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ARTICLE INFO ABSTRACT

Keywords: A new Pseudomonas species, Pseudomonas otitidis was first known as an otic infectious agent in human. The
Pseudomonas otitidis presence of an inherent metallo-p-lactamase gene and its recent emergence in aquaculture underscore its po-
Bacteriophage tential zoonotic pathogenicity. The present study is aimed to characterize P. otitidis NK1 and its bacteriophage
giliz[;:legatlve pathogen vB_PotS-PotUPM1 (PotUPM1), which were isolated from an infected tilapia fish farm in Malaysia. P. otitidis NK1

showed beta-hemolysis on blood agar and is resistant to several antibiotics. Its genome size was 6067,534 bp,
with an average nucleotide identity of less than 99 % to all P. otitidis genome assemblies in GenBank, making it a
novel strain of P. otitidis. The phage PotUPM1 has a latent period of 45 min and a burst size of 405 phage particles
per bacterium. It effectively inhibited the growth of P. otitidis NK1 even at a low multiplicity of infection of 0.001
up to 9-hour post-inoculation. Transmission electron microscopy showed that it has a prolate head and a long,
non-contractile tail, resembling those in the Siphoviridae family. Based on bioinformatic analysis, PotUPM1 has
no resistance or virulence genes and is a lysogenic phage based on the presence of an integrase gene in the phage
genome. Similarity analysis showed that PotUPM1 may represent a novel viral species with less than 95 %
nucleotide sequence similarity to other characterized phages. The findings of this study could provide an insight
on the occurrence of P. otitidis in the aquaculture industry and lay a basis for the application of phage or phage-
derived proteins against pathogenic P. otitidis to alleviate antimicrobial resistance.

1. Introduction common in clinical diagnosis, as routine phenotypic testing may not

accurately identity P. otitidis unless molecular methods are used

Pseudomonas otitidis is a Gram-negative pathogen that was first re-
ported as an otic infectious agent in human (Clark et al., 2006). It is a
rare species of the Pseudomonas genus where little were reported on its
clinical significance since its first discovery in 2002 (Roland and Stro-
man, 2002). This bacterium also caused non otic infections such as
necrotizing fasciitis (Kim et al., 2016), pan-peritonitis (Kim et al., 2016),
bacteremia (Caixinha et al., 2021), pneumonia (Caixinha et al., 2021)
and epididymo-orchitis (Alqurashi et al., 2022). Misidentifications of
P. otitidis as other pathogens especially Pseudomonas aeruginosa are

(Alqurashi et al., 2022; Caixinha et al., 2021; Kim et al., 2016). In
addition to human sources, P. otitidis has been found in various envi-
ronmental sources such as soil (Ahn, 2018; Saber et al., 2015), water
bodies (Garcia-Ulloa et al., 2021; Miyazaki et al., 2020), wastewater
(Ibrahim and Abd Elsalam, 2018; Jing et al., 2009; Naguib et al., 2019;
Singh and Tiwary, 2016; Thulasinathan et al., 2019), food (Wong et al.,
2015), cow (Tan et al., 2015), and fish (Husain et al., 2022; Sarjito et al.,
2022), most of which were reported with environmental-friendly uses.

The present study isolated a strain of P. otitidis from the internal
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organs of dead juvenile red hybrid tilapia (Oreochromis spp.) obtained
from a fish farm with a disease outbreak in Semenyih, Selangor,
Malaysia. The potential pathogenicity of P. otitidis in animals has not
been reported despite its pathogenicity in human. The underrepresen-
tation of P. otitidis in the aquaculture industry may be due to its geno-
typic and phenotypic similarities with P. aeruginosa, a well-established
opportunistic pathogen in aquaculture. Recently, a male patient diag-
nosed with epididymo-orchitis caused by P. otitidis had a history of
tilapia consumption prior to the onset of his symptoms (Alqurashi et al.,
2022), suggesting that P. otitidis may be a zoonotic pathogen. Antibiotics
are the drug of choice for the current treatment of P. otitidis infections in
human. However, all P. otitidis are endowed with a resident metal-
lo-p-lactamase (MBL) gene, a species-related trait with unusual f-lac-
tams antibiotic susceptibility (Lee et al., 2012; Thaller et al., 2011). The
potential of P. otitidis as a zoonotic bacterial pathogen in addition to its
antibiotic resistance calls for the development of antibiotic alternatives
to tackle the emergence of this pathogen in aquaculture.

As natural killers of bacteria, bacteriophages are promising tools to
combat the pathogenic bacteria. Bacteriophages, or phages in short, are
viruses that infect and replicate in bacteria. Phages exhibit two different
life cycles within their bacterial hosts, lytic and lysogenic (Harada et al.,
2018). The ability to lyse bacteria without integration into the host
chromosome has led to the use of strictly lytic phages for phage therapy
as antimicrobial treatment for bacterial infections in the last century
(Ghose and Euler, 2020). Apart from antimicrobial therapy, phages are
also applied for various uses such as gene delivery, food safety,
biocontrol of plant pathogens, phage display, biosensing devices, and
surface disinfectants (Rogovski et al., 2021).

While isolation of phages targeting Pseudomonas spp. are frequently
reported (Chegini et al., 2020), no phage against P. otitidis has been
reported to date. In this context, a phage that was co-isolated with its
host, P. otitidis from a dead tilapia in this study offers a potential anti-
microbial alternative in line with the natural bacterial killing ability of
bacteriophage. Furthermore, the significance and pathogenicity of
P. otitidis isolated from aquaculture is severely lacking in literature. To
date, there have only been three reports of P. otitidis isolated from fish,
including freshwater ornamental fish species imported into North
America from Colombia, Singapore, and Florida (Rose et al., 2013),
marine fish, Moolgarda seheli in India (Husain et al., 2022), and fresh-
water giant gourami, Osphronemus goramy in Indonesia (Sarjito et al.,
2022). Due to this, here we report a comprehensive study on the
phenotypic and genotypic characterization of P. otitidis strain NK1 and
its phage, denoted vB_PotS-PotUPM1 (a virus of Bacteria, infecting
Pseudomonas otitidis, with siphovirus morphology, named PotUPM1),
referred to herein as PotUPM1. It is expected that with this study, the
role and implications of P. otitidis in the aquaculture setting will be
better defined.

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

Apart from the reference strains from German Collection of Micro-
organisms and Cell Cultures GmbH (DSMZ) and American Type Culture
Collection (ATCC), a total of 18 bacterial strains including P. otitidis NK1
used in this study were isolated from tilapia farms in Selangor, Malaysia.
All strains were cultured in Luria-Bertani (LB) broth (Millipore, US) or
plated on LB agar (Millipore, US), except Streptococcus pyogenes that was
cultured in brain heart infusion (BHI) broth or agar plates (Millipore,
US). P. otitidis NK1 was grown on blood agar for the identification of
hemolysis type. The liquid cultures were grown at 37 °C in a shaking
incubator at a rate of 200 rpm, and the agar plates were incubated at
37 °C overnight. Preservation of the strains was done using 25 % glyc-
erol stocks stored at -80 °C.
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2.2. Antimicrobial susceptibility test of P. otitidis NK1

The antibiotic resistance of P. otitidis NK1 to different groups of an-
tibiotics were determined using the Kirby-Bauer disk diffusion method
according to the Clinical and Laboratory Standards Institute (CLSI)
guidelines M100 (CLSI, 2021). The antibiotic discs (Oxoid™, UK) used
were aminoglycoside (gentamicin, GM/10 pg), carbapenems (dor-
ipenem, DOR/10 ng; imipenem, IPM/10 pg; meropenem, MEM/10 pg),
cephalosporins (cefepime, FEP/30 pg; ceftazidime, CAZ/30 pg), fluo-
roquinolones (ciprofloxacin, CIP/5 pg; norfloxacin, NOR/10 ug), mon-
obactam (aztreonam, ATM/30 pug), penicillin (piperacillin, PRL/100 pg),
and tetracycline (minocycline, MH/30 pg). The respective antibiotic
discs were placed on Mueller-Hinton agar (Millipore, United States)
plates inoculated with a pure culture of the bacterium. After incubation
at 37 °C for 18 h, the inhibition zones formed were measured and
compared with the critical values of CLSI to determine whether the
bacterium is susceptible, intermediate, or resistant (CLSI, 2021).
P. aeruginosa ATCC 27853 was used as the quality control strain.

2.3. Isolation and concentration of phage vB_PotS-PotUPM1

Phage vB_PotS-PotUPM1 (PotUPM1) was isolated from a dead ju-
venile tilapia sample collected from a fish farm in Selangor, Malaysia
using spot test and double-layer agar method, as previously described
with some modifications (Clokie et al., 2009). P. otitidis NK1 that was
isolated from the same source was used as the propagation host. In brief,
the fish sample was surface sterilised, crushed and suspended in phage
SM buffer (100 mM NaCl, 8 mM MgSO4-7 H20, 50 mM Tris-HCl, and
0.01 % (w/v) gelatine). The mixture was centrifuged at 7000 xg for 10
min and filtered through a 0.22 ym membrane filter (Millipore, US) to
remove bacteria and fish debris. A mid-log phase P. otitidis NK1 culture
(OD 400 nm ~ 0.5) was added to the filtrate and incubated at 37 °C
overnight with shaking for enrichment. The subsequent enrichment
culture was centrifuged and filtered through a 0.22 ym membrane filter.
The presence of phage infecting P. otitidis NK1 in the supernatant was
screened through a spot test by spotting 10 uL of the clarified phage
suspension on LB agar containing a lawn of P. otitidis NK1. The clearance
of the lawn in the spot indicated the presence of phage against P. otitidis
NK1. To isolate pure phages, streak plate purification was performed
according to the protocol described by Cross et al. (2015) with minor
modifications. Briefly, a sterile pipette tip was dipped into the clear zone
and streaked on a LB agar plate (1.5 % (w/v) agar with 1 mM CaCl,)
using a quadrant streaking method, followed by the addition of molten
LB agar (0.7 % (w/v) agar with 1 mM CaCly) containing P. otitidis.
Plaque purification was repeated three times by picking a single plaque
until homogenous plaques were obtained. For the determination of
plaque morphology and titre, the phage suspension from an individual
plaque was tested for plaque formation with P. otitidis NK1 by
double-layer agar method, consisting of LB medium with a bottom layer
(1.5 % (w/v) agar) and a top layer (0.7 % (w/v) agar) with 1 mM CacCl,
(Clokie et al., 2009). In brief, 100 pL of the phage suspension and 100 pL
of mid-log phase bacteria were mixed and incubated at room tempera-
ture for 10 min. The phage-bacteria suspension was then added to the
molten top layer agar and poured onto plates containing the bottom
layer agar. The double-layer agar plates were incubated overnight at
37 °C for plaque formation. The next day, the number of plaque-forming
unit (PFU), plaque morphology and plaque diameter were determined.
To obtain high titre phage suspension, double-layer agar plates with
confluent lysis (~3000 PFUs) were flooded with SM buffer and rocked
overnight at 4 °C. Phage suspensions were pooled from the plates, and
then centrifuged at 7000 xg for 10 min and filtered through a 0.22 um
membrane filter (Millipore, US). The filtrate was then concentrated by
precipitation with 1 M NaCl and 10 % PEG-8000 (Kwiatek et al., 2017).
The clarified supernatant containing high titre phage suspension was
stored at 4 °C until further analysis.
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2.4. Transmission electron microscopy analysis

For transmission electron microscopy (TEM) analysis, the phage
suspension (10'® PFU/mL) was further purified using caesium chloride
(CsCl) gradient ultracentrifugation with densities of 1.4 g/cm®, 1.5 g/
em®, and 1.6 g/cm®. The samples were centrifuged at 67,200xg for 3 h at
4 °Cin a Class S ultracentrifuge using SW 40 Ti Swinging-Bucket Rotor
(Beckman Coulter Inc., Brea, CA, USA) at the Microscopy Unit, Institute
of Bioscience, Universiti Putra Malaysia. The phage band was collected,
dialysed with SM buffer twice, and stored at 4 °C. The purified phage
stock was washed with 0.1 M neutral ammonium acetate. A drop of the
suspension was placed on a grid and negatively stained using 2 % uranyl
acetate (pH 4-4.5). The morphology of the phage particles was observed
using the JEM21000F TEM, 200 kV Field Emission (JEOL, Tokyo, Japan)
as described previously (Ackermann, 2012).

2.5. Phage lytic spectrum analysis

Spot tests were performed to determine the host range of phage
PotUPM1. Phage suspension (~107 PFU/mL) was spotted on a double-
layer agar containing a lawn of the appropriate bacteria strains. SM
buffer was also spotted as a negative control. The plates were incubated
overnight at 37 °C and the appearance of clear lysis zones indicating the
lytic activity of the phage was recorded.

2.6. Bacterial growth inhibition assay

The effect of phage on the growth of P. otitidis NK1 was investigated
via a bacterial growth inhibition assay performed in a 96-well micro-
plate, as previously described with slight modifications (Lerdsittikul
et al., 2022). Phage suspension (108 PFU/mL) was mixed with P. otitidis
NK1 at mid-log phase at multiplicity of infection (MOI) of 10, 1, 0.1,
0.01, and 0.001 (in triplicates) and the microplates were incubated at
37 °C. Bacterial culture without phage was used as a growth control. The
bacterial growth was measured by taking the absorbance (ODggg)
reading using iMark™ Microplate Reader (Bio-Rad, Hercules, CA, USA)
every 30 min until the 9th hour. The experiment was performed in
triplicates.

2.7. Phage adsorption assay and one-step growth curve analysis

The kinetics of phage adsorption to P. otitidis NK1 was determined
according to methods described by Kropinski (2009) with slight modi-
fications. In brief, mid-log phase P. otitidis NK1 in LB broth was mixed
with the phage suspension (~107 PFU/mL) at a MOI of 0.1 and incu-
bated at 37 °C. Aliquots were collected at 0, 10, 15, 20, 30, 45 min
post-inoculation and centrifuged immediately at 4 °C to sediment the
bacterial cells and the adsorbed phages. The supernatants were serially
diluted and the titres of free, unadsorbed phage particles were deter-
mined using double-layer agar method. One-step growth curve assay
was performed as described previously with some modifications
(Hyman and Abedon, 2009). Briefly, mid-log phase P. otitidis NK1 was
added with the phage suspension (~107 PFU/mL) at MOI of 0.1 and
incubated for 10 min at 37 °C. The mixture was then centrifuged at 4 °C
to remove the unadsorbed virion particles. The pellets containing the
infected cells were resuspended in 10 mL of pre-warmed LB broth and
incubated at 37 °C. Aliquots were taken every 15 min for 90 min. The
phage titres were determined using double-layer agar method. A
one-step growth curve was plotted based on the titre calculated over
time to observe the latent period, and the phage burst size was calcu-
lated by dividing the phage titre at the end by the titre at the beginning
of the experiments. These experiments were performed in triplicates.

2.8. Lysogeny assay

The lysogenic efficiency of phage PotUPM1 was determined via a
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lysogeny assay as described by Nasr Azadani et al. (2020) with slight
modifications. In brief, 100 uL of phage suspension (10° PFU/mL) was
seeded on five LB agar plates. A mid-log phase culture of P. otitidis NK1
was serially diluted up to 10~° and 100 pL aliquots of the bacterial di-
lutions of 107> to 10~° were plated onto the phage seeded plates,
respectively. The same bacterial dilutions were also plated onto five
unseeded plates as a negative control. The plates were incubated at
37 °C for 48 h. The lysogenic efficiency was calculated by dividing the
number of bacterial colonies formed on the phage seeded plates by the
number of colonies on the unseeded plates and multiplying the quotient
by 100.

2.9. Temperature and pH stability of phage PotUPM1

Phage tolerance to pH and heat were determined according to the
methods described by Decewicz et al. (2020). For the measurement of
phage stability at high temperature, the phage suspensions (10°
PFU/mL) were incubated at 50 °C, 60 °C, 70 °C, and 80 °C separately for
1 h, where samples were collected at the 10th minute and 60th minute.
For pH stability, phage suspensions (108 PFU/mL) in LB broth were
incubated at different pH ranging from 3 to 12 at 37 °C for 2 h. Phage
titres for each test were determined using the double-layer agar method.
The experiments were performed in triplicates.

2.10. Whole genome sequencing of P. otitidis NK1 and phage PotUPM1

The genomic DNA of P. otitidis NK1 was extracted using Biospin
Bacteria Genomic DNA Extraction Kit (Bioer, China). Phage genomic
DNA was extracted from phage suspension (10'® PFU/mL) using the
phenol-chloroform method (Green and Sambrook, 2017). The genomic
DNA was sent to Apical Scientific Sdn Bhd (Selangor, Malaysia) for
sequencing. For library construction, the genome DNA was randomly
trimmed into short fragments, followed by end repairing, A-tailing, and
ligating with Illumina adapters. The fragments with adapters were
amplified using PCR and purified. For quantification and detection of
size distribution, the library was tested using Qubit and real-time PCR.
The quantified libraries were pooled and sequenced on Illumina plat-
forms. Whole genome sequencing was performed on a NovaSeq 6000
system using 150 bp paired-end chemistry. For genome assembly, the
raw reads were trimmed using bbduk of the BBTools Packages (https
://jgi.doe.gov/data-and-tools/bbtools/) to remove the Illumina
adapter sequences. The filtered reads were assembled de novo and
polished using Spades v3.13 (Kolmogorov et al., 2019) and Pilon v1.23
(Walker et al., 2014), respectively as implemented in Unicycler 0.4.8
(Wick et al., 2017).

2.11. Bioinformatic analysis of P. otitidis NK1

Genome annotation of P. otitidis NK1 was performed using PATRIC
annotation tool v.3.6.12 and Rapid Annotation using Subsytems Tech-
nology (RAST) server v.2.0 using the assembled whole genome (Davis
et al., 2020; Overbeek et al., 2014). Antimicrobial resistance genes and
virulence factors in the bacterial genome were identified using Res-
Finder 4.0, Comprehensive Antibiotic Resistance Database (CARD) and
Virulence Factor Database (VFDB) in addition to the functional anno-
tation data generated from the RAST annotation pipeline (Alcock et al.,
2020; Bortolaia et al., 2020; Liu et al., 2022). The evolutionary rela-
tionship between P. otitidis NK1 and 22 other P. otitidis strains, and
several representative genomes of Pseudomonas spp. were determined
through the codon tree method in the PATRIC platform (Davis et al.,
2020). Figtree v.1.4.3 software was used to view the tree and annotation
of the Newick result file generated. The phylogenetic tree generated was
labelled according to the names of the PATRIC genomes. Based on the
phylogeny obtained, the average nucleotide identity (ANI) of the studied
strains were calculated by comparing the assembled genome of P. otitidis
NK1 with the publicly available, closely related whole genome assembly
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and other representative genome in the P. aeruginosa group using the
JSpeciesWS online platform (Richter et al., 2016).

2.12. Bioinformatic analysis of phage PotUPM1

Open reading frames prediction and functional annotation of the
assembled phage genome were done using RAST and eggNOG-mapper
platforms (Cantalapiedra et al., 2021; Overbeek et al., 2014). The
antimicrobial resistance genes in the phage genome were identified
using the CARD server (Alcock et al., 2020). In addition, PhageLeads was
used to predict the lifestyle of the phage (Yukgehnaish et al., 2022). For
visualization of the phage whole genome, a circular genome map was
generated using Snapgene (http://www.snapgene.com/). The whole
genome sequence was queried against the viruses (TaxID:10239)
nucleotide collection (nr/nt) using BLASTn to search for similar se-
quences. A proteomic tree was generated by the ViPTree server based on
genome-wide sequence similarities computed by tBLASTx (Nishimura
et al., 2017). A total of 2891 related viral sequences were selected to
build the proteomic tree, and 19 selected genome sequences with
highest all-against-all genomic similarity (Sg) scores were selected to
draw a rectangular proteomic tree using VIPTree version 3.4 (Nishimura
et al., 2017).

2.13. Statistical analysis

Statistical analyses of the data were performed using the GraphPad
Prism software version 9. One-way ANOVA with repeated measures was
used to analyse the significant differences in phage titres in the pH
stability experiment. Two-way ANOVA with repeated measures was
applied to evaluate the significant differences in the thermal stability
experiment with two different incubation length and the bacterial
growth inhibition assay upon phage infection at different MOIs. The
significance of the differences between the experimental groups was
considered at P < 0.05.

3. Results

3.1. Colony morphology, hemolytic phenotype, and antimicrobial
resistance profile of P. otitidis NK1

P. otitidis NK1 showed yellow-green colored colonies on Luria-
Bertani agar (Supplementary Fig. S1 A), resembling P. aeruginosa.
P. otitidis NK1 was grown on blood agar to determine its ability to cause
blood hemolysis, which is commonly related to pathogenicity. The
bacterial colonies showed complete clearing on blood agar, indicating
the beta-hemolytic activity of P. otitidis NK1 (Supplementary Fig. S1 B).
In terms of its susceptibility to antibiotics, P. otitidis NK1 was tested with
11 antibiotics from seven classes. The Kirby-Bauer antibiotic suscepti-
bility test results were interpreted according to the Clinical & Laboratory
Standards Institute (CLSI) breakpoints for P. aeruginosa because of their
similar phenotypic and genotypic characteristics (CLSI, 2021; Thaller
et al., 2011). P. otitidis NK1 was resistant to meropenem, but had in-
termediate resistance to doripenem, aztreonam and minocycline, and
was susceptible to the remaining antibiotics tested (Table 1). As mino-
cycline’s breakpoints were not specified in the CLSI breakpoints for
P. aeruginosa, the breakpoints for other Gram-negative bacilli were used
as reference.

As the phenotypic characterization of the antibiotic resistance pat-
terns of P. otitidis NK1 showed that it was resistant to several clinically
important antibiotics, the antimicrobial resistance genes within the
genome of P. otitidis NK1 was also identified by functional annotation
platforms to further establish its potential resistance behaviour. Four
antimicrobial genes were identified in the genome of P. otitidis NK1,
which were blapowm.1, adeF, qacG and rsmA that confer resistance to
several types of antimicrobials through either inactivation or efflux of
antibiotic (Table 2). However, in in vitro experiments, P. otitidis NK1 was
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Table 1
Antibiotic susceptibility profile of P. otitidis NK1 to seven classes of antibiotics.
Antibiotic class Antibiotics Zone of inhibition Antibiotic
+ standard Susceptibility Test
deviation (mm) Results

Aminoglycoside Gentamicin 25.5+ 0.5 S
(GM/10 pg)

Carbapenem Doripenem 17.5+ 0.5 I
(DOR/10 pg)
Imipenem (IPM/ 26.8 + 0.8 S
10 ug)
Meropenem 7.0+0 R
(MEM/10 pg)

Cephalosporin Cefepime (FEP/ 30.7 £ 0.57 S
30 ug)
Ceftazidime 28,5+ 0.5 S
(CAZ/30 pg)

Fluoroquinolone  Ciprofloxacin 41.3+0.3 S
(CIP/5 pg)
Norfloxacin 378+ 1.0 S
(NOR/10 pg)

Monobactam Aztreonam 20.0 0 I
(ATM/30 ug)

Penicillin Piperacillin 27.0+0 S
(PRL/100 pg)

Tetracycline Minocycline 14.5 + 0.5 I
(MH/30 pg)

* § = Susceptible, I = Intermediate; R = Resistant.

found to be susceptible to some of the antibiotics listed in Table 1, such
as cefepime, imipenem, ceftazidime, and fluoroquinolone. In addition to
the antimicrobial genes, genes putative for important virulence factors
such as adherence, anti-phagocytosis, iron uptake system, secretion
systems, efflux pump, and toxin production were also found in the
genome of P. otitidis NK1 (Table 2).

3.2. Whole genome analysis and phylogeny of P. otitidis NK1

The genome assembly of P. otitidis NK1 was 6067,534 bp in size and
consisted of 34 contigs with a GC content of 67 %. The number of coding
sequences (CDS) detected was 5718, with 57 tRNA and 3 RNA non-
coding sequences. For genome annotation, there were 4238 function-
ally assigned proteins and 1480 hypothetical proteins (Fig. 1A). Most of
the annotated genes belong to the subsystems involved in amino acid,
protein metabolism, carbohydrates, and cofactors, vitamins, prosthetic
group and pigments, which comprise the four largest functional cate-
gories in the chart shown in Fig. 1B.

A comparative analysis of the phylogeny showed that P. otitidis NK1
and several P. otitidis strains available in the PATRIC database belong to
the same clade (Fig. 2). To establish the phylogenetic relationship of
P. otitidis NK1 further, pairwise average nucleotide identity based on
BLAST+ (ANIDb) values were calculated by comparing genome assembly
of P. otitidis NK1 with all four complete genome assemblies of P. otitidis
species available in Genbank database, one reference strain from the
German Collection of Microorganisms (DSM), and three representative
genomes of the P. aeruginosa group members (Table 3). The calculated
ANI values support the clusters in the phylogenetic tree. Strain NK1 had
ANI values of more than 97 % for all four genome assemblies of P. otitidis
strains, which were strains BC12, MrB4, WP8-S17-CRE-03, and
CSMC?7.1 that were isolated in Ghana, Japan, and Hong Kong. Based on
the ANI value cutoff at > 99.00 % for strains and > 96.50 % for species
(Girard et al., 2021), the strain isolated in the present study was shown
to be a novel strain of P. otitidis.

3.3. Isolation and characterization of phage PotUPM1

P. otitidis NK1 and phage PotUPM1 were both isolated from the same
source, which was a dead juvenile red hybrid tilapia, Oreochromis sp.
from a fish farm located in Selangor, Malaysia during a disease outbreak.
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Table 2
Antimicrobial resistance genes and virulence classes found in the genome of
P. otitidis NK1.

Resistance Antimicrobial Drug class Resistance
gene resistance gene mechanism
family
blapon-1 POM-1 p-lactamase p-lactam (ampicillin, Antibiotic
amoxicillin + clavulanic inactivation
acid, cefoxitin, piperacillin,
amoxicillin, meropenem,
cefepime, piperacillin +
tazobactam, imipenem,
cefixime, ceftazidime,
ampicillin + lavulanic acid,
cefotaxime, ertapenem)
adeF Resistance- Fluoroquinolone, Antibiotic
nodulation-cell tetracycline efflux
division (RND)
antibiotic efflux
pump
qacG Small multidrug Disinfecting agents and Antibiotic
resistance (SMR) antiseptics efflux
antibiotic efflux
pump
rsmA Resistance- Fluoroquinolone, Antibiotic
nodulation-cell diaminopyrimidine, efflux
division (RND) phenicol
antibiotic efflux
pump
Virulence class Virulence factors
Adherence Flagella, lateral flagella, polar flagella,

lipopolysaccharide O-antigen, type IV pili
biosynthesis, type IV pili twitching motility
related proteins

Alginate biosynthesis and regulation,
capsular polysaccharide

Phospholipase C and non-hemolytic
phospholipase C, protease (elastase)
Salmochelin, pyoverdine, pyoverdine
receptors

GacS/GacA two-component system

EPS type II secretion system (T2SS), type IIT
secretion system (T3SS) effectors, hcp
secretion island-1 encoded type VI secretion
system (H-T6SS)

Toxin Phaseolotoxin

Efflux pump MtrCDE

Anti-phagocytosis
Enzyme
Iron uptake

Regulation
Secretion system

Using P. otitidis NK1 as host, phage PotUPM1 produced moderate size
plaques of about 3 mm in diameter with clear centers and turbid edges
on a double-layer agar (Fig. 3A).

Transmission electron microscopy imaging showed that phage
PotUPM1 had a slightly prolate head with a diameter of 66.3 + 5.3 nm,
and a long, non-contractile tail with a length of 112.3 +19.0 nm
(Fig. 3B). The tail structure is typical of the members of siphovirus. The
analysis of whole genome sequencing also revealed that the phage is a
double-stranded DNA virus. Therefore, phage PotUPM1 was classified as
a member of Siphoviridae in the order of Caudovirales and named as
vB_PotS-PotUPM1 according to the current nomenclature guidelines, as
described by Adriaenssens and Brister (2017).

3.4. Host range of phage PotUPM1

Host spectrum of phage PotUPM1 was evaluated using spot test
against bacteria representing different genera from various sources
(Supplementary Table S1). Although phage PotUPM1 was enriched from
tilapia sample using P. otitidis NK1 as a host, it did not exhibit any lytic
activity against the other bacterial isolates from the same farm. Phage
PotUPM1 also showed no lytic activity on any of the other laboratory
and environmental strains tested, including the only available P. otitidis
reference strain, DSM17224. This preliminary result suggests that the
phage PotUPM1 has a narrow host range and is very specific to the

Aquaculture Reports 34 (2024) 101883

P. otitidis strain isolated.
3.5. Thermal tolerance and pH stability

The investigation of phage stability at various temperatures and pH
are important for the propagation, storage, and subsequent downstream
experiments. The thermal tolerance of phage PotUPM1 were tested from
40 °C to 70 °C with 10 °C intervals, and aliquots were taken at the 10th
and 60th minute post-incubation. Phage PotUPM1 was relatively stable
from 40 °C to 60 °C after 10 min incubation (Fig. 4A). However, after
prolonged incubation up to 1 h, there was a slight but statistically sig-
nificant phage titre drop (P < 0.01) at 40 °C but remained stable at
50 °C and 60 °C. When exposed to 70°C, phage PotUPM1 was
completely inactivated even after 10 min of incubation. For pH stability,
phage PotUPM1 showed similar stability from pH 4-12 and no viability
at the extreme pH of 3 and 13 (Fig. 4B).

3.6. Growth kinetics of phage PotUPM1

Phage growth kinetics were determined by the adsorption and one-
step growth assay that define the adsorption rate, latent period,
eclipse period, and burst size. The adsorption curve of phage PotUPM1
showed that about 25 % of the phage particles were attached to the host
cells, P. otitidis NK1 within 10 min (Fig. 5A). The maximum percentage
of phage attached to hosts was 75 % at 45-minute post-inoculation. The
adsorption efficiency was constant throughout the tested period. Based
on the one-step growth curve of phage PotUPM1 infecting P. otitidis NK1,
it had a latent period of about 45 min and a burst size of approximately
405 PFU/cell, which was consistent with the typical pattern of a tailed
phage (Fig. 5B). Despite its large burst size, phage PotUPM1 exhibited a
low rate of adsorption to the surface of its host cells and a moderate
latent period. The phage adsorption to host cells was slow even though
an actively growing bacterial culture (log phase) was used.

The killing activity of phage PotUPM1 on its host cells in broth
medium were further investigated. The bacterial lysis activity of phage
PotUPM1 at various multiplicity of infections (MOIs) were monitored by
measuring the absorbance (ODgoo) during phage infection. When
different MOIs were used for the killing assay, there was a significant
difference in bacterial growth (P < 0.0001), indicating that the higher
the MOI used, the better the killing efficiency of the phage. At higher
MOIs (10 and 1), the absorbance reading of the cultures showed a slight
reduction upon infection and remained low up to 9-hour post-
inoculation. In contrast, the absorbance of the cultures at lower MOIs
(0.1, 0.01, 0.001) first increased after infection up to 2- to 3.5-hour post-
inoculation and decreased to a minimum at 9-hour post-inoculation
(Fig. 5C). The absorbance value of P. otitidis NK1 incubated with
phage PotUPM1 at MOI of 0.001, 0.01, 0.1, 1, and 10 were significantly
lower than the growth control at a MOI of 0 (P < 0.0001), starting from
4-hour post inoculation. This growth inhibition assay showed that
higher phage concentrations (10-10° PFU/mL) at higher MOI were able
to inhibit bacterial growth at the start of the infection process while low
phage concentrations (10°-107 PFU/mL) caused bacterial growth inhi-
bition after at least 2 h of infection. Overall, all absorbance readings
(except positive control containing bacteria only) remained low until 9-
hour post-inoculation, suggesting that phage PotUPM1 could effectively
inhibit the growth of P. otitidis NK1 even when a low MOI of 0.001 was
used.

3.7. Genome analysis of phage PotUPM1

The sequence analysis from Phaster revealed that phage PotUPM1
has a circular genome of 35,685 bp in length (coverage of 71.44x) and a
GC content of 66.59 %. The GC content is similar to that of P. otitidis NK1
(67 %), consistent with the general trend of phages that have GC content
similar to that of their natural host (Almpanis et al., 2018). The genome
of phage PotUPM1 has a total of 53 CDS, where 19 of them are annotated
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Fig. 1. Circular schematic diagram of P. otitidis NK1 genome generated through PATRIC and RAST platform. (A) A genome map of P. otitidis NK1 showing the overall
gene characteristics; (B) A pie chart showing the subsystem category distribution of the annotated genes with their respective functional classifications.

with specific functions and 34 of them are hypothetical proteins. A pu-
tative phage attachment site was also detected by Phaster. A gene
encoding for phage integrase was found in the PotUPM1 genome, indi-
cating that the phage may be a lysogenic phage. The PhageLeads result
confirmed that this phage has a temperate lifestyle cycle with no anti-
microbial resistance or virulence genes. However, the lysogenic effi-
ciency of phage PotUPM1 on P. otitidis NK1 calculated in the in vitro
experiment was 0 % (lytic efficiency is 100 %) as shown in Supple-
mentary Table S2, indicating that the phage was lytic against P. otitidis
NK1 under normal laboratory phage propagation conditions.

The gene annotation information of phage PotUPM1 was shown in
Supplementary Table S3. Most genes are on the minus strand (43 CDS)
while only 10 were on the plus strand. The circular genome map with
annotated gene products and their functional groups are shown in Fig. 6.

The CDS are divided into several functional groups based on Clusters of
Orthologous Groups (COGs) as follows:

(i) Replication, recombination, and repair
DNA replication, recombination and repair are the essential
processes involved in the transmission of genetic information
within and between generations. The genome of phage PotUPM1
encodes for several proteins involved in these processes, such as
adenine-specific methyltransferase, DNA methylase, phage inte-
grase, and phage terminase (small subunit).
(ii) Cell wall/membrane/envelope biogenesis
Only one coding sequence was categorized under this func-
tional group, which is a gene encoding for tape measure protein.
It determines the length of the phage’s tail and facilitates the
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Fig. 2. The phylogenetic tree displaying the evolutionary relationship of P. otitidis NK1 and other selected Pseudomonas species based on whole genome sequences.

Table 3
Average nucleotide identity based on BLAST+ (ANIb) of P. otitidis NK1 and other
closely related Pseudomonas species.

Bacteria pair ANIb value (%)

P. otitidis NK1: P. otitidis BC12 98.07
P. otitidis NK1: P. otitidis MrB4 97.96
P. otitidis NK1: P. otitidis WP8-S17-CRE-03 97.96
P. otitidis NK1: P. otitidis DSM 17224 97.84
P. otitidis NK1: P. otitidis CSMC7.1 97.80
P. otitidis NK1: P. tohonis TUM18999 84.58
P. otitidis NK1: P. alcaligenes NEB 585 78.38
P. otitidis NK1: P. aeruginosa PAO1 78.01

transit of DNA to the host cell cytoplasm during infection. The
length of this gene usually corresponds to the length of the
phage’s tail (Belcaid et al., 2011).
(iii) Transcription
Three gene products were involved in transcription of
PotUPM1, which are phage terminase (large subunit), DNA-
binding transcription factor, and peptidase S24-like. Phage ter-
minase is responsible for DNA recognition and initiation of DNA
packaging while the transcription factor controls the rate of
transcription from DNA to messenger RNA.
(iv) Defence mechanisms
The gene encoding for endonuclease was classified under the
defence mechanisms of phage. It is a HNH endonuclease that
nicks double stranded DNA from 3 to 5 bp in the presence of a
divalent metal ion with a conserved catalytic HNH motif and a
zinc-binding site. HNH endonuclease gene in phage genomes is
usually located next to a terminase gene, which is consistent with
the pattern seen in PotUPM1. This highly conserved gene

suggests a possible role in homologous recombination by nicking
DNA that enhances gene conversion (Zhang et al., 2017).
(v) Unclassified

Several genes that are commonly found in phage genomes were
classified as genes with unknown functions in eggNOG-mapper.
Although these gene products are common phage proteins with known
functions in the NCBI database, they remain incompletely characterized
in the COG database and are therefore classified as genes with unknown
function. These include phage gp6-like head-tail connector protein,
major capsid protein, phage capsid and scaffold, portal protein, putative
3TM holin, putative phage holin, antitermination protein Q, RecA-
dependent nuclease, and chitinase, an endolysin from glycoside hydro-
lase family.

Nucleotide comparison of the phage PotUPM1 whole genome using
BLASTn with the virus nucleotide collection filter (TaxID: 10239) and
program selection for somewhat similar sequences (BLASTn) generated
three top hits with identity of more than 80 %, but with only less than 10
% query coverage, which were Pseudomonas phage LKAS5 with 83.54 %
identity and 7 % coverage, Pseudomonas phage PPOW with 83.08 %
identity and 9 % coverage, and Pseudomonas phage Dobby with 81.03 %
identity and 5 % coverage. All three top hits were Pseudomonas phage,
but the low identity percentage and even lower percent coverage in-
dicates that PotUPM1 may represent a novel viral species with less than
95 % nucleotide sequence similarity with other characterized phage
(Adriaenssens and Brister, 2017). After removing the virus nucleotide
filter in BLASTn search, a top hit, P. otitidis MrB4 DNA, complete genome
(GenBank accession number: AP022642.1) was generated with 96.31 %
identity and 31 % query cover to phage PotUPM1, suggesting that phage
PotUPM1 may be a prophage in other strains of P. otitidis. The phylogeny
of PotUPM1 was further compared with other published phages using
viral proteome of whole genomes. A phylogenetic tree based on viral
proteome constructed by ViPTree is shown in Fig. 7A, and the 29 closest
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Fig. 3. Morphologies of plaque and virion of phage PotUPM1. (A) The plaques were circular in shape with a turbid edge on a double-layer agar plate; (B) The image
of transmission electron microscopy showed a slightly elongated head (66.3 + 5.3 nm) with a long tail (112.3 &+ 19.0 nm). The sizes of the head diameter and tail
length were represented as averages ( + standard deviations) of three randomly picked phage particles. The scale bar represents 50 nm.
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phage sequences in the tree were selected for further comparison in
Fig. 7B. Based on Fig. 7B, the closest relatives of phage PotUPM1 are
Pseudomonas phage phi2, MD8, and F10, all of which belong to the
Siphoviridae family.

4. Discussion

As a promising growth sector in aquaculture, tilapia farming is prone
to microbiological risks as various pathogenic bacteria may proliferate
in the anthropogenic environment (Grande Burgos et al., 2018). One of
the common pathogenic bacteria infecting cultured fish is Pseudomonas
species, where most of them are known as opportunistic pathogens with
diverse antibiotic resistance mechanisms (Duman et al., 2021; Pang
et al., 2019). Here, we isolated and characterized the P. otitidis NK1, a
novel strain of P. otitidis species, and a novel Pseudomonas phage,
PotUPM1 from tilapia fish during an outbreak. Initially identified as
P. aeruginosa, the isolated bacterial strain was found to be P. otitidis after
whole genome sequencing. Cases of P. otitidis misidentification are
relatively common in the clinical setting, unless molecular identification
methods are used (Alqurashi et al., 2022; Caixinha et al., 2021). Due to
the phenotypic similarities between P. otitidis and P. aeruginosa, the
occurrence of P. otitidis and its clinical and environmental impact
especially in aquaculture may be largely underestimated. Although
P. otitidis is known as an opportunistic pathogen, earlier studies had

shown that a non-pathogenic P. otitidis strain isolated from marine fish,
M. seheli can potentially be used as a potent indigenous probiotic in
aquaculture (Husain et al., 2022). However, P. otitidis NK1 isolated from
tilapia in this study was found to exhibit beta-hemolytic activity on
blood agar, which indicates its potential pathogenicity in tilapia. To
date, no P. otitidis strains with beta hemolytic properties have been
isolated. However, there has been one alpha hemolytic P. otitidis strain
reported, which was isolated from patients with chronic otitis media and
had a similar antibiotic resistance profile to that of P. otitidis NK1 (Lee
et al., 2012).

Based on genotypic characterization, P. otitidis NK1 has a metallo-
p-lactamase (MBL) gene which is inherent in all isolated P. otitidis thus
far (Thaller et al., 2011). MBL belongs to the broad-spectrum class
B-lactamases that hydrolyze most p-lactam families, including carba-
penems (Bush and Jacoby, 2010). In a previous study, P. otitidis
appeared to be susceptible to piperacillin, ceftazidime, aztreonam, and
gentamicin, while some strains were intermediate or resistant to car-
bapenems (Thaller et al., 2011). P. otitidis NK1 exhibited similar anti-
biotic resistant profile, but it showed decreased susceptibility to
aztreonam unlike the previously characterized strains. As the blapop.1
antimicrobial resistance gene confers resistance only to carbapenems,
penicillins, and cephalosporins, but not to aztreonam, the development
of the acquired resistance to aztreonam in P. otitidis NK1 may be due to
mutations in chromosomal genes or acquisition of external genetic
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Fig. 5. Growth kinetics of phage and lysis profile of phage PotUPM1. (A) The adsorption curve showed the percentage of free phage particles remained at certain
timepoints up to 45 min; (B) The one-step growth curve showed one cycle of phage growth with latent period of 52 min and a burst size of 405 PFU/cell; (C) The lysis
profile in bacterial killing assay shown a reduction in turbidity measurement of phage infected host cells up to 9th hour of post-inoculation. Data are presented as

mean + SD of three independent experiments.

resistance determinant from other organisms present in the environment
(Munita and Arias, 2016). P. otitidis NK1 was also non-susceptible to
tetracycline, which is consistent with P. otitidis DSM 17224 (Clark et al.,
2006). Although tetracycline is not listed in the CLSI breakpoints for
P. aeruginosa, it was still tested in this study to compare the results of
antibiotic susceptibility testing with the first characterized P. otitidis
strain (Clark et al., 2006). However, the antimicrobial susceptibility test
in this study was only performed using the disc diffusion assay, thus a
susceptibility test using dilution methods to determine its MIC can
further confirm this.

To date, there are only four complete genome assemblies of P. otitidis
strains available in the Genbank database. P. otitidis NK1 showed more
than 97 % ANI to all four strains of P. otitidis. The highest ANI value was
shown by P. otitidis BC12 (GCA_026651425.1), which was isolated from
river water in Ghana. Identification of putative virulent determinants
through VFDB server revealed various bacterial virulent components
such as flagella, type IV pili, alginate, capsular polysaccharides, phos-
pholipase C, protease, pyoverdine, regulation and secretion systems,
phytotoxin, and efflux pump that provide diverse effects in the microbial
pathogenesis. The predicted MtrCDE efflux pump has so far been found
only in Neisseria gonorrhoeae and never in any Pseudomonas bacteria
(Tamburrino et al., 2017). The variety of resistance and virulent genes
observed in the genome of P. otitidis NK1 indicates its potential patho-
genicity and severity of infections on human, animals and plants. In
addition to its beta-hemolytic properties on blood agar, the signs of
pathogenicity shown by P. otitidis NK1 led to the attempt to isolate

phages as an antimicrobial approach in this study.

The same fish sample was used for the isolation of phages due to the
basic rule that phages are generally present in any source where their
hosts are found (van Charante et al., 2021). Phage PotUPM1 was suc-
cessfully isolated from the same tilapia sample obtained for bacterial
host isolation from a fish farm in Malaysia. Clear plaques with turbid
edges were formed on the double-layer agar, indicating that the host was
fully susceptible to the phage, but the cells at the edges of the plaque
were not yet fully lysed (Gallet et al., 2011). The TEM findings and
whole genome sequencing analysis classified phage PotUPM1 as a
member of Siphoviridae in the order of Caudovirales based on the phage
morphology and genome composition as described by International
Committee on the Taxonomy Viruses (ICTV) (Chibani et al., 2019). The
genome annotation of phage PotUPM1 revealed a phage integrase gene,
and the lifestyle prediction through PhageLeads server confirmed that it
is a temperate phage capable of integrating its own genome into that of
its host. However, the lysogenic efficiency of phage PotUPM1 on
P. otitidis NK1 calculated was 0 %. These suggested that phage PotUPM1
underwent lytic interaction with its host under normal laboratory
propagation conditions. The activation of a lytic cycle is favored when
there is a large number of bacteria, and the progeny phage tends to
become dormant and enter the lysogenic cycle when the hosts are
limited (Doss et al., 2017). This may explain the lytic preference of
phage PotUPM1 under laboratory cultivation conditions, as the host was
supplied at high concentrations compared to the natural environment.

Based on the nucleotide comparison of phage whole genome on
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BLASTn, the evolutionary relationship between phage PotUPM1 and
other reported Pseudomonas phages was evaluated. Phage PotUPM1 is a
novel phage, and most related to three phages of P. aeruginosa; these
include Pseudomonas phage LKAS5, isolated in Belgium (Pourcel et al.,
2017), Pseudomonas phage PPOW, isolated in China (Long et al., 2022),
and Pseudomonas phage Dobby, isolated in United States (Johnson et al.,
2019), and all are temperate phages. Nevertheless, the highest similarity
was only at 83.54 %, which is not surprising since there has not been any
P. otitidis phages described so far. Genome annotation revealed a large
portion (64.15 %) of phage PotUPM1 genome as hypothetical proteins of
unknown functions, which is a common problem in phage studies. An
accumulation of numerous proteins with unknown function in the da-
tabases was observed due to the increasing gap between predicted phage
gene sequences and their respective functions (Mohanraj et al., 2019).
In general, the properties of phage PotUPM1 as a temperate phage
makes it an unsuitable candidate for phage therapy because of its ten-
dency to alter the host phenotype and mediate gene transfers between
bacteria that may increase bacterial virulence (Borodovich et al., 2022;
Doss et al.,, 2017). However, its high lytic activity, the absence of
harmful genes and its stability across a wide range of temperature and
pH make it worthy of further genetic engineering studies. Temperate
phages can be genetically engineered to become strictly lytic phages by
eliminating genes involved in the lysogenic lifecycle (Kilcher et al.,
2018), and can be used as gene delivery vehicles for DNA-encoded
vaccines or antibacterial treatments (Park et al., 2017; Yosef et al.,
2015). In addition, instead of using whole phages, phage lytic proteins
can also be used for antibacterial treatment. Examples of phage proteins
involved in host lysis are endolysins, virion-associated peptidoglycan
hydrolases (VAPGH), polysaccharide depolymerases, and holins. Phage
PotUPM1 was found to encode an endolysin from the glycoside hydro-
lase family 19 (ORF8) and two holins (ORF 35 and 36), which can be
used as potential enzybiotics for antibacterial treatments. In summary,
phage vB_PotS-PotUPM1 is a novel isolated temperate phage targeting
P. otitidis NK1 isolated from tilapia. As far as to our knowledge, this is the

10

first report of a P. otitidis phage. The absence of virulence genes and high
stability reflect the engineering potential of phage PotUPM1 to elimi-
nate the lysogeny-associated genes that diminish the therapeutic po-
tential of this phage. The properties of the phage indicated that it could
be a good candidate for genetic engineering for therapeutic and
biocontrol purposes. The characterized phage in this study could
contribute to the development of new phage therapy strategies for the
emerging pathogen, P. otitidis especially in the aquaculture industry.

Funding

This work was supported by Ministry of Higher Education under
Fundamental Research Grant Scheme (Project code: FRGS/1/2023/
STG01/UPM/02/29) and Geran Inisiatif Putra Siswazah, Universiti
Putra Malaysia (Project code: GP-IPS/2022/9728000).

CRediT authorship contribution statement

Methodology, investigation, formal analysis, writing — original draft,
AN.T.; methodology, investigation, M.H.M.M.K.; conceptualization,
supervision, writing — review & editing, C.M.C., M.S.M.A., K.Y., H.C.Y.
H.M.G and A.A.L.S. All authors have read and agreed to the published
version of the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability

The complete genome sequences of P. otitidis NK1 and phage
PotUPM1 were deposited in the NCBI database under accession number



A.N. Tee et al. Aquaculture Reports 34 (2024) 101883
Inner ring: Virus family
A | ™ Autographiviridae (375)
Siphoviridae (141)
Drexlerviridae (122)
Others (414)
Outer ring: Host group
Actinomycetota (1338)
Gammaproteobacteria (1054)
Bacillota (167)
Cyanobacteria (30)
Bacteroidota (7)
Others (219)
Left line: Virus family S 8
Siphoviridae (15) f 5
Podoviridae (3) &
Myoviridae (1) 65' &
e N
Right line: Host group 0.001 0005 0.01 005 01 05
‘Gammaproteobacteria (1 { Pseudomonas ph: 1,270 nt]
bacteria (1) (3) — I Pseudomonas Bn$ Fﬁﬁt(NC' [%.155 nl]
Others (3) T Caulobacter phage Sansa (NC_047756) [80,297 nf]
pllagzvﬂ BbrM_PHB04 (NC_047861) [94,005 nt]
_L4 I Paracoccus phage iC_041868) [38,261 nt]
Azospirillum pllage C 0'10355) 337 nt]

HrPhage PotUPM1 [35,685
Pseudomonas phage phiz (NC_030931) [41,871 nf]
Pseudomonas phage g:: 1091][!13.277 nt]
Pseudomonas phage F10 (NC_DOT7! nt]

Pseudomonas phage PS-1 (NC_029066) [48.666

Pseudomonas phage YMC11/02/R656 (NC_0; nt]
Pseudomonas phage vB_PaeP Tr60_Ab31 (NC 0235!5) [45.550 nt]
Pseudomonas phage PAJU2 (NT_017373) [46.872 nf]
Pseudomonas virus PMG1 (NC_016765) [34.! 024 nt]

Pseudomonas phage D3 (NC_ [56,426 nf]

Pseudomonas phage JBD44 iNC 030929) [49.033 ni]

Pseudomonas phage phi297 (NC_01 135 ni

Pseudomonas phage YMC11/07/P54_PAE_BF (NC_030309) [50.183 nf]
Pseudomonas phage YMC/01/01/P52_PAE_BP (JX403939) [49,381 nf]

Fig. 7. Comparative genomic analysis of PotUPM1 based on the viral proteome. The branch represented phage PotUPM1 is denoted by a red star. (A) Viral proteomic
tree represented in circular view. The rings represent the virus families (inner ring) and host groups (outer ring). Branch lengths are based on log-scaling; (B) Viral
phylogenetic tree represented in rectangular view with 20 phage genome sequences. A total of 19 phage sequences with the nearest Sg score to PotUPM1 were

selected for comparison.
of JARGCP000000000 and 0Q633420, respectively.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.aqrep.2023.101883.
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