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ARTICLE INFO ABSTRACT

Keywords: Multiple drug-resistant (MDR) Pseudomonas aeruginosa commonly causes severe hospital-acquired infections. The
Carbapenem-resistant P. aeruginosa gradual emergence of carbapenem-resistant P. aeruginosa has recently gained attention. A wide array of
Anti-biofilm

P. aeruginosa-mediated pathogenic mechanisms, including its biofilm-forming ability, limits the use of effective
antimicrobial treatments against it. In the present study, we isolated and characterized the phenotypic, bio-
logical, and genomic characteristics of a bacteriophage, vB_PaP_phiPA1-3 (phiPA1-3). Biofilm eradication and
phage rescue from bacterial infections were assessed to demonstrate the efficacy of the application potential.
Host range spectrum analysis revealed that phiPA1-3 is a moderate host range phage that infects 20% of the
clinically isolated strains of P. aeruginosa tested, including carbapenem-resistant P. aeruginosa (CRPA). The phage
exhibited stability at pH 7.0 and 9.0, with significantly reduced viability below pH 5.0 and beyond pH 9.0.
phiPA1-3 is a lytic phage with a burst size of 619 plaque-forming units/infected cell at 37 °C and can effectively
lyse bacteria in a multiplicity of infection-dependent manner. The genome size of phiPA1-3 was found to be
73,402 bp, with a G+C content of 54.7%, containing 93 open reading frames, of which 62 were annotated as
hypothetical proteins and the remaining 31 had known functions. The phage possesses several proteins similar to
those found in N4-like phages, including three types of RNA polymerases. This study concluded that phiPA1-3
belongs to the N4-like Schitoviridae family, can potentially eradicate P. aeruginosa biofilms, and thus, serve as
a valuable tool for controlling CRPA infections.

Phage therapy
N4-like phages
Schitoviridae

1. Introduction

Pseudomonas aeruginosa is a bacterium commonly found in soil,
water, and plants. However, it is also a notorious opportunistic pathogen
that can lead to severe infections in humans, especially in individuals
with severe wounds, resulting in sepsis in immunocompromised pa-
tients, chronic lung infections in patients with cystic fibrosis, chronic
obstructive pulmonary disease, bladder catheter-associated chronic in-
fections in the urinary tract, and serious ventilator-associated pneu-
monia. It is responsible for significant mortality rates and imposes

billions of dollars in healthcare expenses (Blanchette et al., 2017; Mo-
rales et al., 2012). This bacterium is equipped with several adhesion
factors, such as flagella, pili, and biofilms; and can survive in water, on
different surfaces, and on medical devices, causing various infections.
The development of biofilms using P. aeruginosa as a model has been
reviewed previously (Sauer et al., 2022), which has highlighted the need
to investigate how biofilms are associated with clinical problems
(Lichtenberg et al., 2022; Tolker-Nielsen, 2014; Yin et al., 2022). In most
cases, treatment of P. aeruginosa is very challenging owing to its multiple
mechanisms to evade treatment by current antibiotics;
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carbapenem-resistant P. aeruginosa (CRPA) has especially been catego-
rized as a ‘critical’ pathogen by the World Health Organization (Tac-
conelli et al., 2018). In this era in which antibiotic resistance is
considered a major worldwide concern, controlling these infections is
often difficult. Owing to the current shortage of research on novel an-
tibiotics that can combat multidrug-resistant (MDR) P. aeruginosa,
phages have emerged as a potential solution to address this issue by
serving as a new antibacterial therapeutic approach. Phages with spe-
cific targeting mechanisms against the Pseudomonas genus were
discovered in the mid-twentieth century, marking a paradigm shift in
the development of therapeutic approaches (Chegini et al., 2020). The
use of phages to inhibit P. aeruginosa has garnered significant attention
because of their high impact on nosocomial infections and antibiotic
resistance. Phage cocktails are typically more effective in inhibiting
bacterial infections, thus making them a potential solution for
combating P. aeruginosa (Jault et al., 2019; Li et al., 2021; Vaitekenas
et al., 2021). Hence, Pseudomonas phage isolation and characterization
are needed not only for in vitro bactericidal studies, but also in vivo an-
imal and human experiments. In comparison to the literature from the
rest of the world, there are only a limited number of studies available on
Pseudomonas phages isolated in Taiwan. Therefore, the isolation of
additional phages with activity against P. aeruginosa is crucial to counter
antibiotic resistance and advance phage applications. In this study, we
describe the phenotypic, biological, and genotypic properties of a newly
isolated phage phiPA1-3 that we isolated from wastewater around a
hospital in eastern Taiwan, and demonstrated its lytic efficiency against
CRPA, as well as, in vivo therapeutic efficacy. These results indicated that
phiPA1-3 can be used as an antibiotic substitute for the treatment of
clinical CRPA infections or for environmental decontamination.

2. Materials and methods
2.1. Bacterial strains and growth conditions

P. aeruginosa strain PA001 was isolated from the patient’s sputum
and identified using 16S rRNA gene sequence analysis. For phage host
range testing, additional clinical isolates, including 44 P. aeruginosa, 3
Klebsiella pneumoniae, 3 Enterobacter cloacae, and 2 Escherichia coli,
were also tested. All bacterial strains were routinely grown in Luria-
Bertani broth (LB) or agar (1.5%) (LA) medium, at 37 °C, under aero-
bic conditions. To establish a bacterial lawn, we used a double-layer
agar technique with 0.75% agar (Kropinski et al., 2009).

2.2. Antibiotic-susceptibility profile of P. aeruginosa

Nine antibiotics were used to assess the antibiotic-susceptibility
profile of P. aeruginosa clinical isolates using the Kirby-Baur disc diffu-
sion method, according to the guidelines of the Clinical and Laboratory
Standards Institute. MDR strains were defined as those that were resis-
tant to three or more classes of antibiotics. The antibiotics used in this
study included 10 pg Imipenem, 10 pg Meropenem, 10 pg Ertapenem,
10 pg Streptomycin, 10 pg Gentamycin, 30 pg Kanamycin, 5 pg Cipro-
floxacin, 10 pg Colistin, and 15 pg Erythromycin. P. aeruginosa
BCRC11633 was used as a quality control strain.

2.3. Phage isolation, propagation, purification, and titer determination

Phages were isolated from a 9 mL wastewater sample taken from a
sewer at Tzu Chi Hospital, Hualien, Taiwan, using a modified traditional
method. The sample was filtered using a 0.45 pm filter and supple-
mented with 1 mL of mid-log phase culture of PA00O1, followed by in-
cubation at 37 °C for 24 h. The presence of phages in the supernatant
was confirmed by means of spot-testing on a PA001 lawn. A single phage
plaque was selected with a toothpick using the double-agar layer
method and purified in three consecutive steps. The purified phage was
named vB_PaP_phiPA1-3 (shortened form: phiPA1-3) and propagated in
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50 mL of early log-phase cells until complete lysis (Adriaenssens and
Brister, 2017; Van Twest and Kropinski, 2009). The culture was then
centrifuged and the supernatant obtained was passed through a 0.45 pm
membrane filter. Phage particles in the supernatant were pelleted by
means of centrifugation (3 h at 19,000 rpm in a Beckman Avanti JXN-26,
Beckman Coulter Inc., Brea, CA, USA), resuspended in 1 mL of SM buffer
[50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 8 mM MgSO4, and 0.01%
gelatin), and purified by banding on the block gradient of CsCl repre-
senting 1.15, 1.45, 1.50, and 1.70 g/cm3 (1.5 mL for each block) in ul-
tracentrifugation (30,000 rpm for 5 h, at 4 °C, with the SW41Ti rotor in a
Beckman XPN-100). The collected phage band was dialyzed against the
SM buffer and then stored at 4 °C until further use. The phage titers were
obtained by serially diluting the phage suspensions. Subsequently, 100
uL of the optimal dilution was taken, mixed with overnight host bacte-
rial culture on the molten top agar and poured onto the bottom agar
layer consisting of LB medium to obtain a countable number of indi-
vidual plaques. The number of plaque-forming units (PFU) was calcu-
lated for 1 mL of concentrated suspension. The resulting high-titer
suspension (10'2 PFU/mL) was used for further experiments.

2.4. Host range and efficiency of plating (EOP) determination

To determine the host range of the phage phiPA1-3, a concentrated
phage suspension was spotted on the exponentially growing
P. aeruginosa, K. pneumoniae, E. cloacae, and E. coli clinical isolates.
Briefly, 50 uL of tested overnight bacterial cultures grown in LB medium
at 37 °C were mixed with 5 mL of soft agar and poured onto LA.
Following that, 3 pL of phage suspension (10 PFU/mL) was spotted on
the soft agar lawns and incubated at 37 °C for 16-18 h. Spot clear zones
were used to check the sensitivity of the bacteria towards the phage. This
assay was repeated thrice. For the colonies testing positive, plating ef-
ficiency was determined as previously described (Mirzaei and Nilsson,
2015), with some modifications. Briefly, the selected isolates were
grown overnight at 37 °C and 50 pL of each culture was used in
double-layer agar with 100 L of diluted phage lysate. The phage lysate
was 10%-fold diluted from the phage stock. The plates were incubated
overnight (18 h) at 37 °C and the number of PFU was determined. The
EOP was calculated (average PFU on target bacteria/average PFU on
host bacteria) along with the standard deviation (+ SD) for three
measurements.

2.5. Phage biology experiments

The phage adsorption assay was performed as previously described
(Lin et al., 2010), with minor modifications. Briefly, exponentially
growing PA0O1 cells were mixed with a phage suspension with multi-
plicity of infection (MOI)=0.0005 and incubated at 37 °C. Samples of 1
mL were collected from time=0 min to 10 min, at intervals of 1 and 2
min. After centrifugation, the supernatants were titrated at different
time intervals to further determine the unabsorbed phages using the
plaque assay method.

The one-step phage growth curve and burst size (average number of
phages released by each bacterium after lysis) were determined as
previously described (Lin et al., 2010), with modifications. Briefly, 1 mL
of host bacterial cells [mid-log phase=1.25 x 10 colony-forming units
(CFU)/mL] was harvested. The bacterial cells were infected with the
phage at an MOI of 0.0001. The phages were allowed to adsorb on ice for
15 min. The mixture was then centrifuged at 12,000 rpm, 4 °C, for 5 min,
to remove the unadsorbed phage particles and the pellet was resus-
pended in 50 mL of LB medium, and incubated at 37 °C, with shaking.
Aliquots of 1 mL were sampled from zero time to 70 min, at 10 min
intervals. Samples were centrifuged (12,000 rpm, 2 min) and the PFU of
the supernatant was determined using double-layer agar. The latency
period was defined as the time between infection and the shortest in-
cubation time that allowed for phage production. Burst size was calcu-
lated as the ratio of the number of phage particles released at the plateau
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level to the initial number of infected bacterial cells. All experiments
were performed thrice.

The bacteriolytic ability of the phiPA1-3 phage was demonstrated in
exponential growth phase cultures of the P. aeruginosa PA0O1 isolate, as
described previousl (Horvath et al., 2020), with minor modifications.
Briefly, a 96-well microtiter plate (Thermo Fisher Scientific Inc., Wal-
tham, MA, USA) was partitioned into parallel sections, each containing 3
identical columns. Each row contained 200 pL bacterial culture (1.5 x
10® CFU/mL). Bacteria not inoculated with phages served as positive
controls. To all other rows, 20 pL phage suspensions were added with
different phage dilutions: 3 x 10° (MOI=100), 3 x 10% (MOI=10), 3 x
107 (MOI=1), 3 x 10° (MOI=0.1), 3 x 10° (MOI=0.01). The microtiter
plate was put at 37 °C for 6 h at 30 min intervals. Experiments were
performed in triplicates and reproduced in three independent trials.

For the thermal-stability assay, phage suspensions (10% PFU/mL)
were incubated at 4 °C, 25 °C, 30 °C, 37 °C, 50 °C, and 65 °C, and ali-
quots were taken after 1 h of incubation. For the pH stability assay, a
phage suspension (1 x 108 PFU/mL) was inoculated in a series of tubes
containing fresh LB broth at pH 3.0, 5.0, 7.0, 9.0, and 11.0, and incu-
bated at 37 °C. Aliquots were collected after 1 h of incubation. Phage
titers were determined using P. aeruginosa PA0OO1 as host cells, by means
of the double-layer agar method. All procedures were repeated in trip-
licate, and the results were averaged.

2.6. Electron microscopy

The morphology of the phages was examined using negative-stain
transmission electron microscopy (TEM). Briefly, 10 pL of purified
phage suspension (10'2 PFU/mL) was placed on 400 mesh carbon-
coated grids with 2% uranyl acetate, followed by rinsing with distilled
water several times, and then examined in a Hitachi H-7500 trans-
mission electron microscope operated at 80 kV (Hitachi Company,
Tokyo, Japan). At least 20 phage images were used to assess particle
dimensions.

2.7. Pulsed-field gel electrophoresis

Pulsed-field gel electrophoresis was performed using a CHEFDRIII
System (Bio-Rad Laboratories, Hercules, CA, USA) at 6 V/cm and 14 °C,
with pulse ramps from 5 to 20 s, for 18 h (for the undigested phage
DNA), in 0.5 x Tris-borate-EDTA buffer. A Midrange PFG Marker (New
England BioLabs, Beverly, MA, USA) was used as a molecular size
standard.

2.8. Phage structural proteins analysis

Purified phage particles were mixed with sample buffer (62.5 mM
Tris-HCI pH 6.8, containing 5% 2-mercaptoethanol, 2% sodium dodecyl
sulfate, 10% glycerol, and 0.01% Bromophenol Blue) and heated in a
boiling water bath for 15 min, followed by separation of the structural
proteins on a gradient SDS-polyacrylamide gel (4%-20%). Protein bands
were detected by means of Coomassie Blue staining. After staining, the
bands were excised from the gel and digested with trypsin. Identification
was performed using liquid chromatography-tandem mass spectrom-
etry. Raw data were searched using MASCOT (https://www.matrixscie
nce.com/search_form_select.html), against a local database of all
possible peptide spectra deduced from the phiPA1-3 genome sequence.

2.9. Anti-biofilm activity measurement

To monitor the timing of biofilm-formation by P. aeruginosa PA001,
the bacteria were grown in 6-well plates on cover slides in LB medium, at
a concentration of 2 x 107 CFU in 2 mL medium. Biofilms were observed
at different time-points (every 2 h) for 24 h. To visualize the biofilm, the
medium was removed and the biofilm was washed with phosphate-
buffered saline (PBS) and stained with 0.1% Crystal Violet for 30 min,
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at room temperature (RT). After staining, the biofilms were washed with
sterile water and observed under a light microscope. The experiments
were performed using three independent colonies.

In the co-culture assay, the bacteria were mixed with different MOIs
(0.01, 0.1, 1, 10, and 100) of phiPA1-3 and grown in 6-well plates on
cover slides in LB medium, at a concentration of 2 x 107 CFU in 2 mL
medium, for 6 h. After 6 h, the medium was removed and the wells were
washed with PBS. The biofilms were then stained with 0.1% Crystal
Violet for 30 min, at RT, washed with sterile water, and observed under
a light microscope, as described above.

For quantification of the inhibition of biofilm-formation upon co-
culturing of phiPA1-3 with P. aeruginosa PA001, 160 pL of mid-log
phase cells (1.25 x 108 CFU/mL) in LB medium were mixed with 40
pL of different MOIs of phiPA1-3 (0.01, 0.1, 1, 10, and 100) and grown in
96-well plates, at 37 °C, for 6 h. To determine the amount of biofilm, the
supernatants were removed; the wells were washed twice with PBS, and
then fixed with methanol for 15 min, at RT. After removing methanol,
0.1% Crystal Violet was added, and the mixture was left at RT for 30
min. Thereafter, the Crystal Violet was removed and the wells were
washed twice with PBS. Finally, the Crystal Violet was dissolved in 95%
ethanol, and the ODs7y was measured.

To remove preformed biofilms, P. aeruginosa PA0O01 was cultured in
LB medium in 6-well plates on cover slides, at 2 x 107 CFU in 2 mL for 6
h. Different concentrations of phiPA1-3 (2 x 109, 2 x 108, and 2 x 107
PFU) or SM buffer were used as controls in 6-well plates, for 18 h. The
slides were then removed from the wells and washed twice with PBS.
Thereafter, the samples were fixed on ice in 2.5% glutaraldehyde/0.1 M
sodium cacodylate buffer for 60 min, and then washed twice with 5%
sucrose/0.1 M sodium cacodylate buffer on ice for 15 min. After
washing, the post-fixed sample was treated with 1% osmium/0.1 M
sodium cacodylate buffer for 60 min, at RT, and then washed twice with
5% sucrose/0.1 M sodium cacodylate buffer for 15 min, at RT. In the
next step, the samples were dehydrated in a graded ethanol series (50%,
70%, and 95%) and chemically dried twice using 50% ethanol/50%
hexamethyldisilazane (Sigma-Aldrich), for 15 min. Finally, the samples
were chemically dried twice using 100% hexamethyldisilazane, for 15
min. The specimens were mounted on a metal stub and gold-coated
before examining the surface morphology of the biofilms under high
vacuum using a scanning microscope (HITACHI S-4700).

To quantify the eradicated biofilms, P. aeruginosa PA0O1 was
cultured in LB medium in 6-well plates on cover slides, at a concentra-
tion of 2 x 107 CFU in 2 mL medium, for 6 h. Subsequently, different
concentrations of phiPA1-3 phage (2 x 10°, 2 x 108, and 2 x 107 PFU)
and the same volume of SM buffer as a control were added to each well
and incubated for another 6 h before quantification. To determine the
amount of biofilm formed, the supernatants were removed, and the
wells were washed twice with PBS and then fixed with methanol for 15
min, at RT. After removing methanol, 0.1% Crystal Violet was added,
and the mixture was left at RT for 30 min. The Crystal Violet was then
removed and the wells were washed twice with PBS. Finally, Crystal
Violet was dissolved in 95% ethanol, and the ODs7y was measured.

2.10. Genome sequencing and analysis

The genomic sequence of phiPA1-3 was determined by BioTools
Company, Taiwan, Taipei. Total genomic DNA was extracted using the
Phage DNA Isolation Kit (Norgen Biotek Corporation, Thorold, Ontario,
Canada), and the DNA concentration was determined using a Qubit® 4.0
fluorometer (Thermo Scientific, USA). Briefly, 1 pg of phage genomic
DNA was purified and sent for library construction (SQKLSK109) and
sequencing (both by Oxford Nanopore Technologies, UK). After
sequencing, the raw data were decoded using Guppy, checked using
NanoPack (v1.1.0) (De Coster et al., 2018; Wick et al., 2019), and
assembled using Canu (v2.1.1) (Koren et al., 2017), to obtain primary
contigs. The primary contigs were processed using Racon (v1.4.22)
(Vaser et al., 2017), and model correction was performed using Medaka
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(v1.2.3) (Oxford Nanopore Technologies). Finally, the contigs were
automatically corrected using homologous sequences extracted from
closely related genomes using Homopolish (v0.2) (Huang et al., 2021).
To evaluate the quality of assemblies and completeness of the genome,
fully processed contigs were analyzed using QUAST (v5.0.2) (Gurevich
et al., 2013), BUSCO (v5.0.0) (Manni et al., 2021) Prokka (v1.14.5)
(Seemann, 2014), with default settings to predict open reading frames
(ORFs) and locate tRNA and rRNA regions. InteroProScan (https://
www.ebi.ac.uk/interpro/search/sequence/) and HHpred (https://too
lkit.tuebingen.mpg.de/tools/hhpred) were used to improve the pre-
dictions. We also referred to the ORFs using Rapid Annotation with
Subsystem Technology (https://rast.nmpdr.org/). A genome map was
generated using SnapGene Viewer (www.snapgene.com). Functional
predictions were made using BLASTP. Conserved domains were pre-
dicted using the NCBI Conserved Domains (https://www.ncbi.nlm.nih.
gov/Strecture/cdd/wrpsb.cgi). Potential tRNA and tmRNA genes were
predicted using Aragorn (Laslett and Canback, 2004) and tRNAScanSE
(Chan and Lowe, 2019). ResFinder (Bortolaia et al., 2020) and Viru-
lenceFinder (Kleinheinz et al., 2014) were used to predict the presence
of antibiotic resistance genes and virulence factors. Phylogenetic anal-
ysis was performed using MEGA11 (Tamura et al., 2021) software, with
default settings. Comparative genomic analysis was performed using
Easyfig 2.2.3 (Sullivan et al., 2011).

2.11. Zebrafish infection and phage rescue experiments

For in vivo phage prevention and rescue experiments, zebrafish
(Danio rerio) wild type AB lines were used. The fish were maintained at
the Tzu Chi University Fish Core Facility, according to standard pro-
tocols. Mixed male and female populations of zebrafish were kept in 9 L
tanks at 28 °C and maintained in a 14 h light/10 h dark cycle. Infection
experiments were performed as previously described (Shahe-
d-Al-Mahmud et al., 2021), with some modifications.

Upon centrifuging (15,000 x g 30 min) the phage suspensions, the
resulting suspension had a titer of 10! PFU/mL. The logarithmic
P. aeruginosa PA001 culture was centrifuged and the pellets were
resuspended in 0.85% NaCl. The ODg( was set to 10, to obtain a final
suspension of 10'° CFU/mL.

Adult zebrafish (>4 months-old) were grouped as follows (n=20 per
group). One group of fish was anesthetized with 0.2% tricaine and
injected with 20 pL (1.4~2.4 x 107 GFU) of P. aeruginosa PA0O1 sus-
pended in 0.85% NaCl through the cloaca, with an insulin needle. The
other group was infected with the same dose of P. aeruginosa PA001
strain and injected with a dose of 2 x 108 PFU phiPA1-3 into the cloaca,
half an hour later. In addition, to assess the potential acute toxicity of
phiPA1-3, zebrafish were injected with 2 x 10% PFU of phiPA1-3 or
0.85% NaCl alone in the absence of bacterial infection. After treatment,
the zebrafish were transferred to separate tanks and monitored at least
five times daily, for 3 d. The number of surviving fish on day 3 was
plotted, and Fisher’s Exact Test was used to evaluate the therapeutic
efficacy of phiPA1-3. Using SPSS software, Kaplan-Meier survival
curves (Jung et al., 2018) were plotted to show the cumulative proba-
bility of survival over the 3-day period using the log-rank test or
generalized Wilcoxon test for statistics. Laboratory protocols were per-
formed by well-trained scientists and approved by the Institutional
Animal Care and Use Committee of Tzu Chi University, Hualien, Taiwan
(IACUC approval no. 111091).

2.12. Statistical analysis

Data were analyzed according to the experimental design. To achieve
approximate normality, the counts were log-transformed after adding a
value of 1 to avoid taking logs of zero. The effects were considered
significant at p=0.05, and pair-wise differences were assessed using t-
test. All analyses were performed with the statistical software package
Statistica v.10 (www.statsoft.com).
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2.13. Nucleotide sequence accession number

The annotated sequence has been submitted to GenBank, with the
accession number OQ378339.

3. Results
3.1. Host antibiotic-susceptibility profile

The forty-five clinical P. aeruginosa isolates (Table 1) were subjected

Table 1
Host range of phiPA1-3 against P. aeruginosa and other species.

Bacterial Strains Antibiotic Resistance Profile® EOP (% + SD)b

P. aeruginosa

PAOO1 CRPA 100+2.16
LCL12 CRPA -

LCL13 CRPA -

LCL14 CRPA -

PS-1 CRPA -

PS-2 CRPA -

PS-3 CRPA -

PS-4 CRPA -

PS-5 CRPA -

PS-6 CRPA -

PS-7 CRPA -

PA10 CRPA -

PA13 CRPA -

PA18 CRPA -

PA20 CRPA 0.67+6.84
PA22 CRPA -

PA25 CRPA -

PA75 CRPA 0.001+0.47
PA76 CRPA -

PA77 CRPA -

PA78 CRPA -

PA79 CRPA -

PA80 CSPA -

PAS81 CRPA -

PA82 CSPA -

PA83 CSPA -

PA84 CRPA -

PA85 CRPA -

PA86 CRPA -

PA87 CSPA -

PA88 CRPA -

PA89 CSPA -

PA90 CSPA -

PA91 CRPA -

PA92 CSPA -

PA002 CSPA 35.41+1.88
PA005 CRPA -

PAO06 CSPA -

PAO09 CSPA 16.56+5.35
PA010 CRPA -

PAO11 CRPA -

PA022 CSPA 0.01+2.16
PA023 CSPA 0.008+3.29
PA024 CRPA 0.0008+5.43
PA025 CSPA 178.12+9.20
K. pneumoniae

98,035 ND -

95,509 ND -

96,111 ND -

E. coli

78,030 MDR -

70,751 MDR -

E. cloacae

57,546 CRE -

48,742 CRE -

55,269 CRE -

9CRPA, carbapenem-resistant P. aeruginosa; CSPA, carbapenem-sensitive
P. aeruginosa; ND, not detected; MDR, multidrug-resistant; CRE, carbapenem-
resistant E. cloacae.

PEQP: efficiency of plating, -: could not be infected with phiPA1-3.
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to antibiotic profile analysis, which confirmed that thirty-two (71%) of
those were CRPA according to the Clinical and Laboratory Standards
Institute guidelines. To clarify the genetic variability of these clinical
isolates, the random amplified polymorphic DNA (RAPD)-PCR-based
technique was performed with primers (ERIC-1F, ATG-
TAAGCTCCTGGGGATTCAC;  ERIC-2R, AAGTAAGTGACTGGGGT-
GAGCG). All the clinical strains of P. aeruginosa collected in this study
had different RAPD patterns, indicating high genetic diversity amongst
them. In addition, phylogenetic analysis of the RAPD profiles did not
match the phage-susceptible effect (Fig. S1). The broad-spectrum of
drug resistance and genetic diversity highlights CRPA as a serious
problem in the clinical environment in Taiwan.

3.2. Plaque and phage morphology of phiPA1-3

The clinically isolated strain, PAO01 (CRPA), was used as an indi-
cator host to isolate phages from wastewater samples collected near Tzu
Chi Hospital in Hualien, Taiwan. One phage, phiPA1-3, was isolated by
means of spot-testing against P. aeruginosa PA0O1 using an enrichment
method. On double-layer agar plates, phiPA1-3 formed large and clear
plaques with an average diameter of 3.5+0.5 mm (n=20), and an
expanding halo around the plaques during storage at RT, while the lysis
zones remained constant (Fig. 1A and B).

To characterize the phage, phiPA1-3 was repeatedly purified by
means of the plaque assay, and a stock of 10'2 PFU/mL was prepared
and subjected to ultracentrifugation in a CsCl gradient. To determine the
morphology of the phages, a CsCl-purified phage sample was negatively
stained and observed under a transmission electron microscope. The
electron micrograph showed that the phage had a head diameter of 65.7
+2.6 nm and tail length of 47.3+2.7 nm, in addition to small append-
ages at the tail (Fig. 1C). Based on the short, non-contractile tail
observed in the TEM images, phiPA1-3 was classified as a member of the
Caudoviricetes according to the latest version of International Committee
on Taxonomy of Viruses (Turner et al., 2023)

3.3. Restriction analysis of phage DNA

Pulsed-field gel electrophoresis performed to estimate the size of the
phage genome revealed a size of approximately 70 kb (Fig. 2A). When
EcoRI, HindIll, and BamHI were used to digest the DNA, multiple bands

(A) ' (B)

©

Virus Research 335 (2023) 199178

@A) _phiPAL3
25 %
S 88 3
Ml S R SSIEN M2
bp bp
23130
10000 9416
8000
6000 6557
5000
4361
4000
3000
2500
2322
2000 2027

1500

1000

500

Fig. 2. Restriction analysis of phage genomic DNA. (A) Uncleaved phage DNA.
Lane M: Midrange PFG marker; (B) Restriction enzyme-digested fragments of
the phage phiPA1-3. Lane M1: 1 Kb DNA ladder; M2: A/HindIIl marker; uncut:
uncleaved phiPA1-3 DNA; the lanes labeled EcoRI, HindIll, and BamHI represent
restriction fragments that have been cleaved by the respective enzymes.

were observed on a resolved gel (Fig. 2B), which proved that phiPA1-3 is
a double-stranded DNA phage that is digestible by restriction enzymes.

3.4. Structural proteins profile of phage phiPA1-3

To confirm the structural proteins of phiPA1-3, 1.7 x 10'° PFU of
CsCl-purified particles were subjected to SDS-PAGE separation, which
presented at least eight distinct protein bands with molecular weights
ranging from 35 to 170 kDa upon visualization by staining the gels with
Coomassie Brilliant Blue (Fig. 3). The most abundant protein band in the

Fig. 1. The plaque and phage morphology of phiPA1-3. When
the phage was incubated with P. aeruginosa strain PA001, clear
plaques with an expanding halo were observed (A). Pure phage
plaques were visible on the first day, and the halo around the
plaques expanded over time at room temperature (B). Exami-
nation of the phage morphology using transmission electron
microscopy revealed a head diameter of 65.7 + 2.6 nm, tail
length of 47.3 + 2.7 nm, and small appendages at the end of
the tail (C).
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Fig. 3. SDS-PAGE analysis of the structural proteins of phipA1-3. Proteins were

visualized on a 4%-20% (w/v) gradient gel and identified by means of LC-MS/
MS analysis. The identified proteins have been indicated.

gel was approximately 55 kDa, presumed to be the major capsid protein
of phiPA1-3. A band with a molecular weight greater than 170 kDa was
observed near the well. Liquid chromatography-tandem mass spectros-
copy identified all visible bands, and only four bands matched the an-
notated proteins in the phiPA1-3 genome (shown next to the gel in
Fig. 3), one of which was the major coat protein, as expected. In addition
to the identified proteins, some bands were heavily contaminated with
capsid proteins and were difficult to identify.

3.5. Host spectrum determination and EOP analysis

Among the 45 clinically isolated P. aeruginosa strains, nine, including
host PA00O1, were sensitive to phiPA1-3, indicating a moderate host
range (20%) for this phage. Notably, phiPA1-3 could infect carbapenem-
resistant as well as -sensitive P. aeruginosa strains. Four of the nine
phage-sensitive strains were CRPA. Some phage-sensitive strains had
higher EOP than the host strain PA001 (Table S1). This indicates highly
efficient lytic activity against susceptible strains. Interestingly, when
phiPA1-3 was infected with different susceptible host strains, the pla-
ques displayed different sizes and morphologies. Some particles were

) ®) s
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large, small, and clear, whereas others were small and turbid (Fig. S2).
To confirm that these plaques were indeed caused by phiPA1-3 infec-
tion, we used primers specific to phiPA1-3 for PCR. All plaques had
detectable phiPA1-3 amplicons after gel electrophoresis, indicating that
this phage formed different plaque morphologies due to infection with
different susceptible strains. No infectivity with other species of gram-
negative bacteria was detected, suggesting that phiPA1-3 is specific to
certain P. aeruginosa.

3.6. Analysis of the biological properties and stability of phiPA1-3

Adsorption analysis (Fig. 4A) showed that more than 60% of the
phage absorbed to the host within 1 min, while more than 90% adsorbed
within 10 min, at 37 °C, indicating that phiPA1-3 has a high adsorption
efficiency to its host cell. One-step growth showed that phiPA1-3 has a
latent phase of approximately 20 min and a burst size of 619 PFU/
infected cell at 37 °C (Fig. 4B). The bacteriolytic activity of the phage
was monitored at different MOIs using PA0OO1 as the host (Fig. 4C). The
absorbance of the phage-containing culture gradually increased during
the first hour and then decreased significantly from 1.5 h to approxi-
mately 5 h, in an MOI-dependent manner, indicating that the host cells
were killed. In addition, lower MOIs took longer to achieve bactericidal
effects than higher MOIs. Inoculation with an MOI of 0.01 was sufficient
to prevent host growth. These findings suggested that the phage effec-
tively prevents bacterial growth and may help control CRPA infections.

In the phage thermal-stability experiment, the phage suspension was
incubated at six different temperatures (4 °C, 25 °C, 30 °C, 37 °C, 50 °C,
and 65 °C) for 1 h, and the phage titer of the 4 °C group was used as the
control. These results demonstrated that phiPA1-3 is stable at temper-
atures below 37 °C. However, the titer of the phages was significantly
reduced after 1 h of exposure at 50 °C, while the phage almost
completely lost infectivity activity after 1 h of exposure at 60 °C
(Fig. 4D).

For the pH stability experiment, phage phiPA1-3 was incubated in
buffers with different pH values ranging from 3 to 11, for 1 h. phiPA1-3
was found to be the most stable at pH levels of 7.0 and 9.0, and no
significant loss in titer was observed. However, phage viability was
significantly reduced below pH 5.0 and beyond pH 9.0. In particular, the
phage almost completely lost its infectivity at pH 3.0 (Fig. 4E). Stability
analysis showed that storage of phiPA1-3 below 37 °C and in buffers
with pH between 7 and 9 can maintain its optimal infectious activity.

3.7. Anti-biofilm activity of phiPA1-3
Biofilms comprise complex bacterial communities. P. aeruginosa
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Fig. 4. Biological properties and stability of phage phiPA1-3. (A) Adsorption assays of phiPA1-3 with host PAOO1. (B) One-step growth curve of phiPA1-3 in the
culture broth of PA001. (C) Lysis kinetics of phiPA1-3 on host PA001, at MOIs of 0.01, 0.1, 1, 10, and 100. Phages were incubated for 1 h under different tem-
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naturally forms strong biofilms that are extremely difficult to eliminate.
To assess the anti-biofilm activity of phiPA1-3, we first observed the
kinetics of biofilm-formation by P. aeruginosa PA001 on coverslips in 6-
well plates. Formation of mature biofilms was observed after 6 h, which
covered the entire slide. Moreover. the biofilms became denser and more
enriched over time (Fig. S3). Therefore, we selected mature biofilms
after 6 h of culture as the target for co-culturing phages with bacteria, to
prevent biofilm-formation and eradication assays for preformed
biofilms.

For the co-culture assay, P. aeruginosa PA0O01 was cultivated in 6-well
plates and mixed with different MOIs of phiPA1-3 at the same time as the
host, for 6 h. The MOI levels were 0.01, 0.1, 1, 10, and 100, and the
control group was not treated with the phages. At a high dose of phages
(MOI=100), there was almost no visible biofilm on the surface of the
slide; at an MOI lower than 0.01, the results were comparable to those of
the control group; and at an MOI of 0.1, only a thin biofilm layer was
formed. This suggests that when a higher MOI (>0.1) was applied, there
was significant prevention of biofilm-formation by phiPA1-3 on the glass
surface (Fig. 5A).

To quantify the prevention efficiency of phiPA1-3, we used a 96-well
culture plate and co-cultured the PA00O1 host with different MOI levels of
phiPA1-3. All MOIs effectively inhibited biofilm-formation (Fig. 5B).

To perform a biofilm eradication assay, we grew PA0O1 on a 6-well
plate for 6 h, to obtain a mature biofilm. Following that, varying
amounts of phiPA1-3 (2 x 10°, 2 x 108, and 2 x 107 PFU) were added,
and the samples were cultured for an additional 18 h. After 18 h, the
samples were prepared for scanning electron microscopy (SEM) obser-
vation, which showed that high doses of phage treatment significantly
inhibited biofilm formation (Fig. 5C).
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To quantify the remaining biofilm after phiPA1-3 treatment, we grew
a 6 h biofilm and followed the method described above. Upon quanti-
fication, it was found that all MOI levels exhibited a significant differ-
ence compared to the control group without the addition of phages
(Fig. 5D).

3.8. phiPA1-3 genome — general features

We chose third-generation sequencing for the DNA sequence of
phage phiPA1-3, manually curated using primers 19F and 19R (corre-
sponding to the ORF19 region), 75F (corresponding to the ORF75 re-
gion), and 81F (corresponding to the ORF81 region), to finally obtain
the complete sequence. The genome size of phiPA1-3 was 73,402 bp and
G+C content was 54.7%, which was lower than that of the host
P. aeruginosa (ca. 66%). This discrepancy in G+C content between
P. aeruginosa and its phages has also been reported (Yang et al., 2015).
ARAGORN analysis of the phage genome revealed that it did not contain
tRNA or tmRNA, suggesting that the phage adapted to the host without
requiring tRNA molecules. VirulenceFinder 2.0 and ResFinder revealed
that phiPA1-3 does not carry any antibiotic resistance or virulence factor
genes. PhageLead analysis revealed no genes related to temperate
phages, thereby suggesting that phiPA1-3 is a lytic phage. Genome
BLASTN comparison revealed that phiPA1-3 had the highest sequence
similarity (96.3%) to Pseudomonas phage YH6 (accession number:
KM974184), with 98% coverage.

RAST analysis of the phiPA1-3 genome predicted that it contains 93
ORFs. The sequence displayed repeat regions at both ends, spanning 605
and 606 bp, with a 99.5% sequence similarity between the two regions.
Of the 93 ORFs, 62 were annotated as hypothetical proteins, whereas the
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Fig. 5. Anti-biofilm activity measurement. (A) Co-culturing of phage and bacteria for biofilm-formation inhibition assay. P. aeruginosa PAO01 was cultivated on 6-
well plates and mixed with different multiplicities of infection (0.01, 0.1, 1, 10, and 100) of phiPA1-3 for 6 h. The control was no phage added. Each experiment was
performed in triplicate. (B) Quantification of the results for the assay in (A). (C) Scanning electron micrography of the biofilm-eradication test of phiPA1-3. PA001
was cultured on a 6-well plate for 6 h to obtain a mature biofilm, following which varying amounts of phiPA1-3 (2 x 10%, 2 x 10%, and 2 x 107 PFU) were added, and
the samples were cultured for an additional 18 h. (D) Quantification of biofilm-eradication test; all means were calculated from three independent measurements.

«xx+ indicates p<0.001.
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remaining 31 had known functions (Fig. 6 and Table S2). Proteins with
known functions were categorized into the following four groups: DNA/
RNA processing and metabolism, structural and assembly proteins, lysis
proteins, and unclassified proteins. Proteins involved in DNA/RNA
processing and metabolism were recognized by their domain signature,
as shown in Table S2; these included ORF16 (transcription regulator),
ORF19 and ORF23 (putative RNA polymerase subunits), ORF33 (ATP-
dependent protease subunit), ORF35 (putative ATPase), ORF37 (puta-
tive metallopeptidase), ORF38 (putative helicase), ORF40 (putative
DNA polymerase), ORF41 (putative dCMP deaminase), ORF44 (HNH
endonuclease), ORF45 and ORF46 (putative rIIA- and rIIB-like proteins,
respectively), ORF61 (putative nuclease), ORF62 (putative DNA pri-
mase), ORF64 (putative single-stranded DNA-binding protein), ORF72
(putative virion-associated RNA polymerase), and ORF82 (deoxyuridine
5'-triphosphate nucleotidohydrolase).

Eight ORFs belonged to the structure and assembly protein cate-
gories; these included ORF55 (tail fiber protein), ORF58 (tail fiber
protein J), ORF73 (lytic tail fiber protein), ORF78 (major capsid pro-
tein), ORF81 (portal protein), ORF84 (tail protein), and ORF85 (termi-
nase large subunit). Their classification as structural and assembled
proteins was based on the specific domain blocks (Table S2). Addi-
tionally, 3 ORFs were classified as lysis proteins, including ORF48
(holin-like protein), ORF51 (endopeptidase protein), and ORF52 (lyso-
zyme). The remaining three ORFs had unclassified functions: ORF67
(RuvC-like Holliday junction resolvase), ORF83 (ABC transporter-like
protein), and ORF91 (d-alanyl-d-alanine dipeptidase).

Based on the similarity of the ORFs (Table S2), it can be concluded
that phage phiPA1-3 belongs to the N4-like phage family since the
genome contains several protein products that are similar to those found
in N4-like phages. It carries three types of RNA polymerases, with small
and large subunits responsible for transcribing middle mRNAs, and the
virion-associated RNA polymerase responsible for transcribing early
mRNAs. Once injected into the host DNA, N4-like phages inhibit the host
RNA polymerase, thereby providing the necessary RNA polymerase for
transcription (Lenneman and Rothman-Denes, 2015).

3.9. Comparative genomics and phylogenetic analysis

BLASTN showed that the genome of Pseudomonas phage YH6 was
most closely related to that of phiPA1-3. Interestingly, although this
phage was isolated from sewage, it infected minks, resulting in murine
hemorrhagic pneumonia (Yang et al., 2015). Notably, YH6 can also
infect the human clinical reference strain ATCC27853. To trace the
evolutionary relationship between phiPA1-3 and YH6, as well as, other
related Pseudomonas phages, we performed a VIPTree analysis (Nishi-
mura et al., 2017) based on the whole-proteome and constructed an
evolutionary tree. We first compared phiPA1-3 with all reference phages
in the database, and found that phiPA1-3 clustered with YH6 and several
Pseudomonas phages belonging to Schitoviridae (Fig. 7A), all of which
displayed similar genome arrangements, except that both ends showed a
mild degree of dissimilarity and small ORFs arrangement. The repre-
sentative phages are shown in Fig. 7B.

Genome annotation revealed that phiPA1-3 harbors N4-like homo-
logs (Fig. 6), while comparative genomics demonstrated that it
constantly clustered with Pseudomonas phages belonging to Schitovir-
idae. Various subfamilies and genera are included in the classification of
N4-like phages (Wittmann et al., 2015). To determine the phylogenetic
relationship between phiPA1-3 and other N4-like phages, we conducted
a whole-proteome analysis using VICTOR (Meier-Kolthoff and Goker,
2017), which revealed that phiPA1-3 clustered under the Migulavirinae
and Litunavirus genera of N4-like phages (Fig. 7C). The terminal large
subunit is the main protein involved in phage assembly and an excellent
marker for tracing the evolutionary relationship between phages (Cas-
jens et al., 2005; Fouts et al., 2013). We used MEGA11 to analyze the
amino acid sequences of the terminal large subunit of various
P. aeruginosa, including N4-like, T7-like, LUZ24-like, and PB1-like
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phages, to reveal the phylogenetic relationships between phiPA1-3
and other phages. These results indicated that the assembly system of
phiPA1-3 belongs to N4-like phages (Fig. 7D). Genomic analysis and
assembly classification confirmed that phiPA1-3 is a novel N4-like
phage.

3.10. Phage rescue potential in zebrafish model

The therapeutic potential of phiPA1-3 was evaluated in the
P. aeruginosa PA0O1-infected zebrafish model. In the bacterial infection
group, when each fish was injected with 2 x 10® CFU of P. aeruginosa
PAO001 (n=8), all died within 24 h, and 2 x 107 CFU per fish reached the
Lethal Dose 50 (LDsq) after 24 h (Fig. 8A). In addition, fish that died in
both the groups showed petechial hemorrhages on the ventral surface,
with the postmortem results showing that the infected fish had typical
signs of sepsis, such as hepatic congestion, an enlarged spleen, and
accumulation of blood plasma in the abdominal cavity (Fig. 8B). How-
ever, after injecting 10® CFU of PA0O1 per fish, no fish died within 24 h,
but tiny petechial hemorrhage symptoms persisted in the abdomen.

We conducted further experiments utilizing MIC-gentamicin
(gentamicin at the minimal inhibitory concentration) and phage
phiPA1-3 for the treatment of bacterial-infected zebrafish. Notably,
zebrafish treated with MIC-gentamicin (Fig. 8C, red line) exhibited re-
sults similar to the control group treated with 0.85% NaCl (Fig. 8C,
purple line). However, when zebrafish were infected with PA0O01 and
subsequently treated with gentamicin (Fig. 8C, green line), there was an
initial increase in survival at day 1. Unfortunately, all zebrafish suc-
cumbed to the infection by day 3, aligning with PA0O1 infection alone
(Fig. 8C, blue line). In contrast, treatment of PA0O1-infected zebrafish
with phage phiPA1-3 at an MOI of 10 (Fig. 8C, orange line) significantly
improved efficacy. The survival rate increased from day 1 (90%) to day 3
(50%) (Fig. 8C), demonstrating the efficacy of phage treatment in pro-
moting survival without any signs of infection (Fig. 8B). No effect was
observed when the phage suspension (1.75 x 10%® PFU/fish) was
administered to uninfected fish (Fig. 8C, black line).

4. Discussion

P. aeruginosa, one of the six bacterial pathogens in the ESKAPE
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Aci-
netobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species),
is commonly found in diverse environments. Most of these are MDR
isolates, which pose greatest challenge in clinical practice. In our sur-
veillance study, 45 clinical isolates were collected from different clinical
sources, of which 32 were CRPA (Table S1). RAPD combined with phage
sensitivity demonstrated genetic diversity (Fig. S1). Drug resistance in
P. aeruginosa involves sophisticated systems (Bitar et al., 2022; Lepe and
Martinez-Martinez, 2022; Lorusso et al., 2022) and regulations (Liu
et al., 2022a, 2022b; Sikdar and Elias, 2022). However, exploring this
detailed mechanism is time-consuming and difficult. Bacteriophages or
phages combined with antibiotics have recently gained attention as
substitutes for treating drug-resistant bacteria (Qin et al., 2022; Racenis
et al., 2022), compared to global Pseudomonas phages, phages isolated
from Taiwan against local P. aeruginosa isolates are relatively limited.
Therefore, we isolated and characterized phiPA1-3 for further applica-
tions. Phage phiPA1-3 forms large plaques with an expanding halo zone
surrounding the plaques. The halo zone has been proven to be a depo-
lymerase in many studies (Cornelissen et al., 2012; Li et al., 2022; Wu
et al., 2019) and its diversity and potential applications have been
reviewed elsewhere (Knecht et al., 2019; Pires et al., 2016). Considering
the safety of phage usage, phage-based therapeutics (e.g, depoly-
merases) have also been evaluated (Tan et al., 2022). Therefore, gene
identification and expression analyses may be useful. In the phiPA1-3
genome, we found a tail fiber product containing the SGNH hydrolase
domain, which is a good candidate for further study. phiPA1-3 has a
larger burst size (619 PFU/infected cell) than those of YH6
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Putative RNA polymerase small subunit (RNAP1) [N4 gpl5-like protein]

Putative RNA polymerase large subunit (RNAP2) [N4 gpl6-like protein]

ATP-dependent protease ATP-binding subunit ClpX
putative ATPase [N4 gp24-like protein]

putative metallopeptidase [N4 gp25-like protein]
putative DNA Helicase [N4 gp37-like protein]
putative DNA polymerase [N4 gp39-like protein]

putative dCMP deaminase
HNH endonuclease [N4 gp22-like protein]
putative rIIA-like protein [N4 gp33-like protein]

putative rIIB-like protein [N4 gp34-like protein]
putative holin-like
putative endopeptidase protein

lysozyme

SGNH hydrolase domain containing tail fiber protein

tail fiber protein J

putative PD-(D/E)XK nuclease superfamily protein [N4 gp42-like protein]
putative DNA primase P4 type [N4 gp43-like protein]

putative single-stranded DNA-binding protein [N4 gp45-like protein]
putative RuvC-like Holliday junction resolvase [N4 gp46-like protein]

putative virion associated RNA polymerase [N4 gp50-like protein]

putative lytic tail fiber protein

structural protein [N4 gp52-like protein]

major capsid protein [N4 gp56-like protein]

putative portal protein [N4 gp59-like protein]
deoxyuridine 5'-triphosphate nucleotidohydrolase
putative ABC transporter-like protem

putative tail protein [N4 gp67-like protein]
terminase large subunit [N4 gp68-like protein]

putative D-alanyl-D-alanine dipeptidase
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Fig. 6. A schematic genome map of phiPA1-3 generated by SnapGene Viewer. The ORFs with known functions are shown as colored blocks and annotations. The
gray-colored blocks represent hypothetical proteins. The genome map was created using SnapGene Viewer (www.snapgene.com) and subsequently modi-

fied manually.
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Fig. 7. Genome comparison and phylogenetic tree analysis of phiPA1-3 with related phages. (A) The tree was constructed using VIPTree, by uploading phiPA1-3
genome sequence, and compared with all references in the database, phiPA1-3 was clustered with related Pseudomonas phages, the selection filter in Host group
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using VIPTree (https://www.genome.jp/viptree/). (C) The phylogenetic tree generated by VICTOR using the complete genomic sequence selected from various
members of subfamilies and genera of Pseudomonas N4-like phages. (D) Phylogenetic tree of phage-encoded large terminase subunit (ORF85) of phiPA1-3. The
amino acid sequences of the large terminase subunits were compared using MEGA11; the tree was generated using the neighbor-joining method and 1000 boot-
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(approximately 100 phages per cell) and VL1 (approximately 404
phages per cell) (Lerdsittikul et al., 2022), a newly published Pseudo-
monas phage similar to YH6. A large burst size has the potential to in-
crease the efficiency of phage therapy and lower the possibility of
emergence of phage-resistant bacteria (Lerdsittikul et al., 2022). Apart
from the large burst size of phiPA1-3, its widely adapted stability and
bacterial killing (Fig. 4) also reveal its effectiveness as an alternative
therapeutic agent. Although the host range is limited, the plating effi-
ciency is higher than that of the propagating host PAQO1. This approach
appears to have the potential to be applied to more susceptible strains.
Interestingly, when phiPA1-3 infected different P. aeruginosa, it dis-
played different plaque morphologies (Fig. S2). It is known that plaque
morphology is affected by burse size and media (Pan et al., 2021;
Ramesh et al., 2019); however, whether these factors contribute to the
plaque morphology requires further investigation.

Genome analysis reveals that phiPA1-3 contains 93 ORFs. Of the 93
annotated ORFs, 62 belong to unknown functions. Fortunately, Res-
Finder (Bortolaia et al., 2020) and VirulenceFinder (Kleinheinz et al.,
2014) did not predict any harmful or antibiotic resistance genes, which
increases the possibility of their application. Comparative genomic
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analysis showed different arrangements at both ends of the
phiPA1-3-related phages (Fig. 7B). These areas contain many small
ORFs, which are mostly annotated as hypothetical proteins. Phage-based
small peptides are usually unknown proteins that have been shown to
inhibit the growth of bacterial hosts (Glover, 2020; Liu et al., 2004;
Shibayama and Dabbs, 2011). At the right end of phiPA1-3, some small
OREFs differed from those of YH6 and related phages. A whole-genome
approach has been used to explore the functionality of the unknown
small proteins. This is a promising direction for an alternative antibac-
terial approach (Mohanraj et al., 2019).

Our study on anti-biofilm and zebrafish rescue from bacterial in-
fections demonstrated that the functionality of phiPA1-3. P. aeruginosa
has the potential to form biofilms with diverse textures and surfaces
(Coffey and Anderson, 2014; Lee and Yoon, 2017; Wei and Ma, 2013),
which helps initiate the early steps of infection (Chegini et al., 2020).
Our results demonstrated that phiPA1-3 prevented the attached bacteria
in the co-culture assay (Fig. 5A) and helped eradicate the attached
biofilm (Fig. 5B). Notably, the prevention and eradication functions
were observed in glass (Fig. 5A and B) or plastic materials (Fig. 5C and
D). This suggests that phiPA1-3 has broad-spectrum anti-biofilm activity
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Fig. 8. PhiPA1-3 rescued the P. aeruginosa PAOO1-infected zebrafish. (A) Assessment of lethal dosage; three groups were considered, each containing eight fish. These
were injected with PA0O1 cells (2 x 108, black line; 2 x 107, red line; 2 x 10°, green line; CFU/20 uL, respectively); (B) The disease symptoms of zebrafish infected
with PA0O1, as compared to those of the phage-rescued group (MOI=10) and control (0.85% NacCl). P. aeruginosa PA001 was introduced first into the fish, followed
by administration of phiPA1-3 (MOI=10) after 30 min. Left: side view; middle: top view; right: abdomen anatomy; (C) The survival rates of PA00O1-infected zebrafish
were measured under different treatments: MIC-gentamicin (4 ug/mL, indicated by the green line), MIC-gentamicin alone (red line), phiPA1-3 treatment (MOI=10)
after a 30 min interval following bacterial challenge (orange line), PA0O1 treatment alone (2 x 107 CFU/20 uL, blue line), phiPA1-3 injection alone (black line), and
0.85% NaCl buffer as the negative control (purple line) The X-axis represents the time post-infection, while the Y-axis represents the survival percentage of the
zebrafish. The significance of the differences between groups was assessed by means of the log-rank and Gehan-Breslow-Wilcoxon tests using GraphPad Prism 9.
> indicates p<0.0001, “**” indicates p<0.001, and ns means no significance. MOI, multiplicity of infection.

and can effectively inhibit biofilm-formation on different surfaces. Data availability
In addition, in vivo experiments using zebrafish infection models
showed that treatment with phiPA1-3 significantly reduced the bacterial Data will be made available on request.

burden and increased survival rates (Fig. 8). These results suggest that
phiPA1-3 has potential to serve as a therapeutic agent for treating
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