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Antimicrobial resistance in Acinetobacter baumannii poses a significant global health challenge. Phage 
therapy, particularly through phage-antibiotic synergy (PAS), offers a promising strategy to combat 
this pathogen. This study demonstrated significant PAS, where the combination of phage Indie and 
ceftazidime achieved a bacterial reduction of more than 85% of A. baumannii strain AbAK03 at 17 h 
using low doses. Notably, this combination overcame phage resistance observed at 4 h when the 
phage was used alone, extending bacterial eradication by 13 h. Furthermore, phage Indie restored 
bacterial susceptibility to ceftazidime, supporting its role in improving interventional treatments 
against multidrug-resistant A. baumannii. To explore this interaction, phage Indie was isolated and 
characterized from multidrug-resistant clinical strains. An in vitro PAS experiment was performed using 
ceftazidime and piperacillin-tazobactam. The combination of phage Indie with ceftazidime consistently 
showed superior bactericidal effects compared to either agent alone, while the combination of phage 
Indie with piperacillin-tazobactam exhibited an antagonistic effect. These findings provide clear 
evidence supporting the application of phage-antibiotic combinations as an effective intervention 
strategy and lay the groundwork for future in vivo trials in a mouse model to combat antimicrobial 
resistance.
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Antimicrobial resistance (AMR) is a growing global threat, recognized as one of the top 10 public health risks1. 
The widespread use of antibiotics has exacerbated the crisis, increasing reliance on combination therapies2. The 
COVID-19 pandemic likely worsened AMR through inappropriate antibiotic use, fueling multidrug-resistant 
infections3. Despite mitigation efforts, horizontal gene transfer drives the emergence of multidrug-resistant 
(MDR), extensively drug-resistant (XDR), and pan-drug-resistant pathogens4. If left unaddressed, AMR could 
cause 10  million premature deaths annually by 20505, with an additional 100  billion dollars in healthcare 
costs6. The ESKAPE pathogens (Enterococcus faecium, Enterococcus faecalis, Staphylococcus aureus, Klebsiella 
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp.) continue to evade most 
antimicrobials, causing the majority of hospital-acquired infections7.

Acinetobacter baumannii, a Gram-negative coccobacillus, presents a significant challenge in hospitals due to 
limited treatment options8. This pathogen primarily affects immunocompromised patients in intensive care units 
(ICUs), leading to pneumonia, urinary tract infections, and bacteremia9. A. baumannii’s resistance, particularly 
through β-lactamases and antimicrobial-inactivating enzymes9, and its virulence, linked to iron acquisition, 
biofilm formation, motility, and genetic adaptation, enable cell adhesion and tissue damage10. The capsule aids 
in biofilm formation and resistance to desiccation, disinfectants, and antibiotics11. Outbreaks of A. baumannii 
have surged globally12–14, with carbapenem-resistant strains now classified as a top priority for treatment15. In 
the United States, 9,000 cases were reported annually from 2012 to 201716. In Mexico, A. baumannii ranked 
fourth among isolated pathogens in 2023, with 550 healthcare-associated infections17. Specifically, in the state 
of Sinaloa in Northwestern Mexico, A. baumannii was identified as the fourth most common causative agent in 
primary healthcare infections, comprising 4.24% of total reported cases in December 202318.
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Novel intervention alternatives are urgently needed to combat A. baumannii, a high-priority pathogen15. 
Bacteriophages, naturally occurring viruses, target specific bacteria and are abundant predators in nature19. 
Their ability to target bacterial strains, disrupt biofilms, and maintain low toxicity makes them an attractive 
option for bacterial eradication20.

Phage therapy offers a promising alternative against MDR A. baumannii and AMR, with positive results in 
laboratories, animal models, and clinical cases, both alone and combined with other phages21,22. For example, 
phage Phab24 effectively targeted colistin-resistant A. baumannii, highlighting the need for further evaluation of 
phage stability, infection dynamics, and genomic safety23. A nine-phage cocktail successfully treated a 68-year-
old diabetic with necrotizing pancreatitis and MDR A. baumannii, demonstrating the potential of phage 
therapy20. Additionally, combining phages with antibiotics has emerged as a promising strategy to enhance 
antibacterial activity, a phenomenon known as phage-antibiotic synergy (PAS)24,25. In vitro studies show that 
phage-antibiotic combinations provide superior bactericidal effects against A. baumannii compared to either 
agent alone, driving bacterial evolution toward phage resistance while resensitizing bacteria to antibiotics26–29. 
For instance, the combination of phage ΦFG02 and ceftazidime has shown significant synergy (P = 0.001) in 
eliminating A. baumannii30. Moreover, combining phage pB3074 with cefotaxime and meropenem effectively 
eradicated biofilms and treated wound infections in a pig skin model28.

This study highlights the potential of the novel lytic bacteriophage vB_AbaP_Indie as a promising strategy 
to address AMR. The phage exhibits favorable biological and genomic properties and shows promise against 
MDR A. baumannii. The research aims to expand a local phage library targeting this pathogen and explore the 
synergy between phage vB_AbaP_Indie and two β-lactam antibiotics to enhance bacterial eradication. These 
findings highlight the importance of combining phages with antibiotics to overcome resistance and promote the 
development of alternative antimicrobial strategies. Furthermore, the availability of a well-characterized phage 
library tailored to local clinical isolates addresses a key limitation of phage therapy, enabling potential advances 
in in vivo trials and compassionate use in Mexico. These efforts could improve clinical outcomes and foster 
broader adoption of phage therapy.

Results
Bacterial strains identification
The susceptibility of ten A. baumannii strains and thirteen ESKAPE pathogens (E. faecalis, S. aureus, K. 
pneumoniae, and P. aeruginosa) and two Gram-negative pathogens (E. coli), as well as the ceftazidime and 
piperacillin-tazobactam MIC values for A. baumannii strain AbAK03, were interpreted following Clinical 
and Laboratory Standards Institute (CLSI) protocols (Table  1). The multiresistance of the bacterial isolates 
is corroborated with the zone of inhibition using the Kirby-Bauer disk diffusion test (Fig. S1). Specifically, 
A. baumannii strain AbAK03, the host bacterium of phage Indie, exhibited resistance to ceftazidime but 
susceptibility to piperacillin-tazobactam. The species was confirmed by PCR blaOXA−51 for AbAK03 (Fig. S2).

Isolation and characterization of phage Acinetobacter baumannii phage vB_AbaP_Indie
Eight samples from wastewater treatment plants were obtained and analyzed to identify phages with lytic activity 
against clinical strains of MDR A. baumannii. One phage was isolated using a clinical strain AbAK03 as the host 
bacterium. In accordance with the guidance provided by the Bacterial and Archaeal Viruses Subcommittee of 
the International Committee on Taxonomy of Viruses (ICTV)31, it was designated as Acinetobacter baumannii 
phage vB_AbaP_Indie, or just phage Indie, as its common name. Phage Indie, produced small, clear, uniform, 
round plaques with average size with a range of size 2 mm in diameter on A. baumannii strain AbAK03 lawn 
(Fig. 1A). The small plaques exhibited a clear halo around them with a range of size ~ 3 and 4 mm in diameter. 
The translucent halos were attributed to the action of depolymerase, an enzyme capable of breaking down 
bacterial surface polysaccharides32. Plaque assays showed that the purified phage reached a titer of 4.1 × 108 
Plaque Forming Units (PFU) per mL. Transmission electron microscopy revealed the structure of phage Indie, 
displaying an icosahedral capsid and a short tail, typical of the abolished Podoviridae family (Fig. 1B).

Antibiotic

Acinetobacter baumannii strain

AbAK01 AbAK02 AbAK03 AbAK04 AbAK05 AbAK06 AbAK07 AbAK08 AbAK09 AbAK10

Ceftazidime (CFZ)

Sensitivity R S R S S S S S S S

MICa (µg/mL)

> 32 0.2 > 32 0.2 4 4 4 4 1.6 4

> 32 0.2 > 32 0.4 4 4 4 8 1.6 4

> 32 0.4 > 32 0.2 4 4 4 4 3.2 4

Piperacillin-tazobactam (TZP)

Sensitivity S S S S S S S S S S

MICa (µg/mL)

8/3.2 4/0.8 8/3.2 8/4 16/4 16/4 16/4 4/1.6 4/1.6 4/1.6

8/3.2 4/0.4 8/3.2 8/4 8/4 16/4 16/4 8/3.2 4/1.6 4/1.6

8/3.2 4/0.8 8/3.2 8/4 8/4 16/4 16/4 4/1.6 4/1.6 4/1.6

Table 1.  Antibiotic sensitivity pattern of A. baumannii. aMIC, Minimum Inhibitory Concentration; Sensitivity: 
I, intermediate susceptibility; R, resistant; S, susceptible.
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Fig. 1.  Characterization of phage Indie as a specific phage for Acinetobacter baumannii. (A) Plaque 
morphology of the phage Indie on its host bacterium A. baumannii strain AbAK03, showing clear areas of 
lysis surrounded by translucent halos. (B) Morphology of phage Indie observed by Transmission Electron 
Microscopy (TEM). (C) Host range. (D) Thermal stability; the means that do not share a letter, differ 
significantly. (E) pH stability; the means that do not share a letter, differ significantly. (F) One-step growth 
curve. (G) Adsorption curve. (H) Bacteriolytic activity at different multiplicity of infection (MOI = 10, 1, and 
0.1). The values are the means of three tests (n = 3) ± standard deviation (SD) in all the graphs.
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Phage host range and efficiency of plating (EOP)
To understand phage specificity and their ability to infect different bacterial strains, we evaluated 10 clinical 
strains of A. baumannii and other ESKAPE clinical strains and Gram-negative pathogens for the lytic spectrum. 
Phage Indie formed transparent plaques in two of these A. baumannii strains, accounting for 20% (2 of 10), and 
in one clinical strain of K. pneumoniae. The EOP was categorized as high (EOP ≥ 0.5) (Fig. 1C).

Determination of phage stabilities
We conducted tests to evaluate pH and thermal stability to ensure the phage’s efficacy under diverse conditions, 
with the goal of ensuring its reliability for therapeutic applications. pH stability tests revealed that phage Indie 
remained infectious within the pH range of 2 to 11 but became inactive under alkaline conditions at pH 12 
(Fig.  1D). Phage Indie remained stable at 4  °C and retained lytic activity up to 60  °C. However, its activity 
significantly declined (P < 0.05) after 1 h of incubation at 70 °C (Fig. 1E).

Phage adsorption rate, one‑step growth curve, and efficiency of bacterial Lysis
The therapeutic efficacy of phage Indie was initially assessed based on its infection parameters. According to the 
one-step growth curve, the phage exhibited a latent period of 30 min, with an estimated average burst size of 13 
PFU/cell (Fig. 1F). The adsorption rate of phage Indie indicated that approximately 95% of the phages adhered 
to their host within 10 min, demonstrating the speed of phage adsorption (Fig. 1G). We further investigated the 
lytic activity of phage Indie by exposing A. baumannii strain AbAK03 to various phage multiplicities of infection 
(MOI) (0.1, 1, and 10). As shown in Fig. 1H, the OD600nm values of A. baumannii at all MOIs tested were lower 
than those of the control up to 4 h after a 17-h incubation. Nevertheless, irrespective of the phage MOI, the 
strains developed resistance to the phage and resumed growth shortly afterward. The repeated measures design 
indicated that there were no significant differences (P = 0.116) in bacterial growth among the different MOIs. 
The growth curve revealed that even at a low MOI (0.1), growth of A. baumannii strain AbAK03 was inhibited 
for up to 4 h.

Genome analysis
Comprehensive genomic analyses confirmed the safety and therapeutic potential of phage Indie for clinical 
application (Fig.  2A) because no lysogenic genes were identified in phage’s genome, such as integrases, 
recombinases, repressors, or superinfection immunity proteins. Additionally, comparisons with ABRIcate 
databases, including NCBI, CARD, ARG-ANNOT, Resfinder, MEGARES, and VFDB, revealed no virulence or 
antibiotic resistance genes, supporting its safe use against MDR A. baumannii clinical strains. PhageAI predicted 
a virulent lifestyle with a 98.44% probability, classifying it as a lytic phage. Moreover, no transfer RNA (tRNA) 
genes were identified using tRNAscan-SE.

The genome of phage Indie contains 149 putative ORFs, which are categorized into five modules: DNA 
metabolism, lysis, structure, packaging, and hypothetical proteins (Fig.  2B). The main characteristics of the 
predicted ORFs are detailed in Table S1.

Notably, 37 ORFs are hypothetical proteins, while others encode functions related to DNA metabolism, such 
as DNA polymerase I, helicase, primase, HNH endonuclease, metallo-phosphoesterase, peptidase (ORF 4), 
right parallel beta-helix repeat-containing protein, RNA polymerase, endonuclease (ORF 15), and exonuclease 
(ORF 14). Structural protein-coding genes include tail and head proteins, including internal virion proteins 
A and B. Genome packaging and assembly genes include the small terminase subunit and the large terminase 
subunit. Additionally, the genome contains genes with lysis functions, such as holin (ORF 82), spanin (ORF 52), 
endolysin (ORF 24), and an internal virion protein with an endolysin domain (ORF 50).

Phylogenetic analysis and genome comparison of phage Indie
To identify the closest relatives and taxonomic classification of phage Indie, the complete genome underwent 
nucleotide BLAST® analysis in the GenBank database. That revealed related phages from Klebsiella, E. coli, 
Shigella, and Acinetobacter. To explore their evolutionary relationship, 19 phages within the Caudoviricetes class, 
sharing over 80% nucleotide identity, were selected for phylogenetic analysis. The average nucleotide identity 
and Blastn-based alignment showed that most phages had over 70% nucleotide sequence coverage, with the 
closest relative being the Klebsiella phage VLCpiA1a (ON602732) (Fig. 2C), sharing 82% sequence coverage and 
94.34% identity, situated in the Drulisvirus genus within the Autographiviridae family.

Intergenomic similarities between viral genomes using VIRIDIC indicated that phage Indie and all 19 
phages were above 70%, placing phage Indie within the Drulisvirus genus, and represents a new unclassified 
species within the Caudoviricetes class (Fig. 3A). A phylogenetic tree was generated using whole-genome-based 
analysis, specifically employing the Genome-BLAST distance phylogeny method (Fig.  3B), showing that its 
closest ancestors are Klebsiella phages. Furthermore, PhageAI and the International Committee on Taxonomy of 
Viruses corroborate the taxonomic classification of phage Indie, assigning it to the Autographiviridae family with 
97.62% probability and the Drulisvirus genus with 99.21% probability.

Enhanced synergy: Bacteriophage Indie augments the efficacy of antibiotics against MDR 
Acinetobacter baumannii
We conducted in vitro PAS experiments using the checkerboard method with varying antibiotic concentrations 
and phage dilutions to understand the impact of combined phage-antibiotic therapy on the bacterial growth 
of MDR A. baumannii strain AbAK03. Bacterial growth was evaluated by OD600nm values and visualized as 
synograms. These synograms help analyze interactions between phages and antibiotics, highlighting synergies, 
antagonisms, or additive effects, and clarify how specific combinations influence bacterial viability over time, 
to identify the most effective dose of phage and antibiotic to be applied in future preclinical trials. The study 
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Fig. 2.  Genomic analysis of phage Indie belonging to the Drulisvirus genus. (A) Whole genomic analysis 
of phage Indie and its closest similar phage VLCpiA1a (ON602732). (B) Genome map using DNAPlotter 
software. (C) Comparison of phage Indie and phage VLCpiA1a genomes using Clinker software. In these 
maps, colored arrows represent the open reading frames (ORFs) according to their functional classification 
within the respective module. Empty regions indicate the absence of BLAST hits between phage Indie and the 
genome reference.
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measured bacterial population reduction at 17 h (Figs. 4A and 5A) and the percentage reduction of the area 
under the curve (Figs. 4B and 5B).

The combination of phage Indie and ceftazidime exhibited a strong synergistic effect (Fig. 4C), achieving > 85% 
elimination of A. baumannii strain AbAK03 using lower concentrations of phage (105 PFU/mL) and ceftazidime 
(1.6 µg/mL) within 17 h. This combination yielded a ΣFIC of 0.051, confirming strong synergy based on the 

Fig. 3.  Phylogenetic and comparative genomic analysis of phage Indie. (A) Heatmap of VIRIDIC software. The 
values of percentage identity range from 0 (0%, white) to 1 (100%, blue). (B) Phylogenetic tree of phage Indie 
based on Genome-BLAST Distance Phylogeny of the Autographiviridae family, Drulisvirus genus.
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Fig. 4.  In vitro phage-antibiotic synergy. (A) Synogram (t = 17 h) of ceftazidime and phage Indie for reducing 
bacterial OD600nm. (B) Synogram of ceftazidime and phage Indie for the reduction of area under the curve 
(AUC). Wells below the dotted line contained a single phage treatment. (C) Growth curves showing the 
effect of the phage-antibiotic combination on achieving effective bacterial suppression. (D) Interaction plot 
of ceftazidime and phage Indie. (E) Interpretation guide for the effects of the phage-antibiotic combination. 
Values represent the means of three tests (n = 3) ± standard deviation. The two-way ANOVA for statistical 
analysis in the interaction graphs includes factors: treatment and antibiotic dose, with statistical significance set 
at * P  = 0.001.
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Fig. 5.  In vitro phage-antibiotic synergy. (A) Synogram (t = 17 h) of piperacillin-tazobactam and phage Indie to 
reduce bacterial OD600nm. (B) Synogram of piperacillin-tazobactam and phage Indie to reduce the area under 
the curve (AUC). Wells below the dotted line contained a single phage treatment. (C) Growth curves showing 
the effect of the phage-antibiotic combination on achieving effective bacterial suppression. (D) Interaction 
plots of TZP and phage Indie. (E) Interpretation guide for the effects of the phage-antibiotic combination. 
Values represent the means of three tests (n = 3) ± standard deviation. The two-way ANOVA for statistical 
analysis in the interaction graphs includes factors: treatment and antibiotic dose, with statistical significance set 
at *P = 0.001.

 

Scientific Reports |        (2025) 15:11578 8| https://doi.org/10.1038/s41598-025-96669-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


standard interpretive threshold (ΣFIC ≤ 0.5). Moreover, the synergy overcame phage resistance within 4 h of in 
vitro treatment, extending bacterial suppression for an additional 13 h, thereby enhancing the bactericidal effect 
compared to monotherapies. Furthermore, we report that the synergy between phage Indie and ceftazidime 
allowed the use of significantly lower doses of phage and antibiotics than previously reported in previous 
studies30. The interaction plot (Fig. 4D) compared the final effect of ceftazidime with and without phage. This 
graph illustrates that the inclusion of phage Indie significantly amplified the bactericidal impact of ceftazidime, 
surpassing the effects of either the phage or the antibiotic used independently, as demonstrated by the diverging 
lines in the graphic, concerning the previous interpretation guide (Fig. 4E). Importantly, the synergy of phage 
Indie and ceftazidime helped to resensitize the A. baumannii strain AbAK03 to the antibiotic and producing 
phage-resistant bacteria that were resensitized to antibiotics for further studies, as indicated by the MIC analysis 
that revealed its initial resistance.

The combination of phage Indie with piperacillin-tazobactam exhibited an antagonistic effect, reducing A. 
baumannii strain AbAK03 by > 95% within the first 8 h of in vitro PAS treatment. Accordingly, the combination 
of phage Indie (105 PFU/mL) and piperacillin-tazobactam (3.2  µg/mL) yielded a ΣFIC of 1.281, indicating 
partial antagonism according to standard interpretive criteria (ΣFIC > 1.0). However, even with a doubled 
dose of ceftazidime (piperacillin-tazobactam: 3.2 µg/mL and phage: 105 PFU/mL), the outcome was clinically 
unfavorable, as achieving equivalent bacterial inhibition to MIC would require a higher antibiotic dose, 
potentially unsafe or unfeasible for patients (Fig. 5C). Furthermore, the interaction plot (Fig. 5D) compared 
the final effect of piperacillin-tazobactam with and without phage, showing that phage Indie did not enhance 
the bactericidal effect of piperacillin-tazobactam; instead, it inhibited the impact of phage Indie, as seen in the 
interpretation guide (Fig. 5E).

The experimental design indicates that the synergistic effect for more significant bactericidal impact in in vitro 
PAS depends on the specific phage and antibiotic tested. Two-way ANOVAs confirmed significant differences 
between treatments (P = 0.001 for ceftazidieme 1.6  µg/mL with phage Indie 105 PFU/mL; and P = 0.001 for 
piperacillin-tazobactam 3.2 µg/mL with phage Indie 105 PFU/mL). Therefore, the effectiveness of in vitro PAS 
can vary depending on the antibiotic and the specific bacteria being targeted.

Discussion
Phage therapy has emerged as a promising alternative to treat MDR pathogens such as A. baumannii33, recently 
classified as the most critical nosocomial pathogen15. However, implementing these new intervention strategies 
in clinical settings remains challenging despite the pressing need. This challenge is due to the limited availability 
of clinically appropriate phages and the lack of detailed characterization, including in-depth genomic analyses 
and physical stability assessments to ensure their survival during formulation and administration, as well as 
comprehensive in vitro and in vivo testing34.

Here, we have also made progress in translating new intervention strategies by isolating and characterizing 
a new bacteriophage, phage Indie, which has lytic activity against clinical strains of A. baumannii. In vitro PAS 
studies on A. baumannii phages are crucial to guide precise in vivo experiments and preclinical assays23,34, as 
mentioned by Pirnay et al.35, caution is advised, as some antibiotics may interfere with phage lytic activity.

Therefore, it is essential to evaluate potential synergy or antagonism in phage-antibiotic combinations 
before clinical application36, especially since in vitro conditions do not fully replicate the host’s physiological 
environment37,38 and differences in phage-antibiotic pharmacokinetics in vivo30 may influence the therapeutic 
outcome. Thus, in vivo studies are essential to validate the efficacy and clinical applicability of phage Indie against 
local A. baumannii strains.

We demonstrate that phage Indie possesses genetic characteristics that make it suitable for use as a potent and 
safe antibacterial agent. Notably, it encodes internal virion proteins A and tubular tail B, enhancing adsorption 
and bacterial synthesis via transmembrane protein binding39.

The phage also carries lytic enzymes, including holin (ORF 82) for inner membrane permeabilization, spanin 
(ORF 52) for outer membrane disruption40, and endolysin (ORFs 24 and 50), which targets peptidoglycan 
without disrupting the microbiome38,41. Additionally, endonuclease and exonuclease (ORFs 15 and 14) facilitate 
genome segregation, DNA repair, and rRNA maturation42.

The absence of tRNA genes suggests that the phage fully depends on the host cell’s tRNA pool for protein 
translation43. The lack of lysogenic, toxin, or antimicrobial resistance genes supports its therapeutic potential44.

Specifically, phage Indie represents a new species not classified within the class Caudoviricetes, as it shares less 
than 95% nucleotide identity with known species31. This phage belongs to the genus Drulisvirus due to > 70% 
genomic identity45, with its closest relatives being Klebsiella phages, sharing common genomic features46.

Of note, phage Indie exhibits translucent halos in its plaque morphology, suggesting depolymerase enzyme 
activity, as reported in Klebsiella phages29,32,47,48. Similarly, A. baumannii phages like vWU2001, Abp95, øFG02, 
and øCO01 also form plaques with halos, indicating depolymerase presence29,49,50. This enzyme facilitates phage 
adsorption by degrading bacterial exopolysaccharides, which are essential for biofilm formation51.

On the other hand, phage Indie exhibits a notable degree of specificity, infecting A. baumannii and K. 
pneumoniae, two critical pathogens requiring urgent treatment. While broad host range phages can offer 
versatility in treating mixed infections52, highly specific phages like phage Indie may be advantageous for 
targeted therapies, reducing the risk of dysbiosis and off-target effects compared to a narrow host range, which 
is more specific53.

For instance, phage Indie was able to lyse 3/15 clinical strains. Other A. baumannii phage øCO01 demonstrates 
a broad host range, infecting 4 out of 10 strains, whereas phages øFG01, øCO02, øCO03, and øLK01 are highly 
specific, infecting only their respective isolation hosts49. Although phages are generally highly specific, often 
infecting only a single species or serotype54, this precision allows for targeted bacterial elimination without 

Scientific Reports |        (2025) 15:11578 9| https://doi.org/10.1038/s41598-025-96669-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


disrupting the surrounding microbiota. This characteristic makes them valuable for personalized phage therapy, 
where specific phages can be selected to effectively treat each outbreak while minimizing unintended effects22.

This aligns with observations that phages in these natural environments can be specialists, with a narrow 
host range, or generalists, capable of infecting a broader range of hosts55. Some studies have reported wastewater 
phages capable of infecting multiple bacterial genera56,57. However, defining host range is challenging due 
to variations in testing methods and bacterial defense mechanisms. The terms “narrow” and “broad” are 
inconsistently used, as most phages are isolated using a single host strain, which may underestimate their true 
range. Using multiple strains during isolation can reveal broader host ranges, challenging the notion that most 
phages are highly specific58.

Despite its specificity, phage Indie represents a promising candidate for treating ESKAPE pathogens-related 
infections in regional hospitals in Mexico. Its ability to infect selected A. baumannii strains, in combination 
with antibiotics, aligns with the recommendations of Pirnay et al.35, supporting its potential use in future in vivo 
assays.

Also, it has been previously described that phage intended for clinical use must demonstrate stability to 
withstand preparation and application, such as in solutions or clinical formulations for patient administration. 
Phage Indie exhibits thermal and pH survival ranges similar to other reported phages, like the JD419 phage, 
which shows good stability at pH 6–8 and temperatures from 20 °C to 50 °C59. Other phages, such as ZCKp20p 
remain stable between − 20 °C and 60°C and pH from 2 to 1260. This confirms that phage Indie is a suitable 
candidate for therapy.

Despite its small burst size, comparable to øFG02 with a burst size of 15 PFU/cell and a latency period of 
40 min49, phage Indie’s infection process aligns with recent research examining the one-step growth curves of 
viruses over the last seven decades, revealing burst sizes ranging from 10 to 1000 PFU/cell61. The adsorption 
values are similar to those of other phages29.

Our data on the bactericidal effect coincide with a recent study49; the phage Indie encounters resistance from 
A. baumannii strain AbAK03 after 4 h of activity. We are currently investigating this phenomenon and do not yet 
have precise data that fully explains the resistance of AbAK03 to the phage. However, previous studies show that 
phage resistance in A. baumannii can arise from alterations in bacterial surface structure49,62. Furthermore, the 
phage-antibiotic synergy, also demonstrated in previous research, supports this approach28,29,62,63.

It is highlighted that the synergy between phage Indie and ceftazidime, a sublethal dose that alone does not 
inhibit the growth of A. baumannii strain AbAK03, achieved a sustained bacterial reduction of more than 85% 
for 17 h (ΣFIC = 0.051). The above reflects the synergistic effect studied in other phages mentioned24,28,29,62–65, 
but each phage and MDR strain differ. Hence, based on previous research36, this study proposes a new phage 
capable of eradicating ESKAPE pathogens, such as A. baumannii. Based on these in vitro PAS results, the safety 
profile of phage Indie is confirmed for its application in an in vivo assay in a murine model. This study sheds 
further light on several issues related to the use of phages in intervention, such as phage and antibiotic selection 
for designing future controlled clinical trials, phage resistance, and bacteriophage-antibiotic synergy.

Reports suggest that sublethal antibiotic doses can boost phage production by increasing bacterial biomass, 
accelerating cell lysis, and promoting phage propagation63. Additionally, phage-resistant bacteria may lose 
virulence, increasing their susceptibility to antibiotics62. Our in vitro results align with the “one-two punch” 
model30, where phage Indie partially reduces the AbAK03 population within 4 h, promoting resistant variants 
that later become resensitized to ceftazidime and eradicated by the phage. It remains necessary to decipher at the 
phenotypic and genomic levels why there is a more significant bacterial reduction when the phage is combined 
with one type of antibiotic, while another antibiotic shows no effect or even an antagonistic effect. In this case, 
both antibiotics are β-lactams, but their sites of action in A. baumannii differ ceftazidime targets penicillin-
binding proteins (PBPs), while piperacillin, protected by the β-lactamase inhibitor tazobactam, prevents the 
degradation by bacterial β-lactamases66.

In conclusion, our findings demonstrate that phage Indie can significantly enhance the eradication of 
A. baumannii in the Sinaloa region of Mexico. This evidence supports the future design of urgently needed 
controlled in vivo trials for compassionate therapy in Mexico and advances research in phage therapy.

Methods
Bacterial strains, characteristics, and growth conditions
Acinetobacter baumannii strain AbAK03 served as the host bacteria for phage Indie, and the phage’s host range 
was tested against nine other A. baumannii strains.

The susceptibility of ten A. baumannii strains and thirteen ESKAPE pathogens (E. faecalis, S. aureus, K. 
pneumoniae, and P. aeruginosa) and two Gram-negative pathogens (E. coli). Strains were obtained from the 
strain library of the public level three hospital in Culiacan, Sinaloa, Mexico and were grown on tryptose soy agar 
(TSA) plates (Oxoid Ltd, Hants, UK) at 37 °C for 18 to 24 h.

The identification of clinical strains had been identified by the Vitek®2 (bioMérieux, North Carolina, USA). 
The bacterial identity of each strain was verified and confirmed by Gram-staining. Moreover, the susceptibility of 
these bacterial isolates to various traditional antibiotics was examined by measuring the zone of inhibition using 
the Kirby-Bauer disk diffusion assay as indicated in the manual67 and interpreted according to the cut-off values 
specified in the CLSI protocol. The antibiotics used in this study were: ciprofloxacin (CIP), ofloxacin (OFX), 
norfloxacin (NOR), gentamicin (GM), amikacin (AN), tobramycin (NN), streptomycin (S), aztreonam (ATM), 
ceftriaxone (CRO), ampicillin-sulbactam (SAM), piperacillin-tazobactam (TZP), cefotaxime (CTX), cefazolin 
(CZ), vancomycin (VAN), chloramphenicol (C), tetracycline (TE), doxycycline (D), penicillin (P), ampicillin 
(AM), clindamycin (CC), ceftazidime (CFZ), erythromycin (E), and colistin (CT) (BD Company, USA). The 
minimum inhibitory concentrations (MIC) of piperacillin-tazobactam and ceftazidime (Sigma-Aldrich, 
Mexico) for A. baumannii were determined using the microbroth dilution method and interpreted following 
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CLSI protocols. E. coli strain ATCC 25922 was used as a positive control for each set of three experimental 
replicates.

To confirm the identity of the AbAK03 strain, the host bacterium of phage Indie, endpoint polymerase chain 
reaction (PCR) was conducted. PCR was conducted using pre-designed primers to detect the blaOXA−51 gene, as 
described by Falah et al.68 for that region (F:5′-​T​A​A​T​G​C​T​T​T​G​A​T​C​G​G​C​C​T​T​G-3′ and R:5′-​T​G​G​A​T​T​G​C​A​C​T​
T​C​A​T​C​T​T​G​G-3′). Following PCR, the amplified products were analyzed using 1% agarose gels supplemented 
with 0.04 µL/mL GelRed nucleic acid stain (Phoenix Research, Candler, NC, USA), and the nucleotide sequences 
of the amplicons were confirmed through conventional Sanger DNA sequencing (Elim Biopharmaceuticals, Inc., 
Hayward, CA, USA).

Bacterial strains were cultured in tryptic soy broth (TSB; Oxoid Ltd, Hants, UK) and incubated at 37 °C for 
24 h. After incubation, confirmed bacterial stocks were preserved at -80 °C in 20% (v/v) glycerol.

Phage
Phage Indie, used as a model in this study, was obtained from the Laboratorio Nacional para la Investigación 
en Inocuidad Alimentaria (LANIIA) at the Centro de Investigación en Alimentación y Desarrollo (CIAD), 
Culiacan unit.

Phage isolation and purification
Phage presence was assessed in wastewater in the influent of the Costa Rica treatment plant, Culiacan, 
Sinaloa, Mexico, using ten MDR A. baumannii strains as the host bacterium. First, wastewater samples were 
processed immediately after sampling and given pre-treatment for the phage propagation assay as previously 
described32. Subsequently, the samples were treated using a previously described enrichment method69 with 
some modifications.

To prepare bacterial cultures, 1 mL of wastewater was combined with 30 mL of double-concentration 
TSB (Oxoid Ltd, Hants, UK), followed by adding 1 mL of overnight bacterial cultures. The mixture was then 
incubated at 37  °C for 18  h with gentle agitation at 50  rpm. Then, the samples underwent centrifugation at 
8000×g for 10 min at 4 °C using a Megafuge16R (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA), 
and the resulting supernatants were filtered through a 0.22 μm pore size nylon membrane (Pall Corp., NY, USA).

Bacteriophages were detected using a spot test employing the double-layer agar method with three replicates. 
Filtrates were serially diluted, 100 µL of the diluted supernatant was mixed with 1000 µL of an overnight culture 
of the host bacteria in 3 mL of soft agar (TSB with 0.5% agar), and mixed with host bacterial cultures in soft agar, 
which were then plated onto TSA plates (Oxoid Ltd, Hants, UK) and incubated at 37 °C for 18 h. Phage plaques 
were selected based on their clarity.

The bacteriophage was purified using SM buffer (50 mM Tris-Cl, pH 7.5, 100 mM NaCl, 8 mM MgSO4·7H2O) 
through multiple cycles, at least three times. Purified phages were stored at 4 °C in SM buffer, while stock samples 
were stored at  -80 °C with 20% (v/v) glycerol.

Phage host range and efficiency of plating
The phages’ lytic activity was determined against ten A. baumannii strains and thirteen ESKAPE pathogens and 
two Gram-negative pathogens with the spot test as previously described70 with some modifications. Purified 
phage suspensions ranging from 107 to 108 PFU/mL were applied in 10 µL spots onto freshly inoculated bacteria 
using the double-agar layer method with three replicates. After incubation overnight at 37  °C, a clear area 
demonstrated the ability of the bacteriophage to lyse.

Depending on this plaque’s appearance, the bacteriophages’ lytic activity was classified as mentioned49 with 
specific alterations: no lysis, phage resistance, partial lysis, nebula lysis, and productive infection. The latter 
classification of productive infection is characterized by the synthesis in a punctual assay and the formation of 
plaques on soft agar layer.

Subsequently, to determine the number of viable phages in the total count, the efficiency of plating (EOP) was 
also performed43 with three replicates. Thus, all A. baumannii strains were cultured overnight (18 h) at 37 °C. 
For the double-layer agar method, 1000 µL of each overnight culture was combined with 100 µL of diluted phage 
lysate, prepared in successive dilutions ranging from 104 to 108 PFU/mL in buffer SM.

The EOP values were determined by dividing the average lysis plaques produced in each susceptible strain 
by the number of plaques produced on the best host. The strains were categorized based on their EOP values as 
follows: “high efficiency” (EOP ≥ 0.5), “medium efficiency” (0.1 ≤ EOP < 0.5), “low efficiency” (0.001 < EOP < 0.1), 
or “inefficient” (EOP ≤ 0.001).

Transmission electron microscopy (TEM)
The purified phage suspension was applied onto a copper grid coated with carbon-coated Formvar film and left 
to sit for 30 min in the dark. It was then negatively stained with 1% phosphotungstic acid for 1 min and air-dried. 
The sample was subsequently examined using a JEOL 200 CX transmission electron microscope (TEM) (JEOL, 
Tokyo, Japan) at the Molecular Biology Division of IPICYT (Instituto Potosino de Investigación Científica y 
Tecnológica A.C.)71.

Phage thermal and pH stability test
To assess the thermal stability of the bacteriophage, 100 µL of phage was combined with 900 µL of SM buffer 
adjusted to pH 7.5 and exposed to various temperatures (4 °C, 25 °C, 37 °C, 45 °C, 60 °C, and 70 °C) for 1 h.

Similarly, to evaluate its stability across different pH levels, 100 µL of phage Indie was mixed with 900 µL of 
SM buffer adjusted to pH levels ranging from 2 to 12 using NaOH or HCl solutions. The mixtures were then 
incubated at 37 °C for 1 h.

Scientific Reports |        (2025) 15:11578 11| https://doi.org/10.1038/s41598-025-96669-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Phage titers were determined using the double-layer agar method, with three replicates per experiment.

One-step growth curve
The one-step growth curve was performed as described by Orozco-Ochoa et al.43, with three replicates. The 
burst size was determined as the ratio of the final count of released phage particles to the initial count of 
infected bacterial cells, divided by the number of infected cells (phage titer at 0 min − phage titer at 0 min with 
chloroform).

Phage adsorption assay
The adsorption assay was conducted in triplicate as previously described, with minor modifications72.

Bacteria in exponential growth phase at 108 CFU/mL concentrations were centrifuged at 8000×g for 10 min 
and resuspended in TSB. The cell suspension was diluted (107 CFU/mL) in 9 mL of fresh TSB. Subsequently, 1 
mL of phage was added (MOI = 0.1) and incubated at 37 °C for 5 min.

After 5 min of incubation, the samples were centrifuged at 15,000×g for 1 min to collect free unbound phages. 
This process was repeated every 5 min for a total of 20 min. The percentage of free phages was determined 
relative to the initial phage concentration at 0 min.

Bacteriolytic activity test
The bacteriolytic activity in vitro was evaluated using a 96-well microplate system, following the methodology 
outlined by Gonzalez-Gomez et al.73, in triplicate.

An overnight culture of A. baumannii strain AbAK03 was adjusted to an OD600nm of 1.5 (~ 108 CFU/mL) for 
inoculation. Phage dilutions were prepared to achieve MOIs values of 10, 1, and 0.1.

The positive control contained 200 µL of A. baumannii culture, while the negative control contained only 
TSB. In the experimental wells, 100 µL of TSB and 80 µL of the phage dilution were added to achieve the desired 
MOI. After that, 20 µL of the bacterial culture was added to each well, resulting in a final volume of 200 µL per 
well.

The microplate was then incubated at 37  °C for 17  h in a Synergy HT microplate reader (Biotek, Inc., 
Winooski, VT, USA), with readings at 600 nm taken every 15 min after orbital shaking before each reading.

Genomic phage DNA extraction and sequencing
The phage genomic DNA extraction was conducted by utilizing the phenol-chloroform method outlined by 
Sambrook and Russell74. In brief, 1 mL of phage suspension was placed into a 1.5 mL microtube and treated with 
10 µL of DNase I/RNase A (10 mg/mL) at 37 °C for 30 min. This was followed by the addition of 50 µL SDS (10%), 
40 µL EDTA (0.5 M), and 2.5 µL proteinase K (20 mg/mL), and then incubated at 56 °C for 2 h. Equal volume 
of phenol-chloroform (1:1, v/v) was added, mixed, and centrifuged at 3500×g for 10 min. The aqueous layer was 
transferred, combined with an equal volume of phenol-chloroform (1:1, v/v), and subjected to centrifugation at 
3500×g for 10 min at 25 °C. This was repeated three more times, where the resulting aqueous layer was combined 
with 200 µL of 3 M sodium acetate and ethanol, stored at  -20 °C overnight, and centrifuged at 15,000×g for 
30 min. The DNA pellet was washed with 70% ethanol, air-dried, resuspended in 20 µL of nuclease-free water, 
and stored at  -20  °C. DNA quantification was performed using a NanoDrop 2000c spectrometer (Thermo 
Scientific, Wilmington, USA), and DNA quality was assessed via electrophoresis.

DNA libraries were prepared according to the manufacturer’s guidelines using the Nextera XT Library 
Preparation Kit (Illumina, San Diego, CA, USA). Subsequently, the libraries were quantified using a Qubit 
2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Genome sequencing was conducted on the 
Illumina MiniSeq platform at CIAD (Centro de Investigación en Alimentación y Desarrollo) Mazatlan unit, 
employing a 2 × 150 bp paired-end protocol with 300 cycles. Raw reads were trimmed by fastp v0.23.075 and de 
novo assembled was performed using SPAdes v3.15.576 with a 10× coverage threshold employed to assemble the 
contigs.

Bioinformatics analyses
Following the assembly, contigs were annotated in PATRIC v.3.36.16.1 using the phannotate algorithm ​(​​​h​t​t​p​s​:​
/​/​w​w​w​.​p​a​t​r​i​c​b​r​c​.​o​r​g​/​a​p​p​/​A​n​n​o​t​a​t​i​o​n​​​​​)​. Then, Blastn was employed to compare the complete genome sequence 
of phage Indie with those stored in the NCBI database, allowing for the identification of phages with the most 
similar sequences in GenBank, and we selected one as the genome reference. After that, phage Indie was 
manually curated with its genome reference using Geneious v.9.1.8.

To classify the phage lifestyle, the AI-driven software platform PhageAI v.0.10.0 (https://phage.ai/) was 
used. Putative transfer RNA (tRNA) encoding genes were predicted using tRNAscan-SE v.2.077. Virulence and 
antibiotic resistance gene annotation was examined through ABRicate v.0.8.13 ​(​​​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​o​m​/​t​s​e​e​m​a​n​n​
/​a​b​r​i​c​a​t​e​​​​​)​. The analysis incorporated the databases NCBI, CARD, ARG-ANNOT, Resfinder, MEGARES, and 
Virulence Factor Database (VFDB).

Putative open reading frames (ORFs) were annotated using ORF finder ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​o​r​f​f​i​
n​d​e​r​/​​​​​) and the protein was analyzed using the Basic Local Alignment Search Tool (Blastp) available on the NCBI 
server (https://blast.ncbi.nlm.nih.gov/Blast.cgi), utilizing the Non-Redundant Protein Database. Parameters 
included a score threshold of > 50 and an e-value threshold of < 1.0 × 10−3. The ORF functions were curated 
using Artemis Comparison Tool (ACT) v.18.2.0.

For phylogenetic analysis, following alignment, the VICTOR Virus Classification and Tree Building Online 
Resource (https://ggdc.dsmz.de/victor.php) was utilized to ascertain the phylogenetic relationships. This process 
involved incorporating phylogenomic trees generated via the Genome-BLAST Distance Phylogeny method. The 
outputs in Newick format were then employed to construct a phylogenetic tree using iTOL v.6.9.1 ​(​​​h​t​t​p​s​:​/​/​i​t​o​l​.​
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e​m​b​l​.​d​e​​​​​)​. The complete phage genome was utilized to compute intergenomic similarities among viral genomes 
using the VIRIDIC web tool (https://rhea.icbm.uni-oldenburg.de/viridic/), employing default Blastn settings for 
the alignment.

Furthermore, a global genome map was visualized by DNAPlotter v.18.2.078, and the comparison between 
phage Indie and its genome reference was displayed using clinker v.0.0.2879.

Phage-antibiotic synergy experiments
The in vitro phage-antibiotic synergy (PAS) experiments consist of the methodology previously reported by Gu 
Liu et al.36, with minor modifications, using the checkerboard method in triplicate.

Briefly, 100 µL of the overnight culture of A. baumannii strain AbAK03 was inoculated into 10 mL of TSB 
and allowed to grow to the exponential phase (~ 108 CFU/mL) at 37 °C with agitation at 50 rpm. The overnight 
bacterial culture was then adjusted to 106 CFU/mL concentration in TSB. Subsequently, 100 µL of this bacterial 
culture was inoculated into each well of a 96-well microplate containing the phage Indie checkerboard with 
varying concentrations (50 µL, final 102–108 PFU/mL) and antibiotic (50 µL, final 0.0125–6.4 µg/mL).

Two β-lactam antibiotics were used for in vitro PAS assays: ceftazidime and piperacillin-tazobactam (Sigma-
Aldrich, Mexico). Both antibiotics were selected because they are among the leading options used in treating A. 
baumannii9,25,80,81, in this case, the A. baumannii strain AbAK03 is resistant to ceftazidime and is susceptible to 
piperacillin-tazobactam.

The positive control consisted of A. baumannii strain AbAK03 alone, while the negative control contained 
only TSB. Synergy tests were performed using a Synergy HT microplate reader (Biotek, Inc., Winooski, VT, 
USA), in which OD600nm was measured every 15 min for a total of 17 h with orbital shaking before of each 
reading.

Quantification and statistical analysis
Significant differences were analyzed using two-way variance analysis (ANOVA), followed by group comparisons 
using Tukey’s test for the phage thermal and pH stability test.

In the bacteriolytic activity test, a repeated measures design was employed where the nested factor was MOI 
and the crossed factor was the time, the subject (wells) was nested in the MOI. Also, a comparison between the 
groups was performed using Tukey’s test.

The first step in generating synograms involved normalizing the raw OD data from three biological replicates 
against the negative control. Interaction plots and two-way ANOVA were utilized to assess the outcomes of each 
treatment to examine potential synergism between the phage and antibiotic. Interaction plots indicate whether 
there is an interaction between two separate agents, while the two-way ANOVA test was conducted to determine 
the statistical significance of the observed visual representations.

The Area Under the Curve (AUC) was performed to quantify the reduction in bacterial levels over time 
comprehensively. The AUC provides a more complete and accurate measure of the effect of the treatments 
compared to a single time point. To calculate the percentage reduction in OD or AUC, the following formula 
proposed by Gu Liu et al.36:

	
Reduction (%) =

[
(ODgrowth control − ODtreatment)

ODgrowth control

]
× 100

Also, the combination effects of phage-antibiotic were assessed by determining the fractional inhibitory 
concentration (FIC) index, calculated as previously described Manohar et al.64. The effect was evaluated 
according to the ΣFIC index, classifying it as synergistic (ΣFIC ≤ 0.5), additive (0.5 < ΣFIC ≤ 2), or antagonistic 
(ΣFIC ≥ 2).

Statistical significance was set at cap P < 0.05 for all statistical analyses. Graphing and statistical analyses were 
performed using Minitab® 19, Minitab Statistical Software (Minitab, LLC.) and GraphPad Prism 8.0.1 (GraphPad 
Software, Inc., CA, USA).

Data availability
The complete genome sequence of Acinetobacter baumannii phage vB_AbaP_Indie has been submitted to the 
GenBank database and the accession number PQ049254 has been assigned. Data is available from the lead con-
tact upon request.
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