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Abstract 

Phages show efficacy against multidrug-resistant Pseudomonas aeruginosa, but limited host ranges 

require combining them in cocktails. In this work, we characterized 25 P. aeruginosa phages, 

developed therapeutic cocktails active against diverse clinical isolates, and tested phage efficacy in a 

mouse incisional wound model. These phages represent seven genera, and genomic and phenotypic 

analyses indicate that 24/25 are lytic and suitable for phage therapy. Phage host ranges on a diversity 

panel of 156 P. aeruginosa strains that included 106 sequence types varied from 8% to 54%, and 

together the 24 lytic phages were active against 133 strains (85%). All of the phages reduced bacterial 

counts in biofilms. A cocktail of five lytic phages, WRAIR_PAM1, covered 56% of the strain panel, 

protected 100% of mice from lethal systemic infection (vs. 20% survival in the saline-treated group) 

and accelerated healing of infected wounds. An improved 5-phage cocktail, WRAIR_PAM2, was 

formulated by a rational design approach (using phages with broader host ranges, more 

complementing activity, relatively low resistance background, and compatibility in mixes). 

WRAIR_PAM2 covered 76% of highly diverse clinical isolates and demonstrated significant efficacy 

against topical and systemic P. aeruginosa infection, indicating that it is a promising therapeutic 

candidate. 

Keywords: Pseudomonas aeruginosa; multidrug resistance; phage diversity; phage host range; anti-

biofilm effect; phage receptors; phage resistance; phage compatibility; cocktail formulation; phage 

therapy; mouse wound model; phage treatment efficacy 

 

1. Introduction 

Pseudomonas aeruginosa is a ubiquitous and globally spread gram-negative bacterium and 

important opportunistic human pathogen that causes >7% of nosocomial infections [1,2]. P. aeruginosa 

is a major causative agent of soft tissue infections including burns [3-7], acute traumatic [8-11] and 

chronic wounds [12-15]. These infections are typically difficult to treat because of P. aeruginosa 

frequent multidrug resistance [3,9,11,16] and robust biofilm formation associated with enhanced 

antimicrobial tolerance and wound infection persistence [6,9,12,14,17,18]. The common occurrence of 

multidrug-resistant (MDR), extensively drug-resistant (XDR) or even pandrug-resistant (PDR) P. 
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aeruginosa infections leaves clinicians rapidly diminishing options for antibiotic therapy, which 

warrants the urgent development of new antimicrobials to augment antibiotics [2,16,19]. 

A promising class of alternative antibacterials is lytic bacteriophages (phages) [20-25]. Phages 

are capable of dispersing P. aeruginosa biofilms and killing bacteria in biofilms [26-28]. A number of 

review articles have described significant efficacy of lytic phages against P. aeruginosa infections in 

different animal models [2,29-33]. Notable efficacy of phages has been shown against P. aeruginosa 

infections of acute traumatic [34,35] and burn [36-38] wounds in mice, incisional wounds in rats [39] 

and rabbits [40], as well as chronic diabetic foot infection in rats [41]. 

Several clinical cases indicated the efficacy of compassionate phage treatment against P. 

aeruginosa infections. For example, a phage cocktail applied intravenously had a remarkable 

therapeutic effect in a patient with septicemia caused by an XDR strain of P. aeruginosa [42]. Phage in 

combination with ceftazidime completely cured chronic P. aeruginosa infection of an aortic Dacron 

graft [43]. While antibiotics alone were not effective, positive outcomes of phage treatment combined 

with antibiotics were observed in patients with severe or refractory XDR P. aeruginosa infections, 

including pneumonia, recurrent bacteremia [44], intravascular stent [45] and left ventricular assist 

device driveline infection [46,47], osteomyelitis in different bones, mastoiditis, otitis media, sinusitis, 

joint and prosthetic joint infections [47]. 

However, human clinical trials testing phage therapeutics against P. aeruginosa infections have 

shown more modest results. For example, single-dose phage therapy for chronic otitis caused by 

drug-resistant P. aeruginosa with a phage cocktail showed safety but resulted in significant clinical 

improvement and reduction of bacterial burden in only 6/12 patients, and only three patients had 

bacterial burden under the detectable level by day 42 [48]. A double-blind, randomized Phase 1/2 

trial called PhagoBurn compared the efficacy of topical application of a 12-phage cocktail with 

standard of care (SOC: 1% sulfadiazine silver emulsion cream) treatment against P. aeruginosa 

infection of burn wounds [49]. In this study, participants in the phage treatment group were less 

extensively burned and older than those in the SOC group. Prior to the study, only two of the 12 

phages were tested for stability in storage, and none of the phages were evaluated for compatibility 

in mixes. Instability of the cocktail drug product appeared to cause a drop in phage titer by seven 

logs, from 109 to 102 plaque-forming units (PFU) per mL, from the time of manufacture to the time of 

application. Despite this significant reduction in potency, there was still a reduction in bacterial 

burden in 9/17 (53%) of subjects in the phage-treated group, compared with 13/17 (76%) of subjects 

in the SOC-treated group [49]. Eight human clinical trials that involved 9-96 patients treated with 

phages against chronic otitis, skin ulcers and wounds, septicemia, and systemic infections caused by 

P. aeruginosa produced mixed results that varied from trial to trial and from case to case. While phage 

therapy demonstrated efficacy in most of the cases in five trials, two trials showed no evidence of a 

therapeutic effect, and in one trial phage efficacy was lower than that of a SOC antibiotic [22]. There 

are still no FDA-licensed phage therapeutics in the USA [50]. 

Most P. aeruginosa phages have relatively limited host ranges, with up to 50% of strains 

susceptible to a single phage [51-58]. Of course, measurements of host range are dependent upon the 

diversity of the strain panel used for testing. Some phages reported with broader activity were tested 

against small P. aeruginosa strain panels [26,39,59-63] and/or bacterial isolates with limited or 

undefined diversity [39,59,60,63-66], e.g., isolated from the same hospital [63,65]. Moreover, P. 

aeruginosa commonly yields phage-resistant mutants, sometimes at high rates [58,65-74]. Therefore, 

therapeutic phage mixes (cocktails) need to be developed to cover the majority of clinical isolates and 

to limit the emergence of phage resistance in the target pathogen [26,35,36,49,55,63,66,67,75-79]. The 

purpose of this work was to characterize a panel of diverse P. aeruginosa phages, develop phage 

cocktails with broad activity against MDR clinical isolates, and evaluate their therapeutic efficacy 

against P. aeruginosa wound infection in mice. We developed two 5-phage cocktails that showed 

efficacy against topical and systemic infection in mice. One of these cocktails, formulated by rational 

design (using phages with broader and complementary host ranges, compatible in the mix and 
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binding to different host receptors associated with virulence) showed broader coverage, 76% 

(119/156) of highly diverse P. aeruginosa strains. 

2. Results 

2.1. Phage Diversity, Lifestyles, and Morphology 

Twenty-five P. aeruginosa phages (Table 1) were previously isolated, and their genomes were 

sequenced and published as genome announcements [80,81]. Here, we verified phage taxonomy and 

lifestyles. Mash alignment [82] against the INPHARED database [83] and verification in the ICTV 

Taxonomy Browser (https://ictv.global/taxonomy, MSL39.v4, accessed 10 November 2025) allowed 

classification of the phages into seven genera, including myophages (Pbunavirus and Nankokuvirus), 

siphophages (Epaquintavirus, Yuavirus, and Septimatrevirus), and podophages (Bruynoghevirus and 

Hollowayvirus) (Table1, Figure 1). The first four genera represent three recently established families 

(Lindbergviridae, Vandenendeviridae and Mesyanzhinovviridae), while Septimatrevirus, Bruynoghevirus 

and Hollowayvirus phages are currently unclassified at the family level. Phage virion morphology was 

studied by transmission electron microscopy (TEM), which confirmed what the genomic similarities 

indicated. Typical images of phage virions are shown in Figure 2. 

Table 1. Characteristics of 25 P. aeruginosa phages used in this work. 

Phage 

ID 

Genome 

size, bp 
Family* Genus 

Host 

range 

Anti-biofilm 

effect Phage receptor 

Dispersal Killing 

EPa2 43,299 Unclassified Bruynoghevirus 32.7% + + T4P, A band (1) 

EPa4 45,439 Unclassified Bruynoghevirus 31.4% + + T4P, A band (1) 

EPa5 64,096 Mesyanzhinovviridae Epaquintavirus 18.6% – + T4P, LPS core (2) 

EPa6 66,031 Lindbergviridae Pbunavirus 46.2% – + T4P, LPS core (2) 

EPa7 65,629 Lindbergviridae Pbunavirus 44.2% – + T4P, LPS core (2) 

EPa10 66,774 Lindbergviridae Pbunavirus 40.4% – + T4P, L-B, VL-B (3) 

EPa11 66,800 Lindbergviridae Pbunavirus 51.3% – + T4P, L-B, VL-B (3) 

EPa12 66,520 Lindbergviridae Pbunavirus 46.2% – + T4P, L-B, VL-B (3) 

EPa13 65,680 Lindbergviridae Pbunavirus 42.3% – + 
T4P, A, B, L-B, VL-B 

(4) 

EPa14 65,797 Lindbergviridae Pbunavirus 42.3% – + 
T4P, A, B, L-B, VL-B 

(4) 

EPa15 66,002 Lindbergviridae Pbunavirus 54.5% – + T4P, L-B, VL-B (3) 

EPa16 88,727 Vandenendeviridae Nankokuvirus 35.9% – + Unknown** 

EPa17 88,859 Vandenendeviridae Nankokuvirus 30.8% – + Unknown** 

EPa18 88,109 Vandenendeviridae Nankokuvirus 37.8% – + Unknown** 

EPa20 66,505 Lindbergviridae Pbunavirus 42.3% – + T4P, L-B, VL-B (3) 

EPa21 66,764 Lindbergviridae Pbunavirus 39.7% – + T4P, L-B, VL-B (3) 

EPa22 65,897 Lindbergviridae Pbunavirus 51.9% – + 
T4P, A, B, L-B, VL-B 

(4) 

EPa24 88,728 Vandenendeviridae Nankokuvirus 46.8% – + T4P, LPS core (2) 

EPa25 66,811 Lindbergviridae Pbunavirus 28.2% – + T4P, L-B, VL-B (3) 

EPa26 88,805 Vandenendeviridae Nankokuvirus 42.9% – + T4P, LPS core (2) 

EPa33 64,021 Unclassified Hollowayvirus 30.1% – + T4P, A, B (5) 

EPa38 61,775 Mesyanzhinovviridae Yuavirus 7.7% – + T4P, LPS core (2) 

EPa39 66,708 Lindbergviridae Pbunavirus 45.5% – + T4P, L-B, VL-B (3) 

EPa40 42,788 Unclassified Septimatrevirus 32.7% – + T4P, A band (1) 

EPa43 64,323 Mesyanzhinoviridae Epaquintavirus 14.1% – + T4P, LPS core (2) 

Notes: *Phage taxonomy at the family level is in the process of updating by the International 

Committee on Taxonomy of Viruses (ICTV). Until recently, genera Bruynoghevirus and Hollowayvirus 
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belonged to the family Podoviridae, and genus Septimatrevirus belonged to the family Siphoviridae 

formerly established based on virion morphology; now these phages are not classified at the family 

level. T4P, type IV pili; A band, common polysaccharide antigen (CPA) chain of lipopolysaccharide 

(LPS); B band, O-specific antigen (OSA) polysaccharide chain of the LPS; L-B, long B band; VL-B, very 

long B band. **These phages are not active against P. aeruginosa strain PAO1 and its derivatives. 

 

Figure 1. Phylogenetic tree demonstrating genetic diversity and genus designation of 25 P. aeruginosa phages, 

with a predominance of Pbunavirus phages. Each genus cluster contains two representative reference phages, 

selected from the ICTV master species list 2025, except the recently established genus Epaquintavirus that was 

named after EPa5. The tree was constructed by whole genome comparison using VICTOR pipeline [84] with the 

D4 formula and visualized with iTOL [85]. 

Phage lifestyle predicting classifier BACPHLIP [86] scored 24 of 25 phages between 75.00% 

(EPa43) and 99.95% (EPa4), suggesting a virulent lifestyle. The only exception was EPa33, which was 

scored 7.50%, a representative of the genus Hollowayvirus, which includes a number of lysogenic 

phages similar to F116, a generalized transducer [87]. BLASTn analysis of EPa33 genome against the 

standard nr/nt database displayed many regions of up to 99% identity to P. aeruginosa chromosomal 

DNA, specifically, to entire or partial prophage genomes, suggesting that EPa33 is a lysogenic phage 

and a potential transducer that cannot be used for therapy. For all of the other phages, no significant 

homology with bacterial DNA was found, and no significant homology was observed between 

putative proteins of these 24 phages and products associated with lysogenicity, gene transfer, or 

bacterial proteins, including antibiotic resistance determinants [88] and virulence factors [89]. 

Therefore, all phages characterized in this work except Hollowayvirus phage EPa33 appear to be lytic 

and safe for therapeutic use. 
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Figure 2. Transmission electron microscopy images of P. aeruginosa phage particles. Myovirus morphology: (a) 

EPa6, (b) EPa7, (c) EPa10, (d) EPa13 (genus Pbunavirus), and (e) EPa18 (genus Nankokuvirus). Siphovirus 

morphology: (f) EPa5 (genus Epaquintavirus) and (g) EPa40 (genus Septimatrevirus). Podovirus morphology: (h) 

EPa2 and (i) EPa4 (genus Bruynoghevirus). 

Most of the phages were isolated from three different sewage fractions collected on the same 

day. Exceptions were EPa38, EPa39 and EPa43 obtained from lake water, and EPa40 that was isolated 

from soil. The most prevalent isolates belonged to the genus Pbunavirus: 13/25 (52%), see Table 1 and 

Figure 1. 

2.2. Phage Host Range Testing against Highly Diverse P. aeruginosa Strains 

Phage host ranges were tested by plaque assays against a diversity panel of 156 P. aeruginosa 

strains, which included mostly drug-resistant isolates from multiple military hospitals located in 

different U.S. states, Guam and Afghanistan. The sources of strains included various specimens from 

patients and hospital environmental swabs (Table S1). The strains were kindly provided by the 

Multidrug-Resistant Organism Repository and Surveillance Network (MRSN) at Walter Reed Army 

Institute of Research (WRAIR). The overall panel was established using a core genome multilocus 

sequence typing (MLST) approach and contains 106 sequence types (STs). This larger panel includes 

a published 100-strain diversity panel recommended for research and testing new drugs [90] 
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(highlighted in blue in Table S1) that represents 91 STs and 71 distinct drug resistance profiles, 

including high-risk and epidemic lineages widely spread in the U.S. and globally: ST235, ST111, 

ST244, ST357, ST175, and ST654 [91-94]. All of the phages produced clear plaques on at least some of 

the strains. Phage host ranges varied from 7.7% (EPa38) to 54.5% (EPa15) (Table 1). Altogether, the 

24 lytic phages were active against 133/156 (85.3%) of the strains. Twenty-three P. aeruginosa strains 

were resistant to all 25 phages. 

2.3. Phage Anti-biofilm Activity 

The ability of phages to degrade biofilm was tested using the crystal violet method with a 96-

well MBEC inoculator, as described in Materials and Methods. These experiments performed in 

sextuplicate showed that only two phages, EPa2 and EPa4, partially dispersed P. aeruginosa biofilms 

(Table 1, Figure 3). Visualization of phage plaque morphology using a dark-field colony counter 

showed that each of the 25 phages produces plaques with halos, which are indicative of phage 

polysaccharide depolymerase and anti-biofilm activity [95]. However, the width and intensity of 

halos varied and depended upon the P. aeruginosa strain used (data not shown). This might suggest 

an underestimation of the number of phages with anti-biofilm activity. Therefore, bactericidal activity 

of each phage in P. aeruginosa biofilms was assessed using six P. aeruginosa strains that were 

permissive for different phages, MRSN 1409 (for EPa17), MRSN 1680 (for EPa16 and EPa25), MRSN 

1899 (for EPa2 and EPa4), MRSN 8130 (for EPa18), ATCC 10145 (for EPa40), and PAO1::lux (for all 

other phages). The results demonstrated that all phages effectively kill P. aeruginosa in biofilms, 

reducing bacterial counts by 2-7 logs (Figure 4).  

The high counts of P. aeruginosa (n×1012 CFU/mL) observed in our 42-h biofilms have been 

previously reported by others for several bacterial species grown under different conditions [96-105]. 

 

Figure 3. Partial dispersal of P. aeruginosa biofilms by phages EPa2 and EPa4 in a crystal violet assay. 
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Figure 4. Bactericidal effect of phages against P. aeruginosa biofilms. Average colony-forming units per mL 

(CFU/mL) in biofilms formed by strains (a) PAO1::lux, (b) MRSN 1899, (c) MRSN 1409, (d) MRSN 1680, (e) MRSN 

8130, and (f) ATCC 10145. SM: SM buffer without phage (negative control). 

2.4. Phage Cocktail WRAIR_PAM1 and Its Efficacy in a Mouse Wound Model 

The first iteration of P. aeruginosa therapeutic 5-phage cocktail, WRAIR_PAM1 (PAM1), was 

formulated before the phages were fully characterized. Its composition was based entirely on phage 

anti-biofilm activity. In addition to phages EPa2 and EPa4 that showed some biofilm dispersal 

activity (Figure 3), PAM1 included EPa5, EPa6, and EPa17 that were first tested for killing P. 

aeruginosa in biofilms and demonstrated a bactericidal effect. This cocktail was lytic against 87/156 

strains and thus covered 55.8% of the diversity panel. PAM1 was tested for efficacy in a mouse dorsal 

full-thickness wound infection model (Figure 5). Three groups of five BALB/c mice each were 

challenged with P. aeruginosa strain PAO1::lux and treated for five days. Group 1 was treated with 

109 PFU of PAM1, once a day, both topically and intraperitoneally (IP). Group 2 was treated with 

phosphate- buffered saline (PBS), once a day, topically and IP (negative control). Group 3 was treated 

with standard-of-care antibiotic ceftazidime (CAZ, positive control, given only IP twice a day). Both 

PAM1 and CAZ protected 100% of mice from lethal systemic P. aeruginosa infection compared to 20% 

survival in the negative control group treated with PBS (see Figure 5a) and accelerated healing of 

infected dorsal wounds. Wound area in phage-treated and ceftazidime-treated mice at day 16 was 

0.0 cm2 vs. necrotizing, expanding wound of 2.9 cm2 in the PBS-treated, surviving mouse (Figure 5b). 

Bacterial burden at day 15 in phage- and antibiotic-treated mice was below the limit of detection (104 

photons/second) compared to 106 in the PBS-treated survivor (data not shown). 
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Figure 5. Efficacy of phage cocktail WRAIR_PAM1 (PAM1) against P. aeruginosa topical and systemic infection 

in mice: (a) mouse survival; (b) wound healing dynamics. CAZ: mice treated with standard-of-care antibiotic 

ceftazidime (positive control); PBS: mice treated with phosphate-buffered saline (negative control); PAM1: mice 

treated with the 5-phage cocktail. Mouse groups were compared for survival using Gehan-Breslow-Wilcoxon 

test. **P=0.0046. N=5 for each mouse group. 

2.5. Using Rational Design for Developing an Improved Phage Cocktail 

The purpose of further experiments was to develop an improved therapeutic phage cocktail with 

broader coverage of MDR P. aeruginosa clinical isolates and low bacterial resistance. We endeavored 

to use phages with broader and more complementary host ranges, that bind to different receptors 

(such as virulence determinants, to promote emergent phage-resistant phenotypes with virulence 

attenuation trade-offs), have relatively low resistance frequencies, and do not show antagonism to 

each other in mixes. 

2.6. Identification of Phage Receptors on Bacterial Cell Surface 

Panels of P. aeruginosa PAO1 knockout mutants with defects in the biosynthesis of different LPS 

components, type IV pili, and flagella were used for plaque assays to identify phage host receptors 

(Table S2). All of the phages lytic against the strain PAO1 required type IV pili (T4P), but differed in 

their secondary binding receptor, utilizing various LPS moieties, including core, A, or B bands, 

especially long and very long B bands (Tables 1 and S2). 

2.7. Predicted Pairwise Host Ranges and Selection of Promising Phage Candidates 

Lytic phages of five genera (Pbunavirus, Nankokuvirus, Bruynoghevirus, Epaquintavirus, and 

Septimatrevirus) except EPa5 and EPa25 that had relatively narrow lytic spectra (see Table 1) were 

analyzed for predicted host range complementarity in pairs. Seven phages (EPa11, EPa16, EPa17, 

EPa22, EPa24, EPa40, and EPa43) appeared to have good complementarity in all 21 pairwise 

combinations, with predicted broader activity in mixes than as individual phages (Table 2). These 

seven phages, which belong to four different genera, have relatively broad host ranges and bind to 

at least four different receptors (Table 1), were selected for further characterization as promising 

candidates for a new phage cocktail with expanded activity. The mix of these seven phages (Mix-7) 

covered 78.2% of the P. aeruginosa strain panel, and a mix of five of them (EPa11, EPa17, EPa22, EPa24, 

and EPa43, Mix-5) covered 76.3% of the strains (Table 2). 

Table 2. Predicted complementary host ranges of P. aeruginosa phages for pairwise mixes. 

Phage Host range 

(%) 

Phage Host range 

(%) 

Phage Host range 

(%) 

EPa11 51.3 EPa11+EPa24 59.0 EPa17+EPa40 51.3 

EPa16 35.9 EPa11+EPa40 53.8 EPa17+EPa43 34.0 
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EPa17 30.8 EPa11+EPa43 55.8 EPa22+EPa24 62.8 

EPa22 51.9 EPa16+EPa17 51.3 EPa22+EPa40 62.2 

EPa24 46.8 EPa16+EPa22 60.9 EPa22+EPa43 55.8 

EPa40 32.7 EPa16+EPa24 51.3 EPa24+EPa40 48.7 

EPa43 14.1 EPa16+EPa40 44.2 EPa24+EPa43 51.3 

EPa11+EPa16 57.1 EPa16+EPa43 42.3 EPa40+EPa43 37.2 

EPa11+EPa17 64.1 EPa17+EPa22 69.2 Mix-7* 78.2 

EPa11+EPa22 62.2 EPa17+EPa24 57.7 Mix-5** 76.3 

Notes: *Mix-7: EPa11, EPa16, EPa17, EPa22, EPa24, EPa40, and EPa43. **Mix-5: EPa11, EPa17, EPa22, EPa24, and 

EPa43. 

2.8. Testing Stability of Single Phages and Their Pairs. 

The PhagoBurn clinical trial suggested instability of some P. aeruginosa phages in mixes [49]. 

Therefore, the seven selected phages and their pairwise combinations were tested for stability in 

storage at 4°C. No significant reduction of viability of each of the seven phages and their 21 pairwise 

mixes was observed for nine months (Figure S1). Moderate fluctuations of the titers were within the 

error of the method. 

2.9. Measuring Frequencies of Host Resistance Mutations 

Determination of frequencies of P. aeruginosa resistance mutations towards each of the seven 

phages and their pairwise combinations confirmed the lack of phage-phage antagonism (Table 3). 

Moreover, combinations of phage EPa17 with EPa11, EPa22, EPa24, and EPa40 provided roughly 1-

log lower phage resistance frequencies than expected based on resistance frequencies to individual 

phages. Resistance frequencies to single phages varied approximately from 10–5 to 10–8. EPa43 

demonstrated the lowest resistance frequency that was also observed in all pairwise mixes with this 

phage. Much slower growth of phage-resistant mutants of P. aeruginosa in comparison with the 

parental strains was observed (data not shown). This is another indication of the poor fitness of 

phage-resistant mutants. 

Table 3. Frequencies of P. aeruginosa resistance to single phages and their pairwise mixes. 

Phage 
Resistance frequency 

Phage 
Resistance frequency 

To single To mix To single To mix 

EPa11 7.54×10–6 
5.70×10–6 

EPa11 7.54×10–6 
2.63×10–8 

EPa16 1.33×10–6 EPa17 2.19×10–7 

EPa11 7.54×10–6 
6.40×10–6 

EPa11 7.54×10–6 
8.07×10–6 

EPa22 3.42×10–6 EPa24 9.39×10–6 

EPa11 7.54×10–6 
1.58×10–6 

EPa11 7.54×10–6 
<8.77×10–9 

EPa40 2.53×10–7 EPa43 <8.77×10–9 

EPa16 1.33×10–6 
1.67×10–7 

EPa16 1.33×10–6 
2.98×10–6 

EPa17 2.19×10–7 EPa22 3.42×10–6 

EPa16 1.33×10–6 
5.35×10–6 

EPa16 1.33×10–6 
1.01×10–6 

EPa24 9.39×10–6 EPa40 2.53×10–7 

EPa16 1.33×10–6 
<8.77×10–9 

EPa17 2.19×10–7 
4.39×10–8 

EPa43 <8.77×10–9 EPa22 3.42×10–6 

EPa17 2.19×10–7 
3.51×10–8 

EPa17 2.19×10–7 
8.77×10–8 

EPa24 9.39×10–6 EPa40 2.53×10–7 

EPa17 2.19×10–7 
<8.77×10–9 

EPa22 3.42×10–6 
6.93×10–6 

EPa43 <8.77×10–9 EPa24 9.39×10–6 

EPa22 3.42×10–6 
1.19×10–5 

EPa22 3.42×10–6 
<8.77×10–9 

EPa40 2.53×10–7 EPa43 <8.77×10–9 

EPa24 9.39×10–6 1.19×10–5 EPa24 9.39×10–6 <8.77×10–9 
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EPa40 2.53×10–7 EPa43 <8.77×10–9 

EPa40 2.53×10–7 
<8.77×10–9 11+16+17+22+24+40+43 <8.77×10–9 

EPa43 <8.77×10–9 

2.10. Improved Cocktail WRAIR_PAM2 and Its Efficacy against P. aeruginosa Infection in Mice 

A new iteration of a 5-phage cocktail, WRAIR_PAM2 (PAM2: EPa11, EPa17, EPa22, EPa24, and 

EPa43, see Table 4), was formulated by rational design (using phages with broader and 

complementary host ranges, compatible in the mix and binding to different host receptors). PAM2 

covered 76.3% of diverse MDR clinical isolates (see Mix-5 in Table 2) and demonstrated 100% survival 

and significant acceleration of wound size healing in PAM2-treated mice compared to the saline-

treated group (Figure 6), indicating that this cocktail is a promising therapeutic candidate. Table 4 

shows the difference between cocktails PAM1 and PAM2. 

Table 4. Phage cocktails PAM1 and PAM2. 

Cocktail Phage Family Genus 
Host  

range (%) 
Host receptor 

Cocktail  

activity (%) 

P
A

M
1 

EPa2 Unclassified Bruynoghevirus 32.7 T4P, A band (1) 

55.8 

EPa4 Unclassified Bruynoghevirus 31.4 T4P, A band (1) 

EPa5 Mesyanzhinovviridae Epaquintavirus 18.6 T4P, LPS core (2) 

EPa6 Lindbergviridae Pbunavirus 46.2 T4P, LPS core (2) 

EPa17 Vandenendeviridae Nankokuvirus 30.8 Unknown 

P
A

M
2 

EPa11 Lindbergviridae Pbunavirus 51.3 T4P, L-B, VL-B (3) 

76.3 

EPa17 Vandenendeviridae Nankokuvirus 30.8 Unknown 

EPa22 Lindbergviridae Pbunavirus 51.9 T4P, A, B, L-B, VL-B (4) 

EPa24 Vandenendeviridae Nankokuvirus 46.8 T4P, LPS core (2) 

EPa43 Mesyanzhinovviridae Epaquintavirus 14.1 T4P, LPS core (2) 

 

Figure 6. Efficacy of phage cocktail WRAIR_PAM2 (PAM2) against mouse topical and generalized P. aeruginosa 

infection: (a) mouse survival (mouse groups were compared using Gehan-Breslow-Wilcoxon test, ****P=<0.0001); 

(b) comparison of mouse nest building activity; (c) wound healing dynamics (groups were compared at each 

time point using Mann-Whitney t-test, ****P<0.0001, ***P<0.001). PBS, mice treated with placebo, phosphate-

buffered saline (negative control); PAM2, mice treated with the phage cocktail. N=15 for PBS-treated mouse 

group; N=20 for phage-treated group. 

3. Discussion 

P. aeruginosa is a ubiquitous and non-fastidious bacterium prone to multidrug resistance and 

robust biofilm formation and one of the most significant causes of hospital-acquired infections, 

including traumatic and burn wound infections [1-5,7,10-12,15-19]. Even though phages have been 

shown to be effective antibacterials for the treatment of experimentally infected animals, as well as 

humans with severe MDR P. aeruginosa infections via the expanded access approach, there is still no 

FDA-licensed phage therapeutic in the USA [20-25,50]. The purpose of this work was to characterize 

a panel of lytic phages and design and preclinically test a fixed phage cocktail with broad activity 

against diverse MDR clinical isolates of P. aeruginosa. 
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Twenty-five P. aeruginosa phages isolated previously [80,81] were characterized here for virion 

morphology, taxonomy, lifestyles, host ranges, complementarity, anti-biofilm activity, receptors, 

resistance frequencies, stability, and compatibility. They included myo-, sipho- and podophages 

(Figure 2) and belonged to seven genera (Table 1, Figure 1), of which the representatives of 

Pbunavirus, Nankokuvirus, Epaquintavirus, Septimatrevirus, Yuavirus, and Bruynoghevirus had relatively 

high BACPHLIP [86] virulence scores, did not contain any putative determinants of transduction, nor 

showed significant identity to bacterial genomes, and thus were considered lytic and safe for 

treatment purposes. Data suggesting lytic lifestyles of Pbunavirus [55,60,65,80,81,106], Nankokuvirus 

[55,80,81,107], Septimatrevirus [64,81], and Bruynoghevirus [52,55,80,81] phages have been reported 

previously. Siphophages EPa5, EPa38 and EPa43 belong to the family Mesyanzhinovviridae (Table 1), 

the representatives of which are sometimes thought to be temperate based on plaque morphology, 

lytic potential, and misannotation of their genes as integrase and repressor genes [61,108-111]. 

However, Mesyanzhinovviridae phages demonstrated only lytic cycle infection in P. aeruginosa 

specifically and failed to produce stable lysogenic strains [109,112,113]. Their genomes lacked 

bacterial DNA, integrase, excisionase or recombinase genes. The putative “integrase” described 

before was later identified as a DNA primase/helicase, and the repressor seems to play a role 

unrelated to lysogeny [80,81,112,113]. Thus, Epaquintavirus phages EPa5 and EPa43 and Yuavirus 

phage EPa38 (Table 1, Figure 1) also appear to be lytic. Only Hollowayvirus phage EPa33 was 

considered lysogenic, based on the very low BACPHLIP score (7.5%), homology to Pseudomonas 

DNA, presence of putative integrase and repressor genes in its genome, and high whole genome 

identity to F116 [85], MD8 [114] and other lysogenic phages from this genus. Thus, EPa33 cannot be 

used for phage therapy. 

The 25-phage panel was tested for host ranges against 156 highly diverse P. aeruginosa strains, 

mostly drug-resistant (136/156, including MDR, XDR and PDR) isolates from multiple hospitals 

located in different U.S. states, Guam and Afghanistan. The sources of strains included various 

specimens from patients (swabs from traumatic, burn and surgical wounds, abscesses, respiratory, 

urine, blood, cerebrospinal fluid, and tissue samples), as well as hospital environmental swabs (Table 

S1). The MLST-based diversity strain panel contains 104 known STs and two novel STs, combinations 

of alleles not currently known in the PubMLST database (https://pubmlst.org). These 156 strains 

include a highly diverse 100-strain panel previously recommended for basic and applied research 

[90]. The 100-strain panel (highlighted in blue in Table S1) represents 91 STs and 71 distinct antibiotic 

susceptibility profiles, including high-risk MDR/XDR/PDR and global epidemic lineages ST235, 

ST111, ST244, ST357, ST175, and ST654 [91-94]. Using such diversity strain panels is important for the 

development of broad-range therapeutic phage cocktails active against the majority of MDR clinical 

isolates circulating in a certain area, country, or even globally. 

Phage host ranges varied from 7.7% to 54.5% (Table 1). Given the high diversity of P. aeruginosa 

strains tested, coverage of ≥30% by any single phage was considered a broad host range. Several 

publications describing P. aeruginosa phages with host ranges significantly greater than 50% used 

small strain panels [26,39,59-63] and/or bacterial isolates with limited or undefined diversity 

[39,59,60,63-66], for example, isolated from one hospital [63,65]. Overall, both the entire 25-phage 

panel and 24 lytic phages tested in this work were active against 133/156 (85.3%) of the strains, with 

only 23 strains resistant to all 25 phages. All these 23 strains were drug-resistant and a potential 

correlation with sequence types was observed: 2/2 ST17, 3/6 ST621 and 4/11 ST235 strains were pan-

phage-resistant (Table S1). Correlation of ST235 with broader phage resistance has been noted by our 

team previously [115]. 

All 25 phages displayed bactericidal effects in P. aeruginosa biofilms, reducing live bacterial 

counts by two to seven logs (Figure 4), and two of them, EPa2 and EPa4, were able to disrupt biofilms 

(Figure 3). They both belong to the genus Bruynoghevirus and are closely related to phage LUZ24, 

which produces several proteins with anti-biofilm activity [116]. Many other P. aeruginosa phages 

have previously demonstrated different levels of anti-biofilm effects, including bactericidal action 

and dispersal of biofilm [26-28,34,38,58,65,66,75,117]. The first 5-phage cocktail designed in this work, 
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PAM1, was entirely based on anti-biofilm activity of its components. This cocktail was active against 

55.8% of diverse P. aeruginosa clinical isolates and displayed significant efficacy in a mouse incisional 

wound model by protecting mice from lethal systemic infection and accelerating wound healing 

(Figure 5). The efficacy of phage cocktails against P. aeruginosa infections of acute traumatic wounds 

in mice [34,35,118] and rabbits [40] was demonstrated previously, and even single phages effectively 

killed the bacterium and accelerated wound healing in rats [39,119]. A feature of our animal 

experiment evaluating the efficacy of phage cocktail PAM1 was the use of a relatively high infectious 

dose of P. aeruginosa PAO1::lux that resulted in high mortality in the control saline-treated mice. 

Rational design of durable fixed therapeutic phage cocktails includes the use of diverse, strictly 

lytic phages with safe genomic properties (no transduction determinants and bacterial DNA), with 

broad and complementary host ranges tested in strain diversity panels, demonstrating potent anti-

biofilm activity, binding to different receptors, exhibiting relatively low host resistance rates, stable 

in storage, compatible in mixes with other phages, and showing efficacy in vivo using different animal 

models [21,66, 74-79]. In this work, we used all these criteria to develop PAM2, a novel broad-range 

therapeutic phage cocktail against MDR P. aeruginosa. 

Five putative receptors for the 25 phages were identified in T4P and different parts of LPS, i.e. 

all phages representing seven genera, utilize T4P and some LPS moiety(ies) for their binding. In 

addition to T4P, phage receptors may include LPS core, A, or B bands, the most frequent being long 

and very long B bands (Tables 1 and S2). There is an extensive history of P. aeruginosa LPS and T4P 

recognition as major phage receptors [120,121]. It is known that LPS is used as a receptor by lytic 

phages now assigned to the genera Pbunavirus [65,121-125], Septimatrevirus [126], Pakpunavirus 

[54,69,127], Luzseptimavirus [124,128], and a temperate, cytotoxin-converting phage ɸCTX (genus 

Citexvirus) [129]. T4P of P. aeruginosa has been described as a receptor for lytic Yuavirus [122,123], 

Phikmvvirus [130,131], Phikzvirus [124,132], Abidjanvirus, Zicotriavirus [133], and Pepevirus [120,134] 

phages, as well as temperate phages F116 [87], Pf1 [135], D3112, and B3 [136] that currently belong to 

the genera Hollowayvirus, Primolicivirus, Casadabanvirus, and Beetrevirus, respectively. A jumbo 

Wroclawvirus phage PA5oct required both LPS and T4P for P. aeruginosa lysis [58]. Our data suggest 

a broader simultaneous involvement of P. aeruginosa LPS and T4P in phage binding. Both LPS [69,137] 

and T4P [138] are major P. aeruginosa virulence factors. This suggests that receptor-dependent phage-

resistant mutants arising during phage therapy would have reduced virulence and thus could be 

more easily cleared by the immune system. 

Temperate phage EPa33 (Hollowayvirus) and lytic phages EPa5 (Epaquintavirus) and EPa25 

(Pbunavirus) with relatively narrow lytic spectra were excluded from further analysis. Twenty-two 

lytic phages of five genera (Pbunavirus, Nankokuvirus, Bruynoghevirus, Epaquintavirus, and 

Septimatrevirus) (see Table 1) were analyzed for predicted host range complementarity in pairs. Seven 

phages (EPa11, EPa16, EPa17, EPa22, EPa24, EPa40, and EPa43) represented four genera (Pbunavirus, 

Nankokuvirus, Epaquintavirus, and Septimatrevirus), bound at least to four different receptors and had 

relatively broad host ranges. In addition, they complemented each other in all 21 pairwise 

combinations: the mixes had broader activity than each single phage (see Table 2). These seven 

phages were selected for further evaluation as likely candidates for an improved phage cocktail. 

Phages show different stability in storage, and it is important to maintain phage activity in 

therapeutic preparations [139]. In addition, a phenomenon termed phage interference can occur 

during coinfection, as evidenced by reduced burst size of some phage when mixed with another 

phage [140]. Lytic P. aeruginosa phages can compete when, for example, a phage with a shorter lysis 

time depletes bacteria quickly, reducing the number of host cells for the slower growing phage [141]. 

An apparent case of phage-phage antagonism was described when mixing 12 lytic phages for the 

treatment against P. aeruginosa in burn wounds resulted in reduction of viable phage in the cocktail 

by seven orders of magnitude [49]. Thus, we tested the selected seven phages and their 21 pairwise 

combinations for stability in storage at +4°C for nine months. No significant reduction in titers of 

individual phages or their pairwise mixes was evident (Figure S1). 
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There is great variation observed in bacterial resistance rates for different phages in different 

host bacteria, ranging between 10–1 [73] and <10–10 [142]. Phages with lower resistance rates are 

preferable for therapeutic use. We determined the frequencies of P. aeruginosa resistance mutations 

for each of the seven selected phages and their pairwise combinations (Table 3). Resistance 

frequencies to individual phages varied roughly between 10–5 to 10–8. Phage EPa43 demonstrated the 

lowest resistance frequency, a trend that was also observed in all pairwise mixes with this phage. 

These experiments not only confirmed the lack of phage-phage antagonism in pairs, but even 

suggested some potential synergy. The combinations of phage EPa17 with EPa11, EPa22, EPa24, and 

EPa40 demonstrated one log lower resistance frequencies than each single phage with lower 

resistance from the pair. P. aeruginosa phage-resistant mutants displayed very slow growth compared 

to the parental strains. This confirmed a reduced fitness cost typical for phage-resistant mutants that 

can be beneficial for therapeutic use of these phages [142,143]. 

Seven phages (EPa11, EPa16, EPa17, EPa22, EPa24, EPa40, and EPa43) together covered 78.2% 

of the P. aeruginosa strain panel, and five of them (EPa11, EPa17, EPa22, EPa24, and EPa43) covered 

as much as 76.3% of the strains tested (Table 2). These five phages made up the new cocktail, PAM2, 

that was developed using rational design. The design included exploiting diverse lytic phages with 

broader and complementary host ranges, robust anti-biofilm activity, with relatively low rates of 

bacterial resistance, binding to different host receptors associated with virulence, and stable and 

compatible in mixes. PAM2 demonstrated efficacy against both local and systemic P. aeruginosa 

infection. Phage treatment rescued 100% of mice from lethal systemic infection, accelerated wound 

healing and promoted nest building activity (Figure 6). 

Therefore, we developed rational design approach and established a pipeline to produce phage 

cocktails with broad activity against highly diverse MDR P. aeruginosa clinical isolates. Phage cocktail 

PAM2 developed in this effort is a promising therapeutic candidate. 

4. Materials and Methods 

4.1. Bacterial Strains, Media, and Storage of P. aeruginosa and Phage Stocks 

One hundred fifty-six P. aeruginosa strains used in this work, mostly multidrug-resistant isolates 

from military hospitals were received from the Multidrug-resistant Organism Repository and 

Surveillance Network (MRSN, WRAIR) and are listed in supplemental Table S1. Cultures were 

grown in Heart Infusion Broth (HIB, Becton, Dickinson and Co., Franklin Lakes, New Jersey, USA) 

or on plates of 1.5% HIB agar. For phage plating, 0.7% semisolid HIB agar was overlaid on 1.5% HIB 

agar. P. aeruginosa cultures were stored at –80°C in HIB containing 15% glycerol. Phages were filter 

sterilized through a 0.22 µm membrane and stored at 4°C in HIB or sodium chloride-magnesium 

sulfate (SM) buffer (Teknova, Hollister, California, USA). 

4.2. Phage Propagation, Purification, Titration and Plaque Assays 

Phage dilutions were prepared in SM buffer. Phage titration and plaque assays were performed 

by the double-layer agar method as described earlier [144], with overnight incubation at 37°C. Phages 

were propagated on the enrichment strains as follows. Phage stock lysate was added to 150 ml of an 

early exponential phase bacterial culture grown in HIB at a multiplicity of infection (MOI) of 0.01 and 

incubated in a 250-ml plastic Erlenmeyer flask at 37°C at 200 rpm until visible lysis occurred (for 3-5 

h). The phage lysate was treated with chloroform added to final concentration of 5% (V/V), to destroy 

all remaining live bacteria. Bacterial debris was removed by 15-min centrifugation at 5,000 g. The 

supernatant was filtered through a sterile 0.22-μm membrane. Endotoxin levels in phage suspensions 

were measured using an Endosafe nexgen-PTS device (Charles River Laboratories, Wilmington, 

Massachusetts, USA). Phage stocks for animal experiments were purified using CsCl gradient 

centrifugation [144], octanol extraction [145] and chromatography with EndoTrap bulk resin (Hyglos 

GmbH, Bernried am Starnberger See, Germany), as per the manufacturer’s protocol, to ensure that 

the endotoxin level was below 500 EU per 109 PFU. 
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4.3. Phage Host Range Testing 

Phage host ranges were tested by a modified efficiency of plating assay [146]. Briefly, ten-fold 

serial dilutions of the phage suspensions were prepared in a sterile flat bottom 96-well plate. Two 

microliters of each phage dilution ranging from 10-1 to 10-8 were spotted using a multichannel pipette 

on semisolid HIB agar overlay infused with P. aeruginosa culture and incubated overnight at 37°C. 

The results were scored, and the morphology of individual plaques was evaluated. The efficiency of 

plating (EOP) of phage was calculated as phage titer on the test strain divided into the titer of the 

same phage on P. aeruginosa strain PAO1. 

4.4. Biofilm Degradation Assay Using an MBEC™ Biofilm Inoculator 

Biofilm degradation assays were performed as described [147], with modifications. Briefly, 

overnight cultures of P. aeruginosa were grown in HIB, diluted in a tube with sterile HIB+10% human 

serum (Sigma-Aldrich Corporation, St. Louis, Missouri, USA) to adjust to an approximate 

concentration of cell density of 100 CFU/mL, vortexed for approximately 10 seconds and used as an 

inoculum. One hundred-fifty microliters of the inoculum were placed into each well of the 96-well 

uncoated polystyrene plate of a MBEC™ Biofilm Inoculator (Innovotech Inc., Edmonton, Alberta, 

Canada). The peg lid was placed on the inoculator base, sealed with Parafilm and incubated at 37°C 

for 24 h with shaking at 200 rpm on the plate shaker. A series of 10-fold phage dilutions along with 

no-phage control was prepared in the 96 well plate. Loosely attached cells were removed from the 

biofilms formed on the pegs by placing the peg lid onto the 96-well plate filled with sterile normal 

saline for approximately 10 seconds, the lid with biofilms was transferred into the challenge plate 

with phage dilutions and incubated at 37°C for 4 h without shaking. The lid was removed from the 

incubation plate, rinsed twice in saline, the biofilm on the pegs was fixed in 99% methanol for 15 min, 

air dried, and stained with 0.1% crystal violet (CV) in 12% ethanol for 15 min at room temperature. 

The pegs were washed in tap water to remove unbound CV, air dried and the dye bound to biofilm 

was extracted with 200 µl of 100% ethanol in a 96 well plate. The absorbance of the eluted dye was 

measured at 595 nm on a plate reader. The experiment for each phage was repeated five times and 

average values of optical density for six experiments were determined. 

4.5. Phage Bactericidal Activity in Biofilms 

Strains were streaked out from glycerol stocks on HIB agar plates two days prior to the 

experiment. Overnight bacterial cultures were prepared the day before the experiment. Two 

milliliters of LB broth (Becton, Dickinson and Co.) were added to a 14-mL Falcon tube. A single 

isolated bacterial colony was picked using a sterile inoculation loop and suspended in LB broth. This 

culture was allowed to shake (200 rpm) at 37°C for 14-18 hours. To prepare the biofilm culture, 

overnight cultures were diluted 1:100 by volume in Tryptic Soy Broth (Becton, Dickinson and Co.) 

with 10% human plasma collected from whole blood in Na heparin (Valley Biomedical Products and 

Services, Winchester, Virginia, USA), and 200 µl of diluted culture was added to interior wells of a 

96-well plate. Exterior wells were filled with 200 µL of phosphate-buffered saline (PBS, Sigma-

Aldrich Corporation) to counteract the edge effect. Inoculated plate was incubated at 37°C for 18 h. 

Phages were diluted down to 5×109 PFU/ml, and 50 µL of diluted phage was added to the well (four 

wells were treated with each phage). SM buffer was used as a control (50 µL in four wells). All 

treatments were added slowly to the back corner of the plate to avoid disrupting the biofilm. The 

plate was returned to the incubator for 24 hours at 37°C. After treatment and incubation, four wells 

from each treatment row were plated for CFU as follows. The biofilm plate was flipped and given a 

top-down shake to remove the excess media and planktonic bacteria, and the lid was replaced. Two 

hundred microliters of PBS with 40 mM sodium citrate were added to each well and the biofilm 

resuspended by pipetting 150 µL 10 times. A deep 96-well plate with 900 µL PBS in each well was 

prepared. One hundred microliters of sample from each well were transferred to the first row of the 

deep well plate, mixed five times before continuing to dilute 1:10 down the plate. Five microliters of 
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sample from each well were plated on HIB agar in square grid Petri dishes, in duplicate, and 

incubated overnight at 37°C. When determining CFU, the most concentrated dilutions that provided 

easily countable colonies were used. 

4.6. Transmission Electron Microscopy of Phage Particles 

Phages were prepared for transmission electron microscopy as described previously [148], with 

modifications. Briefly, phage suspensions were washed twice with 0.1% ammonium acetate by 

centrifugation for 3 h at 13,250×g, phage titers were adjusted to 109 PFU/mL, phage preparations were 

deposited on 300 mesh carbon-coated copper grids (Electron Microscopy Sciences, Hatfield, 

Pennsylvania, USA), stained with 2% uranyl acetate for 1 min, and assessed under a JEM-1400 

electron microscope (JEOL Ltd., Tokyo, Japan) at 80 kv. The phage particle images were analyzed 

with ImageJ software v1.53 (National Institutes of Health, Bethesda, Maryland, USA). 

4.7. Phage Receptor Identification Using P. aeruginosa PAO1 Isogenic Mutants 

Preliminary mapping of phage receptors was performed by plating phages on two panels of P. 

aeruginosa PAO1 knockout mutants with defects in the synthesis of different parts of LPS, type IV pili 

and flagella (Table 5), compared to the parental strain PAO1. 

Table 5. Twelve knockout mutants of P. aeruginosa PAO1 used for phage receptor identification. 

Mutant Phenotype Source Mutant Phenotype Source 
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wbpL 
A/B band synthesis initiation 

defect 
wzz2 No very long B band 

rmlC* Truncated LPS core, no A, B bands wzz1,2 No long/very long B band 

fliA No flagella wapQ No phosphate in LPS inner core  

pilA No type IV pili wbpM No B band 

fliA algC pilA No flagella, A band, type IV pili rmlC* 
Truncated LPS core, no A, B 

bands 

*Two rmlC mutants acquired from two different sources were tested. 

4.8. Phage Genome Analysis 

The genomes of all 25 Pseudomonas phages have previously been sequenced and published 

[80,81]. Here, these 25 genomes and 12 reference phage genomes were downloaded from NCBI, and 

phage annotation was conducted using the Pharokka pipeline [149] v 1.7.0, classified using mash [82] 

v2.2.2 against the INPHARED database [83] and verified using BLASTn+ [150] v2.16.0 alignments 

and the ICTV Taxonomy Browser (https://ictv.global/taxonomy, MSL40.v1, accessed 10 November 

2025). A phylogenetic tree was created using the VICTOR pipeline [84]. Pairwise comparisons of the 

amino acid sequences were conducted using the Genome-BLAST Distance Phylogeny (GBDP) 

method [151] under settings recommended for prokaryotic viruses [84]. The resulting intergenomic 

distances were used to infer a balanced minimum evolution tree with branch support via FASTME 

2.0 [152] using the D4 formula. Branch support was inferred from 100 pseudo-bootstrap replicates 

each. Trees were rooted at the midpoint [153]. The phylogenetic tree was visualized using iTOL v6 

[85]. Lifestyle scoring was conducted in BACPHLIP [86]. Protein homology detection was performed 

using MMseqs2 [154] against CARD [88] and VFDB [89] databases, and searches were conducted 

using HHpred [155]. 

4.9. Testing Stability of Single Phages and Their Pairs 

The seven single CsCl-purified phages EPa11, EPa16, EPa17, EPa22, EPa24, EPa40, and EPa43 

were diluted in SM buffer and used in different titers varying from 109 to 7×1010 PFU/mL, to be able 

to discriminate viability curves in graphs. Similarly, 21 pairwise combinations of these phages were 
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mixed in a ratio of 1:1, total titers ranging between 109 to 8×1010 PFU/mL. Single phages and pairwise 

mixes were stored for nine months at 4°C in 1.8-mL NuncTM cryogenic tubes (ThermoFisher Scientific 

Inc., Waltham, Massachusetts, USA) wrapped in aluminum foil and plated on the culture of each P. 

aeruginosa strain susceptible to a specific phage) in semisolid HIB agar overlays at 3, 10, 23, 30, and 

85 days, 6 and 9 months. 

4.10. Determination of P. aeruginosa Resistance Mutation Frequencies to Single Phages and Phage Pairs 

One hundred microliters of overnight culture of P. aeruginosa strain MRSN 321 (susceptible to 

each of phages EPa11, EPa16, EPa17, EPa22, EPa24, and EPa40) diluted in PBS and containing >108 

CFU were plated on semisolid HIB agar overlays containing 109 PFU of an individual phage, or each 

of 21 pairwise mixes of these phages (5×108 + 5×108 PFU). In parallel, the bacterial culture was titrated 

in PBS down to 10–6 and the 10–5 and 10–6 dilutions (100 µL) were plated on HIB agar plates in triplicate 

to calculate phage resistance frequencies. 

4.11. Testing of Phage Cocktail Efficacy in a Mouse Wound P. aeruginosa Infection Model 

Treatment with PAM1 and PAM2 was evaluated in our previously developed mouse dorsal 

wound model [35], with modifications. Briefly, 6-8-week-old female BALB/c mice (18-22 g, substrain 

BALB/cAnNCr, Charles River Laboratories, Wilmington, MA, USA) received irradiated food and 

water ad libitum. They were housed in groups in sanitized solid-bottom individually ventilated cages 

on sterile paper bedding and were provided with environmental enrichment. The animals were 

maintained under a 12:12 hour light/dark cycle, with 10–15 air changes per hour, relative humidity 

of 40–60%, and room temperature 23–24°C. Prior to the start of the study, all animals were monitored 

twice daily during routine animal health rounds. On Day 0, mice were anesthetized by 

intraperitoneal (IP) injection of Ketamine (100 mg/kg) and Xylazine (10 mg/kg), their backs were 

shaved, the surgery area was sterilized with iodine and 70% alcohol, and a 6-mm, full-thickness 

wound was created on their dorsal side using a sterile biopsy punch. Each wound was inoculated 

with bioluminescent P. aeruginosa strain PAO1::lux in 25 µL of PBS (approximately 5×107 CFU in the 

PAM1 experiment and 1×107 CFU in the PAM2 experiment) and covered with a TegadermTM bandage 

(3M, Maplewood, Minnesota, USA). Mice were single-housed from day 0 (inoculation) through day 

15 and then returned to group housing. The analgesic Buprenorphine was given to mice 

intramuscularly at 0.05 mg/kg once on day 0, immediately following surgery, when the animals were 

still sedated. Additional Buprenorphine was administered to mice demonstrating clinical signs 

indicative of pain and distress. There were three treatment groups of five mice each in the PAM1 

experiment (phage treatment, PBS – negative control, and ceftazidime – positive control). There were 

two treatment groups in the PAM2 experiment (phage treatment, 20 mice, and PBS treatment, 15 

mice). For phage treatment, mice received 1×109 PFU of a cocktail (2×108 PFU of each phage in the 

cocktail) in 25 µL of PBS topically under the Tegaderm dressing and the same dose in 200 µL of PBS 

IP, once a day. Mice not receiving phage treatment instead received doses of PBS topically and IP 

once a day or ceftazidime IP, in a dose of 410 mg/kg, at 5 µL/g, twice a day. Treatments were 

administered at 4 h (day 0), and then once daily on days 1-4 (PAM1 experiment) or 1-3 (PAM2 

experiment), for a total of five or four treatments, respectively. On day 7 post-infection, TegadermTM 

dressings were removed. To assess the efficacy of treatments, multiple parameters were measured, 

including survival, body weight, clinical scores, wound size and healing, and bioluminescent signal 

in the wound. Mouse weights and clinical scores were monitored and recorded daily. An in vivo 

imaging system (IVIS; PerkinElmer, Waltham, Massachusetts, USA) was used to measure the 

bioluminescent signal of PAO1::lux as a means to visualize and perform relative quantification of 

bacterial burden in the wound beds over the course of the PAM1 experiment. Wound size was 

measured and compared for all mice in all treatment groups using a Silhouette wound measurement 

device (Aranz Medical Ltd., Christchurch, New Zealand) on days 0, 6, 8, 10, 13, and 15 post-infection 

(PAM1 experiment) and days 0, 6, 10, and 15 (PAM2 experiment). Mice determined to have reached 

the experimental endpoint were humanely euthanized. Survival data were recorded and presented 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 November 2025 doi:10.20944/preprints202511.2113.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.2113.v1
http://creativecommons.org/licenses/by/4.0/


 17 of 27 

 

as survival graphs. Statistical analyses were completed using a Gehan-Breslow-Wilcoxon test (for 

survival) and Mann-Whitney t-test (for wound healing). Significance was established at p < 0.05. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Table S1: P. aeruginosa strains used in this work; Table S2: Identification of phage 

receptors by plating on P. aeruginosa PAO1 mutants; Figure S1: Stability of single P. aeruginosa phages (a) and 

their pairwise mixes (b) for 9 months at 4°C. 
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The following abbreviations are used in this manuscript: 
CAZ Ceftazidime 

CFU Colony-forming unit 

EOP Efficiency of plating 

HIB Heart Infusion Broth 

PAM Pseudomonas aeruginosa phage mix 

LPS Lipopolysaccharide 

MDR Multidrug-resistant 

MLST Multilocus sequence typing 

MOI Multiplicity of infection 

MRSN Multidrug-Resistant Organism Repository and Surveillance Network 

PDR Pandrug-resistant 

PFU Plaque-forming unit 

ST Sequence type 

T4P Type IV pili 

WRAIR Walter Reed Army Institute of Research 

XDR Extensively drug-resistant 
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