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ABSTRACT

Pseudomonas aeruginosa can develop resistance to antibiotics and tolerance to antimicrobials. Bacteriophages 
have been proposed as an alternative strategy for eliminating pathogens, but they require further genetic studies. 
Therefore, this study aimed to isolate a bacteriophage from hospital wastewater, examine its biological properties, 
and analyze the genomes of both the host bacterium and bacteriophage. A bacteriophage was isolated from hospital 
wastewater, purified, and amplified. The optimal temperature range was 20°C–37°C, with an optimal pH of 7 and 
multiplicity of infection of 1. The bacteriophage exhibited growth inhibition against 24% of P. aeruginosa clinical 
isolates. The host bacterium genome spanned 104 contigs, with an estimated total length of 6,455,470 bp and GC 
content of 66.27% and contained five prophage regions. Draft genome assembly of the phage consisted of nine 
contigs totalling 94,292 bp of double-stranded DNA. It contained 158 open reading frames, none of which encoded 
virulence or antibiotic resistance genes, but one encoded a transfer RNA. Whole-genome sequence comparison 
using BLASTn showed approximately 99% nucleotide identity with Pseudomonas phage Samunavirus SM1. Our 
study represents the first genomic report of an SM1-like bacteriophage and its host isolated from hospital wastewater 
in Iraq.

1. INTRODUCTION
Pseudomonas aeruginosa is a common, motile Gram-negative 
opportunistic pathogen that is receiving increasing attention because 
it causes severe nosocomial infections that often result in death. It 
is widely distributed across different environments, including soil, 
animal farms, hospital wastewater, and aquatic environments [1]. 
It is one of the primary pathogens causing nosocomial infections, 
bacteremia, urinary tract infections (UTIs), chronic wound infections, 
and lung infections in patients with cystic fibrosis [2].

Although antibiotics are considered an effective approach to treating 
bacterial infections, their overuse and misuse have reduced their 
effectiveness. Pseudomonas aeruginosa has developed resistance to 
the available treatment options through its ability to form a biofilm and 
produce hemolysins and other virulence factors [3]. In Iraq, infections 
with multidrug-resistant (MDR) and extremely drug-resistant strains 

of P. aeruginosa have been recognized as major contributors to 
nosocomial infections at Basra Hospital [4]. In addition, P. aeruginosa 
clinical isolates from Al-Diwaniyah Hospital showed increased 
resistance to aminoglycosides [5], while those from Al-Hillah Al-
Sadiq Hospital often showed MDR [6].

Global health systems, including those in Iraq, face a serious threat 
from the spread of drug-resistant strains of P. aeruginosa. Therefore, a 
new and effective alternative approach for treating MDR strains of P. 
aeruginosa is required. Bacteriophage therapy has received renewed 
research interest as an alternative to existing antibiotics. In any 
environment, the presence of bacteriophages depends on that of their 
bacterial hosts, with bacterial species often susceptible to one or more 
bacteriophages [7]. Bacteriophages are known for their ubiquity and 
diversity, which play a significant role in the diversity and evolution 
of bacterial species [8]. Notably, bacteriophages have recently shown 
promising efficacy in experimental models in treating MDR strains 
of P. aeruginosa [9], and combining an isolated bacteriophage with 
ciprofloxacin or meropenem significantly decreased biofilm formation 
by P. aeruginosa clinical isolates in vitro [10]. However, there remains 
a lack of isolated bacteriophages targeting Pseudomonas spp., as well 
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as research focused on the genomic characterization of both bacterial 
hosts and bacteriophages.

Although most prior studies have employed phenotypic assays to 
characterize bacteriophages, genomic sequencing and bioinformatics 
analysis can more accurately ensure bacteriophage safety. Therefore, this 
study aimed to isolate a bacteriophage from hospital wastewater samples 
and evaluate its inhibitory activity against pathogenic P. aeruginosa. 
It examines the bacterial host and bacteriophage genomes via whole-
genome sequencing (WGS) to assess the bacteriophage’s suitability for 
therapeutic applications and to explore its evolutionary relationships.

2. MATERIALS AND METHODS

2.1. Study area and physicochemical analysis
To comprehensively assess water quality at baseline, wastewater 
samples collected at Ghazi Al-Hariri Hospital (Baghdad City, Iraq) in 
November 2025 were analyzed for 18 physicochemical parameters. 
Temperature, pH, and electrical conductivity (EC) were measured in 
situ. Biochemical oxygen demand (BOD), oxygen demand (OD), total 
dissolved solids (TDS), sulfate (SO4

2−), alkalinity (Alk.), total hardness 
(TH), oil and grease (O&G), turbidity (Turb.), chloride (Cl), nitrate 
(NO3

−), phosphate (PO4), calcium (Ca), magnesium (Mg), potassium 
(K), and sodium (Na) were analyzed in a laboratory according to 
standard procedures [11].

2.2. Isolation of the host bacterium and bacteriophage
Two wastewater samples were collected at Ghazi Al-Hariri Hospital, 
stored in a cooler at 4°C, transported to the laboratory, and processed 
on the same day. First, they were centrifuged at 6,000 rpm for 20 
minutes to remove cell debris, as previously described [10], with 
slight modification. Next, a portion of the supernatant was cultured 
on nutrient agar and MacConkey agar at 37°C for 24 hours (Himedia, 
India), while the remainder was passed through 0.45-μm and 0.22-
μm filter membranes (Merck Millipore, France) for bacteriophage 
isolation. The next day, colonies suspected to be P. aeruginosa were 
replated onto nutrient agar and MacConkey agar and incubated at 
37°C for 24 hours for purification. Then, five suspected P. aeruginosa 
isolates were identified at the species level using the VITEK® 2 
compact system (bioMérieux, France).

All environmental P. aeruginosa isolates were grown on nutrient agar 
plates for 24 hours at 37°C. The next day, each isolate (100 μl) in 
the logarithmic phase (2 × 108) was mixed with 4 ml of melted soft 
agar (0.7%) and left to solidify for 10 minutes. Then, wastewater 
supernatant was spotted on top of the agar for each P. aeruginosa 
isolate and left at room temperature for 10 minutes. All plates were then 
incubated at 37°C for 24 hours. Then, those isolates showing a lysis 
zone were considered the host bacterium. Finally, the bacteriophage 
was transferred into 4 ml phosphate-buffered saline (PBS) and stored 
in a refrigerator.

2.3. Bacteriophage purification
The bacteriophage was purified using the previously described 
double-layer agar overlay method [12]. Briefly, the host P. aeruginosa 
isolate in logarithmic phase was mixed with 100 μl of bacteriophage 
lysate, incubated at room temperature for 10 minutes, then mixed with 
4 ml of melted soft agar (0.7%), poured onto nutrient agar plates, and 
incubated at 37°C for 24 hours. Then, a single clear plaque was chosen 
and transferred into 5 ml of PBS. The purification cycle was repeated 
four times.

Bacteriophage plaque morphology was examined the following day 
using the agar overlay method, and plaque morphology and diameters 
were recorded. Each plate was incubated for an additional 48 hours, 
and changes in plaque morphology were recorded and imaged.

2.4. Examination of bacteriophage morphology
A uniform plaque plate was immersed in PBS (5 ml) and left at room 
temperature for 24 hours. Next, the PBS was collected into a sterile 
Eppendorf tube, centrifuged at 2,000 rpm for 5 minutes, and the 
supernatant was passed through a 0.22-μm membrane filter. Then, 
the filtrate was concentrated using 100 kDa Amicon Ultra centrifugal 
filter units (Merck Millipore, France) to a final volume of 0.5 ml 
by centrifugation at 3,000 rpm and 4°C for 5–10 minutes. Next, the 
bacteriophage lysate titer was measured, and 10 μl of the lysate was 
placed onto carbon-coated copper grids (Precise, China) and left at 
room temperature to dry for 10 minutes. Filter paper was used to 
absorb excessive bacteriophage suspension, and the grid was then 
negatively stained with uranyl acetate (2%). Finally, bacteriophage 
morphology was observed using a Supra 55vp field emission scanning 
electron microscope (FESEM; Zeiss, Germany) in the College of 
Pharmacy at Basra University (Basra, Iraq).

2.5. Assessment of temperature and pH stability
Bacteriophage stability at different temperatures (−20°C, 4°C, 20°C, 
37°C, 50°C, 65°C, and 75°C) was assessed by incubating 300 μl 
of bacteriophage lysate at the required temperature for 1 hour, and 
then determining the bacteriophage titer using the double-layer agar 
overlay method. Bacteriophage stability at different pHs (pH 2, 4, 6, 
7, 8, and 10) was assessed by adding 300 μl of bacteriophage lysate 
to 1 ml of PBS at the required pH, incubating the solution at room 
temperature for 1 hour, and then determining the bacteriophage titer 
using the double-layer agar overlay method [13].

2.6. Assessment of multiplicity of infection (MOI)
Briefly, 100 μl of bacteriophage suspension at different titers was 
mixed with a suspension of the host bacterium (~108 colony-forming 
units [CFU]/ml) to achieve different MOI values (10, 1, 0.1, 0.01, and 
0.001). Serial dilutions were prepared for each mixture, spread onto 
a fresh nutrient agar plate, and incubated at 37°C for 24 hours. After 
incubation, the bacteriophage titer was determined. The experiment 
was performed in triplicate, and the MOI that produced the highest 
titer was considered the optimal MOI [14].

2.7. Identification of bacterial species
In November and December 2025, all clinical samples for the host 
range test were collected from the Microbiology Laboratory at 
Ghazi Al-Hariri Hospital. They originated from various sources, 
including back mass, blood, bronchial wash, ear swab, endotracheal 
tube (ETT) tip, Foley tip, pus, sputum, and urine. All isolates were 
further phenotypically identified using the VITEK® 2 compact system 
(bioMérieux, France) and based on their antimicrobial profile. Stock 
cultures of all isolates were prepared by adding 20% glycerol to brain 
heart infusion broth and storing them at −80°C.

2.8. Assessment of bacterial host range
The lytic activity of the isolated bacteriophage against 61 different 
pathogenic bacteria (25 P. aeruginosa strains, 16 Escherichia coli 
strains, 12 Klebsiella spp., and 8 Staphylococcus aureus strains) was 
evaluated using a standard spot assay. Briefly, 100 μl of each tested 
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bacterium at the mid-log phase was added to semi-solid nutrient agar 
(4 ml) and poured onto a fresh nutrient agar plate. All plates were 
left to solidify, spotted with 3 μl of bacteriophage suspension (109–10 
plaque-forming units [PFU]/ml), left to dry for 10 minutes, and then 
incubated at 37°C for 24 hours. After incubation, the presence of clear 
spots indicated bacteriophage growth inhibition activity [15].

2.9. Isolation of genomic DNA from the host bacterium and 
bacteriophage
Genomic DNA was isolated from the P. aeruginosa host using the 
Wizard® Genomic DNA Purification Kit (Promega, USA) according 
to the manufacturer’s instructions. Bacteriophage DNA was extracted 
using the Phage DNA Isolation Kit (Norgen Biotek, Canada) according 
to the manufacturer’s instructions. Briefly, bacteriophage lysate (109 

PFU/ml) was incubated with 10 μl of RNase-free DNase I at room 
temperature for 15 minutes. Next, 500 µl of lysis solution was added, 
and the mixture was vortexed for 10 seconds. Then, 4 µl of proteinase 
K was added to the mixture, and it was incubated at 55°C for 15 
minutes to increase DNA yield. The mixture was then incubated in a 
water bath at 65°C for 15 minutes, with thorough mixing performed 
2–3 times during incubation by inverting the tube. Next, the tube was 
cooled and centrifuged at 14,000 rpm for 1 minute. Then, 1 ml of the 
supernatant was transferred to a new sterile microfuge tube, mixed 
with binding buffer (400 µl), and vortexed. Isopropanol (320 µl) was 
then added, and the mixture was vortexed for few seconds. Next, the 
lysate (650 µl) was transferred to a spin column and centrifuged at 
8,000 rpm for 1 minute; this step was repeated with the remaining 
lysate. Then, washing buffer (400 µl) was added, and the column was 
centrifuged at 8,000 rpm for 1 minute; this step was repeated twice, 
followed by an extra centrifugation at 8,000 rpm for 2 minutes to dry 
the resin. Next, the elution buffer (75 µl) was added, and the column 
was centrifuged at 8,000 rpm for 1 minute. To obtain additional DNA, 
the elution step was repeated twice. The obtained DNA was stored at 
−20°C. Bacteriophage genomic DNA fragment size was estimated by 
electrophoresis on a 1% agarose gel at 85 V for 1 hour with a DNA 
ladder (SMOBIO Technology, Taiwan) [10].

2.10. Determination and screening of the bacteriophage 
genome sequence
The bacteriophage genome sequence was determined by WGS using the 
NovaSeq X Plus platform (Illumina, USA) and annotated using version 
4 of the Viral Genome ORF Reader (VIGOR4) and PHANOTATE. The 
bacteriophage genome sequencing data were deposited in the National 
Center for Biotechnology Information Sequence Read Archive under 
BioProject (accession number PRJNA1332805).

The bacteriophage genome was screened against the Comprehensive 
Antibiotic Resistance Database (CARD) and the Virulence Factor 
Database. Match detection was considered statistically significant 
when the sequence identity was ≥90% and query coverage was ≥80%.

2.11. Bioinformatics characterization of the host and 
bacteriophage genome
Paired-end Illumina sequencing (2 × 150 bp) was used after extracting 
the genomic DNA of the bacterial host. Raw reads were quality-
filtered using Trim Galore v 0.6.5, BBNorm, and assembled using 
Unicycler v 0.4.8. Pilon was used to enhance the assembly. The 
completeness of the genome assembly was confirmed, and the average 
genome assembly reached a depth of 295x, and genome coverage was 
adequate for further analyses. QUAST v 5.2.0 was used to examine the 
quality of the genomes.

The bacteriophage genomic sequence data were assembled, functionally 
annotated, and subjected to variant calling. For de novo assembly, the 
sequencing reads first underwent quality control and were then organized 
into contiguous sequences. The draft genome was then revised and 
refined to high quality. Genome diversity and evolutionary adaptation 
were assessed through polymorphisms and structural variations captured 
during variant calling. The genome was annotated using the PHANOTATE 
pipeline to systematically identify coding sequences (CDS), structural 
components, replication-associated genes, and accessory elements. This 
task included predicting the biological functions of the elements that 
comprise the various genes in the bacteriophage genome and describing 
the functional elements that determine host recognition, lysis, and 
horizontal gene transfer. The combined analyses of assembly, variant 
calling, and annotation using the PHANOTATE pipeline established 
a useful basis for genomic characterization. Statistical analyses were 
performed using R (version 4.5.2).

3. RESULTS

3.1. Bacteriophage isolation
The bacteriophage was initially isolated by spot assay screening 
of P. aeruginosa environmental isolates. A clear zone indicated the 
presence of a bacteriophage that could lyse P. aeruginosa, which 
was further purified and designated Pa25IQ. The bacteriophage 
formed a plaque with a clear center in a double agar layer. The 
plaques had diameters of 1–2 mm, with regular, clear dots that 
remained constant after incubation for 48 hours. The FESEM 
examination showed that the isolated bacteriophage exhibited 
a typical icosahedral head with a contractile tail (Fig. 1A and B;  
Fig. 2).

3.2. Characteristics of bacteriophage Pa25IQ
Bacteriophage Pa25IQ maintained high infectivity over 1 hour across 
the temperature range of 20°C–37°C (Fig. 3A). However, its titer 
decreased rapidly at temperatures exceeding 50°C. It also maintained 
high infectivity over 1 hour across the pH range of 4–8, peaking at pH 
7 (Fig. 3B). However, no titer was detected at pH below 4 or above 8.

These laboratory thresholds align with in situ measurements of 
wastewater from Ghazi Al-Hariri Hospital, which had an average pH 

Figure 1. Isolation and plaque morphology of bacteriophage Pa25IQ. (A) 
Lytic zones produced by bacteriophage Pa25IQ on a Pseudomonas aeruginosa 
lawn using the spot assay; (B) clear plaques formed by bacteriophage Pa25IQ 

using the double-layer agar overlay assay.
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of 7.4, temperature of 33.2°C, and alkalinity of 167.85 mg/l. Its ionic 
strength characteristics, including EC of 678 µs/cm, TDS of 420.3 

mg/l, and TH of 222 mg/l, along with the presence of specific cations 
(Na+, K+, Mg2+, and Ca2+) and anions (Cl−, SO4

2−, NO3
−1, and PO4

−), 
provided satisfactory conditions for bacteriophage structural stability. 
In addition, the low O&G level (0.065 mg/l) and turbidity (64 NTU) 
facilitated bacteriophage–host interactions, while the OD (9.5 mg/l) 
and BOD (5 mg/l) further characterized the baseline water quality 
during the isolation period (Table S1).

3.3. MOI of bacteriophage Pa25IQ
Bacteriophage lysis activity is influenced by the MOI (ratio of 
bacteriophage to bacteria). With the decrease in MOI, bacterial 
growth increases, however, MOI cannot entirely reduce bacterial 
cell growth [16]. For bacteriophage Pa25IQ, an MOI of 1 appeared 
optimal (Fig. 4).

3.4. Sources and antimicrobial sensitivity of the P. aeruginosa 
clinical isolates
A total of 25 P. aeruginosa clinical isolates were collected from 
the Microbiology Laboratory at Ghazi Al-Hariri Hospital. Of these 
isolates, 76% were obtained from hospitalized male patients and 24% 
from hospitalized female patients (Fig. 5A). Most were from urine 
(28%), followed by bronchial wash (24%), back mass (4%), ear swab 
(4%), ETT tip (4%), and pus (4%, Fig. 5B). The susceptibility of the 
P. aeruginosa clinical isolates to 10 different antibiotics was assessed 
(Table 1). While many (44%) showed resistance to gentamicin, 
tobramycin, and imipenem, most showed susceptibility to meropenem 
(64%) and cefepime (60%).

3.5. Target species of bacteriophage Pa25IQ
Bacteriophage Pa25IQ demonstrated growth inhibition against 6 of the 
25 (24%) P. aeruginosa clinical isolates, but showed no lysis activity 
against other tested Gram-positive (8 S. aureus strains) and Gram-
negative (16 E. coli and 12 Klebsiella spp. strains) clinical isolates. 
The results indicate a narrow host range (Table 2).

3.6. Construction of the P. aeruginosa genome
The genome of the P. aeruginosa host was sequenced to investigate 
pathogenicity, virulence, and host resistance to bacteriophage 
infection. It comprised 104 contigs, with an estimated genome length 
of 6,455,470 bp, and an average GC content of 66.27%. The N50 
length, the shortest sequence length at 50% of the genome length, 
was 124,016 bp. The L50 count, the smallest number of contigs whose 
length sum produces the N50, was 15. The P. aeruginosa genome was 
annotated using the RAST toolkit and assigned the unique genome 
identifier 287.45055. The P. aeruginosa genome was found to contain 
6,163 protein CDS, 55 transfer RNA (tRNA) genes, and 3 ribosomal 
RNA (rRNA) genes (Fig. 6).

The CARD analysis indicated that the host P. aeruginosa strain carries 
a highly complex, dense, and essential set of antimicrobial resistance 
genes distributed throughout its entire chromosome (Fig. 7), which is 
known to contribute to antibiotic resistance. For example, it contains 
the efflux pumps MexAB-OprM, MexCD-OprJ, MexEF-OprN, and 
MexXY, as well as the beta-lactamases PDC-5 (Pseudomonas-derived 
cephalosporinase) and OXA-396 (an oxacillinase). The presence 
of cprS/cprR, parS/parR, and basS/basR indicates the existence 
of regulatory systems that sense environmental stressors, such as 
antibiotics and activate resistance genes.

Figure 2. Morphology of phage Pa25IQ. The bar indicates 100 nm. 

Figure 3. Phage Pa25IQ temperature and pH stability experiment. (A) Phage 
titer was measured via double agar overlay after phage lysate incubation at 

different temperatures. (B) Phage titer was measured via double agar overlay 
after phage lysate incubation at different pH values. Error bars represent the 

standard deviation of three independent replicates.
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Table S1. Alignment of laboratory data with in situ field physicochemical parameters for Pa25IQ phage stability.

Parameter Laboratory data In situ (field) data Alignment Comment

pH 7.0 7.4 Optimal Maintains high phage stability range

Temperature 37°C 33.2°C Optimal Correspond to the peak infectivity range.

Alkalinity Required for pH stabilization 167.85 mg/l High Provides strong buffering capacity

Divalent cations Essential for host attachment Ca2+(62 mg/l, and Mg2+ (20 mg/l) Ideal Neutralize electrostatic charges

Monovalent cations Regulates particles aggregation Na+(36 mg/l), and K+(1.25 mg/l) Sufficient Ensures particles stability and prevents 
aggregation

TDS

EC

Influences host attachment 420.3 mg/l

678 μs/cm

Favorable Support efficient infection kinetic

Oil and Grease Inhibits adsorption 0.065 mg/l Excellent Low concentration prevent trapping

Turbidity Affect phage- host interaction 64 NTU Good Enhances contact frequency in suspension.

Figure 4. The optimal MOI experiment results. Error bars represent the 
standard deviation of three independent replicates.

3.7. Bacteriophage infection history of the host P. aeruginosa 
strain
Screening of the host P. aeruginosa genome sequence identified five 
prophage regions, of which four were intact and one was suspect 
(Table 3; Fig. 10). The prophage regions ranged in length from 6 
to 94 kb. The first intact region showed similarity to Pseudomonas 
bacteriophage phiCTX (NCBI GenBank ID: NC_003278), the second 
intact region to Pseudomonas bacteriophage SM1 (NCBI GenBank ID: 
NC_041877), the third intact region to Pseudomonas bacteriophage 

vB_PaeS_PM105 (NCBI GenBank ID: NC_028667), and the fourth 
(intact) and fifth (Questionable) regions to Pseudomonas bacteriophage 
phiCTX (NCBI GenBank ID: NC_003278). These regions indicate 
prior bacteriophage infection that may have influenced the evolution 
of this P. aeruginosa strain.

3.8. Bacteriophage defense mechanisms in the host P. aeruginosa
Bacteria usually use clustered regularly interspaced short palindromic 
repeats (CRISPRs) as defense mechanisms against bacteriophage 

Figure 5. The distribution of clinical P. aeruginosa samples according to sex 
and source. (A) The distribution of P. aeruginosa clinical isolates according to 
sex; (B) the distribution of P. aeruginosa clinical isolates according to source. 

Table 1. Antibiotic antibiogram profile against P. aeruginosa clinical 
isolates. Percentages of antimicrobial susceptibility rates of P. aeruginosa 
isolates. 

Antibiotics R I S

Amikacin (AK) 9 (36.0%) 3 (12.0%) 13 (52.0%)

Cefepime (FEP) 8 (32.0%) 2 (8.0%) 15 (60.0%)

Ceftazidime (CAZ) 10 (40.0%) 1 (4.0%) 14 (56.0%)

Ciprofloxacin (CIP) 9 (36.0%) 9 (36.0%) 7 (28.0%)

Gentamicin (GM) 11 (44.0%) 1 (4.0%) 13 (52.0%)

Imipenem (IMI) 11 (44.0%) 1 (4.0%) 13 (52.0%)

Levofloxacin (LVX) 9 (36.0%) 6 (24.0%) 10 (40.0%)

Meropenem (MEM) 9 (36.0%) 0 (0.0%) 16 (64.0%)

Piperacillin/tazobactam (TZP) 10 (40.0%) 2 (8.0%) 13 (52.0%)

Tobramycin (TOB) 11 (44.0%) 1 (4.0%) 13 (52.0%)

Amikacin (AK), Cefepime (FEP), Ceftazidime (CAZ), Ciprofloxacin (CIP), Gentamicin 
(GM), Imipenem (IMI), Levofloxacin (LVX), Meropenem (MEM), Piperacillin/
tazobactam (TZP), Tobramycin (TOB). R: Resistance; I: Intermediate; S: Sensitive.

Table 2. Spot assay results.

Phage Strains

Effectiveness of phage 
via spot assay

Positive 
(Lysis)

Negative  
(No lysis)

Phage Pseudomonas aeruginosa  
strains (25)

6 (24%) 19 (76%)

Escherichia coli strains (16) 0 16 (100%)

Klebsiella spp. strains (12) 0 12 (100%)

Staphylococcus aureus strains (8) 0 8 (100%)
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infections. The host P. aeruginosa genome sequence was found 
to contain one CRISPR array comprising 18 direct repeats and 17 
spacer sequences, 6 CRISPR-associated genes (Cas), and 11 putative 
antibiotic-resistance genes in the CARD database (Fig. 8). 

Two CRISPR-Cas sequences were also identified in the host genome. 
The first was A-12-contig-89-1 at the CRISPR location (19,961–
20,060 bp), with a 1048 bp CRISPR length, one repeat, 28 bp repeat 
length, and 17 spacers. The second was A-12-contig-7-1 at the 
CRISPR location (67,055–67,168 bp), with a 113 bp CRISPR length, 
one repeat, 18 bp repeat length, and one spacer). 

3.9. Characterization of the bacteriophage Pa25IQ genome
Following its isolation, the size and purity of the bacteriophage genomic 
DNA were assessed by gel electrophoresis. The gel electrophoresis 
confirmed the extraction of intact, high-molecular-weight (HMW) 
genomic DNA, which migrated above the used marker band (10kb) of 
the ladder (Fig. 9). The bacteriophage genome was sent for WGS for 
further analysis. 

The draft bacteriophage Pa25IQ genome assembly consisted of nine 
contigs with a total assembled length of 94,292 bp and an average 
GC content of 55.14%. Because the genome was not completely 

Figure 6. Genome map of host P. aeruginosa.

Figure 7. Map of identified AMR genes and regulatory systems loci. Red bars indicate the locations of specific resistance genes or  
regulatory elements on the host genome.
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assembled, genome topology and terminal structures could not be 
determined. The N50 length was 31,418 bp.

3.10. Genomic comparison of bacteriophage Pa25IQ with 
bacteriophage SM1
Whole-genome synteny comparison analysis of Pseudomonas 
bacteriophages Pa25IQ and SM1 revealed highly conserved synteny 
and overall structural organization, with minor genetic variations 
suggestive of adaptive divergence (Fig. 11). 

The synteny map shows strong colinearity between the SM1 and 
Pa25IQ genomes. Conserved homologous regions (gray ribbons) 
indicate high amino acid identity (70%–99%) across most of the 
genome. Several gene inversions and rearrangements are evident, 
particularly near the terminal regions, indicating the modular 
exchange typical of Pseudomonas bacteriophages. The central 
region (~45–65 kb) showed the highest conservation, corresponding 
to structural and replication modules, such as the major capsid, tail 
fiber, and portal proteins. Notably, the Pseudomonas bacteriophages 
SM1 and Pa25IQ shared a highly conserved genomic backbone, 
which is typical of Pseudomonas-infecting bacteriophages (Tables 4 
and 5).

The additional open reading frames (ORFs) observed in the 
bacteriophage Pa25IQ genome likely resulted from recombination or 
horizontal gene transfer, leading to minor genome expansion. These 
genetic differences may contribute to differences in host ranges, tail 

Table 3. Predicted prophage in P. aeruginosa host genome.

Region Length Completeness Most common phage

1 18.4Kb intact (130) PHAGE_Pseudo_phiCTX_NC_003278  [6]

2 94Kb intact (144) PHAGE_Pseudo_SM1_NC_041877  (124)

3 45Kb intact (150) PHAGE_Pseudo_vB_PaeS_PM105_NC_028667  [17]

4 12.5Kb intact (130) PHAGE_Pseudo_phiCTX_NC_003278  [15]

5 6Kb Questionable (80) PHAGE_Pseudo_phiCTX_NC_003278  [7]

Intact  (score > 90)             Questionable  (score 70–90)        Incomplete  (score < 70)

Figure 8. Host genome mapping. Black color: Cas system in six loci; green color: CRISPR in two loci; and  
red color indicating resistant gene islands by CARD (red color). 

Figure 9. Gel electrophoresis of phage DNA. Lane 1: 
Marker (1Kb DNA Ladder); lanes 2 and 3 phage DNA.
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Figure 10. Visualization of prophage regions identified in the genome of the Pseudomonas host counted by PHASTER. Regions were 
marked with colors representing intact, questionable, and incomplete prophage elements predicted within the bacterial chromosome.

Table 4. Comparison of SM1 phage with Pa25IQ phage general features.

Parameter SM1 Pa25IQ Interpretation

Genome length (bp) 93,191 94,292 ~1.1 kb increase in Pa25IQ—possible gene acquisition

GC content (%) 55.24 55.14 Essentially identical—same GC equilibrium

Predicted CDS/ ORFs 129 158 ~22% more ORFs in Pa25IQ (insertions or extended regions)

tBLASTx identity range (%) 70–99 70–99 Strong conservation; minor local divergence

Shared core genes (%) ~85 ~85 Typical for closely related myoviruses

Unique ORFs (%) ~15 ~15 Mosaicism and evolutionary flexibility

Figure 11. Comparative genomic analysis of Pseudomonas phages SM1 and Pa25IQ. (A) Comparative functional genome map 
showing the distribution of predicted gene functional categories in both phages. Gene colors indicate functional categories as shown 

in the legend. (B) EasyFig whole-genome comparison between Pa25IQ and SM1. Arrows represent predicted CDSs and their 
transcriptional orientation, while gray ribbons indicate homologous genomic regions identified by sequence comparison, with shading 

proportional to sequence similarity.

A

B
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system. Different studies conducted locally have reported varying 
prevalence of P. aeruginosa among samples from male and female 
patients [28,29]. One possible explanation for this variability is the 
time of sample collection. Pseudomonas aeruginosa is one of the main 
pathogens associated with many serious infections, including UTIs, 
lung infections, and pneumonia [30]. There is an increased number of 
drug resistance P. aeruginosa clinical isolates. Among recent studies 
conducted in Iraq, one conducted in Basra Province examined samples 
collected from different hospitals, of which over 70% were resistant to 
cephalosporins and ciprofloxacin, and 68% were resistant to carbapenem 
[4]. Another study reported that 24% of tested P. aeruginosa isolates 
were resistant to carbapenem [5]. Given the declining effectiveness 
of existing antimicrobial therapies, interest is growing in identifying 
effective alternatives, which include bacteriophages.

Bacteriophage Pa25IQ showed a narrow host range, inhibiting the 
growth of only 6 of the 25 P. aeruginosa clinical isolates tested. 
Similarly, one study reported the isolation of two bacteriophages 
with a narrow host range against P. aeruginosa strain PAO1 [31]. 
These narrow host ranges may reflect highly specific tail-spike 
proteins, high heterogeneity in surface receptors among the tested 
P. aeruginosa clinical isolates, or intracellular defense mechanisms 
that confer resistance [32,33]. A narrow host range is desirable, 
as bacteriophages target only specific bacterial species, leaving 
the rest of the host microbiome intact [34]. However, a narrow 
host range may limit the therapeutic efficacy of bacteriophages. 
Possible solutions to overcome this limitation include the use of 
bacteriophage cocktails or polyvalent bacteriophages [35], the 
isolation of a broader range of bacteriophages from the environment 
[36], genetically engineering bacteriophages to recognize more hosts 
[37], or combining bacteriophages with antibiotics [38,39].

Genome sequencing of both the bacteriophage and the host could be 
a promising approach to more accurately predict bacteriophage host 
range [40,41]. Therefore, our study examined the genomes of the 
bacteriophage Pa25IQ and host P. aeruginosa strain using WGS. The 
host genome size indicates a large, complex genome, similar to those 
of other P. aeruginosa strains [17].

For successful bacteriophage therapy, the dissemination patterns 
of prophages in environmental and clinical bacterial isolates need 
to be molecularly determined, as some carry antibiotic resistance 
genes [42]. In our study, genome analysis revealed five prophage 
regions in the host P. aeruginosa genome. Bacteriophage infection 
of bacteria results in one of two outcomes: lysis or lysogeny. 
Lysogeny is a temperate bacteriophage infection, in which the 
bacteriophage genome is incorporated into the host genome 
(prophage) and replicates via host cell division [43]. The genes 
carried and expressed by a prophage may increase host fitness, a 
process known as lysogenic conversion. The ability of prophages 
to encode these genes may facilitate bacteriophage resistance 
via different mechanisms [44]. For instance, various prophages 
encode superinfection exclusion proteins that prevent additional 
bacteriophage infection by modifying the bacterial cell envelope 
[45]. However, further experimental studies are required to confirm 
these predictions and the presence of these genes in the genome.

Bacteria use the CRISPR-Cas system as an adaptive immune system 
to protect against bacteriophage infections [46]. This system records 
short sequences of the invading bacteriophage’s genome and adds 
them to the host cell’s CRISPR array, enabling it to locate and 
destroy bacteriophage DNA during subsequent infections. CRISPR-
Cas specifically targets bacteriophage DNA, allowing bacteria to 
control bacteriophage replication and survive in environments where 
bacteriophages are present [47].

fiber variability, or adaptation to environmental pressures. Despite 
these insertions, the overall GC content and genome length remained 
similar, reflecting strong evolutionary constraints preserving essential 
bacteriophage functions.

4. DISCUSSION
The incidence of P. aeruginosa infections is increasing rapidly, 
posing a significant global threat. Interest in bacteriophages has been 
renewed due to their potential as candidates for treating infectious 
diseases [18]. Hospital wastewater is a rich source of bacteriophages, 
as it harbors a high diversity of them. In addition, close contact 
facilitates the coevolution of both the bacteriophage and host bacteria. 
One advantage of bacteriophage therapy over antibiotic therapy is 
that bacteriophages do not infect mammalian cells [19]. However, 
identifying a bacteriophage that fits therapeutic applications requires 
deep genetic analysis of both hosts and bacteriophages.

This study isolated a P. aeruginosa bacteriophage, designated Pa25IQ, 
from hospital wastewater, a known good source for bacteriophage 
isolation [20]. Bacteriophage Pa25IQ produced a small, clear plaque, 
and morphological characteristics observed by FESEM identified 
it as belonging to the Caudoviricetes class, according to the 
International Committee on Taxonomy of Viruses. Previous studies 
have reported isolation of diverse bacteriophages from sewage water 
[21–24]. The stability of bacteriophage Pa25IQ was assessed across 
different temperatures and pHs using the double-layer agar overlay 
method, revealing that it was relatively stable across temperatures of 
−20°C to 50°C and pHs of 4–8, peaking at pH 7, consistent with the 
bacteriophage isolated in a previous study [25,26].

The comparison of laboratory stability data and in situ measurement 
data during the isolation period indicates that the physical and 
chemical characteristics of wastewater at Ghazi Al-Hariri Hospital 
fell within the tolerances of bacteriophage Pa25IQ. The wastewater 
had an average temperature of 33.2°C and a pH of 7.4. Its alkalinity 
of 167.85 mg/l indicates a buffering capacity that likely minimizes 
pH fluctuations capable of inducing capsid deactivation. Along with 
monovalent cations (i.e., Na+ and K+) and background anions (i.e., 
Cl−, NO3

−, SO4
2−, and PO4

−), this matrix is hypothesized to provide 
a favorable electrostatic environment that may facilitate Pa25IQ 
attachment [27]. Finally, its DO (9.5 mg/l) and BOD (5 mg/l) serve 
strictly as descriptive indicators of organic and oxygen baselines of 
the wastewater matrix as defined by standard water-quality protocols 
[11]. Altogether, these baseline data indicate that the properties of 
Ghazi Al-Hariri Hospital’s wastewater during the isolation period 
in November 2025 remained within the tolerances of bacteriophage 
Pa25IQ.

To determine the host range of bacteriophage Pa25IQ, P. aeruginosa 
clinical isolates were obtained from the Microbiology Laboratory at 
Ghazi Al-Hariri Hospital and identified using the VITEK® 2 compact 

Table 5. Comparison of phage SM1 with phage Pa25IQ.

Function SM1 (%) Pa25IQ (%)

Structural 25 24

Replication 15 14

Integration/excision 5 5

Lysis 8 8

Packaging 5 5

Methyl/acetyltransferase 7 10

Unknown 35 34
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The genome of bacteriophage Pa25IQ is approximately 94,292 bp in 
length and has an average GC content of 55.14%. Functional annotation 
identified proteins involved in bacteriophage replication, including 
DNA helicase and terminase, as well as holin, which is involved in 
lysis, and structural proteins, such as the head, tail, and fiber proteins. 
The presence of one tRNA emphasizes a strong dependence on the 
host’s translation machinery. Bacteriophages tend to minimize tRNA 
sets by eliminating nonessential and redundant genes. This strategy of 
genome economy balances space (capsid) and survival [13]. Further 
studies are required to specify the exact life cycle type for the isolated 
phage.

Comparative whole-genome sequence analysis using BLASTn revealed 
that bacteriophage Pa25IQ exhibited 99% genomic similarity with 
Samunavirus SM1 (NCBI GenBank ID: NC_041877.1), a member 
of the Caudoviricetes class. The genome of bacteriophage SM1 was 
93,191 bp long and had a GC content of 55.24%, while the genome of 
bacteriophage Pa25IQ was slightly longer at 94,292 bp, but had a similar 
GC content of 55.14%, indicating adaptation to the same bacterial host. 
The genome of bacteriophage SM1 contained 129 CDSs, compared 
to 158 predicted ORFs in the genome of bacteriophage Pa25IQ (≥300 
bp). The additional ORFs in bacteriophage Pa25IQ may represent 
accessory or hypothetical genes acquired through recombination or 
horizontal gene transfer. Despite similarities with bacteriophage SM1, 
bacteriophage Pa25IQ contained several more predicted ORFs. It also 
exhibited a relatively narrow host range, infecting only 24% of the 
tested P. aeruginosa clinical isolates, suggesting that it has adapted to 
local niches. Considering that bacteriophage Pa25IQ was isolated from 
hospital wastewater, this should also be considered a potential local 
niche-defining factor, as wastewater may actively shape bacteriophage–
host coevolution and refine bacteriophages targeting MDR bacterial 
strains of clinical concern.

Despite the valuable information on bacteriophage and host 
genomes addressed, our study had several limitations that should be 
acknowledged. Firstly, WGS was not performed for all six sensitive 
P. aeruginosa clinical isolates to assess the similarity of their 
CRISPR-Cas systems to those of bacteriophage Pa25IQ. Secondly, 
since only one bacteriophage was isolated, no comparisons across 
bacteriophages were possible. Nevertheless, our findings lay the 
foundation for future research. The exact functions of the hypothetical 
genes identified in the bacteriophage Pa25IQ genome remain unknown 
and require further investigation. The phage genome resulted from 
a draft assembly composed of nine contigs generated from short-
read sequencing; therefore, genome termini and genomic topology 
could not be definitively resolved. Further studies using long-read 
sequencing and dedicated termini prediction tools (e.g., PhageTerm) 
are recommended to obtain a complete phage genome sequence and 
exactly determine genome architecture. In addition, the anti-biofilm 
activity of bacteriophage Pa25IQ should be assessed, as P. aeruginosa 
is a well-established biofilm producer. Moreover, the in vivo safety of 
bacteriophage Pa25IQ should be assessed in animal models to improve 
its future clinical application in humans. Furthermore, bacteriophage 
superinfection immunity needs to be studied. Finally, testing the 
effects of various environmental factors on the survival and infectivity 
of bacteriophage Pa25IQ is needed.

5. CONCLUSION
Since bacteriophage therapy is re-emerging as an attractive 
alternative for treating pathogenic P. aeruginosa, determining both 
host and bacteriophage genomes is essential for developing effective 
bacteriophage-based treatments. Our study represents the first in 
Iraq to comprehensively characterize both the host P. aeruginosa 

strain and its specific bacteriophage. It successfully isolated a 
bacteriophage, Pa25IQ, from hospital wastewater that could infect 
pathogenic P. aeruginosa. Bacteriophage Pa25IQ appeared stable 
across different temperatures and pHs and had an optimal MOI of 1. 
Genome sequencing revealed that bacteriophage Pa25IQ belongs to 
the Caudoviricetes class and is a close relative of Samunavirus SM1 
(99% similarity), and contains no virulence or antibiotic resistance 
genes. Thus, deep genomic analysis contributes to our understanding 
of Pseudomonas bacteriophage diversity and evolutionary history, 
and supports the development of biocontrol strategies against P. 
aeruginosa infections.
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