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ABSTRACT

The escalating global threat of multidrug-resistant (MDR) Pseudomonas aeruginosa, designated by the WHO as a critical-priority
pathogen, necessitates urgent development of alternative therapeutics. We present Pseudomonas phage Arefeenl, isolated from
Bangladeshi wastewater, as a clinically translatable candidate with therapeutic potential. Comprehensive genomic character-
ization revealed a 46,021 bp strictly lytic genome (52.68% GC content) belonging to the Caudoviricetes class, completely lacking
virulence factors or antibiotic resistance genes as confirmed by VFDB and ResFinder screening—a crucial safety profile for clinical
application. Phenotypically, Arefeenl demonstrated efficient in vitro lytic activity, exhibiting rapid replication kinetics (25-min
latent period), high burst size (150 + 12 PFU/cell), and robust production yields (> 10° PFU/mL post-PEG precipitation). Host
range analysis showed 85.7% efficacy against a panel of clinically relevant MDR strains, including respiratory (PA_CU_1) and
wound (MO_4642.012.002) isolates. Comparative genomics with 840 P. aeruginosa phages identified six unique genes encoding
membrane-interaction proteins (CDS_0052/0058/0061) and a specialized tRNA complement, suggesting evolutionary adaptations
for enhanced host range and translational efficiency. Its isolation from Bangladesh’s unique microbial ecosystem provides
a geographically optimized resource for LMICs disproportionately affected by antimicrobial resistance. These findings, combined
with its clinical strain coverage, position Arefeenl as a potential candidate for preclinical development and phage therapy
implementation against this formidable pathogen.

1 | Introduction entities on Earth and play a crucial role in regulating microbial
populations and driving bacterial evolution [1, 2]. Among clin-
The increasing prevalence of multidrug-resistant (MDR) bacte- ically relevant pathogens, Pseudomonas aeruginosa poses a sig-

rial pathogens has necessitated the exploration of alternative nificant threat due to its intrinsic resistance to antibiotics and
antimicrobial strategies, with bacteriophage (phage) therapy  ability to acquire additional resistance mechanisms [3]. Recog-
emerging as a promising solution. Phages, viruses that specifi- nized by the World Health Organization (WHO) as a critical-
cally infect and lyse bacteria, are the most abundant biological priority MDR pathogen, P. aeruginosa is a leading cause of
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nosocomial infections, chronic respiratory diseases, and sepsis,
particularly in immunocompromised individuals [4]. The
dwindling efficacy of conventional antibiotics against such
strains has revitalized interest in phage therapy, which offers
host-specific lytic activity without the broad-spectrum disruption
of the microbiome [5]. This interest is supported by a growing
body of contemporary research isolating and characterizing
Pseudomonas phages for therapeutic applications, including
studies on synergistic phage-antibiotic combinations [6], the
discovery of broad-spectrum lytic phages with antibiofilm effi-
cacy [7, 8], and the development of advanced delivery systems
like phage-lysin hydrogels [9].

Environmental reservoirs, particularly wastewater systems, serve
as hotspots for phage diversity due to the high density of bacteria
and dynamic phage-host interactions [10]. These environments
provide ideal conditions for phage proliferation, as the constant
influx of bacterial hosts and nutrient-rich settings facilitate rapid
coevolution between phages and their targets [11]. Wastewater
from hospitals and urban areas is especially rich in clinically
relevant bacterial strains, including MDR P. aeruginosa, making
it a strategic source for isolating phages with therapeutic
potential [12].

Environmental surveillance in regions with high AMR burden,
such as Bangladesh, is a strategic source for discovering novel
therapeutic phages. While studies in Dhaka have identified
potent Pseudomonas phages active against MDR strains, the
systematic characterization of locally isolated phages remains
limited [13, 14]. Isolating and characterizing phages from these
distinct ecological settings addresses a key scientific gap by
expanding the global repertoire of well-defined phages and re-
vealing unique adaptations to local bacterial populations [15].

In this study, we isolated and characterized Pseudomonas phage
Arefeenl from wastewater in Dhaka, Bangladesh, with the aim of
evaluating its genomic features, evolutionary relationships, and
therapeutic potential. Through whole-genome sequencing,
comparative genomics, and host range assays, we assessed its
lytic efficacy against clinical P. aeruginosa strains and identified
unique genomic elements that may contribute to host adaptation.
Our findings expand the repository of phages with therapeutic
potential and provide insights into the genetic diversity of
P. aeruginosa-infecting phages. By bridging genomic analysis
with functional validation, this work underscores the importance
of phage discovery in combating the global AMR crisis.

2 | Methods

2.1 | Sample Collection and Phage Isolation

Wastewater samples were collected aseptically from sewage sites
in Dhaka, Bangladesh, in 2024 using sterile 500 mL poly-
propylene containers (Thermo Fisher Scientific). Samples were
transported on ice to the laboratory and processed within 3 h of
collection to maintain phage viability. Phage isolation was per-
formed using the enrichment protocol described by Son et al. [16]
with modifications. Briefly, 10 mL of each sample was mixed
with 5 mL of log-phase P. aeruginosa (host strain obtained from
the icddr,b Genome Centre Biobank) in Lysogeny Broth (LB).
After 24 h of incubation at 37°C with shaking (180 rpm), the
mixture was centrifuged (10,000xg, 10min), and the

supernatant was filtered through a 0.22 um polyethersulfone
membrane (Millipore) to remove bacterial debris. Phage pres-
ence was confirmed by plaque formation using the double-layer
agar method [17], with LB agar (1.5% w/v) as the base layer and
LB top agar (0.7% w/v) containing 100 uL of the filtered super-
natant and 200 L of host culture. Plates were incubated over-
night at 37°C, and well-isolated plaques were picked for further
purification.

2.2 | One-Step Growth Curve

The one-step growth curve was performed as previously de-
scribed [9]. Briefly, the host bacterium P. aeruginosa PAO1 was
grown to mid-exponential phase (OD600 ~0.3) in LB broth at 37°
C. The culture was infected with phage Arefeenl at a multiplicity
of infection (MOTI) of 0.1 and allowed to adsorb for 5 min at 37°C
without shaking. The mixture was then centrifuged at 8000 x g
for 2min to remove unadsorbed phages, and the pellet was
resuspended in fresh prewarmed LB. This time point was des-
ignated t = 0. Resuspended infected cells were diluted 1:1000 into
prewarmed LB and incubated at 37°C with shaking. Samples
(100 uL) were taken at 5-min intervals for 60 min, immediately
diluted in SM buffer, and plated using the double-layer agar
method [17, 18] to determine the phage titer (PFU/mL). The
latent period was defined as the time from the start of the in-
fection until the first detectable increase in progeny phage titer.
The burst size was calculated as the ratio of the final phage titer
after lysis to the initial titer of infected cells. All experiments were
performed in biological triplicate.

2.3 | Host Range and Efficiency of Plating (EOP)
Assay

The host range of phage Arefeenl was determined against
a panel of seven clinically isolated, MDR P. aeruginosa strains
(Table 1) using a spot test and a quantitative EOP assay. For the
spot test, 5uL of a high-titer phage lysate (> 10® PFU/mL) was
spotted onto lawns of each bacterial strain prepared in LB top
agar. Assays were performed in triplicate on separate occasions
(n = 3 biological replicates). Plates were examined for zones of
clearance after overnight incubation at 37°C. For the EOP assay,
phage lysates were serially diluted and plated on each bacterial
strain using the double-layer agar method. The EOP was cal-
culated as the phage titer on the test strain divided by the phage
titer on the primary host strain (P. aeruginosa PAO1). EOP values
were categorized as high (EOP >0.5), moderate
(0.1 <EOP<0.5), low (0.001<EOP<0.1), or inactive
(EOP <£0.001) [19].

2.4 | DNA Extraction and Whole Genome
Sequencing

A single plaque was excised and eluted in SM buffer (50 mM Tris-
HCI, 100 mM NacCl, 8 mM MgSO,, pH 7.5), followed by plaque
purification to ensure clonal isolation. High-titer phage lysates
were prepared by infecting log-phase P. aeruginosa at an MOI of
0.01 and incubating until complete lysis (6-8 h). Phage particles
were concentrated via polyethylene glycol (PEG8000) pre-
cipitation [20] and resuspended in SM buffer. Prior to DNA
extraction, the purified lysate was treated with DNase I (1 yg/mL,
37°C for 1h) to eliminate residual bacterial genomic DNA.
Genomic DNA was extracted using the DNeasy Blood & Tissue
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TABLE 1 | Host range and replication efficiency of bacteriophage Arefeenl.

Host strain Designation Spot test result EOP value EOP classification
P. aeruginosa PA_CU_1 Positive 0.7 High

P. aeruginosa PA_CU_2 Positive 0.4 Moderate

P. aeruginosa PA_CU_3 Positive 0.9 High

P. aeruginosa PA_CU_5 Positive 0.08 Low

P. aeruginosa DU_16 Positive 0.2 Moderate

P. aeruginosa Pse Negative < 0.001 Inactive

P. aeruginosa MO_4642.012.002 Positive 0.6 High

Kit (Qiagen, Germany) following the manufacturer’s protocol,
with an additional RNase A treatment. DNA quality was assessed
by Nanodrop (A,so/Asge ratio >1.8) and Qubit fluorometry
(Thermo Fisher Scientific). Libraries were prepared with the
Illumina DNA Prep Kit (Illumina) and sequenced on an Illumina
MiSeq platform (2 X 250 bp paired-end reads; 500-cycle kit).

2.5 | Quality Control, Genome Assembly, and
Annotation

Raw reads were quality-checked using FastQC v0.11.9 [21],
followed by trimming with Trimmomatic v0.39 [22] (parameters:
SLIDINGWINDOW:4:20 HEADCROP:20 CROP:220 MINLEN:
150). The filtered reads were assembled de novo with SPAdes
v3.15.5 [23] using—careful—only-assembler and k-mer 21, 33,
55,77, 87,99, 111, 119, and 127. Depth coverage was calculated
with BBmap v37.62 [24], and the contig with the highest depth
was selected for further analysis. Assembly quality was assessed
using QUAST v5.2.0 [25], and genome completeness was verified
with CheckV v1.0.1 [26]. Genome annotation was performed
using Pharokka v1.7.3 [27]. Subsequently, genome reorientation
was conducted using Circlator [28] with the terminase small
subunit as the starting point, followed by a second round of
annotation to ensure consistency.

2.6 | Virulence and Lifestyle Prediction

The phage lifestyle (lytic vs. temperate) was predicted using
BACPHLIP v0.9.6 [29] and PhaTYP [30], with confidence
thresholds of >90%. Protein domains were identified using
HMMER v2.41.2 [31] and InterProScan v5.64-96.0 [32], while
screening for antimicrobial resistance genes and virulence factors
was conducted using the ResFinder [33] and VFDB [34] data-
bases within Abricate v1.0.1 [35].

2.7 | Pan-Genome, Phylogenetic, and Comparative
Genome Analysis

A total of 984 P. aeruginosa phage genomes were selected from
the INPHARED database [36]. After excluding 144 partial ge-
nomes, 840 complete genomes were retained. Virulent phages
(n=678) were identified using BACPHLIP and PhaTYP. Pro-
teomic trees were generated with ViPTree v1.1.3 [37], narrowing
down a clade of 58 phages closely related to Arefeenl. Inter-
genomic nucleotide distances were calculated using VIRIDIC
[38] with default parameters (genus threshold: 70%, species
threshold: 95%), resulting in a final clade of 48 closely related
phages. Genomes were then reoriented using Circlator, with the
terminase small subunit as a reference, to standardize genome

orientation for comparative analysis. All genomes were re-
annotated in Pharokka to ensure consistency.

A pan-genome analysis was performed on 48 P. aeruginosa phage
genomes. After annotation, the GFF files generated by Pharokka
were used as input for creating the pan-genome with Roary
v3.13.0 software [39]. Annotated genomes from Pharokka were
processed in Roary with the following parameters: -e -n -v -s -i 60
-cd 100. Genes present in 99%-100% of the genomes were
classified as core genes, 95%-99% as soft-core, 15%-95% as shell,
and less than 15% as cloud genes. The distribution of core and
accessory genomes was visualized using Phandango [40], with
additional =~ comparative  visualizations  generated in
gggenomes [41].

3 | Results

3.1 | Isolation of Pseudomonas Phage Arefeenl

We isolated Pseudomonas phage Arefeenl from wastewater in
Dhaka, Bangladesh, using P. aeruginosa PAO1 as the host strain.
Plaque purification yielded uniform lytic zones averaging
2-3mm in diameter (Figure 1(a)), consistent with typical
podovirus morphology.

3.2 | One-Step Growth Curve

The one-step growth curve of bacteriophage Arefeenl infecting
P. aeruginosa revealed a 25-min latent period. A subsequent rise
phase culminated in a peak titer at ~85 min post-infection. Based
on this increase, the average burst size was estimated to be
150 + 12 PFU per infected cell (mean + SD of three independent
biological replicates) (Figure 1(b)), indicating efficient
replication.

3.3 | Phenotypic Characterization

The host range and replication kinetics of Arefeenl were sys-
tematically evaluated to assess its therapeutic potential. Direct
spot testing against seven clinical P. aeruginosa isolates revealed
lytic activity, with clear plaque formation observed in six strains
(85.7% efficacy), including respiratory (PA_CU_1) and wound
(MO_4642.012.002) isolates. The single resistant strain (Pse,
bloodstream isolate) may possess phage defense mechanisms
such as receptor modification or CRISPR-Cas systems (Table 1).

Three strains (PA_CU_1, PA_CU_3, and MO_4642.012.002)
supported high-efficiency replication (EOP 0.6-0.9). Two strains
(PA_CU_2 and DU_16) showed moderate efficiency (EOP
0.2-0.4), while strain PA_CU_5 supported low-efficiency plating
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(a) Plaque morphology and lytic activity of phage Arefeenl. (A, B) Plaque formation on P. auruginosa double-layer agar plates at time

intervals of 30 and 80 min. Clear, circular plaques (0.5-1.5mm in diameter) were observed after 16-18-h incubation at 37°C; (C) Spot test showing

a distinct lysis zone, confirming the virulent activity of phage Arefeenl against its host strain. (b) One-step growth curve of bacteriophage Arefeenl

infecting P. aeruginosa.

(EOP 0.08). A single bloodstream isolate (Pse) was completely
resistant, showing no lytic activity and an EOP below 0.001
(Table 1).

3.4 | Genome Annotation, Taxonomy, and
Functional Analysis

Whole-genome sequencing revealed a 46,021 bp double-stranded
DNA genome with 52.7% GC content, achieving high-quality as-
sembly (353 X coverage, CheckV completeness: 100%). Taxonomic

analysis placed Arefeenl within the genus Bruynoghevirus (class
Caudoviricetes), showing 95%-98% nucleotide identity to refer-
ence phages (Table 2). Lifestyle prediction tools BACPHLIP (98.7%
confidence) and PhaTYP (99.99% confidence) confirmed its ob-
ligately lytic nature, with no detectable integrase or antibiotic
resistance genes—Xkey attributes for therapeutic applications.

The annotated genome of Arefeenl contained 86 open reading
frames (ORFs) spanning 96.26% of the 46,021 bp sequence, with
protein-coding sequences averaging 515.1 bp in length (Figure 2).

TABLE 2 | Genomic features and taxonomic classification of Arefeenl compared to related phages.
Parameter Arefeenl OR472559 Phage_Pa222 Phage_SaPL Phage_vB_PaeP_PaCe
Genome size (bp) 46,021 — — —
Coverage 353 X — — —
GC content (%) 52.7 — — —
CheckV completeness (%) 100 — — —
BacPHLIP (% virulent) 98.7 — — —
PhaTYP (% virulent) 99.99 — — —
Query coverage (%) — 98 96 96
Percent identity (%) — 97.4 98.5 95.5
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Genome annotation of Arefeenl showing functional modules. The 46,021 bp genome contains 86 ORFs (82 protein-coding, 4 tRNA),

covering 96.26% of the sequence. Key features include structural proteins (12 ORFs), replication systems (6 ORFs), lytic enzymes (3 ORFs), and

metabolic genes (4 ORFs), with no virulence or antimicrobial resistance factors detected.

Among these, we identified 82 protein-coding genes and 4 tRNA
genes (including one pseudogene) shown in Supplementary
Figure 1, distributed asymmetrically across strands (32 ORFs on
the positive strand vs. 54 on the negative strand). Functional
classification revealed three key modules: (1) structural com-
ponents (12 ORFs), including 10 head/packaging proteins and
2 tail-associated proteins; (2) replication/regulation systems (6
ORFs); and (3) a lytic module featuring 2 endolysins and 1 holin.

Additionally, four metabolic enzymes were annotated—an
amidoligase, a metallo-phosphoesterase, L-glutamine-D-fruc-
tose-6-phosphate aminotransferase, and lipoprotein—suggesting
potential roles in host metabolic redirection during infection.
Crucially, comprehensive screening against the VFDB and
ResFinder databases confirmed the absence of both antimicrobial
resistance genes and known virulence factors, reinforcing the

phage’s therapeutic safety profile.
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To definitively establish the taxonomic position of Arefeenl, we
generated a proteomic tree with ViPTree [37] and placed Are-
feenl within a well-defined clade corresponding to the genus
Bruynoghevirus [42] (Figure 3(a)). Consistent with this, we cal-
culated pairwise intergenomic similarities using VIRIDIC [38]
against all complete P. aeruginosa phage genomes (Figure 3(b)).
Arefeenl shared > 96% average nucleotide identity with phages
Pa222, HMGUpa2, and PA_CQ9, exceeding the 95% threshold
recommended for species demarcation [38]. Therefore, we
classify Arefeenl as a new strain within the established species
Pseudomonas virus Pa222, genus Bruynoghevirus.

3.5 | Comparative Genomic Analysis

Pan-genome analysis of 48 closely related P. aeruginosa phages,
selected from 840 complete genomes in the INPHARED data-
base, revealed distinct patterns of gene conservation and vari-
ability (Figure 4). The analysis identified a small core genome of
just 5 genes (99%-100% prevalence across all phages), including
the essential terminase large subunit (Group_161) involved in
DNA packaging. A larger set of 152 shell genes (15%-95%
prevalence) and 335 cloud genes (< 15% prevalence) demon-
strated substantial accessory genome variability, suggesting
evolutionary adaptation to specific ecological niches. Notably, six
genes were found to be completely unique to Arefeenl, poten-
tially encoding phage-specific adaptations that contribute to its
distinct biological properties. This genomic architectur-
e—featuring a highly conserved core alongside variable acces-
sory genes—mirrors patterns observed in other virulent phages
and supports the evolutionary flexibility of P. aeruginosa phages
in responding to diverse host environments.

3.6 | Functional Characterization of Core Genes

Detailed analysis of the conserved core genes revealed several
functionally important proteins. The terminase large subunit

FIGURE 3 | (Continued)

(@

(Group_161, 482 aa) contained two critical domains: a Termi-
nase_6C domain involved in DNA binding and cleavage during
genome packaging and a P-loop NTPase domain responsible for
ATP hydrolysis to power DNA translocation. The portal protein
(Group_112, 706 aa) featured predicted coiled-coil motifs in-
dicative of oligomerization capability, essential for forming the
capsid portal complex that facilitates DNA entry and exit. Two
small hypothetical proteins (Group_113/114, 63-82 aa) were
particularly interesting, as they contained identifiable signal
peptides, strongly suggesting they function in secretion or
membrane interactions. While Group_113/114’s exact roles re-
main to be determined, their conserved presence across related
phages implies important, though potentially nonessential,
functions in the phage life cycle.

3.7 | Unique Genes and Potential Adaptations

The genome of Arefeenl contains six unique genes (ARE-
FEEN1_CDS_0052-0079) that lack homologs in related phages,
all encoding hypothetical proteins of currently unknown func-
tion. Structural bioinformatics analyses provide important clues
about their potential roles: three genes (CDS_0052, 0058, and
0061) contain predicted transmembrane domains, suggesting
involvement in membrane interactions during host recognition
or viral entry. CDS_0079 displays intrinsically disordered regions
that may facilitate structural flexibility and host adaptation,
while CDS_0058 shows sequence features consistent with po-
tential involvement in phage replication processes. Although the
precise functions of these genes remain to be experimentally
validated, their exclusive presence in Arefeenl indicates they
may confer unique adaptive advantages, possibly contributing to
host range specificity or environmental fitness. The identification
of these phage-specific genes highlights the genetic diversity
among Pseudomonas phages and underscores the need for fur-
ther functional characterization of these potentially important
genomic elements.
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FIGURE 3 | Comparative genomic analysis of phage Arefeenl. (a) Proteomic phylogenetic tree aligned with genome similarity, showing taxonomic
clustering. (b) VIRIDIC heatmap of intergenomic similarity among Arefeenl and related P. aeruginosa phages, with identity percentages, genome

lengths, and aligned fractions.

4 | Discussion

The increasing prevalence of MDR P. aeruginosa necessitates the
continuous expansion of the global phage repertoire as a po-
tential therapeutic resource [43, 44]. In this study, we isolated
and characterized Pseudomonas phage Arefeenl from a Bangla-
deshi wastewater source. Its strictly lytic nature, absence of
virulence or resistance genes, and efficient in vitro activity

against a panel of clinical MDR strains support its further in-
vestigation as a potential biocontrol agent.

The microbiological characteristics of Arefeenl are consistent
with those of other virulent P. aeruginosa podoviruses used in
therapy research. Its latent period of 25 min and burst size of
~150 PFU/cell are efficient and comparable to other therapeutic
candidates, such as phage PEV20 (latent period ~20 min) [45],
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indicating robust replicative potential. Notably, Arefeenl lysed 6
out of 7 (85.7%) clinically derived MDR strains in our panel,
including respiratory and wound isolates. This host range is
similar to that reported for phages like JG004 and PAK_P1,
which also show activity against a broad spectrum of clinical
isolates ([18]). The single resistant strain (Pse) underscores
a common challenge in phage therapy—pre-existing or rapidly
inducible bacterial resistance—which likely arises from bacterial
defense mechanisms such as receptor modification, restriction-
modification systems, or CRISPR-Cas adaptive immunity [46].
While not directly tested in this initial characterization, the
presence of such a resistant strain within a small panel highlights
the importance of developing phage cocktails [47], rather than
monotherapies, to mitigate resistance emergence.

We acknowledge that the planktonic culture conditions used in
this initial characterization, while standard for phage isolation
and basic kinetic studies, do not recapitulate the complex biofilm
mode of growth central to many recalcitrant P. aeruginosa in-
fections, such as those in cystic fibrosis airways or chronic
wounds [48]. The efficacy of phage therapy can be significantly
different in biofilm environments due to factors like reduced
phage penetration, altered bacterial metabolism, and the pres-
ence of persister cells. Therefore, the promising in vitro activity
reported here does not directly predict efficacy in these more
clinically relevant settings. Future work must include structured
biofilm assays to evaluate Arefeenl’s biofilm penetration and
eradication capabilities, both alone and in combination with
other phages or antibiotics known to disrupt biofilm matrices.

Genomically, Arefeenl is a member of the Bruynoghevirus genus,
sharing high average nucleotide identity (> 96%) with phages like
Pa222 and PA_CQ9. This taxonomic assignment places it within
a group known to infect P. aeruginosa [8]. Its genome encodes
several features commonly associated with virulent phages, in-
cluding a suite of tRNAs, which are not innovations but rec-
ognized adaptations that may enhance translational efficiency in
a GC-rich host [49]. Pan-genome analysis identified six clade-
specific ORFs in Arefeenl, three of which (CDS_0052, 0058, and
0061) encode predicted transmembrane domains—a known
feature of phage host-interaction proteins—suggesting recent
acquisition or divergence and a potential role in fine-tuning host
range, though their definitive function requires validation. This

unique set resides within a genome where approximately 64% of
ORFs are hypothetical proteins, reflecting the common, vast
unexplored diversity of phage genomics. The conserved core
genome, comprising efficient structural and replication modules,
underpins the lytic kinetics, while conserved small proteins with
predicted signal peptides indicate a potentially novel, non-
structural mechanism in this phage group’s infection cycle,
meriting further study [10, 48].

The primary significance of this work lies in its geographical and
clinical context. Bangladesh faces a severe burden of AMR [14].
Isolating and characterizing phages from local environmental
reservoirs, such as the Dhaka sewage system, is a strategic ap-
proach to developing regionally relevant therapeutic resources.
Phages co-evolve with local bacterial populations, making in-
digenous isolates potentially more effective against circulating
clinical strains [21]. While the clinical application of phages
against P. aeruginosa is advancing, as demonstrated in
compassionate-use cases for pneumonia and burn wound in-
fections [5, 8], these successes rely on well-characterized phage
banks. Arefeenl represents a new, genomically defined addition
to such banks, specifically sourced from and for a high-AMR
burden region.

We acknowledge the limitations of this initial characteriza-
tion. Transmission electron microscopy (TEM) was not per-
formed for phage morphological analysis. The host range,
while encouraging, was tested against 6 of 7 tested MDR
clinical isolates, which is a limited number of strains. The
in vitro lytic activity does not guarantee efficacy in complex
in vivo or biofilm environments [48]. Furthermore, the
functional predictions for core and unique genes remain to be
tested experimentally.

In conclusion, Pseudomonas phage Arefeenl is a genomically
and phenotypically characterized, strictly lytic virus with activity
against clinically relevant MDR strains in Bangladesh. Its value is
not in unprecedented novelty but in its contribution as a vali-
dated, regionally sourced candidate for inclusion in future phage
cocktail formulations. Future work should focus on combina-
torial synergy testing with other phages or antibiotics, in vivo
efficacy models, structured biofilm assays, and functional ge-
nomics to elucidate the roles of its uncharacterized genes. This
study underscores the importance of systematic local phage
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bioprospecting as a component of the multifaceted response to
the AMR crisis.

5 | Conclusion

The study comprehensively characterizes Pseudomonas phage
Arefeenl, isolated from Bangladeshi wastewater, as a therapeutic
candidate against MDR P. aeruginosa. Arefeenl exhibits a lytic
lifecycle, a 46,021 bp genome devoid of virulence or antibiotic
resistance genes, and robust lytic activity against 85.7% of tested
clinical strains. Its rapid replication kinetics (25-min latent pe-
riod, burst size of 150 & 12 PFU/cell) and genomic adaptations,
including six membrane-interaction genes, highlight its thera-
peutic potential. Comparative genomics revealed a small core
genome but significant accessory gene diversity, underscoring
evolutionary adaptability. These findings position Arefeenl as
a candidate for preclinical development, particularly in regions
disproportionately affected by antimicrobial resistance.
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