whether the Petty endolysin or the endolysins of other �KMV-like Acinetobacter phages
are OM active.

The capsule, an important virulence factor, protects the bacterium from the host
immune response (61, 62). A. baumannii strains have been grouped based on the
structural variability of capsular polysaccharides (63, 64). Although it has not yet been
fully explored in Acinetobacter, serotyping has been used as a clinical indicator of
pathogenesis and possible clinical prognosis, such as Klebsiella pneumoniae (65). Given
the central role of capsular EPS in the pathogenesis of Acinetobacter, the potential use
of phage-encoded proteins with depolymerization activity for therapeutic and diag-
nostic applications is worth evaluating. In this study, a novel depolymerase enzyme,
encoded by Acinetobacter phage Petty, has been identified and characterized. The
depolymerase shares a conserved N-terminal region found in the tail fiber proteins of
T7-like phages, which suggests that this domain mediates the interaction with the
phage head. We found that unlike previously reported tail fibers with depolymerase
activity in E. coli (66, 67), Dpo1 is not processed before being assembled on the phage
head, suggesting different structural requirements for folding in these podophages. A
pectin lyase fold fragment, found in the metal binding domain by sequence alignment,
indicates the involvement of Dpo1 in the cleavage of glycoside bonds in the capsular
polysaccharide. Previously, this domain has been reported to be present in other phage
tail spike proteins targeting and degrading EPS, such as in K5 lyase of coliphage K5A
and Tsp2 of phage 	SH19 (67, 68). The C-terminal domain of the protein has very low
amino acid identity (�11%) with other tail fibers in the database. It has been suggested
that in other tail fibers with depolymerase activity, this region is responsible for
recognizing polysaccharides and binding to the host cell receptor, which highlights the
potential to use this depolymerase as a tool for capsular characterization of clinical
strains of A. calcoaeticus-baumannii. Phage receptor binding proteins have been pro-
posed as potential targets for genetic modification to broaden the host range, thus
contributing to practical applications of phage therapy and the detection of bacteria by
their specific phages.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The Acinetobacter strains used in this study were kindly

provided by John J. LiPuma, University of Michigan Medical School (Ann Arbor, MI), Ashok Kumar, Wayne
State University (Detroit, MI), Philip Rather, Emory School of Medicine (Atlanta, GA), UCSD Medical
Hospital, and Carlos Gonzales, Texas A&M University (College Station, TX). All Acinetobacter strains were
routinely cultured on tryptic soy broth (TSB; 17 g/liter of Bacto tryptone, 3 g/liter of soytone, 2.5 g/liter
of D-glucose, 5 g/liter of NaCl, 2.5 g/liter of disodium phosphate) and tryptic soy agar (TSA; TSB plus 1.5%
[wt/vol] Bacto agar). Recombinant strains of E. coli XL1-Blue and BL21(DE3) were cultured on LB (10 g/liter
of Bacto tryptone [BD], 5 g/liter of yeast extract, 10 g/liter of NaCl) with kanamycin (40 �g/ml). For all
plaque assays, a 0.75% TB agar overlay (10 g/liter of tryptone, 5 g/liter of NaCl, and 0.75% Bacto agar) was
plated over TSA plates (69). All strains were grown at 37°C.

Phage isolation and preparation of high-titer phage lysates. Activated sludge was collected from
a municipal wastewater treatment plant located in College Station, TX. The sample was centrifuged
(8,000 � g for 40 min), and the supernatant was filtered (0.45 �m). The clarified supernatant was enriched
for phages against A. nosocomialis AU0783 as previously described (70). Isolated plaques obtained on
lawns of AU0783 were recovered, resuspended in SM buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 8
mM MgSO4, 0.01% [wt/vol] gelatin), and subcultured three times to ensure clonality.

High-titer phage stocks were obtained by inoculating TSB 1:100 with an overnight (ON) AU0783
culture, subsequently grown to an A550 of 0.2. Phages were then added to a multiplicity of infection (MOI)
of 0.1, and A550 was monitored after infection. When onset of lysis was observed, sodium citrate was
added to a final concentration of 10 mM. Lysates were harvested after complete lysis, centrifuged
(10,000 � g for 20 min at 4°C), and filtered (0.22 �m). Phage titer was determined by plating serial
dilutions of phage using the double-layer method (69).

Phage particles were further concentrated by pelleting the lysates (24 h at 10,000 � g and 4°C).
Phage pellets were resuspended in 3 ml of SM buffer and purified by ultracentrifugation in a CsCl step
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gradient (� 1.2, � 1.45, � 1.5, and � 1.65 g/cm3) at 100,000 � g for 4 h at 4°C in an SW28 rotor (Beckman
Coulter, USA). The collected phage band was extracted and dialyzed stepwise, first against SM salt buffer
(gelatin-free SM buffer plus 1 M NaCl) and then against gelatin-free SM buffer, in a 3.5-kDa dialysis
cassette (Thermo Scientific). Concentrated phage samples were stored at 4°C.

TEM. Phage morphology was examined by transmission electron microscopy (TEM) of negatively
stained preparations using the Valentine method (71). Grids were stained with 2% uranyl acetate
(Sigma-Aldrich), and images were collected on a JEOL 1200 EX TEM at a 100-kV accelerating voltage at
the Microscopy and Imaging Center at Texas A&M University.

Latency period and burst size determination. A one-step growth experiment (72, 73) was
performed in triplicate to determine the latent period and burst size of phage Petty. AU0783 was grown
overnight in TSB, and a high-titer phage stock was prepared. Forty microliters of overnight-cultured
bacteria was added to 20 ml of fresh medium and grown at 37°C on a shaking incubator to an optical
density at 550 nm (OD550) of 0.2 (�2 � 108 CFU/ml). The bacterial culture was then infected with phage
at an MOI of 0.01. The number of unadsorbed phages was determined by plating serial dilutions of a
sample taken 4 min after phage infection. Postadsorption, the infected culture was diluted 103 and 105

in prewarmed medium and samples from those dilution tubes were taken every 5 min. All plating was
done using 100 �l of ON culture of AU0783 using the double-layer method. The burst size was calculated
as the difference in average phage titer after and before the onset of lysis, measured in the plaque assay,
divided by the number of infective centers.

Adsorption and host range assays. Adsorption assays were performed as previously described (74).
Briefly, A. nosocomialis AU0783 cells were gown to an OD550 of �0.2 and infected with phage at an MOI
of 0.01. Samples (100 �l) were collected every 2 min, diluted 10-fold in cold TSB, centrifuged (12,000 � g for
5 min at 4°C), and filtered (0.22 �m). The phage particles remaining in the supernatant were quantified
by plaque assay. The adsorbed phage fraction was calculated as the residual titer in supernatant divided
by the initial titer.

To evaluate the host range of phage Petty, 10-�l quantities of serial dilutions of high-titer lysates
were plated on lawns of clinical Acinetobacter strains using the double-layer method. A strain was
considered sensitive to phage Petty if single plaques were observed at higher lysate dilutions. Efficiency-
of-plating (EOP) assays were conducted on strains sensitive to phage infection as previously described
(69, 75). In brief, Acinetobacter cells were grown overnight in TSB at 37°C, and 100 �l of each of those
cultures was used to seed soft-agar overlays over which 10-�l quantities of serial dilutions of phage lysate
were plated. Plaques were counted after overnight incubation at 37°C. EOP was calculated as the ratio
of plaques appearing on the target bacterial lawn to the number of plaques in the lawn of the host strain.
All experiments were replicated three times.

DNA isolation, genome sequencing, and annotation. A crude lysate (�109 PFU/ml) was treated
with 10 �g/ml of DNase I and RNase A (Sigma-Aldrich) for 1 h at 37°C, and phage DNA was extracted as
previously described (76).

Phage DNA was sequenced by 454 pyrosequencing at the Emory GRA Genome Center (Emory
University, Atlanta, GA). The trimmed FLX Titanium reads were assembled into a single contig using the
Newbler assembler version 2.5.3 (454 Life Sciences). The contig was confirmed to be complete by PCR,
using custom primers designed to amplify outwards from both the 3= and 5= ends of the initial assembly,
and standard Sanger sequencing of the amplicon (77). Genes were predicted using GeneMark S (78) and
corrected in Artemis (79). Functional annotation was done using software tools available on the Center
for Phage Technology (CPT) portal (https://cpt.tamu.edu/galaxy-pub).

Comparative genomics of the closely related Acinetobacter phages was done by generating a protein
database of the coding sequences of each genome. Each phage protein was queried against that
database using a BLASTP with an E value cutoff of 10�20 (80). A greedy algorithm was then used to group
the coding sequences into clusters, which were aligned with ClustalW (81) and output as locally colinear
blocks (LCBs) in XMFA format. Adjacent LCBs within a threshold distance (50 nucleotides) were further
consolidated. To visualize these relationships in genomic context, X-Vis, a custom XMFA visualization tool
written in JavaScript rendered each genome, its proteins, and associated LCB alignments (https://cpt
.tamu.edu/galaxy-pub).

The boundaries of genomic direct terminal repeats were determined by primer walking across the
repeats using genomic DNA as the template (82).

Proteome analysis of phage structural proteins. CsCl-purified phage particles were diluted 1:1 in
Laemmli loading buffer (83) boiled at 95°C for 5 min and analyzed by SDS-PAGE on a 4 to 20%
Tris-glycine gel (Bio-Rad). Approximately 1 � 1011 PFU/ml were loaded per lane. The gel was stained with
Coomassie blue (0.1% Coomassie R250, 10% acetic acid, 40% methanol). Prestained SeeBlue Plus2
(Invitrogen) was used as a molecular weight marker. Bands were cut from the gel and used for trypsin
digestion and mass spectrometry analysis as previously described (70). Peptides obtained were com-
pared to a database including the predicted gene products from the genome of phage Petty.

Cloning, expression, and purification of the phage depolymerase (Dpo1). Gene 39 (nucleotides
[nt] 33863 to 36619 in the phage genome) was amplified by PCR with primers DpoNco (5=-TAGCTTTG
GAGGATTACCATGGCTTATGTAGAAAAGG) and DpoXho (5=-GGGTTTAAAAAGGTTTTACCTCGAGACTAGTTT
GCACTCACCTC), which introduced restriction sites for NcoI and XhoI (New England Biolabs [NEB]) on
each side of the amplified fragment. After digestion with these restriction enzymes, the PCR product was
cloned in a pET28b backbone in frame with a C-terminal hexahistidine tag. The resulting pET-Dpo1
plasmid was transformed into chemically competent E. coli BL21(DE3). Transformant selection was done
by plating the cells on LB-kanamycin (LB-Kan; 40 �g/ml).
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BL21(DE3)/pET-Dpo1 cells were grown in to an A550 of �0.6. The protein was expressed by chilling
the culture for 20 min on ice and induction with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG)
followed by incubation for 16 h at 16°C. Induced cells were collected by centrifugation at 4,000 � g for
30 min after the A550 was measured. Cells were resuspended at a calculated equivalent A550 of 30. A
protease inhibitor cocktail (1�; Sigma-Aldrich), RNase, and DNase (10 �g/ml; Sigma-Aldrich) were added
to the resuspension, and cells were disrupted by passage through an Aminco French press cell at 16,000
lb/in2. Cell debris was removed by centrifugation at 10,000 � g for 30 min at 4°C. The protein was
purified by immobilized-metal affinity chromatography (IMAC) using a Talon metal affinity resin (Clon-
tech) followed by size exclusion chromatography on a Sephadex S300 column. Fractions from each of the
purification steps were analyzed on 10% Tris-lysine SDS-PAGE gels stained with Coomassie blue.

Bacterial EPS purification. A. nosocomialis AU0783 was grown to confluence on TSB plates supple-
mented with 0.5% (wt/vol) glucose and incubated at 37°C for �120 h. EPS purification was carried out
as described previously (84). Briefly, cells were harvested by adding 10 ml of saline solution (0.9% [wt/vol]
NaCl) per plate and scraping the cells from the agar surface. Equilibrated phenol was added to the
resulting cell suspension to a final concentration of 5% (vol/vol) and agitated for 5 h at room temperature
(RT). Cells were cleared by centrifugation at 10,000 � g for 30 min, and the supernatant was precipitated
overnight with 5 volumes of 95% ethanol. The EPS-containing precipitate was pelleted by centrifugation
at 15,000 � g for 20 min at 4°C and washed twice with 25 ml of 95% ethanol. The pellet was allowed
to air dry overnight prior to resuspension in 25 ml of sterile double-distilled water (ddH2O). After
treatment with DNase I and RNase A (1 �g/ml) for 30 min, the EPS mixture was dialyzed overnight in a
6- to 8-kDa molecular-mass-cutoff membrane (Spectra-por) against water. The dialyzed EPS material was
lyophilized and weighed.

Depolymerase activity assays. To qualitatively assay the activity of the purified enzyme, a modi-
fication of the method described by Adams and Park (85) was employed. Ten-microliter quantities of a
serial 10-fold dilution of recombinant Dpo1 were placed on lawns of AU0783 and incubated at 37°C for
18 h. The endpoint was taken as the reciprocal of the highest dilution at which a zone of reduced
turbidity was observed in the bacterial lawn.

The ability of the enzyme to degrade exopolysaccharides was also evaluated by measuring the
viscosity of EPS solutions following incubation with Dpo1. Untreated EPS was dissolved at a final
concentration of 2.5 mg/ml in 1� assay buffer (25 mM Tris, 150 mM NaCl [pH 7.2]) and incubated for 1
h at 37°C either with active enzyme (15 �g/ml) or with inactive Dpo1 (boiled at 95°C for 10 min). After
incubation, the reactions were heat inactivated at 95°C for 5 min. As a control, the viscosity of the
untreated EPS solution (2.5 mg/ml) and that of the assay buffer were measured before and after
incubation and heat inactivation. The viscosity measurements were taken at 20°C (n � 5).

A bicinchoninic acid (BCA) assay was used to determine the generation of reducing ends in an EPS
solution incubated in the presence of purified protein (86). The BCA reagent was prepared fresh in a 1:1
ratio of solution A (5 mM BCA, 513 mM Na2CO3, and 288 mM NaHCO3) and solution B (5 mM CuSO4 and
12 mM L-serine) in ddH2O. A reaction master mix was prepared by mixing 100 �l of 10� assay buffer, 100
�l of 5-mg/ml EPS, and 800 �l of ddH2O. The master mix was aliquoted into microcentrifuge tubes (95
�l per tube) which were preincubated at 37°C for 5 min prior to addition of 5 �l of enzyme (200 nM) to
each tube. After 5, 10, 20, and 30 min of incubation at 37°C, a pair of tubes was removed and placed at
95°C for 5 min to inactivate the enzyme. After cooling, 1 ml of BCA reagent was added to each tube. The
samples were mixed and incubated at 95°C for 15 min, cooled to room temperature, and measured for
absorbance at 560 nm in a spectrophotometer to measure reducing ends. As controls, assay buffer and
0.2 mM glucose in assay buffer were used.

Biofilm removal of Acinetobacter strains by Dpo1 was measured using a crystal violet microtiter plate
assay (87). Bacteria were grown for 48 h at 37°C in TSB in untreated 96-well plates, and OD550 was
measured. Planktonic cells were removed and attached cells were incubated with Dpo1 (17 �g/ml) or
buffer alone for 3 h at 37°C. Biofilm removal was assessed by crystal violet staining measured at 590 nm.

Accession number(s). The phage genome was deposited in the NCBI database under accession
number KF669656.1.
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