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Biological characterization and
antibacterial effects of a novel
virulent Acinetobacter baumannii
phage strain vB_Aba_QH4 in vitro
and in vivo

Li Ruizhe!, Cheng Peng®?, Li Zian?, Zhou Jianwu? and
A. Xiangren?*

!Basic Medicine Department of Medical College, Qinghai University, Xining, China, >Department of
Clinical Laboratory, Qinghai Provincial People's Hospital, Xining, China

Background: Acinetobacter baumannii is a major opportunistic pathogen in
hospital-acquired infections, posing challenges for clinical control. This study
aimed to isolate and characterize a novel strain of A. baumannii phage from
hospital wastewater and to determine its biological properties and evaluate its
in vitro and in vivo bacteriostatic effects.

Methods: Using A. baumannii NO.424 as the host bacterium, phages were
isolated and purified using the plagues method and double-layer agar method.
The host spectrum and phage microscopic morphology were determined using
the plagues method and transmission electron microscopy, respectively. The
Optimal multiplicity of infection, adsorption curve, one-step growth curve,
thermal stability, acid—base stability, UV tolerance, and chloroform stability
were determined using the double-layer agar method. Bioinformatic functional
analysis was performed after genome sequencing using the Illumina platform.
The invitro and in vivo inhibitory effects were determined using the turbidimetric
method and wax borer larvae animal model, respectively.

Results: Alytic phage vB_Aba_QH4 with a narrow host spectrum was successfully
isolated and purified from a hospital wastewater sample using A. baumannii
NO.424 as the host bacterium. vB_Aba_QH4 microscopic morphology head
is positively icosahedral (60 + 2 nm) with a retractable tail (107 + 2 nm). vB_
Aba_QH4 has an optimal MOI of 0.001, an adsorption rate of 99.99% at 6 min,
an incubation period of 10 min, a cleavage period of 40 min, and a burst size
of 460.5 PFU/cell. The bioactivity of vB_Aba_QH4 remained stable at 4 °C to
50 °C, and pH of 3-11. vB_Aba_QH4 was inactivated by UV light after 40 min of
irradiation, and chloroform solution had no significant effect on the bioactivity
of vB_Aba_QH4. Furthermore, vB_Aba_QH4 has a linear double-stranded
DNA with a length of 45,017 bp and a GC content of 37.25%, with a total of 89
predicted open reading frames. vB_Aba_QH4 showed significant inhibition of A.
baumannii within 12 h, with an inhibition rate exceeds 90%. The highest survival
rates were 95 and 70% in the treatment and prevention groups, respectively.
Conclusion: vB_Aba_QH4 possesses strong environmental tolerance, rapid
adsorption capacity, and good cleavage power, with in vitro and in vivo bacterial
inhibition experiments showing good antimicrobial effects.
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1 Introduction

Acinetobacter baumannii is one of the most challenging hospital-
acquired pathogens that expresses a variety of virulence factors
leading to its high pathogenicity (Rodman et al., 2019). The bacterium
mainly infects critically ill patients and can cause multisystem clinical
conditions, including respiratory pneumonia, bloodstream infections,
and central nervous system infections (Maragakis and Perl, 2008).

Current clinical anti-infective treatment for A. baumannii mainly
relies on antibiotics. However, antibiotic treatment has various adverse
effects, including dermatologic adverse effects, irritation of the mucosa
of the digestive system, and drug-induced liver injury (Bjornsson,
2017; Zhuo et al,, 2022). More importantly, the extensive drug
resistance and high fatality rate associated with A. baumannii present
a formidable challenge to clinical anti-infective therapies (Ibrahim
etal, 2021). At present, the pace of research and development for new
antibiotics has slowed considerably (Hatfull et al., 2021). Against this
backdrop, phage therapy has demonstrated significant potential as an
alternative therapeutic strategy within the realm of antimicrobial
interventions (Kortright et al., 2019). Phages are a class of viruses that
naturally lyse specific bacteria (Liu B. et al., 2022). They are widely
distributed in nature, with a total abundance of up to 1,031, mainly in
the human microcosm, soil, and water (Doi et al., 2015; Kang et al.,
2022). Phages are strictly host-specific, enabling precise targeted
removal of pathogenic bacteria. The targeted treatment mode can
effectively kill the target strain, avoiding the destruction of normal
flora and reducing adverse reactions. Furthermore, phages can also
lyse drug-resistant bacteria (Aslam et al., 2019).

Therefore, phages are increasingly recognized as promising
antimicrobial agents and have gained renewed attention from
researchers in recent years (Totten et al., 2022). Screening of novel
virulent phages is important for antimicrobial therapy. During phage-
bacteria interactions, several key factors determine their therapeutic
efficacy, including host spectrum, adsorption capacity, lysis properties,
genome-wide characterization, antimicrobial activity, and temperature
and pH tolerance range. This study aimed to determine the biological
properties and in vitro and in vivo inhibitory effects of a novel virulent
A. baumannii phage vB_Aba_QH4.

2 Materials and methods
2.1 Strains and growth conditions

All strains used in this study were obtained from clinical isolates
stored at Qinghai Provincial People’s Hospital. Strain identification
was performed using a Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry (MALDI-TOF MS, microflex
Bruker, Germany), and the strains were preserved at —80 °C in LB
medium containing 30% glycerol (Donghuan Kai Microbial
Technology Co., Ltd.).

Acinetobacter baumannii NO.424 was isolated in June 2024 from
a sputum specimen of a patient with pulmonary contusion. All phage
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biological characteristic measurements and in vitro and in vivo
antimicrobial activity experiments in this study used A. baumannii
NO.424 as the experimental strain. A. baumannii NO.424 was
identified using MALDI-TOF MS, and multi-locus sequence typing
(MLST) was performed using the method described by Kaiser
(Kaiser et al., 2009). After analysing the seven housekeeping genes of
the strain using the MLST 2.0 online platform, the MLST of
A. baumannii NO.424 was determined to be type 2411
(Supplementary Table 1).

The growth curve of A. baumannii NO.424 was determined using
spectrophotometry. When the OD600 value was between 0.2 and 0.9,
A. baumannii NO.424 was in the logarithmic growth phase
(Supplementary Figure 1). When the OD600 value is 0.75-0.8, the
number of A. baumannii NO.424 bacteria is 1 x 108 CFU/mL. Take
bacterial culture with an OD600 of 0.75-0.8, perform a 10-fold serial
dilution with physiological saline, then pipette 10 pL of the
appropriately diluted bacterial culture onto LB agar plates. Incubate at
37 °C for 18-24h, then count colonies within the range of
30-300 CFU. The original bacterial suspension concentration is
calculated using the following formula:

Bacterial concentration (CFU/ mL) = Average colony count
x Dilutionfactor x10

2.2 Phage enrichment, isolation, and
purification

Phage enrichment, isolation, and purification from hospital
wastewater were performed according to the method described by
Sattar along with some modifications (Sattar et al., 2022). During
enrichment, a phage filtrate was obtained by centrifuging the
effluent samples at 10,000 x g for 5 min and then filtering it using
a 0.22-pm microporous filter membrane (Millipore, USA).
Afterwards, 10 mL of the filtrate, 10 mL of 2 x LB broth, and
200 pL of logarithmic growth phase NO.424 bacterial suspension
were mixed. The mixture was then incubated for 12-16 h at 37 °C
and 180 rpm with shaking before centrifugation, filtration, and
collection of the enriched solution.

Phage isolation was performed using the plaques method:
100 pL of logarithmic growth phase NO.424 bacterial suspension
was mixed with 5 mL of semi-solid medium (0.6% agar, 50 °C) and
poured onto LB solid agar plates (1.5% agar) measuring 9 x 9 cm.
After the medium solidified, 10 pL of the enriched solution was
applied to the plates and incubated at 37 °C for 18 h to observe the
generation of plaques.

Purification was performed using the double-layer agar
method: individual plaques were picked and diluted to the
appropriate ratio using gradient multiplicity dilution in phosphate-
buffered saline (PBS) to obtain virus dilutions. Afterwards, 100 pL
of virus dilution was added to an equal volume of logarithmic
growth phase NO.424 bacterial suspension before adding 5 mL of
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50 °C semi-solid medium, which was then poured onto an LB solid
plate. The medium was allowed to solidify and then incubated at
37 °C for 18 h before being examined for the formation of plaques.
The purification process was repeated at least three times until the
plaques morphology was homogeneous.

2.3 Phage host range determination

The phage host range was determined using the plaque assay and
double-layer agar plate method (Huang et al., 2023), covering 80
strains of A. baumannii and 20 strains of Pseudomonas aeruginosa.
MLST analysis was performed on the lysate-positive strains.

2.4 Phage morphology by transmission
electron microscopy

Amplify the phage using the double agar method. Once numerous
plaques have formed on the plate, add 10 mL of LB liquid medium and
incubate at 37 °C and 180 rpm for 4 h to elute the phage. The eluate is
transferred to a centrifuge tube and centrifuged at 10,000 X g for 5 min
to remove impurities. The supernatant is then filtered through a
0.22 pm filter membrane to obtain a purified phage suspension. The
titer of this suspension must be > 10" PFU/mL to be used in
subsequent experiments (Cheng et al., 2025).

Using a pipette, 20 pL of the phage suspension was dispensed onto
a copper grid and allowed to adsorb naturally for 5-10 min. Excess
droplets were removed using filter paper strips, and the sample was
left to dry slightly. Then, 20 pL of 2% phosphotungstic acid solution
was dispensed onto the copper grid using a pipette and left to stand
for 3-5 min. Excess liquid was again removed with filter paper, and
the grid was dried under white light. Observation and imaging were
performed using a transmission electron microscope (TEM, Hitachi
HT7700, Japan) at an acceleration voltage of 80 kV (Xue et al., 2020).
The head width and tail length of viral particles were measured using
Image-Pro Plus 6.0 software.

2.5 Optimal multiplicity of infection

The experimental method described by Peters (Peters et al.,
2023) was used, with some modifications, to determine the
optimal multiplicity of infection (MOI). Approximately 1 mL of
phage suspension (10" -10* PFU/mL) and an equal volume of
logarithmic growth phase NO.424 bacterial suspension (10* CFU/
mL) were mixed to achieve MOIs of 100, 10, 1, 0.1, 0.001, and
0.0001, respectively. The mixture was incubated at 37 °C and
180 rpm with shaking for 12-16 h. The lysate was filtered using a
0.22-pm filter to collect the filtrate and determine the phage titer
using the double-layer agar method.

Phagetitre (PFU / mL) = Mean number of phage plaque
x Dilutionx10

The MOI with the highest phage titer was the best MOI (Li et al.,
2019). The process was repeated three times independently.
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2.6 Adsorption rate

Phage adsorption rate is an important factor in determining the
efficiency of infection (Yang et al., 2010). After mixing 10 mL of phage
suspension (10° PFU/mL) with an equal volume of logarithmic growth
phase NO.424 bacterial suspension (10* CFU/mL) according to the
optimal MOJ, the mixture was incubated for 20 min at 37 °C and
180 rpm with shaking, during which samples were taken every 2 min,
and the lysate was filtered through a 0.22-pm filter membrane to
collect the filtrate and determine the phage titer.

Initial phage titer —
Adsorption rate (%) =|\ Phage titer in filtrate || x100%.
[Initial phage titer

The process was repeated three times independently.

2.7 One-step growth curve

A one-step growth curve assay was performed to assess phage
latency and burst (Tan et al., 2021). After mixing 1 mL of phage
suspension (10° PFU/ml) with an equal volume of logarithmic growth
phase NO.424 bacterial suspension (10* CFU/mL) according to the
optimal MOJI, the mixture was incubated at 37 °C and 180 rpm for
10 min. The mixture was centrifuged at 10,000 x g for 5 min at 4 °C
and the supernatant was discarded. The precipitate was washed with
PBS, and the procedure was repeated twice. Finally, the precipitate was
resuspended in 10 mL of LB broth and incubated for 1 h at 37 °C and
180 rpm, during which samples were taken every 10 min to determine
the phage titer. PFU in the early incubation period (before lysis)
represents the number of bacteria initially infected (NO). PFU after
lysis represents the total number of daughter phages released (Nt).
And calculate the burst size of vB_Aba_QH4 according to the
following formula:

Burst size(PFU / cell) = (Nt —N0)/NO
The experiment was repeated three times.

2.8 Physical and chemical stability

The stability of the phage under physicochemical factors was
determined according to a previously described method with slight
modifications (Evseev et al., 2021). Regarding temperature stability,
1 mL of 10* PFU/mL phage suspension was added to a centrifuge
tube, and the phage titer was determined after 1 h in a water bath at
4°C,25°C,37°C, 50 °C, 60 °C, 70 °C, and 80 °C, respectively. For
pH stability, 100 puL of 10* PFU/mL phage suspension was mixed
with 900 pL of different pH buffers (1-12), and the phage titer was
determined after 1 h in a 37 °C water bath. The phage titer was
determined after being placed for 1 h in a 37 °C water bath. For UV
radiation stability, 10 mL of 10®* PFU/mL phage suspension was
taken in a petri dish and irradiated by UV light (20 W, 4 = 254 nm,
distance 30 cm) for 1 h in a biosafety cabinet, and samples were
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taken every 10 min to determine the phage titer. During chloroform
assay, 10° PFU/mL phage suspension was mixed with chloroform
so that the final chloroform concentration of the mixture was 0, 1,
2, 3,4, and 5%, respectively. The phage titer was measured after 1 h
in a water bath at 37 °C to determine whether the phage strain
contained lipids (He et al., 2024). Each of the above experiments
was repeated three times.

2.9 Phage genome sequencing and
bioinformatics analysis

DNA was extracted using the QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany), and the complete genome was sequenced using
Mlumina’s MiSeq sequencing platform (Thermo Fisher Scientific,
USA) and PromethION sequencer (Oxford Nanopore Technologies,
Oxford, UK) for complete genome sequencing (Liu S. et al., 2022).
Quality control and low-quality sequences were performed using
fastp (version: 0.23.2) (Chen et al., 2018; Fan et al., 2018). Sequences
were assembled using Unicycler (version: 0.5.0) (Valappil et al.,
2021). Open reading frame (ORF) prediction analysis was
performed using Prodigal (version: v2.6.3) (Rungsirivanich et al.,
2021). Gene circle maps were drawn via the online tool Proksee
(Yadav et al., 2022). Per. Ident analysis was performed using the
NCBI BLAST algorithm (Lu et al, 2017). MEGA7 software
(neighborhood method, bootstrap value set to 1,000) was used to
construct a complete genome phylogenetic tree and a terminase
large subunit protein phylogenetic tree (Lin et al., 2016). The
PhageAlI online platform was used to evaluate the integrity of phage
genomes and predict the lifestyle of phage (Marongiu et al.,, 2021).
Antimicrobial resistance genes (AMRs) and virulence genes were
screened in the Comprehensive Antibiotic Resistance Database
(Alcock et al., 2022) and VirulenceFinder (Roer et al., 2024).

2.10 In vitro bacterial inhibition assay

The inhibitory effect on bacterial growth was determined by
measuring the OD600 absorbance value of phage-bacteria mixed
cultures (Moreira et al., 2016). In the experimental group, 100 uL
of phage suspension (10'°-10* PFU/mL) and an equal volume of
logarithmic growth phase NO.424 bacterial suspension (10° CFU/
mL) were added into 96-well plates so that the MOIs were 100, 10,
1, 0.1, 0.01, 0.001, and 0.0001, respectively. In the control group,
100 pL of LB broth medium and an equal volume of NO.424
bacterial suspension (10° CFU/mL) were mixed. The 96-well plates
were incubated at 37 °C and 180 rpm with shaking for 12 h, during
which the OD600 absorbance value was measured using a
microplate reader (Sunrise, Tecan, Switzerland) at 30 min intervals.
The experiments were performed in triplicate and independently
repeated three times.

2.11 In vivo bacterial inhibition
experiments

Host bacterial lethal concentrations were assessed using an
infection model of large wax borer larvae (Olszak et al., 2015)
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(Galleria mellonella purchased from Huiyuide Biotechnology
Company, Tianjin, China). The larvae (body length 30 + 5 mm,
body weight 300 + 15 mg) were selected and randomly divided
into seven groups (n = 10/group) after disinfecting the abdominal
epidermis with 75% ethanol and were injected with 10 pL of PBS
(blank control), 10 pL of phage suspension at 10° PFU/ml and
10 pL of suspension of NO.424 in the logarithmic growth phase
(10*-10* CFU/mL) in a petri dish lined with sterilized filter
paper and incubated for 72h at 37 °C, 60% humidity, and
protected from light.

The larvae were randomly divided into 15 groups (n =20/
group) after disinfecting the abdominal epidermis with 75%
ethanol. The infection group was injected with 10 pL of 10" CFU/
mL NO.424 bacterial suspension for 1h, followed by 10 pL of
PBS. The treatment group was injected with 10 pL of 107 CFU/mL
NO.424 bacterial suspension for 1 h followed by 10 pL of phage
suspensions of different titers (10°~10° PFU/mL). The prophylactic
group was injected in the reverse order of the treatment group.
After the injections, the larvae were kept at 37 °C and 60% humidity
while avoiding direct light while assessing their survival. The
survival rates were recorded every 8 h up to 72 h. The criterion for
death determination was the absence of motor response to
mechanical stimulation (Insua et al., 2013).

2.12 Statistical analysis

All data were analyzed using GraphPad Prism 10.1.2 software and
are expressed as means and standard deviations. Among the
physicochemical factors stability and in vitro bacterial inhibition
experiments data were analyzed using two-way analysis of variance
(ANOVA). Survival curves were analyzed using the log-rank
(Mantel-Cox) test. Furthermore, p-values < 0.05 were considered
statistically significant.

3 Results
3.1 Morphological characteristics

vB_Aba_QH4 presented a uniform and transparent plaque
with a diameter of 2-3 mm on the double-layer AGAR medium,
accompanied by obvious halo phenomena; the diameter of the
halo ring was up to 7-8 mm (Figure 1A). This indicates that
vB_Aba_QH4 is a lytic phage. Under the electron microscope,
the head of vB_Aba_QH4 (60 + 2 nm) is a regular icosahedral
structure, and its tail measures 107 + 2 nm, making a scalable
myotail structure belonging to a typical Myoviridae (Figure 1B).

3.2 Host spectrum

Among the 100 strains selected for this experiment, vB_Aba_
QH4 was only able to lyse two strains of A. baumannii, Except for
the experimental strain A. baumannii NO.424, only the
A. baumannii NO.307 strain can be lysed. The MLST of
A. baumannii NO.307 was determined using the same method,
and the showed it also a 2411 type

result was
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(A)

FIGURE 1

Morphological characteristics of phage vB_Aba_QH4. (A) Morphology of phage plagues on double-layer agar medium. (B) Morphology of phage vB_
Aba_QH4 observed by transmission electron microscopy. Scale bar = 100 nm.
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FIGURE 2

Growth characteristics of phage vB_Aba_QH4. (A) Phage vB_Aba_QHA4 titers under different MOls (phage-to-bacteria ratio = 0.0001, 0.001, 0.01, 0.1,
1, 10, 100) are depicted on the x-axis. (B) Adsorption rate curve of phage vB_Aba_QH4 (MOI = 0.001). (C) One-step growth curve of phage vB_Aba_

(Supplementary Table 2). The remaining 78 A. baumannii strains
and 20 Pseudomonas aeruginosa strains were not lysed by vB_
Aba_QH4 and showed negative results.

3.3 MO, adsorption, and one-step growth
curve analysis

The phage titres at different MOIs were as follows: 4.27 x 10°
PFU/mL at MOI =100, 3.32x 10" PFU/mL at MOI = 10,
5.75%x 10" PFU/mL at MOI=1, 1.69 x 10" PFU/mL at
MOI = 0.1, 3.71 x 10" PFU/mL at MOI = 0.01, 4.75 x 10" PFU/
mL at MOI=0.001 and 3.66 x 10" PFU/mL PFU/mL at
MOI = 0.0001. It is obvious that when MOI = 0.001, the peak
value of vB_Aba_QH4 was the highest, with a titer of 4.75 x 10"
PFU/mL, indicating that the optimal MOI was 0.001 (Figure 2A).
Furthermore, The adsorption rate of vB_Aba_QH4 reached
94.53% at 2 min, 98.67% at 4 min, and 99.99% at 6 min
(Figure 2B). The one-step growth curve indicates that the
incubation period of vB_Aba_QH4 phage was approximately
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10 min, the lysis period was approximately 40 min, and the burst
size was 460.5 PFU/cell (Figure 2C).

3.4 Stability of physical and chemical
factors

The titer changes of phage vB_Aba_QH4 within the range of 4 °C
to 50 °C were not statistically significant (p > 0.05); however, a
significant decrease in titer was observed between 60 °C to 80 °C
(p <0.001) (Figure 3A). Within the pH range of 3-11, there was no
statistically significant change in the titer of phage vB_Aba_QH4
(p > 0.05). The titer significantly decreased at pH values of 2 and 12
(p < 0.0001); when the pH value was 12, the titer decreased from 10°
PFU/mL to 10° PFU/mL and completely lost its activity at pH =1
(Figure 3B). Within the chloroform concentration range of 0 to 5%,
the change in the titer of phage vB_Aba_QH4 was not statistically
significant (Figure 3C). The activity of phage vB_Aba_QH4 gradually
decreases after exposure to UV light, until it completely loses its
activity after 40 min (Figure 3D).
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FIGURE 3
Physiochemical stability of phage vB_Aba_QH4. (A) Stability of vB_Aba_QH4 at different temperatures. (B) Stability of vB_Aba_QH4 at different pH
values. (C) Stability of vB_Aba_QH4 at different chloroform concentrations. (D) Stability of vB_Aba_QH4 under UV radiation with different irradiation
durations. (A—C): Statistical analyses were performed using one-way ANOVA. Significance levels are indicated as follows: ns for non-significance;
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

3.5 Genomic analysis and functional participated in key life cycle processes such as viral replication and
annotation transcription, structural packaging, and host lysis. A total of seven
replication and transcription-related proteins were predicted. They

The vB_Aba_QH4 (NCBI serial number: PQ227708) geneisa  are, respectively, ORF7 (DNA N-6-adenine-methyltransferase),
linear double-stranded DNA, with a total gene length of 45,107 bp ~ ORF10 (putative replicative DNA helicase), ORF21 (nucleotide
and a CG content of 37.25%. Using Prodigal, 89 open reading  kinase), ORF85 (DNA exonuclease), ORF86 (Erf-like ssDNA
frames (ORFs) (Supplementary Table 3) were predicted, among  annealing protein), ORF2 (transcriptional regulator), and ORF31
which 77 were in the positive chain and 12 were in the negative ~ (F-box domain protein); a total of 12 structure-related proteins
chain. The results of functional annotation indicated that 26 ORFs  were predicted, namely ORF34 (AB1gp35), ORF49 (minor head
were successfully endowed with biological functions and mainly ~ protein), ORF50 (major head protein), ORF57 (head-tail adaptor),
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ORF60 (DUF3383 family protein), ORF65 (tail tube initiator-like
protein), ORF66 (virion structural protein), ORF69 (baseplate
hub), ORF72 (tail sheath initiator protein), ORF73 (baseplate J-like
protein), ORF74 (structural protein) and ORF77 (AB1gp75); Four
package-related proteins were predicted, namely, ORF37
(terminase large subunit), ORF38 (portal protein), ORF48 (head
maturation protease) and ORF58 (cysteine protease). Additionally,
three proteins were related to lysozyme, namely ORF16 (immunity
to superinfection), ORF64 (Lysozyme-like protein), and ORF79
(Iysozyme). The remaining 72 ORFs are tentatively designated as
hypothetical proteins, among which four are predicted to
be presumed proteins: ORF36 (putative terminase small subunit),
ORF70 (putative baseplate assembly protein), ORF75 and ORF76
(putative tail fiber protein).

Based on the above content, the complete genome circle map
was constructed using CGView (Figure 4). The complete genome
of vB_Aba_QH4 was blasted using the BLASTn function of the
NCBI online platform. The results showed that the coverage rate
with the complete genome of XC1 (0Q547903.1) was 75%, and the
Per. Ident was 95.37% (Supplementary Figure 2). Since the Per.
Ident result depends on coverage, the average nucleotide identity
(ANT) of the two complete genomes was analysed using the online
tool VIRIDIC, resulting in 73% (Supplementary Figure 3). This is
well below the 95% intra-species threshold recommended by ICTV,
showing that vB_Aba_QH4 has been confirmed as a novel phage.
The complete genome phylogenetic tree (Figure 5A) and the
terminase large subunit protein phylogenetic tree (Figure 5B) were
constructed using MEGA7 software. The complete genome

10.3389/fmicb.2025.1638702

phylogenetic tree indicates that vB_Aba_QH4 (PQ227708.1) is
most closely related to Acinetobacter phage vB_AbaM_fThrA
(PP171454.1) and Acinetobacter phage LZ35 (NC 031117.1). The
phylogenetic tree of the large subunit of the terminase indicates
that the Acinetobacter phage vB Aba QH4 (XHB37810.1) is most
closely related to the Acinetobacter phage XC1 (WFD61245.1).
According to the analysis by the PhageAl online platform, vB_
Aba_QH4 has high integrity genome and “virulent” lifestyle
(Supplementary Figure 4), indicating that vB_Aba_QH4 is a lytic
No (AMRs)
(Supplementary genes

phage. antimicrobial  resistance  genes

Figure 5) or bacterial virulence
(Supplementary Figure 6) were detected in the Comprehensive
Antibiotic Resistance Database and VirulenceFinder, proving the

safety of vB_Aba_QH4 at the genetic level.

3.6 In vitro bacterial inhibition assay

In the in vitro bacterial inhibition test, the OD600 values of
different MOI groups and positive control groups showed
different changes (Figure 6A). The OD600 value of the control
group maintained an increasing trend throughout the observation
cycle with a final OD600 value of 1.245. During the first 6 h,
When MOI = 100, 10, 1, the OD600 value continued to decline,
from 0.186 to 0.095 on average, while MOIs of 0.1, 0.01, 0.001,
and 0.0001 showed a biphasic change of firstly increasing and
then decreasing, with MOI = 0.0001 having the highest peak
value and the OD600 value being 0.297. In vitro inhibition of
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bacterial rate of the experimental groups all reached 90%. The

in vitro inhibition rates of the experimental groups were all above
90%. After 6 h, the OD600 values of all groups with MOI ranging
from 100 to 0.0001 showed an increase, but the increase was

relatively small.
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3.7 In vivo bacterial inhibition assay

The results of the in vivo inhibition experiments showed that
the puncture group, the PBS control group, and the 10 puL of phage
suspension at 10° PFU/ml phage-treated group maintained 100%
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survival within 72 h, indicating that neither the experimental
manipulation nor the phage itself had a significant effect on the
survival of wax borer larvae. The survival rate of wax borer larvae
at 10° CFU/mL and 10° CFU/mL bacterial concentrations was 100
and 90% within 72 h. The survival rate of wax borer larvae at
10’ CFU/mL bacterial concentration was 0% within 30 h. The
survival rate of wax borer larvae at 10® CFU/mL bacterial
concentration was also 0% within 8 h. Based on the results of the
experiments for the establishment of the infection model, it was
determined that the optimal infection concentration was 10’ CFU/
mL (Figure 6B). vB_Aba_QH4 larval survival was improved at all
time points in both the treatment (Figure 6C) and prevention
(Figure 6D) larval models. Survival rates at 72 h MOI 100-0.0001
were 95, 55, 60, 25, 25, 30, and 30%, respectively, in the treatment
group. Survival rates of MOI 100-0.0001 after 72h in the
prevention group were 60, 15, 10, 15, 5, 10, and 5%, respectively.

4 Discussion

Our team successfully isolated and purified a novel virulent phage
vB_Aba_QH4 (NCBI accession number: PQ227708) from hospital
wastewater. The electron microscopic morphology, host profile,
optimal number of infection replicates, one-step growth curve,
adsorption curve, thermal stability, acid-base tolerance, UV
sensitivity, chloroform assay, in vitro and in vivo bacteriostatic effects,
complete genome sequencing, and functional analysis of vB_Aba_
QH4 phage were determined.

The formation of uniformly translucent plaques on double agar
medium using phage vB_Aba_QH4 is direct evidence showing that
phage vB_Aba_QH4 is a lytic phage (Peng et al., 2020). The halo
phenomenon implies that vB_Aba_QH4 has depolymerase activity
(Kassa and Chhibber, 2011). And the PhageAl online platform
predicts its lifestyle to be virulent, which also proves that it is a
Iytic phage.

Based the latest virus classification published by the
International Committee on Classification of Viruses (ICTV) in
2024, phage vB_Aba_QH4 is classified in the genus Obolenskvirus,
order Caudoviricetes. The narrow host range of vB_Aba_QH4
may limit clinical applications. On the one hand, A. baumannii
frequently exhibits extensive serotype differentiation or genotypic
variation. Single narrow-spectrum phages possess highly specific
receptor recognition capabilities, thus typically lysing only
specific sub-strains and proving inadequate against the highly
heterogeneous pathogen communities encountered clinically. On
the other hand, clinical infections frequently involve mixed
infections with multiple pathogens (Khan et al., 2021). Narrow-
spectrum phages are ineffective against non-target strains, failing
to meet the therapeutic demands of complex infection scenarios.
This fundamentally conflicts with the core clinical requirements
of broad-spectrum coverage and rapid infection control.
Currently, several research have been done to expand the host
spectrum through the cocktail phage therapy (Harada et al,
2022), genome engineering modifications (Guo et al., 2021), and
expression of lytic enzymes (Yang et al., 2014). The vB_Aba_QH4
genome predicted three proteins related to cleavage, and
subsequently proposed to broaden the host spectrum using
heterologous expression of cleavage enzymes.
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The MOI of vB_Aba_QH4 was 0.001, which indicated that the
phage concentration was 1,000 times lower than the bacterial
concentration. The adsorption rate of vB_Aba_QH4 reached 99.9% at
6 min, which indicates its ability to complete adsorption rapidly. A
latency period of 10 min and a lysis period lasting for 40 min suggest
that it has an efficient replication and assembly ability, with a final
burst of 460.5 PFU/cell. Prior to this, the latency period of vB_AbaS_
qsb1 was 10 min, reaching a plateau phase at 100 min, with a burst size
of 69 PFU/cell (Wang et al., 2025); the latency period of Abp9 was
30-40 min. The burst size is 158 PFU/cell (Jiang et al., 2020). vB_
AbaS_TCUP2199 has an adsorption rate of 68.28% within 2 min, with
a burst size of 196 PFU/cell (Mardiana et al., 2022). In comparison,
vB_Aba_QH4 exhibits rapid adsorption capacity and high burst
volume, providing a key theoretical basis for its rapid and effective
diffusion within the host population.

A good understanding of the physicochemical stability factors of
vB_Aba_QH4 facilitates phage storage, transport, and application. The
phage maintains good biological activity at 4-50 °C while the range of
the human body temperature is 35-42 °C, indicating that phage vB_
Aba_QH4 can maintain good biological activity in vivo. It exhibits
stable biological activity in the pH range of 3-11 and can tolerate the
acidic and alkaline environments in most parts of the human body;
therefore, it can be applied to the treatment of common clinical
conditions caused by A. baumannii, such as respiratory pneumonia,
bloodstream-borne infections, and infections of the lungs and the
circulatory system. The chloroform test confirms that the coat of the
phage does not contain a lipid envelope (Kusradze et al., 2016). When
phage contain a lipid envelope, chloroform can dissolve the lipid
components of the envelope, causing damage to the structure of the
viral particles and loss of infectivity, as evidenced by a significant
decrease in titre. It is agreed that chloroform does not affect the
activity of non-enveloped phage, and the titre remains stable. vB_
Aba_QH4 is sensitive to UV light, suggesting that it needs to be stored
away from light to maintain its activity. The sensitivity to ultraviolet
radiation indicates that the UV stability of phage vB_Aba_QH4 is
markedly inferior to that of many conventional antibiotics or chemical
drugs. The latter typically do not impose such stringent requirements
on environmental light conditions.

Although shorter or longer incubations were not performed in
this part of the study, it can be surmised based on the experimental
results in this paper that longer incubation of vB_Aba_QH4 at
temperatures higher than 60 °C and pH = 2 or 12 would result in
gradual damage to vB_Aba_QH4 proteins or nucleic acids, which
would exacerbate the drop in titer. The results of the chloroform
experiments demonstrated that phage do not have a lipid envelope, so
longer chloroform treatments should not affect vB_Aba_QH4 activity.
Future studies could further validate this hypothesis and explore the
specific mechanism of phage inactivation by shortening or lengthening
the incubation time. This expected result is in line with the findings of
Kusradze (Kusradze et al., 2016). In conclusion, vB_Aba_QH4 has
good physical and chemical stability, which is a prerequisite for its
future use in biopharmaceutical production or clinical applications.

Virulent phages inject their genes into host bacteria, use the
host’s biosynthetic system to replicate their own genomes and
synthesize proteins, and ultimately assemble complete viral
particles, lysing the host bacteria and releasing offspring phages.
vB_Aba_QH4 is one such virulent lytic phage. Multiple proteins
are involved in or assist in the replication and transcription of

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1638702
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ruizhe et al.

vB_Aba_QH4. N-6-adenine-methyltransferase (ORF7)
be associated with catalyzing DNA N-6-adenine methylation

may

resistant to degradation by host restriction endonucleases (Drozdz
et al, 2011). Nucleotide kinase (ORF21) may regulate dNTP
library balance and ensure replication continuity (Beauclair et al.,
2020). DNA exonuclease (ORF85) and Erf-like (ORF86) annealing
proteins play a role in DNA recombination or repair, preserving
high-fidelity replication efficiency (Ahamed et al., 2019), while
transcriptional regulator (ORF2) regulates the temporal expression
of genes. Specifically, portal protein (ORF38) forms a pore or
portal that facilitates DNA translocation (Cheepudom et al., 2019).
Lysozyme proteins (ORF64, ORF79) are involved in host lysis, and
the purified expression of lysozyme is becoming a promising
option for phage preparations (Cremelie et al., 2024). Moreover,
the head proteins (ORF34, ORF49, ORF50), tail proteins (ORF65,
ORF66, ORF69, ORF72, ORF73), and head-tail junction protein
(ORF57) collectively facilitate viral particle assembly, providing the
structural foundation for host infection and self-replication.
Furthermore, the terminase large subunit (ORF37), owing to its
functional importance and sequence conservation, is commonly
employed for constructing phylogenetic trees. Notably, vB_Aba_
QH4 exhibits an ANI of less than 75% with all known phages in
the NCBI reference database, indicating that it is a novel phage. Its
complete genome and terminase large subunit protein phylogenetic
trees intuitively illustrate vB_Aba_QH4’s phylogeny with other
phages. In addition, its virulent lifestyle confirms that it is a lytic
phage. The absence of antimicrobial resistance genes and bacterial
virulence genes proves its safety.

In in vitro antimicrobial assays, an increase in OD600 values
corresponds to an increase in bacterial counts, and vice versa.
Within 6 h, the bacterial concentrations in the antimicrobial group
showed a consistent downward trend for MOI = 100, 10, and 1. By
analysing the extent and rate of reduction, it can be concluded that
the higher the MOI, the more pronounced the lytic effect. This may
be due to a large number of phages rapidly lysing bacteria, thereby
inhibiting bacterial proliferation (Storelli et al., 2017). For MOI
values 0f 0.1, 0.01, 0.001, and 0.0001, the bacterial concentration in
the antimicrobial group first showed an upward trend before
turning downward. The lower the phage concentration, the higher
the peak and the later its appearance. This indicates that
low-concentration phages require a certain amount of time for self-
replication to achieve antibacterial effects. Notably, the peak at
MOI = 0.0001 remains significantly lower than the control group.
This experiment clearly demonstrates the phage’s ability to lyse
bacteria. The OD600 value showed a slight upward trend after 6 h,
which was temporarily attributed to the proliferation of phage-
resistant bacteria (De Sordi et al., 2018). This phenomenon is
consistent with the research conducted by Cheng Peng (Cheng
et al., 2025). From the perspective of clinical application risks, the
emergence of resistant strains within in vitro cultures over the short
term indicates that phage vB_Aba_QH4 may face a rapid decline in
efficacy when used as a monotherapy. The proliferative capacity of
phage-selected resistant strains is independent of the initial
MOIL. Long-term interactions between phage and host bacteria can
induce the emergence of resistant strains. It is worth noting that the
emergence of phage-resistant bacteria is a key issue in clinical
translation and application. Due to the diverse and complex
mechanisms by which bacteria resist phage infection, in-depth
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exploration of the evolutionary patterns of resistance and its control
strategies remains a key direction for future research. When 12 h,
the OD600 value of the MOI groups remained significantly lower
than that of the control group.

The in vivo antibacterial experimental animal model uses wax
moth larvae because they are cost-effective, easy to handle, have
innate immune responses similar to vertebrates, and do not raise
ethical issues, making them an ideal model for studying immune
responses (Insua et al., 2013). In vivo antibacterial experiment results
indicate that the phage can significantly improve survival rates, with
results similar to those of in vitro experiments. The vB_Aba_QH4
phage demonstrated excellent therapeutic efficacy in animal models.
When MOI = 100, the survival rate of the treatment group reached
95%. Compared with other phages, the survival rate of the treatment
group was 86.7% under MOI = 1 for phage (Lin et al.,, 2025); 90%
under MOI = 50 for phage Abgy202162 (Tian et al., 2024a), and 80%
under the same MOI conditions for phage Abgy202141 (Tian et al,,
2024b). At MOI = 100, the survival rate of the vB_Aba_QH4 phage
prevention group was 60%. This series of data fully proves that vB_
Aba_QH4 has a good therapeutic effect. The higher the phage MOI,
the more pronounced the improvement in survival rates. This may
be because when MOI > 1, a large number of phage particles
simultaneously bind to bacterial surface receptors, directly
disrupting cell membrane integrity through physical membrane
perforation, leading to premature release of intracellular lysosomes
(Lin et al., 2020). This process does not require completion of the
replication cycle and can achieve rapid bactericidal effects within
minutes. Additionally, within the infection site, a high MOI ensures
increased spatial coverage of phage, enabling them to rapidly bind
to their specific targets.

As observed in the experimental results, the preventive application
of phage is less effective than their therapeutic application. This can
perhaps be explained from three main aspects: first, during the
preventive phase, the absence of host bacteria or extremely low
bacterial loads prevents phage from achieving exponential
amplification through the “proliferation-lysis” cycle, significantly
reducing their antibacterial efficacy (Barrios-Hernandez et al., 2019);
second, in the absence of sufficient host bacteria, phages are easily
cleared by the host immune system, making it difficult to maintain an
effective therapeutic concentration (Chechushkov et al., 2021); more
importantly, in the preventive state, the inflammatory response is
weak, and vascular permeability is insufficient, severely limiting the
phages’ directed penetration to the infection site. In contrast, the high
bacterial load in therapeutic applications not only drives phage
exponential proliferation but also significantly enhances phage tissue
distribution through inflammation-mediated vascular dilation (Yu
etal., 2019).

5 Conclusion

The existence of phages as antibacterial agents is gaining
increasing attention from the scientific community. The biological
properties of vB_Aba_QH4 showed that vB_Aba_QH4 has good
physicochemical stability, efficient lysing activity, and good in vitro
and in vivo bacterial inhibitory effects. Our genomic analysis also
showed that vB_Aba_QH4 is a novel phage. vB_Aba_QH4 could be a
potential antimicrobial agent in the prevention and treatment of
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A. baumannii infections; however, its narrow host spectrum may limit
its wide application.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found at: https://www.ncbi.nlm.nih.gov/
nuccore/PQ227708. The names of the repositories and accession
numbers can be found in the article and Supplementary material.

Author contributions

LR: Data curation, Formal analysis, Methodology, Software,
Writing - original draft, Conceptualization, Resources, Validation,
Visualization, Writing - review & editing. CP: Methodology, Writing -
original draft, Formal analysis, Project administration, Writing -
review & editing. LZ: Writing — original draft, Conceptualization,
Data curation, Formal analysis, Writing - review & editing. ZJ:
Writing - original draft, Formal analysis, Methodology, Project
administration, Writing - review & editing. AX: Funding acquisition,
Investigation, Writing - original draft, Conceptualization, Supervision,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. Research on Screening and
Application of Phages against Multidrug-resistant Acinetobacter
baumannii (2025-ghsrmyy-01) and the Qinghai Province Kunlun
Elite-High-end Innovative and Entrepreneurial Talent Project-
Leading Talent (XA) in 2021 Acknowledgments.

References

Ahamed, S. T,, Roy, B, Basu, U,, Dutta, S., Ghosh, A. N, Bandyopadhyay, B., et al.
(2019). Genomic and proteomic characterizations of Sfin-1, a novel lytic phage infecting
multidrug-resistant Shigella spp. and Escherichia coli C. Front. Microbiol. 10:1876. doi:
10.3389/fmicb.2019.01876

Alcock, B. P,, Huynh, W, Chalil, R., Smith, K. W,, Raphenya, A. R., Wlodarski, M. A.,
et al. (2022). CARD 2023: expanded curation, support for machine learning, and
resistome prediction at the comprehensive antibiotic resistance database. Nucleic Acids
Res. 51, D690-D699. doi: 10.1093/nar/gkac920

Aslam, S., Courtwright, A. M., Koval, C., Lehman, S. M., Morales, S., Furr, C.-L. L.,
et al. (2019). Early clinical experience of bacteriophage therapy in 3 lung transplant
recipients. Am. J. Transplant. 19, 2631-2639. doi: 10.1111/ajt.15503

Barrios-Hernandez, M. L., Pronk, M., Garcia, H., Boersma, A., Brdjanovic, D., van
Loosdrecht, M. C. M., et al. (2019). Removal of bacterial and viral indicator organisms
in full-scale aerobic granular sludge and conventional activated sludge systems. Water
Res. X. 6:100040. doi: 10.1016/j.wro0a.2019.100040

Beauclair, G., Naimo, E., Dubich, T., Riickert, J., Koch, S., Dhingra, A., et al. (2020).
Targeting Kaposi’s sarcoma-associated herpesvirus ORF21 tyrosine kinase and viral Iytic
reactivation by tyrosine kinase inhibitors approved for clinical use. J. Virol. 94. doi:
10.1128/jvi.01791-19

Bjornsson, E. S. (2017). Drug-induced liver injury due to antibiotics. Scand. J.
Gastroenterol. 52, 617-623. doi: 10.1080/00365521.2017.1291719

Chechushkov, A., Kozlova, Y., Baykov, L., Morozova, V., Kravchuk, B., Ushakova, T.,
et al. (2021). Influence of Caudovirales phages on humoral immunity in mice. Viruses
13:1241. doi: 10.3390/v13071241

Cheepudom, ], Lin, T.-L., Lee, C.-C., and Meng, M. (2019). Characterization of a
novel Thermobifida fusca bacteriophage P318. Viruses 11:1042. doi: 10.3390/v11111042

Frontiers in Microbiology

11

10.3389/fmicb.2025.1638702

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1638702/
full#supplementary-material

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884-i890. doi: 10.1093/bioinformatics/bty560

Cheng, P, Li, Z., Liu, L., Li, R., Zhou, ., Luo, X, et al. (2025). Characterization of the
novel cross-genus phage vB_SmaS_QH3 and evaluation of its antibacterial efficacy
against  Stenotrophomonas  maltophilia. ~ Front. ~ Microbiol. ~ 16.  doi:
10.3389/fmicb.2025.1570665

Cremelie, E., Vézquez, R., and Briers, Y. (2024). A comparative guide to expression
systems for phage lysin production. Essays Biochem. 68, 645-659. doi:
10.1042/ebc20240019

De Sordi, L., Louren¢o, M., and Debarbieux, L. (2018). “I will survive”: A tale of
bacteriophage-bacteria coevolution in the gut. Gut Microbes 10, 92-99. doi:
10.1080/19490976.2018.1474322

Doi, Y., Murray, G. L., and Peleg, A. Y. (2015). Acinetobacter baumannii: evolution of
antimicrobial resistance-treatment options. Semin. Respir. Crit. Care Med. 36, 85-98.
doi: 10.1055/s-0034-1398388

Drozdz, M., Piekarowicz, A., Bujnicki, J. M., and Radlinska, M. (2011). Novel non-
specific DNA adenine methyltransferases. Nucleic Acids Res. 40, 2119-2130. doi:
10.1093/nar/gkr1039

Evseev, P, Lukianova, A., Sykilinda, N., Gorshkova, A., Bondar, A., Shneider, M.,
et al. (2021). Pseudomonas phage MD8: genetic mosaicism and challenges of
taxonomic classification of lambdoid bacteriophages. IJMS 22:10350. doi:
10.3390/ijms221910350

Fan, S., Chang, Y.-T., Chen, C.-L., Wang, W.-H., Pan, M.-K,, Chen, W, et al. (2018).
Correction to supporting information for Fan et al., external light activates hair follicle
stem cells through eyes via an ipRGC-SCN-sympathetic neural pathway. Proc. Natl.
Acad. Sci. USA 115, -E12121. doi: 10.1073/pnas.1819671116

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1638702
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/nuccore/PQ227708
https://www.ncbi.nlm.nih.gov/nuccore/PQ227708
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1638702/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1638702/full#supplementary-material
https://doi.org/10.3389/fmicb.2019.01876
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1111/ajt.15503
https://doi.org/10.1016/j.wroa.2019.100040
https://doi.org/10.1128/jvi.01791-19
https://doi.org/10.1080/00365521.2017.1291719
https://doi.org/10.3390/v13071241
https://doi.org/10.3390/v11111042
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.3389/fmicb.2025.1570665
https://doi.org/10.1042/ebc20240019
https://doi.org/10.1080/19490976.2018.1474322
https://doi.org/10.1055/s-0034-1398388
https://doi.org/10.1093/nar/gkr1039
https://doi.org/10.3390/ijms221910350
https://doi.org/10.1073/pnas.1819671116

Ruizhe et al.

Guo, D,, Chen, J., Zhao, X., Luo, Y., Jin, M., Fan, E, et al. (2021). Genetic and chemical
engineering of phages for controlling multidrug-resistant Bacteria. Antibiotics. (Basel).
10:202. doi: 10.3390/antibiotics10020202

Harada, L. K,, Silva, E. C., Rossi, E. P, Cieza, B., Oliveira, T. ]., Pereira, C., et al. (2022).
Characterization and in vitro testing of newly isolated lytic bacteriophages for the
biocontrol of Pseudomonas aeruginosa. Future Microbiol. 17, 111-141. doi:
10.2217/fmb-2021-0027

Hatfull, G. E, Dedrick, R. M., and Schooley, R. T. (2021). Phage therapy for antibiotic-
resistant  bacterial infections. Amnu. Rev. Med. 73, 197-211. doi:
10.1146/annurev-med-080219-122208

He, J., Li, Y., Zong, S., Qian, M., Zhang, Y., Zhang, Z., et al. (2024). Biological and
genome characteristics of a novel broad host-range phage ®EP1 infecting
enteroinvasive Escherichia coli. Sheng Wu Gong Cheng Xue Bao 40, 3216-3232. doi:
10.13345/j.¢jb.240094

Huang, L., Huang, S., Jiang, L., Tan, J., Yan, X., Gou, C,, et al. (2023). Characterisation
and sequencing of the novel phage Abp95, which is effective against multi-genotypes of
carbapenem-resistant ~ Acinetobacter ~ baumannii.  Sci.  Rep. 13:188. doi:
10.1038/541598-022-26696-9

Ibrahim, S., Al-Saryi, N., Al-Kadmy, I. M. S., and Aziz, S. N. (2021). Multidrug-
resistant Acinetobacter baumannii as an emerging concern in hospitals. Mol. Biol. Rep.
48, 6987-6998. doi: 10.1007/s11033-021-06690-6

Insua, J. L., Llobet, E., Moranta, D., Pérez-Gutiérrez, C., Tomas, A., Garmendia, J.,
etal. (2013). Modeling Klebsiella pneumoniae pathogenesis by infection of the wax moth
galleria mellonella. Infect. Immun. 81, 3552-3565. doi: 10.1128/1ai.00391-13

Jiang, L., Tan, J., Hao, Y., Wang, Q., Yan, X., Wang, D,, et al. (2020). Isolation and
characterization of a novel Myophage Abp9 against Pandrug resistant Acinetobacater
baumannii. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.506068

Kaiser, S., Biehler, K., and Jonas, D. (2009). Astenotrophomonas maltophiliamultilocus
sequence typing scheme for inferring population structure. J. Bacteriol. 191, 2934-2943.
doi: 10.1128/jb.00892-08

Kang, S., Zhang, L., Liao, J., Zhang, D., Wu, S., Zhang, X., et al. (2022). Isolation and
characterization of a newly discovered phage, V-YDF132, for lysing Vibrio harveyi.
Viruses 14:1802. doi: 10.3390/v14081802

Kassa, T., and Chhibber, S. (2011). Thermal treatment of the bacteriophage lysate of
Klebsiella pneumoniae B5055 as a step for the purification of capsular depolymerase
enzyme. J. Virol. Methods 179, 135-141. doi: 10.1016/j.jviromet.2011.10.011

Khan, E, Bamunuarachchi, N. I, Pham, D. T. N., Tabassum, N., Khan, M. S. A., and
Kim, Y.-M. (2021). Mixed biofilms of pathogenic Candida-bacteria: regulation
mechanisms and treatment strategies. Crit. Rev. Microbiol. 47, 699-727. doi:
10.1080/1040841x.2021.1921696

Kortright, K. E., Chan, B. K., Koff, J. L., and Turner, P. E. (2019). Phage therapy: A
renewed approach to combat antibiotic-resistant Bacteria. Cell Host Microbe 25,
219-232. doi: 10.1016/j.chom.2019.01.014

Kusradze, I, Karumidze, N., Rigvava, S., Dvalidze, T, Katsitadze, M., Amiranashvili, L, et al.
(2016). Characterization and testing the efficiency of Acinetobacter baumannii phage vB-GEC_
Ab-M-G7 as an antibacterial agent. Front. Microbiol. 7. doi: 10.3389/fmicb.2016.01590

Li, P, Lin, H., Mi, Z,, Xing, S., Tong, Y., and Wang, J. (2019). Screening of polyvalent
phage-resistant Escherichia coli strains based on phage receptor analysis. Front.
Microbiol. 10:850. doi: 10.3389/fmicb.2019.00850

Lin, Y., Quan, D., Chang, R. Y. K., Chow, M. Y. T,, Wang, Y., Li, M., et al. (2020).
Synergistic activity of phage PEV20-ciprofloxacin combination powder formulation—a
proof-of-principle study in a P. aeruginosa lung infection model. Eur. J. Pharm.
Biopharm. 158, 166-171. doi: 10.1016/j.ejpb.2020.11.019

Lin, M., Xiong, L., Li, W,, Xiao, L., Zhang, W., Zhao, X., et al. (2025). Isolation and
identification of a newly discovered broad-spectrum Acinetobacter baumannii phage
and therapeutic validation against pan-resistant Acinetobacter baumannii. Virol Sin. 40,
587-600. doi: 10.1016/j.virs.2025.06.003

Lin, M.-R,, Yang, S.-L., Gong, Y.-N., Kuo, C.-C,, Chiu, C.-H., Chen, C.-],, et al. (2016). Clinical
and molecular features of adenovirus type 2, 3, and 7 infections in children in an outbreak in
Taiwan, 2011. Clin. Microbiol. Infect. 23, 110-116. doi: 10.1016/j.cmi.2016.11.004

Liu, S., Chen, H., Ouyang, J., Huang, M., Zhang, H., Zheng, S., et al. (2022). A high-
quality assembly reveals genomic characteristics, phylogenetic status, and causal genes
for leucism plumage of Indian peafowl. Gigascience 11. doi: 10.1093/gigascience/giac018

Liu, B., Zheng, T., Quan, R, Jiang, X., Tong, G., Wei, X,, et al. (2022). Biological
characteristics and genomic analysis of a novel Vibrio parahaemolyticus phage phiTY18
isolated from the coastal water of Xiamen China. Front. Cell. Infect. Microbiol.
12:1035364. doi: 10.3389/fcimb.2022.1035364

Lu, L., Cai, L., Jiao, N., and Zhang, R. (2017). Isolation and characterization of the first
phage infecting ecologically important marine bacteria Erythrobacter. Virol. J. 14:104.
doi: 10.1186/s12985-017-0773-x

Maragakis, L. L., and Perl, T. M. (2008). Antimicrobial resistance: Acinetobacter
baumannii: epidemiology, antimicrobial resistance, and treatment options. Clin. Infect.
Dis. 46, 1254-1263. doi: 10.1086/529198

Mardiana, M., Teh, S.-H., Lin, L.-C., and Lin, N.-T. (2022). Isolation and
characterization of a novel Siphoviridae phage, vB_AbaS_TCUP2199, infecting
multidrug-resistant Acinetobacter baumannii. Viruses 14:1240. doi: 10.3390/v14061240

Frontiers in Microbiology

12

10.3389/fmicb.2025.1638702

Marongiu, L., Landry, J. J. M., Rausch, T., Abba, M. L., Delecluse, S., Delecluse, H.,
et al. (2021). Metagenomic analysis of primary colorectal carcinomas and their
metastases identifies potential microbial risk factors. Mol. Oncol. 15, 3363-3384. doi:
10.1002/1878-0261.13070

Moreira, W, Lim, J. J., Yeo, S. Y., Ramanujulu, P. M., Dymock, B. W, and Dick, T.
(2016). Fragment-based whole cell screen delivers hits against M. Tuberculosis and non-
tuberculous mycobacteria. Front. Microbiol. 7:1392. doi: 10.3389/fmicb.2016.01392

Olszak, T., Zarnowiec, P., Kaca, W, Danis-Wlodarczyk, K., Augustyniak, D.,
Drevinek, P, et al. (2015). In vitro and in vivo antibacterial activity of environmental
bacteriophages against Pseudomonas aeruginosa strains from cystic fibrosis patients.
Appl. Microbiol. Biotechnol. 99, 6021-6033. doi: 10.1007/s00253-015-6492-6

Peng, Q., Fang, M., Liu, X., Zhang, C,, Liu, Y., and Yuan, Y. (2020). Isolation and
characterization of a novel phage for controlling multidrug-resistant Klebsiella
pneumoniae. Microorganisms 8:542. doi: 10.3390/microorganisms8040542

Peters, D. L., Davis, C. M., Harris, G., Zhou, H., Rather, P. N., Hrapovic, S., et al.
(2023). Characterization of virulent T4-like Acinetobacter baumannii bacteriophages
DLP1 and DLP2. Viruses 15. doi: 10.3390/v15030739

Rodman, N., Martinez, J., Fung, S., Nakanouchi, J., Myers, A. L., Harris, C. M., et al.
(2019). Human pleural fluid elicits pyruvate and phenylalanine metabolism in
Acinetobacter baumannii to enhance cytotoxicity and immune evasion. Front. Microbiol.
10. doi: 10.3389/fmicb.2019.01581

Roer, L., Kaya, H., Tedim, A. P, Novais, C., Coque, T. M., Aarestrup, E M., et al.
(2024). Virulence finder for Enterococcus faecium and Enterococcus lactis: an enhanced
database for detection of putative virulence markers by using whole-genome sequencing
data. Microbiol. Spectr. 12. doi: 10.1128/spectrum.03724-23

Rungsirivanich, P, Parlindungan, E., O’Connor, P. M., Field, D., Mahony, J., Thongwai, N.,
et al. (2021). Simultaneous production of multiple antimicrobial compounds by Bacillus
velezensis ML122-2 isolated from Assam tea leaf [Camellia sinensis var. assamica (J.W. Mast.)
Kitam.]. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.789362

Sattar, S., Ullah, 1., Khanum, S., Bailie, M., Shamsi, B., Ahmed, I., et al. (2022).
Genome analysis and therapeutic evaluation of a novel lytic bacteriophage of Salmonella
Typhimurium: suggestive of a new genus in the subfamily Vequintavirinae. Viruses
14:241. doi: 10.3390/v14020241

Storelli, G., Strigini, M., Grenier, T., Bozonnet, L., Schwarzer, M., Daniel, C., et al.
(2017). Drosophila perpetuates nutritional mutualism by promoting the fitness of its
intestinal symbiont Lactobacillus plantarum. Cell Metab. 27, 362-377.e8. doi:
10.1016/j.cmet.2017.11.011

Tan, C. W,, Rukayadi, Y., Hasan, H., Abdul-Mutalib, N.-A., Jambari, N. N., Hara, H.,
et al. (2021). Isolation and characterization of six Vibrio parahaemolyticus lytic
bacteriophages from seafood samples. Front. Microbiol. 12:616548. doi:
10.3389/fmicb.2021.616548

Tian, X., Tan, W,, and Yang, B. (2024a). Isolation, identification, and therapeutic
efficacy evaluation of phage Abgy202162 against drug-resistant Acinetobacter
baumannii (in Chinese). . Anhui Med. Univ. 59, 1742-1751. doi: 10.19405/j.cnki.
issn1000-1492.2024.10.008

Tian, X., Liu, X., Zhou, J., Wang, L., Wang, Q., Qi, X, et al. (2024b). Isolation,
characterization and therapeutic evaluation of a new Acinetobacter virus Abgy202141
lysing Acinetobacter baumannii. Front. Microbiol. 15:1379400. doi: 10.3389/
fmicb.2024.1379400

Totten, K. M. C., Cunningham, S. A., Gades, N. M., Etzioni, A., and Patel, R. (2022).
Pharmacokinetic assessment of staphylococcal phage K following parenteral and intra-
articular Administration in Rabbits. Front. Pharmacol. 13. doi: 10.3389/fphar.2022.840165

Valappil, S. K., Shetty, P,, Deim, Z., Terhes, G., Urban, E., Véczi, S., et al. (2021).
Survival comes at a cost: a coevolution of phage and its host leads to phage resistance
and antibiotic sensitivity of Pseudomonas aeruginosa multidrug resistant strains. Front.
Microbiol. 12. doi: 10.3389/fmicb.2021.783722

Wang, J., Hu, H., Wang, Q., Zhu, T, Ren, X,, Jiang, W,, et al. (2025). A novel genus of
virulent phage targeting Acinetobacter baumannii: efficacy and safety in a murine model
of pulmonary infection. PLoS Pathog. 21, -e1013268. doi: 10.1371/journal.ppat.1013268

Xue, Y., Zhai, S., Wang, Z., Ji, Y., Wang, G., Wang, T., et al. (2020). The Yersinia phage
X1 administered orally efficiently protects a murine chronic enteritis model against
Yersinia enterocolitica infection. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.00351

Yadav, M., Kumar, T., Kanakan, A., Maurya, R., Pandey, R., and Chauhan, N. S. (2022).
Isolation and characterization of human intestinal Bacteria Cytobacillus oceanisediminis
NB2 for probiotic potential. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.932795

Yang, H., Liang, L., Lin, S., and Jia, S. (2010). Isolation and characterization of a
virulent bacteriophage AB1 of Acinetobacter baumannii. BMC Microbiol. 10:131. doi:
10.1186/1471-2180-10-131

Yang, H., Yu, J., and Wei, H. (2014). Engineered bacteriophage lysins as novel anti-
infectives. Front. Microbiol. 5. doi: 10.3389/fmicb.2014.00542

Yu, C.-H,, Suh, B,, Shin, I, Kim, E.-H., Kim, D., Shin, Y.-J,, et al. (2019). Inhibitory
effects of a novel Chrysin-derivative, CPD 6, on acute and chronic skin inflammation.
Int. J. Mol. Sci. 20:2607. doi: 10.3390/ijms20112607

Zhuo, H., Zhang, X, Li, M., Zhang, Q., and Wang, Y. (2022). Antibacterial and anti-
inflammatory properties of a novel antimicrobial peptide derived from LL-37. Antibiotics
11:754. doi: 10.3390/antibiotics11060754

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1638702
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/antibiotics10020202
https://doi.org/10.2217/fmb-2021-0027
https://doi.org/10.1146/annurev-med-080219-122208
https://doi.org/10.13345/j.cjb.240094
https://doi.org/10.1038/s41598-022-26696-9
https://doi.org/10.1007/s11033-021-06690-6
https://doi.org/10.1128/iai.00391-13
https://doi.org/10.3389/fmicb.2020.506068
https://doi.org/10.1128/jb.00892-08
https://doi.org/10.3390/v14081802
https://doi.org/10.1016/j.jviromet.2011.10.011
https://doi.org/10.1080/1040841x.2021.1921696
https://doi.org/10.1016/j.chom.2019.01.014
https://doi.org/10.3389/fmicb.2016.01590
https://doi.org/10.3389/fmicb.2019.00850
https://doi.org/10.1016/j.ejpb.2020.11.019
https://doi.org/10.1016/j.virs.2025.06.003
https://doi.org/10.1016/j.cmi.2016.11.004
https://doi.org/10.1093/gigascience/giac018
https://doi.org/10.3389/fcimb.2022.1035364
https://doi.org/10.1186/s12985-017-0773-x
https://doi.org/10.1086/529198
https://doi.org/10.3390/v14061240
https://doi.org/10.1002/1878-0261.13070
https://doi.org/10.3389/fmicb.2016.01392
https://doi.org/10.1007/s00253-015-6492-6
https://doi.org/10.3390/microorganisms8040542
https://doi.org/10.3390/v15030739
https://doi.org/10.3389/fmicb.2019.01581
https://doi.org/10.1128/spectrum.03724-23
https://doi.org/10.3389/fmicb.2021.789362
https://doi.org/10.3390/v14020241
https://doi.org/10.1016/j.cmet.2017.11.011
https://doi.org/10.3389/fmicb.2021.616548
https://doi.org/10.19405/j.cnki.issn1000-1492.2024.10.008
https://doi.org/10.19405/j.cnki.issn1000-1492.2024.10.008
https://doi.org/10.3389/fmicb.2024.1379400
https://doi.org/10.3389/fmicb.2024.1379400
https://doi.org/10.3389/fphar.2022.840165
https://doi.org/10.3389/fmicb.2021.783722
https://doi.org/10.1371/journal.ppat.1013268
https://doi.org/10.3389/fmicb.2020.00351
https://doi.org/10.3389/fmicb.2022.932795
https://doi.org/10.1186/1471-2180-10-131
https://doi.org/10.3389/fmicb.2014.00542
https://doi.org/10.3390/ijms20112607
https://doi.org/10.3390/antibiotics11060754

	Biological characterization and antibacterial effects of a novel virulent Acinetobacter baumannii phage strain vB_Aba_QH4 in vitro and in vivo
	1 Introduction
	2 Materials and methods
	2.1 Strains and growth conditions
	2.2 Phage enrichment, isolation, and purification
	2.3 Phage host range determination
	2.4 Phage morphology by transmission electron microscopy
	2.5 Optimal multiplicity of infection
	2.6 Adsorption rate
	2.7 One-step growth curve
	2.8 Physical and chemical stability
	2.9 Phage genome sequencing and bioinformatics analysis
	2.10 In vitro bacterial inhibition assay
	2.11 In vivo bacterial inhibition experiments
	2.12 Statistical analysis

	3 Results
	3.1 Morphological characteristics
	3.2 Host spectrum
	3.3 MOI, adsorption, and one-step growth curve analysis
	3.4 Stability of physical and chemical factors
	3.5 Genomic analysis and functional annotation
	3.6 In vitro bacterial inhibition assay
	3.7 In vivo bacterial inhibition assay

	4 Discussion
	5 Conclusion

	References

