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ABSTRACT New therapies are necessary to combat increasingly antibiotic-resistant
bacterial pathogens. We have developed a technology platform of computational,
molecular biology, and microbiology tools which together enable on-demand pro-
duction of phages that target virtually any given bacterial isolate. Two complemen-
tary computational tools that identify and precisely map prophages and other inte-
grative genetic elements in bacterial genomes are used to identify prophage-laden
bacteria that are close relatives of the target strain. Phage genomes are engineered
to disable lysogeny, through use of long amplicon PCR and Gibson assembly. Finally,
the engineered phage genomes are introduced into host bacteria for phage produc-
tion. As an initial demonstration, we used this approach to produce a phage cocktail
against the opportunistic pathogen Pseudomonas aeruginosa PAO1. Two prophage-
laden P. aeruginosa strains closely related to PAO1 were identified, ATCC 39324 and
ATCC 27853. Deep sequencing revealed that mitomycin C treatment of these strains
induced seven phages that grow on P. aeruginosa PAO1. The most diverse five
phages were engineered for nonlysogeny by deleting the integrase gene (int), which
is readily identifiable and typically conveniently located at one end of the prophage.
The Δint phages, individually and in cocktails, killed P. aeruginosa PAO1 in liquid cul-
ture as well as in a waxworm (Galleria mellonella) model of infection.

IMPORTANCE The antibiotic resistance crisis has led to renewed interest in phage
therapy as an alternative means of treating infection. However, conventional meth-
ods for isolating pathogen-specific phage are slow, labor-intensive, and frequently
unsuccessful. We have demonstrated that computationally identified prophages car-
ried by near-neighbor bacteria can serve as starting material for production of engi-
neered phages that kill the target pathogen. Our approach and technology platform
offer new opportunity for rapid development of phage therapies against most, if not
all, bacterial pathogens, a foundational advance for use of phage in treating infec-
tious disease.
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The emergence of antibiotic-resistant bacteria has become increasingly problematic
in recent years. A number of contributing factors have been identified, including

overuse of antibiotics in medicine and agriculture, and reduced rate of discovery and
production of new antibiotics (1). New treatments for bacterial infections, particularly
those caused by antibiotic-resistant pathogens, are needed to combat the crisis. Phage
therapy is an attractive alternative to antibiotics that is undergoing a revival (2–4) in the
United States for this reason.

Bacteriophages are viruses that infect bacterial species, and they are regarded as the
natural predators of bacteria (5). For use in treating bacterial infections, phages hold
numerous advantages, including vast natural diversity, low cost, high specificity (such
that microbiomes are left intact), and proliferation in situ (amplifying and sustaining
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therapeutic effects) (6). Therapeutic cocktails are generally composed of virulent
phages (capable only of the lytic life cycle) isolated from environmental samples.
Temperate phages (capable of both lytic and lysogenic life cycles) have typically been
excluded because the resulting lysogenic target bacteria would survive to spread
resistance to that phage; furthermore, temperate phages may carry cargo genes that
promote antibiotic resistance and/or bacterial pathogenicity (7, 8). However, there are
far more genome sequences available for temperate phages (in the form of prophages
integrated within bacterial genome sequences) than for virulent phage genome se-
quences at NCBI (9), and temperate phages can be converted into nonlysogenic phages
using modern genome engineering tools (e.g., by knocking out the integrase gene)
(10).

The definition of genomic islands (GIs) has been loosened over time to include any
chromosomal DNA segment with evidence of horizontal transfer (11). We have intro-
duced the term integrative genetic elements (IGEs) to mean that subset of GIs whose
integration into the chromosome can be ascribed to a self-encoded integrase, either
from the tyrosine or serine recombinase families (12). The IGE class includes prophages,
integrative and conjugative elements (ICEs), and satellites. We have developed two
complementary computational tools, Islander (13) and TIGER (12), that identify and
precisely map IGEs within bacterial (and archaeal) genome sequences. This software
reveals the bacterial host, complete sequence, and precise ends of each prophage.
Knowledge of the prophage sequence enables its genome engineering to yield a
lysogeny-disabled variant safe for therapy, for example through long amplicon PCR and
Gibson assembly, with “rebooting” by introduction and growth in the target bacterium
(14). Knowledge of the host enables identification of prophage-laden bacteria that are
very close relatives of any given target bacterium, increasing the likelihood that the
phages produced will be efficacious on the target. Our powerful computational pro-
phage prediction software facilitates engineering with existing methodologies (3, 14,
15). This set of computational, molecular biology, and microbiology tools together
constitute a technology platform for on-demand production of phage therapies against
bacterial pathogens (Fig. 1). As an initial demonstration of this approach, we produced
five engineered lysogeny-disabled phages that kill Pseudomonas aeruginosa PAO1 in
liquid culture as well as in a waxworm model of infection. We foresee application of this
platform to develop prepared or on-demand phage collections to target nearly any
bacterial pathogen or to control undesirable components of environmental or clinical
microbiomes.

RESULTS
Identification of prophage-laden close relatives of the target bacterial strain.

Each IGE encodes an integrase that catalyzes recombination between an attachment
site in the circular IGE (attP) and one in the bacterial chromosome (attB), yielding the
IGE integrated into the chromosome flanked by left (attL) and right (attR) attachment
sites. We have developed two complementary algorithms that identify IGEs, including
prophages. Islander identifies IGEs encoding a tyrosine integrase with attB in a tRNA or
tmRNA gene (13) (Fig. 1A, right); TIGER identifies IGEs encoding both tyrosine and
serine integrases with no bias toward attB context (12) (Fig. 1A, left). Both methods are
unique relative to competitors in their ability to precisely map attL and attR for each
IGE; moreover, they have superior information retrieval properties. Prior to the publi-
cation of TIGER, Bertelli et al. (16) evaluated 20 genomic island (GI)-finding methods
with two benchmarking systems: (i) GI-positive and GI-negative segments from 104
bacterial chromosomes and (ii) 80 “gold standard” GIs from six bacterial chromosomes.
Islander was top ranked by both systems for precision (in the information retrieval
sense), with values of 0.971 for GI-positive or -negative segments and 1.000 for gold
standards. Using the benchmarks and evaluation tools of Bertelli et al., we measured
the precision of TIGER as 1.000 in both systems (12). Thus, our two methods have better
precision, by two measures, than any of the other 19 tested methods. Recall values
were lower than for other methods by these benchmarking systems, which we attribute
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partly to the inclusion of many entries among the GI-positive segments and gold
standards that are not associated with integrases and are therefore neither IGEs nor
intact prophages. On our own set of 63 gold standard IGEs (not loosely defined GIs)
from the same six chromosomes as Bertelli et al. (and one additional chromosome), we
measured precision and recall for TIGER at 0.952 and 0.952, respectively, and for
Islander at 1.000 and 0.349, respectively (12); the low recall of Islander is expected from
its inability to find IGEs that integrate in sites other than tRNA or tmRNA genes (13).
Aside from these superior information retrieval properties, TIGER and Islander are also
unique in their mapping precision (in the sense of the exactness of the IGE genomic
coordinates that they call); both methods identify the identity blocks at the attL and
attR termini of the IGE. A prophage calling tool was developed along with TIGER and
benchmarked against a set of temperate phage isolate genomes from NCBI as stan-
dards and against bona fide ICEs, mock GIs, and GI-negative chromosomal segments as
negatives; it was shown to have 0.982 recall and 0.997 precision (12). With Islander,
TIGER, and our prophage caller, we determined the prophage content of the 26
genome-sequenced Pseudomonas aeruginosa strains that were available from the
American Type Culture Collection (ATCC), totaling 44 prophages. Two IGE-rich P.
aeruginosa strains (referred to here as Pae5 and Pae1505) available from ATCC are close
relatives of our target strain PAO1 (see Fig. S1 in the supplemental material). Pae5 has
12 IGEs, including one filamentous prophage and five additional prophages (41Z,
42argF, 44G, 52yheS, and 64L). Strain Pae1505 has 10 IGEs, including one filamentous
and two additional prophages (43spxA and 52S) (see Table S1 in the supplemental
material). IGE names indicate length (in kilobase pairs) and insertion site gene (a single
letter representing the identity of a tRNA gene). Filamentous phages tend not to lyse
bacteria and are therefore less suitable for therapy (17). All the prophages in these two
strains encode only tyrosine integrases; however, our software is capable of finding
prophages with serine integrases as well.

FIG 1 Pipeline for therapeutic phage cocktails. (A) TIGER and Islander algorithms are run on all sequenced bacterial genomes, yielding a database of IGEs,
including prophages. (B) The target pathogen (PAO1) is placed on a phylogenetic tree in the database, such that close relatives bearing multiple prophages
can be identified. (C) Prophage-laden strains are treated with mitomycin C, deep sequenced, and analyzed with Juxtaposer in order to identify prophages
capable of mobilization. (D) PCR primers are designed to generate overlapping long PCR amplicons that rebuild the prophage genome without its integrase
gene. The amplicons are joined using Gibson assembly, generating a circular Δint phage genome. (E) The circular Δint phage genome is transformed into a host
strain (target pathogen or close relative), plaque purified, and verified by PCR. (F) WT and Δint phages are characterized through a variety of methods, including
transmission electron microscopy (TEM), in vitro killing assays, and treatment of infected G. mellonella.
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Ensemble validation of prophages. We sought to determine which of our sus-
pected prophages were able to excise from the bacterial chromosome, produce phage
particles, and infect our target strain PAO1. Strains Pae5 and Pae1505 were induced by
treatment with mitomycin C; samples were collected at 0, 1, and 2 h, and DNA was
prepared from three sample types: a cell pellet, sample from a supernatant filtrate
(which should contain free phage particles), and a spot plaque of the filtrate grown on
a lawn of PAO1. Precise mapping of the prophages by Islander/TIGER allowed design of
PCR tests of the circular junction of each excised prophage; PCR products were not
detected for the filamentous phages, but they were detected for the other seven
prophages, in all three sample types of the 2-h time points (Fig. 2A). We reexamined all
cell pellet DNA samples using deep sequencing, first with our mobilome discovery
software Juxtaposer (18) that confirmed the excision products attP and attB, for six of
these seven prophages. We also applied our quantitation tool AttCt (18) to analyze attP
and attB yields (normalized to attL and attR); higher levels of the former indicate
postexcision replication. This analysis reveals (Fig. 2B) interesting biological differences
in the onset of excision and replication rates among the prophages, even along this
abbreviated time course. One wild-type (WT) phage from each source bacterium,
42argF and 52S, was isolated from each spot plaque by further plaque purification.
Although not all prophages are inducible by mitomycin C, the methods for validation
are well suited to work with any number of alternative induction strategies, including
pH and temperature shifts, UV induction, spontaneous induction, and chemical induc-
tion (19–22).

FIG 2 Validation of active prophages. (A) PCR confirmation of soaked clearings from filtrates spotted onto strain PAO1 (SP), filtrate from 2 h MMC induction
(Fil), and phage buffer (PB) only control (NTC). Primers are listed in Table S2 in the supplemental material. All phages are released into the filtrate and can infect
PAO1, shown by the �500-bp band in all SP and Fil lanes. Lane L, Invitrogen 100-bp ladder, 1.2% agarose gel. (B) AttCt (18) analysis of IGEs identified by TIGER
and Islander. Normalized attP (blue) and attB (red) counts are shown. Postexcision replication is indicated by elevated levels of attP relative to attB.
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Genomic content of prophages. Dot plots of the prophage genomes allowed us to
reject two prophages (43spxA and 52yheS) as being similar to others, leaving five
unique prophages that we proceeded to develop for therapy (Fig. S2; Table 1).
Annotation of these prophage genomes (Fig. S3) revealed genes for phage structural
proteins (capsid, tail, terminase, and portal) and promoting lysis (endolysin and holin);
only 42argF contained genes predicted to encode deleterious proteins (FimA, a known
virulence factor [23], and a hic toxin-antitoxin system [24]). 42argF also encodes an
endosialidase, which allows phage to recognize and degrade bacterial polysaccharide
capsules (25), and an anti-CRISPR AcrF6 protein (Fig. S3).

Engineering of �int lysogeny-disabled prophages. Conversion of a temperate
phage into a lytic phage requires deletion of at least one key lysogeny determinant.
Others have successfully targeted the repressor gene (3) or the “lysogeny control
region” (integration and prophage maintenance gene cluster) (14) for this purpose. For
high-throughput genome engineering of phages with diverse bacterial hosts, the
repressor gene may be difficult to identify reliably amid other helix-turn-helix proteins.
We chose to delete the integrase gene (int), which is essential for lysogeny and readily
identifiable. Conveniently for deletion, int is typically located at one end of the
prophage genome (12). The integrase gene and its surrounding regions, including the
attL and attR sites, were deleted by using PCR primers to generate long, partially
overlapping amplicons comprising all included prophage sequences, followed by
Gibson assembly of the amplicons and transformation into the target host (Fig. 1D) (14).
Each amplicon was 8 to 15 kbp in length, producing terminal overlaps with neighboring
amplicons of 40 to 60 bp (Table S2). Gibson assembly was performed with the three to
five partially overlapping amplicons, and the products were transformed into electro-
competent (41Z, 42argF, 44G, and 52S) or chemically competent (64L) PAO1. The
transformed bacteria were plated, and phages were recovered from plaques at 16 h
postplating. PCR was used to verify Δint junctions in the phage genomes (Fig. S4).

Phage morphology. Transmission electron microscopy (TEM) was used to deter-
mine morphology for each phage (Fig. S5). All five phages had long, flexible, noncon-
tractile tails characteristic of Siphoviridae. Four of the phages had icosahedral capsids,
whereas 52S had a prolate head. Head and tail dimensions were measured from TEM
images (Table 1). Four of the five phages measured 200 to 300 nm in length, whereas
52S (both WT and Δint) measured 150 nm in length.

Engineered phages kill strain PAO1 in liquid culture. The Δint phages were
tested for the ability to kill the target pathogen PAO1 in liquid culture. Each phage
stock was added to a mid-log-phase PAO1 culture at a multiplicity of infection (MOI) of
10, and the culture was incubated at 37°C with shaking (250 rpm) for 24 h. Aliquots
were removed from the culture at 1-h intervals for the first 4 h following phage addition
in order to assess the degree and timing of bacterial death and phage proliferation in

TABLE 1 Characterization of phages isolated and engineered from P. aeruginosa strains Pae5 (strain 2192; NCBI accession no.
CH482384.1) and Pae1505 (ATCC 27853; NCBI accession no. CP015117.1)a

Characteristic 41Z 42argF 44G 52yheS 64L 43spxA 52S

Source Pae5 Pae5 Pae5 Pae5 Pae5 Pae1505 Pae1505
Genome

coordinates
6656569�

6697503
3267622�

3309210
6510079�

6553748
1086097�

1137790
828795�

892684
4928948�

4971800
6099420�

6151331
WT recovered � � � � � � �
Δint mutant

constructed
� � � � � � �

Plaque size
(Δint vs WT)

N/A Same N/A N/A N/A N/A Same

Tail length (nm) 158.554 � 0.014
(Siphoviridae)

128.778 � 0.002
(Siphoviridae)

118.894 � 0.009
(Siphoviridae)

N/A 148.214 � 0.004
(Siphoviridae)

N/A 77.647 � 0.006
(Siphoviridae)

Capsid type Icosahedral Icosahedral Icosahedral N/A Icosahedral N/A Prolate
Capsid height �

width (nm)
63.253 � 0.007 �

65.060 � 0.003
52.907 � 0.002 �

57.355 � 0.008
64.159 � 0.005 �

59.204 � 0.004
N/A 57.143 � 0.004 �

54.167 � 0.002
N/A 62.353 � 0.003 �

22.941 � 0.003
aN/A, not available.
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the culture. By 4 h following phage addition, all cultures exposed to Δint phage showed
reduced bacterial titers relative to mock-exposed cultures (i.e., those receiving buffer
only), indicating that each of the Δint phages is capable of killing PAO1 (Fig. 3 and
Fig. S6). Additionally, phage titers increased at least 10-fold, and as much as 1,000-fold,
in all of the cultures by 4 h (Fig. S7).

Two mixtures (cocktails) of Δint phage stocks were designed: cocktail 3X, comprised
of phages 44GΔ, 52SΔ, and 64LΔ, and cocktail 5X, comprised of the 3X phages plus
41ZΔ and 42argFΔ. These cocktails were added to PAO1 cultures at an MOI of 10 (MOI
of 3.3 for each Δint phage in 3X, and MOI of 2 for each in 5X), aliquots were removed
from the cultures at 1-h intervals over the course of 4 h, and the bacterial and phage
titers within each aliquot were measured as described above. Both cocktails reduced
bacterial titers by 106-fold within 4 h postexposure.

�int phage therapy protects waxworms from PAO1 infection. We sought to
determine whether these phages confer therapeutic effects in the context of a PAO1
infection model. The Galleria mellonella larva (waxworm) model is convenient, low cost,
and well established for Pseudomonas and other bacterial infections and testing of
antimicrobial therapies (26–30). Importantly, antimicrobial therapies, including phage
therapy, that are efficacious in waxworm models of infection generally also show
efficacy in mammalian models of infection (29, 31).

Each larva was injected with 50 CFU of strain PAO1, and 30 min later injected with
buffer (negative control), a single Δint phage (MOI of 10), or a phage cocktail (MOI of
10 for sum of phages in cocktail), with each therapy tested in 10 larvae (Fig. 4). This
experiment was replicated twice more (Fig. S7). Waxworms treated with buffer alone
showed only 30 to 40% survival by 3 days postexposure (black line, Fig. 4 and Fig. S7);
mortality was due to PAO1 rather than the injection procedure in that mock-infected
larvae (injected with buffer instead of PAO1 and then injected a second time to
simulate treatment) showed 100% survival (gray line). In contrast, larvae treated with
single Δint phage showed 40% to 80% survival. Larvae treated with phage cocktails
showed further gains in survival, ranging from 70% to 90% (red and orange lines).
Treatment with phage in the absence of infection had no deleterious effect on survival
(gray line). These results indicate that Δint phages, particularly when combined as a
cocktail, can protect waxworms against PAO1 infection.

FIG 3 Engineered phages kill strain PAO1 in liquid culture. PAO1 liquid cultures were grown to mid-log phase
(OD600 of 0.4 to 0.6) and then infected with phage at an MOI of 10 for each single phage (blue lines), two phage
cocktails (red and orange lines) (3X phage cocktail is 44GΔ, 52SΔ, and 64LΔ, and 5X phage cocktail is 3X plus 41ZΔ
and 42argFΔ), or a buffer-only control (black line). Bacterial cells were plated every hour for 4 h, and CFU were
calculated. PAO1 with buffer has increased growth over the time course, while all phage samples show decreased
growth over the time course. Decreased growth indicates that the phages are killing PAO1. Replicate number 1 is
shown; other replicates are shown in Fig. S6.
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DISCUSSION

This report validates a new technology platform that enables on-demand produc-
tion of therapeutic phages against a bacterial pathogen of interest. The first step in our
approach is to use two complementary computational tools (Islander and TIGER) to
identify and precisely map the prophages present in genome sequences of bacteria
closely related to the pathogen. We have carried this out for many genomes (12), and
we plan to extend our analysis to all available genome sequences. Preemptive creation
of prophage databases in this manner allows for rapid turnaround in phage therapy
cases where time is limited—the physician can use the pathogen’s genome sequence,
16S rRNA gene sequence, or multilocus sequence typing (MLST) sequences to place it
on a phylogenetic tree, to identify close relatives bearing large numbers of prophages.
These prophages then serve as starting material for construction of synthetic phages
that are engineered for therapeutic use through deletion of genes (such as int) essential
for lysogeny. Identification of numerous prophages from close relatives of bacterial
targets has the potential to overcome many of the hurdles associated with environ-
mental phage isolation, including defining optimal hosts, sequencing isolated phages,
and annotation of deleterious gene products. Once prophages are identified for the
host of interest, phage engineering can be completed by previously established
methods (3, 14, 15).

In principle, our approach is pathogen-agnostic and could be extended to any
pathogen group. Raw numbers of prophages are not generally a problem; Fig. S8 in the
supplemental material shows the average prophage count per genome for diverse
ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) and tier 1 select
agent pathogen species. Ten pathogen species have double or more the average
prophage count of all bacteria, although two (Burkholderia mallei and Francisella
tularensis) do not. However, particular bacterial groups may present practical problems.
Our study host, P. aeruginosa PAO1, has well-defined transformation protocols, which
are not available for all pathogens (32–34), but circumventions are available (14). Many
bacterial systems have phages with narrow host ranges (35, 36); host range factors are
still being investigated but have been linked to tail fiber mutations or host receptor
mutations (36–38). While we did not encounter this problem, the validation methods
described allow for prescreening of prophages that are inactive against the target
pathogen prior to engineering. Further, Gibson assembly allows for additional engi-
neering at other sites in the phage genome aimed at expanding its host range. Once

FIG 4 Engineered phages protect Galleria mellonella larvae from bacterial infection. Cohorts of 10 G.
mellonella larvae were injected with 103 CFU/ml of strain PAO1 in the second to last right proleg. After
30 min, each larva was injected with an MOI of 10 of either a single phage (blue line), a phage cocktail
(red and orange lines) (3X cocktail is 44GΔ, 52SΔ, and 64LΔ, and 5X cocktail is 3X cocktail plus 41ZΔ and
42argFΔ), or PB (black line). Three additional controls (gray lines) were used: uninjected (UI), PB for both
injections, and PB followed by the 5X phage cocktail (Phage). Increased survival indicates that the phages
are killing the PAO1 in vivo. Replicate one is shown; replicates two and three are shown in Fig. S7.
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such challenges are solved, both the computational and laboratory methods described
will be suitable for high-throughput scale-up and can be further streamlined to support
a phage factory that prepares therapeutic phage sets for any and all pathogens.

MATERIALS AND METHODS
Prophage detection. Two IGE discovery algorithms, Islander (13) and TIGER (12), were applied to

2,023 Pseudomonas genomes downloaded from GenBank in October 2017. Predicted prophage genomes
were annotated. The multiPhATE pipeline (39), which calls Glimmer (40), Prodigal (41), and Phanotate
(42), was used to predict open reading frames. Prokka (43) tFind, and rfind (13) were used for functional
annotation. HHPRED (44, 45) was used to further characterize phage functions to compare homology of
each protein annotated against the Pfam-A v32.0 and PDB_mmCIF70_28_Nov databases. Prophage
genomes were compared to each other to identify similar prophages. Gepard (46) was used to generate
dot plots for the seven nonfilamentous prophage sequences. Phage genome maps were created using
Easyfig (47).

Prophage induction. Prophage-laden strains P. aeruginosa 2192 (ATCC 39324; Pae5) and P. aerugi-
nosa Boston 41501 (ATCC 27853; Pae1505) were purchased from ATCC. Strains were grown overnight in
LB broth, diluted 1:100, and grown to an optical density at 600 nm (OD600) of 0.4 to 0.5. Samples (1 ml)
were collected at 0, 1, and 2 h after treatment with 1 �g/ml mitomycin C. Cells were pelleted at
16,000 � g for 2 min; supernatant was removed and filtered through a 0.22-�m filter. Genomic DNA was
isolated using the Qiagen DNeasy blood and tissue kit (Qiagen, catalog no. 69504). Filtrates were spotted
onto a lawn of P. aeruginosa PAO1 (a kind gift from Annette LaBauve) with 0.5% LB soft agar and
incubated overnight. Top agar was collected from the cleared spot regions and soaked in 0.5 ml phage
buffer (PB) (100 mM NaCl, 8 mM MgSO4·7H2O, 25 mM Tris-HCl [pH 7.4]) overnight at 4°C and filtered
through a 0.22-�m filter.

Monitoring prophage activity through deep sequencing. P. aeruginosa (Pae5 and Pae1505)
genomic DNA sequencing libraries were prepared using Nextera DNA library prep kit (Illumina, catalog
no. FC-121-1031) and utilizing the Nextera DNA Sample Preparation Index kit (Illumina, catalog no.
FC-121-1011) following the manufacturer’s recommended protocol. DNA samples and libraries were
quantified using Qubit high-sensitivity DNA assay kit (Thermo Fisher Scientific, catalog no. Q32854).
Libraries were pooled in equal quantity and combined to multiplex to make a final library, and quality
control (QC) was done again using Qubit quantification kit and Agilent bioanalyzer using high sensitivity
DNA chip (Agilent Biotechnology, catalog no. 5067-4626). The final combined library was sequenced
using Illumina technology on a NextSeq 500 sequencer using high-output 300-bp single-end read
sequencing kit.

Sequencing reads were processed through BBDuk for quality filtering. The filtered reads were
analyzed with Juxtaposer (18) to find mobile elements in the bacterial genomes. Briefly, Juxtaposer
searches for recombinant reads relative to the reference genome sequence, which includes reads for the
attP and attB products of IGE excision. Finally, attCt software (18) was used to determine counts for each
IGE of attL, attR, attB, and attP, reporting attP/F and attB/F values, where F � attL � attR � 2 attB).

Wild-type phage isolation. Soaked filtrates from mitomycin C (MMC) induction were serially diluted
in SM phage buffer. One hundred microliters of P. aeruginosa PAO1 was infected with 100 �l of each
phage dilution, allowed to adsorb 20 min, and plated using 4.5 ml of 0.5% LB soft agar. Plaques were
isolated in SM phage buffer, and PCR tests for the attP site were performed to determine which plaque
was each phage (primers listed in Table S2 in the supplemental material).

Gibson assembly of �int phages. Primers were designed to obtain long PCR fragments with
overlapping joints suitable for Gibson assembly strategies (Table S2). Primers for the integrase deletion
were created with artificial 40-bp overlaps. Briefly, a 20-bp primer was created around the integrase gene,
and a 20-bp flanking region was added to the 5= end of the primer from the opposing end of the Δint
circular junction. Long PCR was performed using the NEB Phusion High-Fidelity DNA polymerase master
mix. PCR conditions were as follows: (i) 98°C for 2 min; (ii) 35 cycles with 1 cycle consisting of 98°C for
30 s, melting temperature (Tm) minus two degrees for 30 s, and 72°C for 1 min/kbp; and (iii) 72°C for
10 min. NEB Gibson Assembly master mix was used to ligate phage fragments together. Then, 0.3 pmol
of each long PCR product was incubated at 50°C for 15 min for three-fragment phages (41ZΔ, 42argFΔ,
and 44GΔ) and 60 min for four or more fragment phages (52SΔ and 64LΔ).

Competent cell preparation and transformation. Electrocompetent PAO1 cells were prepared as
previously described (48). Briefly, an overnight culture of strain PAO1 was diluted 1:100 and grown to an
OD600 of 0.5. Cells were pelleted 2 min at 16,000 � g, and supernatant was removed. Cells were washed
twice with 300 mM sucrose and resuspended in 300 mM sucrose. For all phages except 64L, 5 �l of the
undiluted or 1:3 diluted Gibson assembly reaction was delivered into electrocompetent cells using a
Bio-Rad electroporator (2.5 kV, 200 �, 25 �F, 2 mm). Cells were allowed to recover in 1 ml of LB medium
for 1 h, shaking at 37°C. Cells were pelleted for 2 min at 16,000 � g, 800 �l of medium was removed, and
cells were resuspended in the remaining medium. Transformations were diluted in SM phage buffer by
10-fold and 1,000-fold. Two hundred microliters of the transformed cells or dilutions was used to infect
100 �l of mid-log PAO, incubating for 20 min, plating with 0.5% LB soft agar, and incubating overnight
at 37°C.

Phage 64L did not produce plaques using electrotransformation protocols. Chemically competent
(CC) PAO1 was prepared as previously described (49). Overnight cultures were diluted 1:100 and grown
to an OD600 of 0.8. Cells were chilled and harvested by centrifugation, washed with 100 mM MgCl2, and
incubated on ice in 175 mM CaCl2 for 20 min. The final cell pellet was resuspended in 100 mM CaCl2.
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Fresh competent cells (200 �l) were incubated with various amounts of Gibson assembly product DNA
for 60 min on ice, heat shocked at 42°C for 1 min, chilled, and recovered in 1 ml of LB broth for 1 h prior
to plating with 100 �l of mid-log PAO1 and 4 ml of 0.5% LB top agar (TA).

Recovery of �int mutant phages. Plaques recovered from the transformations were picked, put in
0.1 ml SM phage buffer, and confirmed through PCR with primers designed in the flanking region of the
deletion (Table S2). Phage stocks were prepared by titrating on plates to obtain a web pattern of lysis.
Plates were flooded with 8 ml of SM phage buffer overnight at 4°C, filtered through a 0.22-�m filter.
Phage stocks were stored in 0.3% sucrose.

Electron microscopy. Electron microscopy grids were prepared with fresh lysates at 	109 PFU/ml.
Ten microliters of lysate was added to a carbon grid (Ted Pella, catalog no. 1813) and allowed to incubate
10 min. The grids were washed twice with 10 �l of water for 2 min. Grids were stained with 10 �l of
uranyl acetate alternative stain (Ted Pella, catalog no. 19485, using gadolinium acetate tetrahydrate) for
2 min and wicked off. Grids were allowed to dry at room temperature in a chemical fume hood for 1 h
and stored in a grid box until imaging.

Transmission electron microscopy observations were conducted using a Themis Z transmission
electron microscope (Thermo Fisher Scientific, Hillsboro, OR, USA) operated in scanning transmission
electron microscopy (STEM) mode at an accelerating voltage of 300 kV. Image signals were collected
using a high angle annular dark field (HAADF) detector, which is sensitive to the heavy elements (Gd)
employed in the stain. In the micrographs presented here, the dark-field image contrast has been
inverted, with the heavy metal stain showing as dark regions on the images.

Immediately prior to observation, specimens were plasma cleaned (Mobile Cubic Asher, IBSS Group,
Burlingame, CA, USA) to reduce the build-up contamination under exposure to the focused electron
beam. Plasma cleaning was conducted for 5 min using ambient air at a base pressure of 10�4 torr and
power setting of 34 W.

Liquid killing assays. Overnight PAO1 cultures were diluted 1:100 to an OD600 of 0.02 to 0.04 in LB
broth. Cultures were grown to an OD600 of 0.4 to 0.5. Cells were pelleted by centrifugation at 3,000 rpm
for 5 min. Bacterial pellets were resuspended in 1 ml PB containing a single phage stock at a multiplicity
of infection (MOI) of 10 or a phage cocktail with a total MOI of 10; 5 ml of LB broth was added to each
culture. Cultures were grown for 24 h, removing 0.5-ml samples at 0, 1, 2, 3, and 4 h after phage addition.
Each sample was processed for PFU, CFU, and OD600 measurements.

Bacterial cell counts were performed by serially diluting the sample in LB broth to 10�8 and spotting
3 �l of each dilution onto a solid LB agar plate and incubating at 37°C for 16 h. PFU were determined
by centrifugation of each sample at 3,000 rpm for 5 min, removing 100 �l of supernatant, serial diluting
the supernatant to 10�10, followed by spotting 3 �l of each dilution onto a 0.5% soft agar overlay plate.
Bacterial and phage titers were calculated by counting the number of colonies or plaques, respectively.

Waxworm phage therapy. Galleria mellonella larvae were purchased from Timberline (Marion, IL)
and stored at 15°C until use within 2 weeks. Only larvae weighing between 0.25 and 0.35 g were used
for injection experiments. Larvae were equilibrated at room temperature for 4 h prior to injection. Five
microliters of strain PAO1 (103 CFU/ml) was injected into the second to last right proleg using a 250-�l,
model 1725 LT syringe (Hamilton, catalog no. 81101) and PB600 repeating dispenser (Hamilton, catalog
no. 83700). Thirty minutes after the PAO1 injection, 5 �l phage (MOI of 10) (104 PFU/ml) was injected into
the second to last left proleg, and the larvae were incubated at 37°C for 72 h. Death was assessed by
melanization and lack of movement at 16, 20, 24, 48, and 72 h postinjection. Kaplan-Meier survival curves
were calculated as described previously (50).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.1 MB.
FIG S2, PDF file, 0.6 MB.
FIG S3, PDF file, 0.2 MB.
FIG S4, PDF file, 0.3 MB.
FIG S5, PDF file, 0.4 MB.
FIG S6, PDF file, 0.2 MB.
FIG S7, PDF file, 0.1 MB.
FIG S8, PDF file, 0.1 MB.
TABLE S1, XLSX file, 0.01 MB.
TABLE S2, DOCX file, 0.01 MB.

ACKNOWLEDGMENTS
This work was supported by the Laboratory Directed Research and Development

program at Sandia National Laboratories, which is a multimission laboratory managed
and operated by National Technology and Engineering Solutions of Sandia LLC, a
wholly owned subsidiary of Honeywell International Inc. for the U.S. Department of
Energy’s National Nuclear Security Administration under contract DE-NA0003525.

Computationally Guided Phage Therapy

July/August 2020 Volume 5 Issue 4 e00659-20 msystems.asm.org 9

https://msystems.asm.org


REFERENCES
1. Ventola CL. 2015. The antibiotic resistance crisis: part 1: causes and

threats. P T 40:277–283.
2. Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J, Lessor

L, Barr JJ, Reed SL, Rohwer F, Benler S, Segall AM, Taplitz R, Smith DM,
Kerr K, Kumaraswamy M, Nizet V, Lin L, McCauley MD, Strathdee SA,
Benson CA, Pope RK, Leroux BM, Picel AC, Mateczun AJ, Cilwa KE,
Regeimbal JM, Estrella LA, Wolfe DM, Henry MS, Quinones J, Salka S,
Bishop-Lilly KA, Young R, Hamilton T. 2017. Development and use of
personalized bacteriophage-based therapeutic cocktails to treat a pa-
tient with a disseminated resistant Acinetobacter baumannii infection.
Antimicrob Agents Chemother 61:e00954-17. https://doi.org/10.1128/
AAC.00954-17.

3. Dedrick RM, Guerrero-Bustamante CA, Garlena RA, Russell DA, Ford K,
Harris K, Gilmour KC, Soothill J, Jacobs-Sera D, Schooley RT, Hatfull GF,
Spencer H. 2019. Engineered bacteriophages for treatment of a patient
with a disseminated drug-resistant Mycobacterium abscessus. Nat Med
25:730 –733. https://doi.org/10.1038/s41591-019-0437-z.

4. Chan BK, Turner PE, Kim S, Mojibian HR, Elefteriades JA, Narayan D. 2018.
Phage treatment of an aortic graft infected with Pseudomonas aeruginosa.
Evol Med Public Health 2018:60–66. https://doi.org/10.1093/emph/eoy005.

5. Fernandez L, Rodriguez A, Garcia P. 2018. Phage or foe: an insight into
the impact of viral predation on microbial communities. ISME J 12:
1171–1179. https://doi.org/10.1038/s41396-018-0049-5.

6. Principi N, Silvestri E, Esposito S. 2019. Advantages and limitations of
bacteriophages for the treatment of bacterial infections. Front Pharma-
col 10:513. https://doi.org/10.3389/fphar.2019.00513.

7. Hyman P. 2019. Phages for phage therapy: isolation, characterization,
and host range breadth. Pharmaceuticals (Basel) 12:35. https://doi.org/
10.3390/ph12010035.

8. Abedon ST, Kuhl SJ, Blasdel BG, Kutter EM. 2011. Phage treatment of
human infections. Bacteriophage 1:66 – 85. https://doi.org/10.4161/bact
.1.2.15845.

9. Roux S, Hallam SJ, Woyke T, Sullivan MB. 2015. Viral dark matter and
virus-host interactions resolved from publicly available microbial ge-
nomes. Elife 4:e08490. https://doi.org/10.7554/eLife.08490.

10. Monteiro R, Pires DP, Costa AR, Azeredo J. 2019. Phage therapy: going
temperate? Trends Microbiol 27:368 –378. https://doi.org/10.1016/j.tim
.2018.10.008.

11. Langille MG, Hsiao WW, Brinkman FS. 2010. Detecting genomic islands
using bioinformatics approaches. Nat Rev Microbiol 8:373–382. https://
doi.org/10.1038/nrmicro2350.

12. Mageeney CM, Lau BY, Wagner JM, Hudson CM, Schoeniger JS, Krish-
nakumar R, Williams KP. 2020. New candidates for regulated gene
integrity revealed through precise mapping of integrative genetic ele-
ments. Nucleic Acids Res 48:4052– 4065. https://doi.org/10.1093/nar/
gkaa156.

13. Hudson CM, Lau BY, Williams KP. 2015. Islander: a database of precisely
mapped genomic islands in tRNA and tmRNA genes. Nucleic Acids Res
43:D48 –D53. https://doi.org/10.1093/nar/gku1072.

14. Kilcher S, Studer P, Muessner C, Klumpp J, Loessner MJ. 2018. Cross-
genus rebooting of custom-made, synthetic bacteriophage genomes in
L-form bacteria. Proc Natl Acad Sci U S A 115:567–572. https://doi.org/
10.1073/pnas.1714658115.

15. Pires DP, Cleto S, Sillankorva S, Azeredo J, Lu TK. 2016. Genetically
engineered phages: a review of advances over the last decade. Microbiol
Mol Biol Rev 80:523–543. https://doi.org/10.1128/MMBR.00069-15.

16. Bertelli C, Tilley KE, Brinkman FSL. 2019. Microbial genomic island dis-
covery, visualization and analysis. Brief Bioinform 20:1685–1698. https://
doi.org/10.1093/bib/bby042.

17. Mai-Prochnow A, Hui JG, Kjelleberg S, Rakonjac J, McDougald D, Rice SA.
2015. ‘Big things in small packages: the genetics of filamentous phage
and effects on fitness of their host’. FEMS Microbiol Rev 39:465– 487.
https://doi.org/10.1093/femsre/fuu007.

18. Schoeniger JS, Hudson CM, Bent ZW, Sinha A, Williams KP. 2016. Exper-
imental single-strain mobilomics reveals events that shape pathogen
emergence. Nucleic Acids Res 44:6830 – 6839. https://doi.org/10.1093/
nar/gkw601.

19. Choi J, Kotay SM, Goel R. 2010. Various physico-chemical stress factors
cause prophage induction in Nitrosospira multiformis 25196 –an ammo-
nia oxidizing bacteria. Water Res 44:4550 – 4558. https://doi.org/10.1016/
j.watres.2010.04.040.

20. Barnhart BJ, Cox SH, Jett JH. 1976. Prophage induction and inactivation
by UV light. J Virol 18:950 –955. https://doi.org/10.1128/JVI.18.3.950-955
.1976.

21. Cortes MG, Krog J, Balázsi G. 2019. Optimality of the spontaneous
prophage induction rate. J Theor Biol 483:110005. https://doi.org/10
.1016/j.jtbi.2019.110005.

22. Motlagh AM, Bhattacharjee AS, Goel R. 2015. Microbiological study of
bacteriophage induction in the presence of chemical stress factors in
enhanced biological phosphorus removal (EBPR). Water Res 81:1–14.
https://doi.org/10.1016/j.watres.2015.04.023.

23. Burnette-Curley D, Wells V, Viscount H, Munro CL, Fenno JC, Fives-Taylor
P, Macrina FL. 1995. FimA, a major virulence factor associated with
Streptococcus parasanguis endocarditis. Infect Immun 63:4669 – 4674.
https://doi.org/10.1128/IAI.63.12.4669-4674.1995.

24. Yang J, Xu B, Gao Z, Zhou K, Liu P, Dong Y, Zhang J, Liu Q. 2017. HicAB
toxin-antitoxin complex from Escherichia coli: expression and crystalliza-
tion. Acta Crystallogr F Struct Biol Commun 73:505–510. https://doi.org/
10.1107/S2053230X17011529.

25. Scholl D, Merril C. 2005. The genome of bacteriophage K1F, a T7-like
phage that has acquired the ability to replicate on K1 strains of Esche-
richia coli. J Bacteriol 187:8499 – 8503. https://doi.org/10.1128/JB.187.24
.8499-8503.2005.

26. Tsai CJ, Loh JM, Proft T. 2016. Galleria mellonella infection models for the
study of bacterial diseases and for antimicrobial drug testing. Virulence
7:214 –229. https://doi.org/10.1080/21505594.2015.1135289.

27. Cools F, Torfs E, Aizawa J, Vanhoutte B, Maes L, Caljon G, Delputte P,
Cappoen D, Cos P. 2019. Optimization and characterization of a Galleria
mellonella larval infection model for virulence studies and the evaluation
of therapeutics against Streptococcus pneumoniae. Front Microbiol 10:
311. https://doi.org/10.3389/fmicb.2019.00311.

28. Kay S, Edwards J, Brown J, Dixon R. 2019. Galleria mellonella infection
model identifies both high and low lethality of Clostridium perfringens
toxigenic strains and their response to antimicrobials. Front Microbiol
10:1281. https://doi.org/10.3389/fmicb.2019.01281.

29. Jeon J, Yong D. 2019. Two novel bacteriophages improve survival in Galleria
mellonella infection and mouse acute pneumonia models infected with
extensively drug-resistant Pseudomonas aeruginosa. Appl Environ Microbiol
85:e02900-18. https://doi.org/10.1128/AEM.02900-18.

30. Seed KD, Dennis JJ. 2009. Experimental bacteriophage therapy increases
survival of Galleria mellonella larvae infected with clinically relevant
strains of the Burkholderia cepacia complex. Antimicrob Agents Che-
mother 53:2205–2208. https://doi.org/10.1128/AAC.01166-08.

31. Ignasiak K, Maxwell A. 2017. Galleria mellonella (greater wax moth) larvae as
a model for antibiotic susceptibility testing and acute toxicity trials. BMC Res
Notes 10:428. https://doi.org/10.1186/s13104-017-2757-8.

32. Monk IR, Shah IM, Xu M, Tan MW, Foster TJ. 2012. Transforming the
untransformable: application of direct transformation to manipulate
genetically Staphylococcus aureus and Staphylococcus epidermidis.
mBio 3:e00277-11. https://doi.org/10.1128/mBio.00277-11.

33. Joseph RC, Kim NM, Sandoval NR. 2018. Recent developments of the
synthetic biology toolkit for Clostridium. Front Microbiol 9:154. https://
doi.org/10.3389/fmicb.2018.00154.

34. Lee DJ, Bingle LE, Heurlier K, Pallen MJ, Penn CW, Busby SJ, Hobman JL.
2009. Gene doctoring: a method for recombineering in laboratory and
pathogenic Escherichia coli strains. BMC Microbiol 9:252. https://doi.org/
10.1186/1471-2180-9-252.

35. Pourcel C, Midoux C, Vergnaud G, Latino L. 2020. The basis for natural
multiresistance to phage in Pseudomonas aeruginosa. Antibiotics (Basel)
9:339. https://doi.org/10.3390/antibiotics9060339.

36. de Jonge PA, Nobrega FL, Brouns SJJ, Dutilh BE. 2019. Molecular and
evolutionary determinants of bacteriophage host range. Trends Micro-
biol 27:51– 63. https://doi.org/10.1016/j.tim.2018.08.006.

37. Jacobs-Sera D, Marinelli LJ, Bowman C, Broussard GW, Guerrero Busta-
mante C, Boyle MM, Petrova ZO, Dedrick RM, Pope WH, Science Educa-
tion Alliance Phage Hunters Advancing Genomics and Evolutionary
Science (SEA-PHAGES) program, Modlin RL, Hendrix RW, Hatfull GF.
2012. On the nature of mycobacteriophage diversity and host prefer-
ence. Virology 434:187–201. https://doi.org/10.1016/j.virol.2012.09.026.

38. Hampton HG, Watson BNJ, Fineran PC. 2020. The arms race between
bacteria and their phage foes. Nature 577:327–336. https://doi.org/10
.1038/s41586-019-1894-8.

Mageeney et al.

July/August 2020 Volume 5 Issue 4 e00659-20 msystems.asm.org 10

https://doi.org/10.1128/AAC.00954-17
https://doi.org/10.1128/AAC.00954-17
https://doi.org/10.1038/s41591-019-0437-z
https://doi.org/10.1093/emph/eoy005
https://doi.org/10.1038/s41396-018-0049-5
https://doi.org/10.3389/fphar.2019.00513
https://doi.org/10.3390/ph12010035
https://doi.org/10.3390/ph12010035
https://doi.org/10.4161/bact.1.2.15845
https://doi.org/10.4161/bact.1.2.15845
https://doi.org/10.7554/eLife.08490
https://doi.org/10.1016/j.tim.2018.10.008
https://doi.org/10.1016/j.tim.2018.10.008
https://doi.org/10.1038/nrmicro2350
https://doi.org/10.1038/nrmicro2350
https://doi.org/10.1093/nar/gkaa156
https://doi.org/10.1093/nar/gkaa156
https://doi.org/10.1093/nar/gku1072
https://doi.org/10.1073/pnas.1714658115
https://doi.org/10.1073/pnas.1714658115
https://doi.org/10.1128/MMBR.00069-15
https://doi.org/10.1093/bib/bby042
https://doi.org/10.1093/bib/bby042
https://doi.org/10.1093/femsre/fuu007
https://doi.org/10.1093/nar/gkw601
https://doi.org/10.1093/nar/gkw601
https://doi.org/10.1016/j.watres.2010.04.040
https://doi.org/10.1016/j.watres.2010.04.040
https://doi.org/10.1128/JVI.18.3.950-955.1976
https://doi.org/10.1128/JVI.18.3.950-955.1976
https://doi.org/10.1016/j.jtbi.2019.110005
https://doi.org/10.1016/j.jtbi.2019.110005
https://doi.org/10.1016/j.watres.2015.04.023
https://doi.org/10.1128/IAI.63.12.4669-4674.1995
https://doi.org/10.1107/S2053230X17011529
https://doi.org/10.1107/S2053230X17011529
https://doi.org/10.1128/JB.187.24.8499-8503.2005
https://doi.org/10.1128/JB.187.24.8499-8503.2005
https://doi.org/10.1080/21505594.2015.1135289
https://doi.org/10.3389/fmicb.2019.00311
https://doi.org/10.3389/fmicb.2019.01281
https://doi.org/10.1128/AEM.02900-18
https://doi.org/10.1128/AAC.01166-08
https://doi.org/10.1186/s13104-017-2757-8
https://doi.org/10.1128/mBio.00277-11
https://doi.org/10.3389/fmicb.2018.00154
https://doi.org/10.3389/fmicb.2018.00154
https://doi.org/10.1186/1471-2180-9-252
https://doi.org/10.1186/1471-2180-9-252
https://doi.org/10.3390/antibiotics9060339
https://doi.org/10.1016/j.tim.2018.08.006
https://doi.org/10.1016/j.virol.2012.09.026
https://doi.org/10.1038/s41586-019-1894-8
https://doi.org/10.1038/s41586-019-1894-8
https://msystems.asm.org


39. Ecale Zhou CL, Malfatti S, Kimbrel J, Philipson C, McNair K, Hamilton T,
Edwards R, Souza B. 2019. multiPhATE: bioinformatics pipeline for func-
tional annotation of phage isolates. Bioinformatics 35:4402– 4404.
https://doi.org/10.1093/bioinformatics/btz258.

40. Delcher AL, Bratke KA, Powers EC, Salzberg SL. 2007. Identifying bacterial
genes and endosymbiont DNA with Glimmer. Bioinformatics 23:
673– 679. https://doi.org/10.1093/bioinformatics/btm009.

41. Hyatt D, Chen GL, Locascio PF, Land ML, Larimer FW, Hauser LJ. 2010.
Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC Bioinformatics 11:119. https://doi.org/10.1186/1471
-2105-11-119.

42. McNair K, Zhou C, Dinsdale EA, Souza B, Edwards RA. 2019. PHANOTATE:
a novel approach to gene identification in phage genomes. Bioinfor-
matics 35:4537– 4542. https://doi.org/10.1093/bioinformatics/btz265.

43. Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioin-
formatics 30:2068 –2069. https://doi.org/10.1093/bioinformatics/btu153.

44. Zimmermann L, Stephens A, Nam SZ, Rau D, Kubler J, Lozajic M, Gabler
F, Soding J, Lupas AN, Alva V. 2018. A completely reimplemented MPI
bioinformatics toolkit with a new HHpred server at its core. J Mol Biol
430:2237–2243. https://doi.org/10.1016/j.jmb.2017.12.007.

45. Soding J. 2005. Protein homology detection by HMM-HMM comparison.
Bioinformatics 21:951–960. https://doi.org/10.1093/bioinformatics/bti125.

46. Krumsiek J, Arnold R, Rattei T. 2007. Gepard: a rapid and sensitive tool for
creating dotplots on genome scale. Bioinformatics 23:1026–1028. https://
doi.org/10.1093/bioinformatics/btm039.

47. Sullivan MJ, Petty NK, Beatson SA. 2011. Easyfig: a genome compar-
ison visualizer. Bioinformatics 27:1009 –1010. https://doi.org/10.1093/
bioinformatics/btr039.

48. Choi KH, Kumar A, Schweizer HP. 2006. A 10-min method for preparation
of highly electrocompetent Pseudomonas aeruginosa cells: application
for DNA fragment transfer between chromosomes and plasmid trans-
formation. J Microbiol Methods 64:391–397. https://doi.org/10.1016/j
.mimet.2005.06.001.

49. Chakrabarty AM, Mylroie JR, Friello DA, Vacca JG. 1975. Transformation
of Pseudomonas putida and Escherichia coli with plasmid-linked drug-
resistance factor DNA. Proc Natl Acad Sci U S A 72:3647–3651. https://
doi.org/10.1073/pnas.72.9.3647.

50. Kaplan EL, Meier P. 1958. Nonparametric estimation from incomplete
observations. J Am Stat Assoc 53:457– 481. https://doi.org/10.1080/
01621459.1958.10501452.

51. Jolley KA, Bray JE, Maiden MCJ. 2018. Open-access bacterial population
genomics: BIGSdb software, the PubMLST.org website and their applica-
tions. Wellcome Open Res 3:124. https://doi.org/10.12688/wellcome
openres.14826.1.

Computationally Guided Phage Therapy

July/August 2020 Volume 5 Issue 4 e00659-20 msystems.asm.org 11

https://doi.org/10.1093/bioinformatics/btz258
https://doi.org/10.1093/bioinformatics/btm009
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1093/bioinformatics/btz265
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1016/j.jmb.2017.12.007
https://doi.org/10.1093/bioinformatics/bti125
https://doi.org/10.1093/bioinformatics/btm039
https://doi.org/10.1093/bioinformatics/btm039
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1016/j.mimet.2005.06.001
https://doi.org/10.1016/j.mimet.2005.06.001
https://doi.org/10.1073/pnas.72.9.3647
https://doi.org/10.1073/pnas.72.9.3647
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.12688/wellcomeopenres.14826.1
https://doi.org/10.12688/wellcomeopenres.14826.1
https://msystems.asm.org

	RESULTS
	Identification of prophage-laden close relatives of the target bacterial strain. 
	Ensemble validation of prophages. 
	Genomic content of prophages. 
	Engineering of int lysogeny-disabled prophages. 
	Phage morphology. 
	Engineered phages kill strain PAO1 in liquid culture. 
	int phage therapy protects waxworms from PAO1 infection. 

	DISCUSSION
	MATERIALS AND METHODS
	Prophage detection. 
	Prophage induction. 
	Monitoring prophage activity through deep sequencing. 
	Wild-type phage isolation. 
	Gibson assembly of int phages. 
	Competent cell preparation and transformation. 
	Recovery of int mutant phages. 
	Electron microscopy. 
	Liquid killing assays. 
	Waxworm phage therapy. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

