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ABSTRACT 

Predicting the outcome of phage-antibiotic synergy in Galleria 

mellonella model infected with carbapenem-resistant  

Acinetobacter baumannii 

Thao Nguyen Vu 

Department of Medical Science 

The Graduate School, Yonsei University 

(Directed by Professor Dongeun Yong) 

Acinetobacter baumannii is an oppotunistic pathogen that causes serious 

nosocomial infection in intensive care units. Especially, carbapenem-resistant A. 

baumannii (CRAB) strains has emerged as a life-threatening pathogen in hospital 

settings. In this study, we isolated eight A. baumannii phages, which cause lysis 

of CRAB strains, from sewage sample at a hospital in South Korea. Among the 

phages, phage Bϕ-R2919 and Bϕ-R1888, which exhibited a broad host range and 

showed synergy with colistin in double disk potentiation test (DDPT), 

respectively, were studied. These two phages belonging to the Myoviridae family 

showed high absorption rate (> 98% within 5 min) and burst size (112-398 PFU/ 

cell). Both phages showed strong host cell lytic activities at high-dose (MOI = 

10), and exhibited broad stability at various temperatures (4-50°C), but low 

stability at all pH values (pH 4-10). 

Complete genomes of these phages were sequenced using the Illumina platform. 

The phages have a double-stranded circular DNA genome with a length of 

approximately 44 kbp and 37% G+C content. Bioinformatics analysis showed 

that most of the contents of the phage proteins associated with morphogenesis, 

replication, and lysis were similar between phage Bϕ-R2919 and Bϕ-R1888 
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genomes in regards to protein sequence identity, but ORFs organization and 

direction were different. 

This study was successful to establish DDPT for the detection of synergy between 

phage and antibiotics using homemade phage disks on modified Mueller-Hinton 

agar (MHA) plates. Besides, the in vitro turbidity assays were designed to 

evaluate interaction between the purified phages and colistin, and to compare the 

efficacy between monotherapy and combination therapy. Because of inherent one 

well dilution variation with this in vitro assay and possibility of reproducibility 

error, the method was difficult to interpret results via observation. However, it 

provided obvious information of bacterial growth by recording OD600 values over 

72 hr of incubation. To investigate isolated phages as monotherapy or in 

combination with colistin against A. baumannii, their activity was assessed in 

vivo in Galleria mellonella model of CRAB infection. The survival rate in the 

larvae model can be explained by results obtained from the in vitro methods. 

In summary, two A. baumannii phages, Bϕ-R2919 and Bϕ-R1888, infecting 

clinical CRAB strains were isolated and studied in detail on physiological 

characterizations and whole genome sequence analysis. To the best of our 

knowledge, this is the first report using DDPT to determine synergy between 

phage and antibiotics. Additionally, the preliminary in vitro testing provided 

proof of the interaction between lytic phages and antibiotics against A. baumannii. 

Overall, this study demonstrates that in vitro testing exhibit a linear relationship 

with in vivo activity. Further standardization for the in vitro methods is important 

to direct combination therapy for antimicrobial-resistant organisms. 

 

 

------------------------------------------------------------------------------------------------ 

Key words: Acinetobacter baumannii, carbapenem, bacteriophage, phage-

antibiotic synergy, in vitro combination testing, Galleria mellonella  
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Predicting the outcome of phage-antibiotic combination in Galleria 

mellonella model infected with carbapenem-resistant  

Acinetobacter baumannii  

Thao Nguyen Vu 

Department of Medical Science 

The Graduate School, Yonsei University 

(Directed by Professor: Dongeun Yong) 

 

I. INTRODUCTION 

Acinetobacter spp. are strictly aerobic, non-fermenting, oxidase-negative, and 

Gram-negative bacilli, and they are responsible for various infections, including 

pneumonia, septicemia, meningitis, wound infection and urinary tract infection1. 

In particular, A. baumannii is an opportunistic pathogen causing serious 

nosocomial infection worldwide2. Historically, carbapenems are the most potent 

and reliable β-lactam antibiotics for treatment of serious infections cause by A. 

baumannii3. However, there has been a recent sharp rise in the rates of 

carbapenem-resistance in A. baumannii (CRAB) leading to higher mortality and 

morbidity4. CRAB is usually resistant to almost all available antimicrobials. 

Although colistin is effective against most CRAB, it is a last-option due to high 

renal toxicity. Consequently, treatment options for CRAB infections are very 

limited and alternatives to fight against these infections are in demand. 

Bacteriophages or phages are bacterial viruses that attack bacteria cells and, in 

the case of lytic phages, disrupt bacterial metabolism and cause the bacterium to 

lyse. Phage has been applied to treat bacterial infections with therapeutic purpose 

in human and animals. Phages also replicate exponentially in bacterial hosts, 
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which enhances their therapeutic potential for treating infections. Phage therapy 

was commercially developed in the 1930s but was abandoned in Western 

following the discovery and widespread introduction of broad-spectrum chemical 

antibiotics in the mid-20th century5,6. 

Although antimicrobials have been crucial for the prevention and treatment of 

infectious diseases in humans, animals, and plants; certain isolated strains have 

exhibited resistance to all currently available commercial antimicrobial agents. 

Consequently, a renew interest was given to phages7. As an alternative to 

conventional antibiotics, phage therapy possesses several advantages, such as 

host specificity minimal effects on the local microbiota, self-replication in host 

bacteria, and no critical side effects8. 

Like antibiotics, phages are often noted to be drivers of bacterial evolution, since 

bacterial resistance against phages arises rapidly in the laboratory. To overcome 

this drawback, phages can be used in combination with current antibiotics. Many 

researchers have demonstrated that combining phages with antibiotics can be a 

promising way to improve antimicrobial activity, known as phage-antibiotic 

synergy (PAS)9-11. However, the presence of synergy or antagonism with the 

combination is still not clearly understood, and relatively little knowledge exists 

on antibiotic-resistant A. baumannii. For this reason, it is essential to determine 

in vitro synergy between antimicrobial agents and to provide scientific evidence 

for utility of such combinations in the clinical setting. 

Also, animal studies investigating new or unconventional anti-microbial 

therapies are necessary in order to inform on appropriate dosage, potential 

toxicity and in vivo efficacy. Mammalian infection models are commonly 

employed since it is considered that the data generated are most relevant to human 

infections. However, performing studies in mammals is both complex and 

expensive as well as there being legitimate ethical concern over the use of such 
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animals. Therefore, it is desirable to limit studies in mammals to only the most 

promising therapies. 

The larvae of the wax moth (Galleria mellonella) is one such organism 

increasingly used for the above mentioned purpose12. G. mellonella caterpillars 

can be maintained at temperatures of 37oC and, are well suited to study human 

pathogens. Besides, the infection inoculum can be precisely administered through 

an injection into the body of the caterpillar. Moreover, G. mellonella caterpillars 

have both humoral and cellular immune response pathways mediated by 

antimicrobial peptides and phagocytic cells (hemocytes), respectively, enabling 

an assessment of host responses13. Finally, the G. mellonella infection model is 

amenable to antibiotic treatment, and thus, the efficacy of antimicrobial agents 

can be assessed14,15. 

The objective of this study was to isolate and physiologically characterize 

specific phages against carbapenem-resistant A. baumannii. Also, these phages 

were compared with other A. baumannii phages by whole genome sequence 

analysis. This information will aid in the development of phage-based treatments 

for the control of A. baumannii-associated clinical infections in hospital. 

Additionally, this study investigated how phages behave in the presence of 

chemical antibiotics using in vitro PAS testing in order to evaluate the PAS effect 

of phage and antibiotics against A. baumannii. Furthermore, this study aimed to 

assess the utility of in vitro testing methods to predict clinical outcome by making 

comparison with in vivo results in the Galleria mellonella model of CRAB 

infection. 
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II. MATERIALS AND METHODS 

1. Bacterial strains and characterization 

A total of 54 carbapenem-resistant A. baumannii strains were isolated from 

patients at a university hospital in Seoul, Korea from 2016-2018. The 

identification and antimicrobial susceptibility of the bacterial isolates were 

determined using the VITEK MS system (bioMérieux, Marcy l’Etoile, France) 

and VITEK 2 system (bioMérieux, Durham, NC, USA). In addition, the disk 

diffusion method was performed for all strains on Mueller-Hinton agar (MHA; 

Becton, Dickinson and Company, Sparks, MD, USA) to confirm susceptibility to 

carbapenem, according to the Clinical and Laboratory Standards Institute (CLSI) 

M100-S20. Specifically, carbapenem-resistant A. baumannii YMC18/02/R2919 

and YMC17/03/R1888 strains, which were isolated from respiratory samples of 

patients, were used as host bacteria for the characterization, in vitro and in vivo 

test of phages Bϕ-R2919 and Bϕ-R1888, respectively, in this study.  
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2. Isolation propagation of bacteriophages 

Eight A. baumannii phages were isolated from a sewage sample at a university 

hospital in South Korea and were purified with sodium chloride/polyethylene 

glycol (PEG) and the double-layer agar plate method. Briefly, sodium chloride (1 

M) was added to the sewage samples and incubated at 4°C for 24 hr. After 

centrifugation (8,000×g for 40 min at 4°C), the supernatant was filtered by using 

a 0.22 μm membranes filter (Millipore Corporation, Bedford, MA, USA). Then, 

the sewage sample was treated with PEG 8000 (a final concentration of 10%) 

(Sigma, St. Louis, MO, USA) and incubated at 4°C for 24 hr. Phages were 

harvested by ultracentrifugation at 10,000×g for 1 hr at 4°C, and resuspended in 

sterilized sodium chloride-magnesium sulfate (SM) buffer (100 mM NaCl, 8 mM 

MgSO4, 2% gelatin, 50 mM Tris–HCl, pH 7.5). 

To amplify phages against collected clinical strains, phage samples (400 µl) and 

all strains were mixed in 40 ml of Luria-Bertani (LB) media (Difco, Detroit, MI, 

USA) and incubated for overnight at 37°C. Next, cultures were centrifuged 

(8,000×g for 20 min at 4°C) and filtered (0.22 µm membrane) to remove bacterial 

debris. Spot tests were performed by spotting 10 μl of phage solution onto 

bacteria lawns on a MHA plate. After overnight incubation, cleared zone 

formations were checked. 

To purify phages, the double layer agar plate method was used to collect single-

plaque isolations, which were harvested and suspended in 1 ml of SM buffer. 

These steps were carried out at least three times in order to select the phages. To 

concentrate the phages, host strains (OD600 = 0.5) in 40 ml of LB broth medium 

were mixed with 40 μl of purified phage solution and incubated at 37°C for 12 hr 

with shaking. Culture samples were centrifuged at 8000×g at 4°C for 20 min and 

filtered to remove cell debris. Then, PEG 8000 was added to a final concentration 

of 10%, the phage solution was incubated for 12 hr at 4°C and centrifuged at 

12,000×g at 4°C for 1 hr. Subsequently, the samples were resuspended in 1 ml of 
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SM buffer and the concentrated phage solution was stored at 4°C. Plaque assays 

were performed to determine the number of plaque-forming units (PFUs) in the 

phage solutions using the double-layer method. 

3. Host range test 

Fifty-four clinical carbapenem-resistant A. baumannii isolates were used for host 

range test of the purified phage by using the spot test as described previously with 

some modifications16. Briefly, phage solution was spotted directly onto bacteria 

lawn on the MHA plate and incubated at 37°C for overnight. According to the 

degree of clarity, the plaque-forming level of the phage was measured as clear 

zone (++) and turbid zone (+). The phage showing a broad host range was 

selected for further characterization.  
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4. Adjustments of double disk potentiation test (DDPT) conditions 

The activity of all eight isolated phages against A. baumannii were initially 

assessed in vitro by phage disk diffusion test on modified Mueller-Hinton agar 

(MHA) plates with a variety of agar concentrations (30-100% and 30% agar plus 

protamine sulfate (Sigma-Aldrich, St. Louis, MO, USA) with final concentration 

of 100 µg/ml). The aim of this experiment was to select the appropriate medium 

for enhancing the diffusion of phage solution from the disk. Briefly, phage disks 

were prepared by adding 20 µl of phage suspensions (108 PFU/ml or higher) to a 

white wafer (blank disk). Next, the disks were placed on different modified MHA 

plates swabbed with a bacterial suspension of 0.5 McFarland standard host strain. 

The MHA plates were then incubated at 37°C for 18-24 hr. Following incubation, 

the zone of the inhibition was measured and recorded. Inhibition zone created by 

phage disks were stabilized by mixing 20 µl of bacterial suspension (OD600 = 0.2) 

with 4 ml molten agar instead of direct spreading of bacteria onto agar plates.  

DDPT was used for the detection of synergy between antimicrobial combinations. 

This test was performed on the modified MHA plate (selected from the mentioned 

above disk diffusion test) covered by a mixture of host bacterial suspension and 

molten agar. A phage disk and a commercial disk including colistin (COL), 

imipenem (IPM), meropenem (MEM), and ertapenem (ETP) (Becton, Dickinson 

and Company, Sparks, MD, USA) were used with edge-to-edge distance of 8 mm. 

After 18-24 hr of incubation at 37°C, clear extension of the edge of the inhibition 

zone of antibiotic toward phage disk was interpreted as positive. Phage titer and 

distance between the disks were required to suitably adjusted in order to 

accurately detect the synergy. The phage and the antibiotic showing synergy were 

selected for further characterization and testing.  



10 

 

5. Transmission election microscopy (TEM) 

Purified phages (approximately 1010 PFU/ml) were laid on a carbon-coated 

copper grid and stained with 2% (w/v) uranyl acetate for 15 sec. Prepared phage 

samples were viewed using a transmission electron microscope (JEOL JEM-1011, 

Tokyo, Japan) at an operating of voltage of 80 kV. Morphological characteristics 

of the isolated phages were identified with the microscopic image, and they were 

used to classify the phages into one of the three bacteriophage families 

(Myoviridae, Siphoviridae, and Podoviridae) based on the guidelines provided 

by the International Committee on Taxonomy of Viruses17. 

6. One-step growth and bacteriophage adsorption rate test 

A one-step growth curve was conducted using the double-layered agar method to 

investigate the latent period and burst size of the phage. Cells of A. baumannii 

YMC18/02/R2919 and YMC17/03/R1888 strains (108 CFU/ml) were grown in 

LB to the exponential phase, then were harvested and resuspended in 5 ml of 

fresh LB. A phage suspension of 105 PFU/ml (multiplicity of infection (MOI) = 

0.001) was added. The samples were mixed and allowed to adsorb for 5 min at 

37°C; then they were centrifuged at 13,000×g for 1 min. The bacterial pellets 

were then resuspended in 10 ml of fresh LB and incubated at 37°C with shaking. 

Culture samples were collected in intervals of 5 min for a total of 120 min. 

Collected samples were immediately examined for phage titration (in PFUs) 

using the double-layer agar plate method. These experiments were performed in 

triplicate. 

To estimate the adsorption rate, the host bacteria was grown in LB broth (OD600 

= 0.5, 108 CFU/ml) for 4 hr at 37°C to the exponential phase and mixed with the 

phage solution (100 µl) at MOI = 0.01. Mixed samples (1 ml) were taken at 0, 1, 

2, 3, 4, 5, 10, 15, 20 and 25 min intervals. After filtration immediately, the fluids 

were taken for determining titer of non-absorbed phages using double-layered 

agar plate method. These experiments were also performed in triplicate.  
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7. Thermal and pH stability test 

pH and thermal stability tests were performed using the double-layered agar plate 

method. pH stability was evaluated by incubating the phage suspensions (106 

PFU/ml) in SM buffer at 7 pHs between pH 4 and pH 10 for 30 days at 4°C. The 

phage survival was measured at 6 hr, day 1, 2, 3, 4, 7, and day 30. The titer of all 

samples was assayed by using the double-layer agar plate method. The data were 

compared with those of the control samples (106 PFU/ml, pH 7.5). To evaluate 

the thermostability, the phage suspensions (106 PFU/ml) were incubated at 37, 50, 

60, or 70°C for 1 hr at every 10 min. These results were compared with the control 

titer (at 4°C, pH 7.5 for each time point), and all results are expressed as the 

percentage of phage titer (PFU/ml). These experiments were performed in 

triplicate. 

8. Host cell lytic activity test 

A. baumannii YMC18/02/R2919 and YMC17/03/R1888 culture strains (OD600 = 

0.2) were infected with phages at different MOIs (MOI = 0.1, 1, 10) at 37°C with 

continuous shaking. Each sample was spectrophotometric analyzed for host cell 

lytic activity at 1 hr intervals (up to 6 hr) by assessing the OD600. An uninfected 

culture was used as a control and this experiment was conducted in triplicate.  
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9. DNA preparation and sequencing analysis of bacteriophages 

The extraction of phage genomic DNA was carried out by the phenol-chloroform 

precipitation method, as described previously18. The complete genome of phage 

Bϕ-R1888 and Bϕ-R2919 were sequenced by using the Illumina HiSeq platform 

(Illumina Inc., San Diego, CA, USA). The whole genome sequences were 

obtained by SPAdes assembler19. The NCBI ORF finder and GenMark.hmm 

software was used for prediction of open reading frames (ORFs). The comparison 

of genome sequences with other phages was performed using NCBI 

(http://www.ncbi.nlm.nih.gov/) database. The BLASTP was used to determine 

similarity of all putative proteins in the whole genome sequence. A map of the 

annotated phage genome was generated using DNAPlotter20.  

http://www.ncbi.nlm.nih.gov/
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10. Establishment of in vitro turbidity assays in 96-well plates 

The turbidity assays in 96-well plates were carried out to assess the in vitro 

activity of isolated phages against A. baumannii as monotherapy or in 

combination with selected antibiotic. A single colony was picked from a MHA 

streak plate and dissolved in 1 ml saline to the right 0.5 McFarland standard. 100 

µl of this bacterial suspension (i.e. 107 CFU/ml) were diluted in 9.900 µl MHB 

to the size of 105 CFU/ml. Next, 100 µl of this bacterial solution were mixed in 

the 96-well plate with 50 µl of phage suspensions at different MOIs (MOI = 0.1, 

0.01, 0.001); and 50 µl of selected antibiotic (at two low-end MIC values of each 

bacterial host) or 50 µl MHB.  

The assays were performed in two different 96-well plates including U-bottom 

shape and F-bottom shape. The U-bottom plate was incubated at 37°C without 

shaking for 16 hr. Whereas, the F-bottom plate was placed in a microplate reader 

set at 37°C and first measurement at OD600 was taken immediately. Additional 

measurements were taken every 10 min for 72 hr. Microplate was shaked for 3 

sec before each measurement. The data were analyzed using the VersaMaxTM 

ELISA Microplate Reader and Softmax®  Pro (version 5.4.1, Sunnyvale, CA, 

USA) software programs. 

In this in vitro testing, a formula was proposed for the interpretation of results, in 

which: a = OD600 in the well of bacterial control; b = OD600 in the well of 

antibiotic-only treatment; c = OD600 in the well of phage-only treatment; d = 

OD600 in the well of combined phage/antibiotic treatment. 

“Synergy” is interpreted when (c-d) is > (a-b) or “D value” = [(c-d) - (a-b)] > 0. 

The formula is explained as follow. The “c”, “d” is the bacterial load in the phage 

monotherapy and combined treatment, respectively. The difference of (d-c) is 

predicted as the effect of antibiotic in the combination on the bacterial growth. 

Hence, the combination is considered having synergy if the difference of (d-c) is 

bigger than the difference of (a-b), which is the amount of bacterial reduction 

treated by antibiotic only. 
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11. Animal infection 

Galleria mellonella wax moth worms were used as an in vivo model to assess the 

therapeutic effects of the isolated A. baumannii lytic phage, and combination of 

phage and antibiotic against A. baumannii clinical strains as described previously, 

with some modifications21. 

All the G. mellonella larvae were maintained on an artificial diet (25% liquid 

honey, 20% glycerin, 5% dried beer yeast, 15% wheat flour, 15% skim milk 

powder and 20% polent) for 2 days at 25°C. And larvae kept without food in a 

90-mm Petri dish in darkness for 24 hr at 37°C before the experiments. Wax moth 

worms were randomly selected (weight 200-250 mg) and swabbed with 70% 

ethanol to reduce potential contamination caused by the injection.  

For both two phages, larvae were divided into 13 groups: 1. Non-injection group, 

2. Buffer (phosphate-buffered saline [PBS] + SM)-only group, 3. Antibiotic-

only-treatment (64 µg/ml) group, 4. Phage-only-treatment (109 PFU/ml) group, 

5. Bacteria-only-treatment (108 CFU/ml) group, 6 and 7. Bacteria (108 CFU/ml) 

and antibiotic (at two different low-end MIC values)-treatment group, 8. 

Postinfection phage (MOI 10)-treatment group (109 PFU/ml), 9. Postinfection 

phage (MOI 1)-treatment group (108 PFU/ml), 10 and 11. Combined treatment 

group of phage (MOI 10) and antibiotic (at two different low-end MIC values), 

12 and 13. Combined treatment group of phage (MOI 1) and antibiotic (at two 

different lower-end MIC values). 

Thirty minutes after larvae received 5 µl of bacteria in the right side last proleg 

by injection, 5 µl of phages (or buffer, or antibiotic, or phage-antibiotic mixture) 

were injected into a different last proleg using a 10-µl Hamilton syringe (701RN; 

Hamilton Bonaduz AG, Bonaduz, Switzerland). The injected larvae were 

incubated in the dark at 37°C in 90-mm plastic Petri dishes and monitored for 

their survival at 8 hr intervals for 72 hr. Galleria mellonella larvae were 

considered dead when they did not move in response to touch with a pipette tip. 
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All experiments used 10 larvae per group. In vivo synergy is defined as ‘a 

significant bactericidal effect of the drug combination in comparison with the 

sum of the bactericidal effect of each agent alone in comparison with the effect 

in untreated animal’ as suggested by Fantin and Carbon22. 

12. Statistical analysis  

Statistical calculations for survival rate were performed by Log-Rank (Mantel-

Cox) using statistical software (GraphPad Prism Software, version 8; GraphPad 

Software, San Diego, CA, USA). 

13. Nucleotide sequence accession number 

The complete genome sequences of A. baumannii bacteriophage Bϕ-R2919 and 

Bϕ-R1888 are accessible in the GenBank database under accession numbers 

MN516421 and MN516422, respectively. 
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III. RESULTS 

1. Bacterial strain characteristics 

A total of 54 carbapenem-resistant A. baumannii strains were isolated from 

patients at a tertiary hospital in South Korea. All strains were employed for 

screening the phages in the sewage sample and the host range of isolated A. 

baumannii phages. Among them, A. baumannii YMC18/02/R2919 and A. 

baumannii YMC17/03/R1888 isolates were used as host bacteria for the 

preparation of the selected phages in this study. These strains were multidrug 

resistant to imipenem, meropenem and ertapenem. 

2. Isolation and host range of A. baumannii bacteriophages 

Eight phages (Bϕ-R1256, Bϕ-R2919, Bϕ-B8053, Bϕ-B12075, Bϕ-R1888, Bϕ-

B532, Bϕ-B9337, Bϕ-R909), which infect carbapenem-resistant A. baumannii 

strains, were isolated in this study. The host range of isolated phages was 

evaluated using the spot test. 

Table 1. Host spectrum of isolated A. baumannii bacteriophages. 

Host strain 

Infectivitya of 

Bϕ-

R1256 

Bϕ-

R2919 

Bϕ-

B8053 

Bϕ-

B12075 

Bϕ-

R1888 

Bϕ-

B532 

Bϕ-

B9337 

Bϕ-

R909 

YMC18/02/R1256 ++ ++ ++ ++ ++ ++ ++ ++ 

YMC18/02/R2919 ++ ++ ++ ++ ++ ++ ++ ++ 

YMC17/01/B8053 ++ ++ ++ ++ ++ ++ ++ ++ 

YMC17/01/B12075 ++ ++ ++ ++ ++ ++ ++ ++ 

YMC17/03/R585 - + + + + + + + 

YMC17/03/R1888 + + + + + + + + 

YMC16/03/R1888 - + - - - + + - 

YMC16/05/B532 ++ ++ ++ ++ ++ ++ ++ ++ 

YMC16/11/B9337 ++ ++ ++ ++ ++ ++ ++ ++ 

YMC16/12/R909 ++ ++ ++ ++ ++ ++ ++ ++ 

YMC16/12/R2094 - + - - - - - - 

a, Phage activity against collected bacteria: ++, clear plaque; +, turbid plaque; 

-, no plaque.  
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3. Adjustments of double disk potentiation test (DDPT) conditions 

The phage disk diffusion method was performed for all purified phages using 

MHA plate with different agar concentration. Figure 1 illustrated that the lower 

the agar concentration was, the larger the inhibition zone of the phage disk 

became. The largest inhibition zone around the phage disk was observed on the 

modified MHA plate with 30% plus protamine which was considered as the most 

appropriate medium for the phage disk diffusion method. However, the inhibition 

zone obtained from the plate inoculated with bacterial lawn was a non-circular 

shape (Figure 1).  It was stabilized by mixing bacterial suspension with molten 

agar (Figure 2). 

A)

 

B) 

 

C) 

 

D)

 

E) 

 

F)

 

G)

 

H)

 

I) 

 

Figure 1. Effect of different agar concentration on inhibition zone around 

phage disk using MHA plate inoculated with bacterial lawn. The figure is 

represented for the phage Bϕ-R1888. The agar concentration of modified MHA 

plates are as follow: A) 100%, B) 90%, C) 80%, D) 70%, E) 60%, F) 50%, G) 

40%, H) 30%, and I) 30% plus protamine.  
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A) 

 

B)

 

C)

 

D)

 

E

 

F)

 

G)

 

H)

 

I) 

 

Figure 2. Effect of different agar concentration on inhibition zone around 

phage disk using MHA plate inoculated with agar-bacteria mixture. The 

figure is represented for the phage Bϕ-R1888. The agar concentration of modified 

MHA plates are as follow: A) 100%, B) 90%, C) 80%, D) 70%, E) 60%, F) 50%, 

G) 40%, H) 30%, and I) 30% plus protamine. 
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The DDPT was also performed using all modified MHA plates innoculated with 

both bacterial lawn and agar-bacteria mixture. As shown in the Figure 3, it was 

difficult to interpret the results of DDPT performed with bacterial lawn because 

of the non-circular shape of inhibition zone. Only the phage Bϕ-R1888 showed 

an increase in the inhibition zone diameter of colistin toward phage disk (Figure 

for other test phages and antibiotics not shown). The lower agar concentration 

MHA plate observed to enhance the synergy zone, and the MHA 30% agar plus 

protamine was also considered as the most suitable medium for this test (Figure 

4). Further adjustments were performed on the MHA 30% agar plus protamine. 

(A)

 

(B)

 

(C)

 

(D)

 

Figure 3. Double disk potentiation test on MHA 30% plus protamine covered 

by bacterial lawn (A, B); and agar-bacteria mixture (C, D). The figure is 

represented for the phage Bϕ-R2919 (A, C) and Bϕ-R1888 (B, D).  
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A)

 

B) 

 

C)  

 

D) 

 

E) 

 

F)  

 

G) 

 

H) 

 

I)  

 

Figure 4. Double disk potentiation test on different agar concentration plates. 

The figure is represented for the phage Bϕ-R1888. The agar concentration of 

modified MHA plates are as follow: A) 100%, B) 90%, C) 80%, D) 70%, E) 60%, 

F) 50%, G) 40%, H) 30%, and I) 30% plus protamine. 
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Phage titer and distance between the disks were adjusted in order to accurately 

detect the synergy. With edge-to-edge distance of 8 mm and the phage titer 106 

PFU/ml or higher, the synergy between phage disk and colistin disk was most 

clear (Figure 5). There was no inhibition zone around the disk with phage titer 

103 PFU/ml. The interpretation was not definitive when using disk with phage 

titer 104 and 105 PFU/ml since synergy was not apparent (Figure 6). 

(A)

 

(B) 

  

(C) 

 

(D) 

 

Figure 5. Double disk potentiation test using phage and colistin disks with 

different edge to edge distances. The figure is represented for the phage Bϕ-

R1888. The distance between two disk are as follow: (A) 15 mm, (B) 10 mm, (C) 

8 mm, (D) 5 mm. 

(A) 

 

(B) 

 

(C) 

 

(D) 

 

Figure 6. Effect of different phage titer on double disk potentiation test. The 

figure is represented for the phage Bϕ-R1888 with phage titer of (A) 106 PFU/ml, 

(B) 105 PFU/ml, (C) 104 PFU/ml, (D) 103 PFU/ml. 

Along with the phage Bϕ-R1888 showing synergy with colistin in the DDPT, the 

phage Bϕ-R2919 with broad host range were selected for further characterization, 

in vitro combination testing and in vivo test. Also, colistin was selected for the 

further in vitro and in vivo combination testing in this study because it was the 

only antibiotic showing synergy with the test phage.  
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4. Morphology of A. baumannii bacteriophages 

The two A. baumannii phages, Bϕ-R2919 and Bϕ-R1888 selected from previous 

experiment, formed clear plaques of approximately 2-3 mm in diameter against 

the host bacteria, carbapenem-resistant A. baumannii YMC18/02/R2919 and 

YMC17/03/R1888, on agar plates after 16 hr incubation at 37°C (Figure 7). Their 

morphologic feature was observed by negative staining using transmission 

electron microscopy (TEM). As shown in the Figure 8 , both two phages belong 

to the Myoviridae family, which had an isometric head and a contractile tail in 

order Caudovirales. 

(A) 

 

(B) 

 

Figure 7. Plaque formation by A. baumannii bacteriophages. Plaque 

formation of (A) Bϕ-R2919 and (B) Bϕ-R1888 on carbapenem-resistant A. 

baumannii YMC 18/02/R2919 and YMC17/03/R1888, respectively. 

(A) (B) 

  

Figure 8. Transmission electron microscopy of A. baumannii bacteriophages. 

TEM of (A) Bϕ-R2919 and (B) Bϕ-R1888. The bar represents a length of 200 

nm.  
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5. Adsorption and one-step growth curve test 

For investigation of these phages growth characterization, we performed 

adsorption rate test and one-step growth kinetic. According to the adsorption rate 

curve analysis, both phages exhibited a rapid adsorption rate > 98% within 5 min 

(Figure 9). The one-step growth experiment with phage Bϕ-R2919 and Bϕ-R1888 

showed a latent period approximately 30 min and 25 min, respectively, with a 

burst size of 398 and 112 PFU per infected cell on host bacteria at 45 min and 35 

min, respectively (Figure 10). 

 

(A) (B) 

  

Figure 9. Adsorption rate of A. baumannii bacteriophages. Adsorption rate of 

(A) Bϕ-R2919 and (B) Bϕ-R1888 on A. baumannii strain YMC18/02/R2919 and 

YMC17/03/R1888, respectively. The error bars indicate the mean ± standard 

deviations of triplicates.  
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(A) 

 

(B)  

 

Figure 10. One-step growth curve of A. baumannii bacteriophages. One-step 

growth curve of (A) Bϕ-R2919 and (B) Bϕ-R1888 on A. baumannii strain 

YMC18/02/R2919 and YMC17/03/R1888, respectively. Mean ± standard 

deviation data are from triplicate experiments.  
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6. Thermal and pH stability of A. baumannii bacteriophages 

The temperature and pH stability of phage Bϕ-R2919 and Bϕ-R1888 was 

evaluated within various temperatures (4-70°C) and pH ranges (pH 4-10). 

(A) 

 

(B) 

 

Figure 11. pH stability of A. baumannii bacteriophages. pH stability of (A) 

Bϕ-R2919 and (B) Bϕ-R1888, which were stored at various pH (pH 4-10) for 30 

days at 4°C, and the results were calculated as the percentage of surviving phages. 

The error bars indicate the mean ± standard deviations of triplicates. 

In pH stability test, both two phages were retained > 30% at all pH values during 

1 wk and it showed low stabilities at all pH values after 1 mo stored at 4°C (Figure 

11).  
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(A) 

 

 

 

(B) 

 

Figure 12. Thermal stability kinetics of A. baumannii phages. Thermal 

stability of (A) Bϕ-R2919 and (B) Bϕ-R1888 on A. baumannii strain 

YMC18/02/R2919 and YMC17/03/R1888, respectively. Temperature stability of 

two phages is represented as percentage of surviving phages at 4°C, 37°C, 50°C, 

60°C and 70°C for 1 hr. The error bars indicate the mean ± standard deviations 

of triplicates. 

Both phages showed a quite high stability at 4°C (> 75%), and maintained the 

activities > 65% at 37°C and 50°C within 1 hr tested.  Approximate 20% and 12% 

of phage Bϕ-R2919 and Bϕ-R1888, respectively, were maintained at 60°C, but 

no activities was observed at 70°C for all time points after 10 min (Figure 12).  
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7. Host cell lytic activity test 

The lytic effect of the phage Bϕ-R2919 and Bϕ-R1888 against host bacteria in 

vitro were shown in Figure 13. In both phages, absorption (OD600) of uninfected 

control culture rapidly increased (OD600 = 1.13, 6 hr), and the lytic effect showed 

different values according to the MOI used within the first three hours. The host 

bacteria showed a slightly recovery of bacterial growth after 5 hr incubation of 

YMC18/02/R2919 isolate and a significantly recovery after 4 hr incubation of 

YMC17/03/R1888 isolate at all MOIs. 

(A) (B) 

  

Figure 13. Time course of cell lysis by A. baumannii bacteriophages. Time 

course of cell lysis of (A) Bϕ-R2919 and (B) Bϕ-R1888 on A. baumannii strain 

YMC18/02/R2919 and YMC17/03/R1888, respectively. Carbapenem-resistant A. 

baumannii YMC18/02/R2919 and YMC17/03/R1888 were infected with phage 

Bϕ-R2919 (A) and Bϕ-R1888 (B) at MOI 0.1, MOI 1 and MOI 10, respectively. 

Optical density (OD) was measured at 600 nm. The error bars indicate the mean 

± standard deviations of triplicates. 
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8. Minimum inhibitory concentration (MIC) and in vitro turbidity assays 

An MIC was obtained using an assay that determines in vitro the concentration 

that prevents visible growth in or on a standardized medium over 18 ± 2 hr, at 

37°C using a standardized inoculum. For A. baumannii YMC18/02/R2919 and 

YMC17/03/R1888, MIC of colistin was 32 and 4 µg/ml, respectively. When drug 

combination is tested at the MIC or more than MIC concentrations, the test may 

be hard to interpret because inhibition of the organism by the single agent may 

preclude demonstration of synergy. Therefore, two low-end MIC value were 

selected for the in vitro turbidity assays for each A. baumannii strain. Figure 15 

showed that the test was difficult to interpret by unaided eye because of the 

inherent one well dilution variation and possibility of reproducibility error. 

Specifically, 12 replicates (well C1-12, D1-12, E1-12) of phage-only treatments 

or 6 replicates (well F1-6, F7-12, G1-6, G7-12, H1-6, H7-12) of combination 

treatments showed different size of bacterial spots or turbidity of solution (Figure 

14). 

(A1) 

 

(A2) 

 

(B1) 

 

(B2) 

 

Figure 14. In vitro turbidity assays of the different treatments on A. 

baumannii bacteria. (A1) YMC18/02/R2919 over 16 hr in U-bottom plate and 

(A2) over 72 hr in F-bottom plate; and on A. baumannii YMC17/03/R1888 (B1) 
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over 16 hr in U-bottom plate and (B2) over 72 hr in F-bottom plate. For every 

plate: Row A from column 1 to 6 contained MHB broth only, and from column 

7 to 12 contained bacterial suspension only; row C, D and E were for phage-only 

treatments with different MOI 0.001, 0.01, 0.1, respectively. For Figure 15A1 

and A2: row B was for antibiotic-only treatment of colistin, and row D, E and F 

were for combination treatments in which columns 1 to 6 contained colistin of 16 

µg/ml, and columns 7 to 12 contained colistin of 8 µg/ml. For Figure 15B1 and 

B2, row B was for antibiotic-only treatments of colistin, row D, E and F were for 

combination treatments in which columns 1 to 6 contained colistin of 2 µg/ml, 

and columns 7 to 12 contained colistin of 1 µg/ml. 

The effects of different treatments on the in vitro bacterial growth were presented 

in Figure 15, 16 for 16 hr and Figure 17 and 18 for 72 hr. For clarity of the 

graphics, only hourly measurements was reported and the abbreviations were 

used as follow: B: bacteria, A: antibiotic with different concentration (µg/ml) 

clarified with the specific number followed, and MOI: phage with different MOI. 
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(A) 

 

(B) 

 

Figure 15. Effect of different treatments on the growth of A. baumannii 

YMC18/02/R2919 strain in a 96-well plate turbidity assay over 16 hr. 

Concentration of colistin used (A) 8 µg/ml, (B) 16 µg/ml. OD600 was recorded 

every 10 min. For clarity, only one measurement per hour is indicated. Each dot 

represents the mean of 12 replicates for phage monotherapy and 6 replicates for 

others.  
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(A) 

 

(B) 

 

Figure 16. Effect of different treatments on the growth of A. baumannii 

YMC17/03/R1888 strain in a 96-well plate turbidity assay over 16 hr. 

Concentration of colistin used was (A) 1 µg/ml, (B) 2 µg/ml. OD600 was recorded 

every 10 min. For clarity, only one measurement per hour is indicated. Each dot 

represents the mean of 12 replicates for phage monotherapy and 6 replicates for 

others.   
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For both bacterial strains in the antibiotic treatment, a reduction in bacterial load 

with the increase of colistin concentration were observed in vitro. The phage Bϕ-

R2919 showed very similar patterns of bacterial growth inhibition at the three 

different MOI (ranging from 0.001 to 0.1) for the first 8 hr of incubation with the 

initial bacterial growth at 1 hr (Figure 15). Of note, a secondary bacterial regrowth 

starting at 8 hr was observed at all MOI (Figure 15). The combination of the 

phage Bϕ-R2919 and colistin followed the same patterns with initial bursts of 

bacterial growth at 1 hr, however, the secondary growth was fully prevented for 

up to 10 hr by combining with higher dose of colistin (16 µg/ml) (Figure 15). The 

Figure 17 showed a reduction in bacterial load with the combination compared 

with the phage monotherapy at the same MOI. 

As for Bϕ-R2919, bacterial growth inhibition by the phage Bϕ-R1888 followed 

very similar patterns at the three different MOI, in which the bacterial growth at 

1 hr was progressively inhibited with full inhibition at MOI of 0.01 and 0.1. 

Additionally, the secondary growth started between 4 and 5 hr, except that the 

bacterial growth was inhibited with full inhibition at MOI 0.1 for up to 10 h 

(Figure 16). The combined phage/colistin at two different MOI (0.001 and 0.01) 

showed two different time point of the bursts of bacterial growth with both two 

different dose of colistin. However, the combination at the MOI of 0.1 observed 

the initial bursts of bacterial growth at 3 and 9 hr with colistin of 1 and 2 µg/ml, 

respectively, and then fully prevented secondary growth for up to 72 hr with both 

two concentrations of colistin (Figure 18).  
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(A) 

 

(B) 

 

Figure 17. Effect of different treatments on the growth of A. baumannii 

YMC18/02/R2919 strain in a 96-well plate turbidity assay over 72 hr. 

Concentration of colistin used was (A) 8 µg/ml, (B) 16 µg/ml. OD600 was 

recorded every 10 min. For clarity, only one measurement per hour is indicated. 

Each dot represents the mean of 12 replicates for phage monotherapy and 6 

replicates for others. 
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(A) 

 

(B) 

 

Figure 18. Effect of different treatments on the growth of A. baumannii 

YMC17/03/R1888 strain in a 96-well plate turbidity assay over 72 hr. 

Concentration of colistin used was (A) 1 µg/ml, (B) 2 µg/ml. OD600 was recorded 

every 10 min. For clarity, only one measurement per hour is indicated. Each dot 

represents the mean of 12 replicates for phage monotherapy and 6 replicates for 

others.  
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The curve profiles in Figure 17 and 18 revealed that both phages Bϕ-R2919 and 

Bϕ-R1888 at high MOI observed larger burst size of secondary bacterial growth 

in comparison with phage therapy at low MOI. The D value was calculated for 

each combined treatment to interpret the interaction between the test phage and 

colistin (data not shown). Based on that, there was no synergy detected between 

the phage Bϕ-R2919 and colistin observed over 72 hr. Whereas, thanks to 

combining the phage Bϕ-R1888 with colistin, the burst size of the secondary 

bacterial growth was partially decreased in comparison with the phage 

monotherapy. This revealed a synergistic effect existing within later period of the 

experiments between the phage Bϕ-R1888 and colistin.  
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9. Whole genome analysis of A. baumannii bacteriophages 

Genome sequencing of A. baumannii phages Bϕ-R2919 and Bϕ-R1888 generated 

169 and 168 sequence coverage for each genome using the Illumina Hiseq 

platform. Bϕ-R2919 contained a double-stranded circular DNA genome 

containing 44,227 bp and a G+C content of 37.7%. The genome of Bϕ-R1888 

contained a double-stranded circular DNA genome with 44,590 bp and a G+C 

content of 37.8%. Phage Bϕ-R2919 and Bϕ-R1888 consisted of 80 and 78 

predicted putative open reading frames (ORFs), respectively, and there were no 

putative tRNA genes in either genome. While Bϕ-R2919 had 67 positive strands 

and 13 negative strands, Bϕ-R1888 had 66 positive strands and 12 negative 

strands. Most of the ORFs were annotated as hypothetical proteins, and only 13 

and 17 ORFs were predicted as putative functional proteins in the Bϕ-R2919 and 

Bϕ-R1888 genomes, respectively (Figure 19). All predicted proteins displayed 

similar amino sequences to proteins from phage Acinetobacter phage YMC-13-

01-C62, as assessed using the BLASTp search on the GenBank database (Table 

2 and 3). 

The functional ORFs of these two phages were classified into three modules: 1) 

phage morphogenesis and structural modules (phage Bϕ-R2919: orf 10, orf 15, 

orf 17, orf 19, orf 20, orf 63, orf 65, and Bϕ-R1888: orf 3, orf 9, orf 10, orf 16, 

orf 18, orf 19, orf 62), 2) DNA replication and metabolism modules(Bϕ-R2919: 

orf 1, orf 11, orf 34, orf 42, orf 46, and Bϕ-R1888: orf 1, orf 29, orf 33, orf 40, 

orf 41, orf 45, orf 57, orf 60), and 3) lysis modules (Bϕ-R2919: orf 23 , and Bϕ-

R1888: orf 22) (Table 2 and 3). Most of the contents of the phage proteins 

associated with morphogenesis, replication, and lysis were similar between phage 

Bϕ-R2919 and Bϕ-R1888 genomes in regards to protein sequence identity, but 

ORFs organization and direction were different.  
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(A) 

 

(B)

 

Figure 19. Circular map of the A. baumannii bacteriophages. Cicular map of 

(A) Bϕ-R2919 and (B) Bϕ-R1888 genomes prepared using DNAPlotter software. 

Outer blue lines represent 5’-3’ open reading frame, inner orange lines represent 

3’-5’ open reading frame and arrows indicate the transcription direction. Black 

region represents GC content and green indicates GC skew+, and purple indicates 

GC skew-. Details of annotated genes of phage Bϕ-R2919 (A) and Bϕ-R1888 (B) 

are listed in Table 2 and 3. 

Table 2. A. baumannii phage Bϕ-R2919 ORFs summary. 

Gene 

no. 

 

Range 

Initiation 

codon 

Strand Length 

(bp) 

Putative 

function 

Annotation 

source 

E-

value 

NCBI 

blastP 

identity 

(%) 

NCBI-

Bank 

accession 

number 

Start Stop 

ORF1 376 882 

 

GTG 

 

+ 507 

 

Putative 

RNA 

polymerase 

 

Acinetobacter 

phage IME-

AB2 

2E-97 

 

93.79 

 

YP_00959

2159.1 

 

ORF2 879 1064 ATG + 186      

ORF3 1270 1521 ATG + 252      

ORF4 1518 2321 ATG + 804      

ORF5 2367 2870 ATG + 504      

ORF6 2867 3361 ATG + 495      

ORF7 3351 4814 ATG + 1464      

ORF8 4827 5276 ATG + 450      

ORF9 5322 5747 ATG + 426      

ORF10 5747 5989 GTG + 243 Putative tail-

fiber/ 

lysozyme 

protein 

Acinetobacter 

phage YMC-

13-01-C62 

5E-52 98.75 YP_00905

5476.1 

Bϕ – R2919 

44227bp 

Bϕ –R1888 

44590bp 
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ORF11 5992 8040 ATG + 2049 Lysozyme 

like domain 

protein 

Acinetobacter 

phage YMC-

13-01-C62 

0 99.85 YP_00905

5475.1 

ORF12 8048 8644 ATG + 597      

ORF13 8646 8924 ATG + 279      

ORF14 9033 9923 GTG + 891      

ORF15 9904 10551 ATG + 648 Putative 

baseplate 

assembly 

protein 

Acinetobacter 

phage YMC-

13-01-C62 

2E-157 100 YP_00905

5472.1 

ORF16 10697 11050 ATG + 354      

ORF17 11047 12231 ATG + 1185 Putative 

baseplate J-

like protein 

Acinetobacter 

phage IME-

AB2 

0 99.49 YP_00959

2225.1 

ORF18 12231 12857 ATG + 627      

ORF19 12850 13689 GTG + 840 Putative tail 

fiber protein 

Acinetobacter 

phage 

YMC11/12/R2

315 

7E-176 94.3 YP_00920

3603.1 

ORF20 13691 15514 ATG + 1824 Tail fiber 

protein 

Acinetobacter 

phage 

vB_KpnM_IM

E285 

2E-81 89.04 AYP68900.

1 

ORF21 15590 15910 ATG + 321      

ORF22 15894 16169 ATG + 276      

ORF23 16156 16764 ATG + 609 Putative 

endolysin 

Acinetobacter 

phage 

WCHABP12 

7E-143 98.02 YP_00960

0513.1 

ORF24 16857 17087 TTA - 231      

ORF25 17080 17637 TCA - 558      

ORF26 17640 17801 TTA - 162      

ORF27 17798 18019 TCA - 222      

ORF28 18016 18309 TCA - 294      

ORF29 18310 19065 TTA - 756      

ORF30 19062 19961 TCA - 900      

ORF31 19958 20140 TCA - 183      

ORF32 20140 20472 TTA - 333      

ORF33 20565 20822 TTA - 258      

ORF34 20889 21701 TCA - 813 Putative 

transcription

al regulator 

Acinetobacter 

phage YMC-

13-01-C62 

1E-180 100 YP_00905

5451.1 

ORF35 21801 21995 ATG + 195      

ORF36 22048 22635 TTA - 588      

ORF37 22829 23017 ATG + 189      

ORF38 23201 23526 ATG + 336      

ORF39 23551 23763 ATG + 213      

ORF40 23776 24255 ATG + 480      

ORF41 24248 25114 ATG + 867      

ORF42 25120 26463 ATG + 1344 Putative 

replicative 

DNA 

helicase 

Acinetobacter 

phage YMC-

13-01-C62 

0 99.78 YP_00905

5443.1 

ORF43 26474 26743 ATG + 270      

ORF44 26740 27033 ATG + 294      

ORF45 27030 27179 ATG + 150      

ORF46 27251 27463 ATG + 213 Putative 

bacteriophag

e-associated 

Acinetobacter 

phage IME-

AB2 

1E-16 98.33 

 

YP_00959

2198.1 
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immunity 

protein  

ORF47 27573 28328 ATG + 756      

ORF48 28325 28900 ATG + 576      

ORF49 28897 29061 GTA + 165      

ORF50 29058 29639 ATG + 582      

ORF51 29632 30012 ATG + 381      

ORF52 30009 30269 ATG + 261      

ORF53 30250 30537 ATG + 288      

ORF54 30678 30917 ATG + 240      

ORF55 30981 31328 ATG + 348      

ORF56 31440 31655 GTA + 216      

ORF57 31655 31981 ATG + 327      

ORF58 31984 32181 ATG + 198      

ORF59 32178 32420 ATG + 243      

ORF60 32410 32616 ATG + 207      

ORF61 32603 32770 ATG + 168      

ORF62 32824 33219 ATG + 396      

ORF63 33200 34501 ATG + 1302 Terminase 

large 

subunit  

Acinetobacter 

phage 

vB_KpnM_IM

E285 

0 100 AYP68853.

1 

ORF64 34505 35935 ATG + 1431      

ORF65 35938 36708 ATG + 771 Putative 

head protein 

Acinetobacter 

phage AbP2 

0 99.61 YP_00960

9905.1 

ORF66 37398 37562 ATG + 165      

ORF67 37563 37709 ATG + 147      

ORF68 37791 38144 ATG + 354      

ORF69 38134 38556 ATG + 423      

ORF70 38549 38941 ATG + 393      

ORF71 38938 39300 ATG + 363      

ORF72 39399 39674 ATG + 276      

ORF73 39664 39870 ATG + 207      

ORF74 39920 40084 ATG + 165      

ORF75 40084 41418 ATG + 1335      

ORF76 41426 41905 ATG + 480      

ORF77 41915 42934 ATG + 1020      

ORF78 43014 43352 ATG + 339      

ORF79 43352 43801 ATG + 450      

ORF80 43873 44097 TTA - 225      

  



40 

 

Table 3. A. baumannii phage Bϕ-R1888 ORFs summary. 

Gene 

no. 

 

Range 

Initiation 

codon 

Strand Length 

(bp) 

Putative 

function 

Annotation 

source 

E-

value 

NCBI 

blastP 

identity 

(%) 

NCBI-Bank 

accesion 

number 
Start Stop 

ORF1 376 882 GTG + 507 Putative RNA 

polymerase 

Acinetobacter 

phage 

WCHABP12 

9E-98 94.48 YP_0096005

80.1 

ORF2 879 1064 ATG + 186      

ORF3 1112 1393 ATG + 282 Putative capsid 

protein 

Acinetobacter 

phage YMC-

13-01-C62 

4E-55 100 YP_0090554

82.1 

ORF4 1471 1941 ATG + 471      

ORF5 1938 2432 ATG + 495      

ORF6 2422 3885 ATG + 1464      

ORF7 3898 4347 ATG + 450      

ORF8 4393 4818 ATG + 426      

ORF9 4818 5060 GTG + 243 Putative tail-

fiber/ 

lysozyme 

protein 

Acinetobacter 

phage YMC-

13-01-C62 

5E-52 98.75 YP_0090554

76.1 

ORF10 5063 7111 ATG + 2049 Lysozyme like 

domain protein 

Acinetobacter 

phage YMC-

13-01-C62 

0 100 YP_0090554

75.1 

ORF11 7119 7715 ATG + 597      

ORF12 7654 7995 ATG + 342      

ORF13 8104 8994 GTG + 891      

ORF14 8951 9622 ATG + 672 Putative 

baseplate 

assembly 

protein 

Acinetobacter 

phage YMC-

13-01-C62 

3E-157 100 YP_0090554

72.1 

ORF15 9768 10121 ATG + 354      

ORF16 10118 11302 ATG + 1185 Putative 

baseplate J-like 

protein 

Acinetobacter 

phage YMC-

13-01-C62 

0 99.75 YP_0090554

69.1 

ORF17 11302 11928 ATG + 627      

ORF18 11921 12760 GTG + 840 Putative tail 

fiber protein 

Acinetobacter 

phage 

YMC11/12/R2

315 

4E-176 94.68 YP_0092036

03.1 

ORF19 12762 14585 ATG + 1824 Tail fiber 

protein 

Acinetobacter 

phage 

vB_KpnM_IM

E285 

4E-82 89.73 AYP68900.1 

ORF20 14661 14981 ATG + 321      

ORF21 14965 15240 ATG + 276      

ORF22 15227 15835 ATG + 609 Putative 

endolysin 

Acinetobacter 

phage 

WCHABP12 

7E-143 98.02 YP_0096005

13.1 

ORF23 15928 16108 TTA + 231      

ORF24 16151 16723 TCA - 573      

ORF25 16711 16872 TTA - 162      

ORF26 16869 17090 TCA - 222      

ORF27 17087 17380 TCA - 294      

ORF28 17381 18136 TTA - 756      
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ORF29 18133 19032 TCA - 900 Recombination

al DNA repair 

protein 

Acinetobacter 

phage 

vB_KpnM_IM

E284 

0 99.67 AYP68972.1 

ORF30 19029 19211 TCA - 183      

ORF31 19211 19543 TTA - 333      

ORF32 19636 19905 TTA - 270      

ORF33 19960 20772 TCA - 813 Putative 

transcriptional 

regulator  

Acinetobacter 

phage YMC-

13-01-C62 

1E-180 100 YP_0090554

51.1 

ORF34 20872 21066 ATG + 195      

ORF35 21119 21706 TTA - 588      

ORF36 21900 22088 ATG + 189      

ORF37 22272 22607 ATG + 336      

ORF38 22622 22834 ATG + 213      

ORF39 22847 23326 ATG + 480      

ORF40 23319 24185 ATG + 867 Putative 

primosomal 

protein 

Acinetobacter 

phage IME-

AB2 

0 97.6 YP_0095922

02.1 

ORF41 24191 25534 ATG + 1344 Putative 

replicative 

DNA helicase  

Acinetobacter 

phage YMC-

13-01-C62 

0 99.78 YP_0090554

43.1 

ORF42 25545 25814 ATG + 270      

ORF43 25877 26104 ATG + 228      

ORF44 26101 26250 ATG + 150      

ORF45 26322 26534 ATG + 213 Putative 

bacteriophage-

associated 

immunity 

protein 

Acinetobacter 

phage IME-

AB2 

1E-16 98.33 YP_0095921

98.1 

ORF46 26531 26644 ATG + 114      

ORF47 26632 27399 ATG + 768      

ORF48 27396 27971 ATG + 576      

ORF49 27968 28132 GTG + 165      

ORF50 28129 28710 ATG + 582      

ORF51 28697 29083 ATG + 387      

ORF52 29080 29340 ATG + 261      

ORF53 29321 29608 ATG + 288      

ORF54 29749 29988 ATG + 240      

ORF55 30061 30399 ATG + 339      

ORF56 30726 31052 ATG + 327      

ORF57 31055 31252 ATG + 198 fis family 

transcriptional 

regulator 

Acinetobacter 

phage 

WCHABP12 

3E-23 92.19 YP_0096005

51.1 

ORF58 31249 31422 ATG + 174      

ORF59 31533 31676 ATG + 144      

ORF60 31655 32848 ATG + 1194 ParB/ 

sulfiredoxin 

Vibrio phage 

1.213.O._10N.

222.54.F10 

7E-138 57.91 AUR95847.1 

ORF61 32841 33206 ATG + 366      

ORF62 33175 34476 ATG + 1302 Terminase 

large subunit 

Acinetobacter 

phage 

vB_KpnM_IM

E285 

0 94.23 AYP68853.1 

ORF63 34480 35910 ATG + 1431      

ORF64 35913 36683 ATG + 771      

ORF65 37373 37537 ATG + 165      

ORF66 37574 37684 ATG + 111      
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ORF67 37766 38119 ATG + 354      

ORF68 38109 38531 ATG + 423      

ORF69 38524 38916 ATG + 393      

ORF70 38913 39275 ATG + 363      

ORF71 39374 39649 ATG + 276      

ORF72 40059 41393 ATG + 1335      

ORF73 41401 41880 ATG + 480      

ORF74 41890 42909 ATG + 1020      

ORF75 42989 43327 ATG + 339      

ORF76 43327 43776 ATG + 450      

ORF77 43792 44067 ATG + 276      

ORF78 44235 44459 TTA - 225      
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10. Effect of phage treatment against bacterial infection in larvae model  

Galleria mellonella larvae was used as an animal model to evaluate the 

effectiveness of A. baumannii phage Bϕ-R2919 and Bϕ-R1888 as monotherapy 

or combination therapy with colistin against the YMC18/02/R2919 and 

YMC17/03/R1888 strains of CRAB. In the set of uninfected, saline and colistin 

injected larvae used as control 100% survivability obtained. All the three above 

mentioned groups were used as control during the treatment studies.  

 

Figure 20. Survival of G. mellonella larvae treated with different therapy 

against A. baumannii YMC18/02/R2919. 

The A. baumannii YMC18/02/R2919 inoculum led to 10% and 0% survival of 

larvae at 24 hr and 64 hr, respectively, in the untreated control group. The colistin 

treatment for A. baumanni YMC18/02/R2919 infected larvae showed that a dose 

of colistin (either 8 µg/ml or 16 µg/ml) was not effective since the surviability of 

larvae was not significantly different compared to the untreated control group. 

For the group of larvae injected with prepared phage lysate (109 PFU/ml) only, 

80% survival rate was observed at 32 hr and remained constant till 72 hr that 

showed the prepared phage lysate might contain toxin released from bacterial 

host during phage preparation. There was an improvement in survival rates of 

larvae treated with phage at MOI of 1 and untreated control larvae for 32 hr after 

injection. Also, this group showed higher surviability of larvae than the group 
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treated with phage at MOI of 10 for the same duration of time. However, a reverse 

trend was observed for those groups after 48 hr till 72 hr. All four combination 

treatment groups  had higher survival rates of larvae than the untreated group for 

the first 32 hr. Among them, the group treated with phage at MOI of 10 and 

colistin of 16 µg/ml showed the highest survival rate of larvae for the whole periof 

of 72 hr after injection. However, no significant differences in comparision with 

monotherapy were noted. Hence, there was no in vivo synergy of the phage Bϕ-

R2919 with colistin against the A. baumannii YMC18/02/R2919 strain. (Figure 

20) 

 

Figure 21. Survival of G. mellonella larvae treated with different therapy 

against A. baumannii YMC17/03/R1888. 

The results in the Figure 21 showed that the A. baumannii YMC17/03/R1888 

bacteria-only-infection group died rapidly: 60% and 90% of larvae were dead at 

16 hr and 24 hr, respectively, and remained constant till 72 hr. Like the A. 

baumannii YMC18/02/R2919, the antibiotic treatment for the YMC17/03/R1888 

infected larvae was not effective with no observable differences in survival rates 

and the phage Bϕ-R1888-only-treatment group observed a gradual decrease in 

the larvae surviability. Contrary to the larvae model of the A. baumannii 

YMC18/02/R2919 infection, the phage monotherapy was more effective in 
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controlling the  YMC17/03/R1888 infection by the Bϕ-R1888 at MOI 10 than 

MOI 1 over 72 hr. The four combination treatments led to improved survival till 

32 hr compared to the untreated control. Although the higher MOI of phage led 

to higher survival rate of larvae in the phage monotherapy, the combination 

between phage at MOI 1 and colistin of 2 µg/ml showed the highest surviability 

of infected larvae within 72 hr period. To be noted that the combined phage (MOI 

1)/colistin (2 µg/ml) had a significant increase of more than 30% in the larvae 

survival rate during 48 hr in comparison with the sum of the bactericidal effect 

of each agent alone in comparison with the untreated group. (Figure 21)  
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IV. DISCUSSION 

Acinetobacter baumannii has emerged as one of the major organisms responsible 

for hospital-acquired infections. In particular, carbapenem-resistant A. baumannii 

is noted as a predominant pathogen causing high mortality due to the limited 

option of antimicrobial agents. Recently, the bacteriophages were considered as 

an alternative strategy for controlling the prevalence of antibiotic-resistant 

bacteria.  

Here in, eight phages against carbapenem-resistant A. baumannii were isolated 

using the sewage sample. Two phages, Bϕ-R2919 and Bϕ-R1888, which 

exhibited a broad host range and showed synergy with colistin in the DDPT, 

respectively, were studied. The two phages were characterized in details with host 

range, adsorption rate, one-step growth curve, temperature/pH stability test and 

host cell lytic activity against each host bacteria. Based on the morphology by 

TEM, these phages were classified as members of the family Myoviridae. Full 

genome sequencing of both phages revealed their potential to be considered as 

antimicrobial agents administrable to human since neither virulence nor 

resistance genes could have been detected.   

In this study, a modified DDPT was adjusted successfully to detect the synergy 

between phage and colistin using the homemade phage disk. Single colonies were 

observed in the inhibition zone around the disk of the phage Bϕ-R1888. This 

observation was in agreement with the host screening test which was noted with 

turbid zone on the host bacteria YMC17/03/R1888. Contrasting the DDPT result, 

no synergistic interaction between the phage Bϕ-R1888 and colistin was seen in 

the in vitro turbidity testing, except that synergy effect was observed within the 

later period of experiements in the combination of high MOI phage and low 

antibiotic concentration. This might be explained by the phage-resistant mutants 

selected in vitro. For the in vivo model, a significant increase in the survival rate 

of larvae was observed only in the combined treatment between phage at low 
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MOI and colistin of high concentration. It could be explained by the curve 

profiles in which phage monotherapy at low MOI led to smaller burst size of 

bacterial growth, then, the efficacy of colistin enhanced the survival rate of this 

larvae group. 

No synergy effect shown in the DDPT and the in vitro turbidity assay of the phage 

Bϕ-R2919 was totally in agreement with the in vivo results. In detail, there was 

no significant increase in the survival rate of combined treatment groups 

compared with monotherapy groups. 

To the best of our knowledge, this is the first report using DDPT to determine 

synergy between phage and antibiotics. The DDPT in this study is an easy-to-

perform, inexpensive, and reproducible method using readily available materials 

and reagents for detecting phage-antibiotic synergy in clinical microbiology 

laboratories. Besides, the in vitro turbidity assay provided evidence for the 

interaction between phage and colistin, and scientific data to predict the outcome 

treatment of the combination therapy in the animal model. However, the turbidity 

assay is technically demanding and requires complex instruments.  

The number of test bacteriophages and antibiotics was limited in this study. 

Therefore, further testing of various bacteriophages in combination with different 

antibiotics is required to evaluate the performance of the methods. 
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V. CONCLUSION 

In this study, two phages, Bϕ-R2919 and Bϕ-R1888, were isolated and 

characterized in vitro, and used to establish two different in vitro methods to 

determine the synergy between phage and antibiotics. To the best of our 

knowledge, the present paper is the first report using DDPT to determine synergy 

between phage and antibiotic. Besides, the established turbidity assays provided 

proof of the interaction between phage and antibiotics in vitro. Further evaluation 

is needed to assess the utility of the in vitro testing to predict clinical outcome 

and direct combination therapy for antimicrobial resistant organisms.  
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ABSTRACT (IN KOREAN) 

카바페넴 내성 Acinetobacter baumannii 감염 벌집나방 모델을 

이용한 박테리오파지-항균제의 상승효과 예측 

<지도교수 용동은> 

연세대학교 대학원 의과학과 

Thao Nguyen Vu 

Acinetobacter baumannii는 집중 치료 시설에서 심각한 원내감염을 일으키는 

기회 병원균이다. 특히, 최근 병원에서 카바페넴 내성 A. baumannii (CRAB)는 

생명을 위협하는 치명적인 병원균으로 대두되고 있다. 본 연구는, 카바페넴 내성 

A. baumannii를 용균시키는 8종의 파지 를 국내 대학병원의 오수에서 분리하여 

연구하였다.  그 중 Bϕ-R2919 와 Bϕ-R1888가 DDPT (Double Disk 

Potentiation Test) 에서 각각 광범위한 호스트 범위를 나타내며 콜리스틴과 

시너지 효과를 보였으며, Myoviridae 계열에 속하는 이 두 박테리오파지는는 

높은 흡수율 (5분 이내에 98%이상), 버스트 크기 (112-398 PFU/셀)를 보였다. 

두 파지는 모두 높은 용량 (MOI = 10)에서 강한 호스트 세포 용해 활동을 보였고, 

다양한 온도(4-50°C)에서는 넓은 안정성을 보였지만 모든 pH 값(pH 4-

10)에서는 낮은 안정성을 보였다. 

이 파지의 완전한 게놈은 Illumina 를 사용하여 분석되었다. 파지는 길이가 약 44 

kbp 이고 37% G+C 인 이중 가닥 원형 DNA 게놈을 가지고 있다. 생물정보학 

분석 결과, 형태발생, 복제, 투석과 관련된 파지 단백질 구성 성분의 대부분은 

단백질 순서 정체성에 관한 페이즈 Bϕ-R2919 와 Bϕ-R1888 게놈 사이에 

유사했으나 ORF 의 조직과 방향은 달랐다. 

본 연구는 MHA (Modified Mueller-Hinton agar) 플레이트에서 자체 개발한 

파지 디스크를 사용하여, 파지와 항생제 사이의 시너지 감지를 위한 DDPT 를 
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구축하는 데 성공했다. 또한 시험관내 탁도 측정기는 정제된 파지와 콜리스틴의 

상호작용을 평가하고, 단요법과 조합요법의 효능을 비교하기 위해 설계되었다. 

그러나  용액 희석시 나타나는 편차나, 시험관 고유의 오차, 혹은 재현 오류 

가능성 때문에 관찰만을 통해 결과를 해석하기 어려웠다. 그러나 72 시간 동안 

배양한 OD600 값을 기록함으로써 박테리아의 성장에 대한 분명한 정보를 확인할 

수 있었다.. 단일 치료제로서 또는 A. baumannii 감염에 대한 콜리스틴과 

결합하여 격리된 파지를 조사하기 위해, 이들의 활동은 CRAB 감염의 Galleria 

mellonella 모델에서 생체 내 평가되었다. 유충 모델의 생존율은 시험관내 

방법에서 얻은 결과로 설명할 수 있다. 

요약하자면, 임상 CRAB 변종 감염 A. baumannii 종류의  파지인 Bϕ-R2919와 

Bϕ-R1888을 분리하여 생리학적 특성과 전체 게놈 염기서열 분석에 대해 상세히 

연구하였다.  이는 DDPT를 사용하여 파지와 항생제 사이의 시너지 효과를 

확인하는 첫 번째 보고서이며, 예비 시험관내 테스트로 A. baumannii에 대한 

용해 파지와 항생제 사이의 상호작용에 대한 증거를 제공했다. 전반적으로, 이 

연구는 체외 테스트가 체내 활동과 선형 관계를 나타낸다는 것을 보여준다. 

항생제 내성 유기체에 대한 직접적인 조합 치료를 위해서는 시험관내 방법에 

대한 추가 표준화가 중요할 것이다. 
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핵심되는 말:아시네토박터 균속, 카바페넴, 박테리오파아지, 파지-항생제 

시너지, 시험 관내 조합 시험, 벌집나방모델.  
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