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Acinetobacter baumannii is a priority bacterial pathogen and leading cause of nosocomial infections,
particularly in intensive care units (ICUs). The average incidence of carbapenem-resistant A.

baumannii infections in ICUs is 41.7 cases/1,000 patients, highlighting the urgent need for more
effective alternative therapies to replace carbapenems. Thus, this study aimed to investigate for the
first time the antibacterial activity of curcumin in combination with the novel phage vB_AbaSI_1 to
combat multidrug-resistant (MDR) A. baumannii in vitro. Phage vB_AbaSI_1 (capsid diameter 91 nm,
contractile tail 94/20 nm) was isolated from sewage and infects ~29% of the 131 bacterial isolates
examined. The 52,783 kb phage genome has 75 ORFs, encodes an integrase, lacks tRNAs/virulence
genes, and belongs to the Caudoviricetes. Commercially sourced curcumin (400 pg/mL), combined with
phage vB_AbaSI_1 (MOI 100) reduced MDR A. baumannii 131 to undetectable levels 1 h post-treatment
at 37 °C, and this efficacy was further extended for 5 h in double-dosed phage/curcumin-treated
cultures. In contrast, treatment with just phage vB_AbaSI_1 reduced bacterial growth but rebounded
within 3 h, while curcumin-only treated cultures showed only 1-log bacterial reduction compared to
untreated control. The phage/curcumin synergy occurred exclusively with phage-susceptible strains
pre-curcumin exposure. This suggests the potential disruption of bacterial cell membrane during phage
infection allowing curcumin entry, as no synergy was observed with phage-resistant strains. This
innovative strategy of combining phage and curcumin showed great efficacy at controlling MDR A.
baumannii and has a potential for therapeutic deployment. Future work will focus on engineering the
phage to make it therapeutically acceptable.

Multidrug-resistant (MDR) bacterial infections pose not only a significant global public health threat but also
cause a substantial economic loss to the healthcare system. The World Health Organization (WHO) ranked MDR
infections as one of the top ten global health threats!, with an estimated 8.22 million deaths globally projected to
be associated with antimicrobial resistance (AMR) by 2050%. WHO also identified MDR Acinetobacter baumannii,
a Gram-negative bacterium, as a critical priority pathogen requiring urgent treatment interventions!. A recent
systematic review of 22,876 ICU patients from seven Southeast Asian countries revealed that infections due to
A. baumannii are significantly higher in the region than in other parts of the world>. Pertinent to Thailand, A.
baumannii is a major cause of hospital-acquired infections and responsible for over 15,000 deaths annually*.
Specifically, the carbapenem-resistant A. baumannii (CRAB) accounts for 70-88% of cases® indicating its clinical
significance in the region. According to the Centers for Disease Control and Prevention (CDC), the incidence of
CRAB increased by ~78% between 2019 and 2020 in the USS. Hence, new alternative therapy for A. baumannii
is urgently needed because carbapenem is the last-line antibiotic for the infection.
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Phages have been developed as therapeutic agents since the early 1900s in Eastern Europe and the Soviet
Union. However, interest in phage therapy declined during World War II, prior to the widespread success of
penicillin’. Research on therapeutic phages for A. baumannii infections has resurged, with recent efforts focusing
on isolating novel phages or developing phage cocktails and combining them with antibiotics to specifically
target A. baumannii®®. Published in vivo phage therapeutic studies for A. baumannii have showed promising
results. For instance, phage therapy has improved the survival rates and reduced bacterial colonization in
zebrafish'’, successfully resolved A. baumannii-infected wounds in diabetic rats'!, and lung infections in mice'2.
Despite these successes, clinical data on A. baumannii phage therapy is still very limited, with specific paucity of
information on potential ways to improve the strategy using other remedies.

Using therapeutic bacteriophages (phages, viruses which specifically infect bacteria) has many advantages
such as targeted specificity and preservation of microbial niche. However, bacteria can develop diverse defense
mechanisms such as abortive infection, CRISPR-Cas, quorum sensing, and restriction-modification systems to
evade phage attack!>. Therefore, researchers are exploring new ways to enhance the antimicrobial effectiveness
of phages to overcome these defense strategies. One such approach is combining phages with other therapeutic
agents. For example, phage-antibiotic combinations have demonstrated synergistic antimicrobial effects in a
Galleria mellonella larval A. baumannii infection model'. Remarkably, a 42-year-old man who was co-infected
with MDR Klebsiella pneumoniae and A. baumannii was successfully treated with a combination of antibiotics
and phages!>.

Besides phage-antibiotic combinations, phage-phyto extract combinations show promising results. For
example, combining phages with Stephania suberosa roots, Oroxylum indicum fruits, and Boesenbergia rotunda
rhizomes extracts reduced Escherichia coli growth by 2-3 log10 within 6 h'®. Similarly, phage-sacha inchi oil
combinations also synergistically controlled MDR A. baumannii'’.

One of the most studied spices for antimicrobial activity is turmeric (Curcuma longa L.), commonly
cultivated in India, Southeast Asia, China, and other tropical regionslg. Traditionally, turmeric has been a staple
in cooking, being used as a spice or a coloring agent in dishes such as curry, and in products like cheese and
butter'”. Among many compounds found in turmeric, curcumin is the major bioactive®. Curcumin (1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), often referred to as the “wonder drug of life”*! is
a natural polyphenol?? with a long history of numerous pharmacological applications?®. Curcumin has been
widely recognized for its role in managing inflammatory conditions®*, metabolic syndrome?’, and pain®®. Much
of its efficacy stems from its potent antioxidant and anti-inflammatory properties?”. Notably, curcumin exhibits
broad-spectrum antimicrobial activity for E. coli, Staphylococcus aureus, Salmonella serovar Typhi, Pseudomonas
aeruginosa, and A. baumannii’®. In addition to its antibacterial effects, curcumin has demonstrated anti-biofilm
activity against, and reduced virulence of A. baumannii in Caenorhabditis elegans infection model®.

In this study, phage vB_AbaSI_1 was isolated from sewage and tested for its in vitro antibacterial activity
and in combination with curcumin against MDR A. baumannii. Various treatment parameters were investigated
including the multiplicity of infection (MOI-number of infective phage particles exposed to bacteria), single vs.
double doses and duration of treatments. The data suggests that the optimized curcumin-phage combination
showed synergistic effects, leading to better antibacterial activity against MDR A. baumannii. These findings
support the potential application of curcumin-phage combination as a promising therapeutic strategy against
MDR A. baumannii infections and indeed, for other MDR bacterial infection.

Results

Identification of A. baumannii strain for optimal phage isolation

To identify the A. baumannii strains which carry prophages that may interfere with phage isolation from sewage,
the 44 A. baumannii strains were treated with mitomycin C (MMC), a known inducer of prophages. As a result,
41 (93.18%) of the strains indicated the release of infecting MMC-inducible phages as evidenced by the formation
of plaques against a panel of A. baumannii strains (Supplementary Table 1). This 93.18% proportion suggests
a high prevalence of prophage carriage within the genomes of the A. baumannii strains, that are susceptible to
MMC induction.

Of the three strains lacking MMC-inducible prophages, only A. baumannii 131 supported phage infection,
and formed plaques making this strains the ideal host for phage isolation. However, the possible existence of
other prophages in the genome of A. baumannii 131 which could not be induced by MMC but may be induced
by other agents could not be ruled out, or the possibility that other MMC-induced prophages were released but
could not infect the panel of A. baumannii host strains here.

A. baumannii phage vB_AbaSI_1: a phage belonging to Caudoviricetes and produced
transparent halo plaques

From the 100 sewage samples collected across Thailand, 15 A. baumannii-specific phages were isolated (15.0%
isolation rate) using A. baumannii strain 131 as target bacterial host. Phage vB_AbaSI_1 was chosen for further
study due to its broader host range, infecting more diverse A. baumannii strains than the other isolates. The plaque
morphology of phage vB_AbaSI_1 on A. baumannii strain 131 showed uniformly clear lysis zone surrounded
by transparent halos with a diameter of approximately 2 mm (Fig. 1A). The clear plaques observed indicates
effective lytic activity against the A. baumannii strains tested and this is critical for our downstream therapeutic
analyses. The transmission electron microscopy (TEM) analysis revealed that the structural morphology of the
phage vB_AbaSI_1 appeared to have a contractile tail 94/20 and capsid of 91 nm diameter as shown in Fig. 1B.

Phage vB_AbaSI_1 exhibits narrow host-range, short latent period, and large burst size
The host range of phage vB_AbaSI_1 was evaluated by spot assay on a confluent culture of A. baumannii 131. As
shown in Table 1, phage vB_AbaSI_1 successfully lysed 38 of the 131 (29.01%) A. baumannii strains collected
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Fig. 1. Morphological and growth characteristics of phage vB_AbaSI_1. (A) Plaque morphology on a

lawn of A. baumannii strain 131. The phage forms clear, well-defined plaques with surrounding halos. (B)
Transmission electron microscopy image of phage vB_AbaSI_1. The phage has hexagonal capsids along with a
long contractile tail. (C) One-step growth curve of phage vB_AbaSI_1. Error bars represent standard deviations
from three independent experiments.

from Thai patients. However, the phage demonstrated no infectivity towards 35 isolates of other Gram-negative
and Gram-positive bacteria, including K. pneumoniae (11 isolates), P. aeruginosa (10 isolates), E. coli (5 isolates),
S. aureus (5 isolates), and Burkholderia thailandensis (4 isolates). This specificity suggests that vB_AbaSI_1 is

highly selective for A. baumannii, albeit with a relatively narrow host range within this species®.
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Sources of A. b ii | Numbers of isolat Numbers of positive infection/numbers of isolates (%)
Clinical samples o

(pus, sputum, urine, blood) 8 27185 (31.76%)

Catheters 2 0/2 (0%)

Laboratory stock 43 10/43 (23.26%)

Standard strain

(ATCC19606) ! 1/1(100%)

Total 131 38/131 (29.01%)

Table 1. Infectivity of the isolated phage vB_AbaSI_1 against 131 A. baumannii isolates gathered from
different sources during the years 2014-2021.

To further determine the growth kinetics of phage vB_AbaSI_1, a one-step growth curve analysis was
conducted, as illustrated in Fig. 1C. The phage exhibited a latent period of 30 min, which represents the time
between phage attachment and the release of progeny phages following replication within the bacterial host.
Additionally, the burst size, or the number of phage particles produced per infected bacterial cell, was determined
to be 136 plaque-forming units (PFU) per cell.

The relatively short latent period, coupled with a substantial burst size, indicates that this phage is capable
of rapidly generating large number of progenies, which is advantageous for timely bacterial clearance in
therapeutic applications. These findings highlight the potential utility of phage vB_AbaSI_1 to effectively lyse
MDR A. baumannii.

A. baumannii phage vB_AbaSI_1 is stable in a wide range of pH and temperatures

Adverse environmental factors may cause a significant decrease in phage infectivity. The stability of the isolated
phage vB_AbaSI_1 under different pH was assessed to ensure its optimal stability and delivery. At pH 1, the
phage was rapidly inactivated, showing no recoverable viable phage particles immediately upon exposure. At
the extreme alkaline condition of pH 13, a significant reduction in viability was observed, with a 4-log decrease
in viable phages compared to the control after just 1 h post-treatment. Phages were undetectable after 24 h of
exposure to this pH (Fig. S1A). This suggests that the phage is stable in a wide pH range, between 3 and 11.
Regarding thermal stability, phage vB_AbaSI_1 exhibited high stability at 4 °C, room temperature (~27-30 °C),
and 37 °C, phages were stable for up to 48 h. However, at 45 °C, a significant decrease in phage viability was
observed after 24 h, which became more pronounced after 48 h of incubation (Fig. S1B). The inability of the
phage to tolerate a temperature of 45 °C concurs with previous reports®!.

Genomic characteristics of phage vB_AbaSI_1: seven functional modules and lysogenic
potential

The circular genome map of phage vB_AbaSI_1 is illustrated in Fig. 2. The genome consists of 52,783 base pairs
(bp) with a G+ C content of 38.02%, a typical composition of phages infecting A. baumannii. Genome analysis
identified 75 predicted open reading frames (ORFs), with no tRNA genes detected, suggesting that the phage
relies entirely on the host machinery for translation. Of these ORFs, 53 were located on the positive strand
and 22 on the negative strand. Detailed genome annotations, including functional predictions of the ORFs, are
provided in Supplementary Table 2.

Phage vB_AbaSI_1 harbors a total of 75 genes, with 45 (60.0%) classified as hypothetical proteins of unknown
function, underscoring the limited functional characterization of many phage genes. The remaining 30 genes
(40.0%) have identifiable functions and are organized into seven functional modules: (i) packaging module, (ii)
capsid module, (iii) tail module, (iv) lysis module, (v) DNA replication and repair module, (vi) lysogeny module,
and (vii) miscellaneous module (Fig. 2). The packaging module is comprised of a single gene encoding the
terminase large subunit, a critical enzyme responsible for packaging viral DNA into the capsid during assembly.
In the capsid module, genes encoding minor and major capsid proteins were identified, which are essential for
the structural integrity and assembly of the phage particle. The tail module contains seven genes, including the
tape measure protein. The lysis module consists of three genes: metallopeptidase, C40 family peptidase, and
N-acetylmuramidase (a type of endolysin), all of which play key roles in the degradation of the bacterial cell wall,
allowing for the release of progeny phages®2.

The DNA replication and repair module of phage vB_AbaSI_1 consists of seven genes, responsible for
ensuring efficient replication and maintenance of the phage genome during the infection cycle. This module
likely includes genes for DNA polymerases, helicases, and other enzymes that support the replication and repair
of phage DNA within the host, which is essential for the viral life cycle.

Remarkably, the lysogeny module comprised of five genes, including two site-specific integrase genes, which
are indicative the capacity of the phage to undergo lysogenic infection. This lysogenic characteristic suggests
that phage vB_AbaSI_1 can persist within A. baumannii hosts without immediately causing lysis, thereby
contributing to its long-term survival and potential influence on bacterial evolution. The lysogenic nature
of phage vB_AbaSI_1 makes it unsuitable for direct therapeutic use but amenable to engineering for clinical
applications as shown in other representation®’. Additionally, it serves as a model for studying phage-curcumin
interactions in antibacterial activity.

The miscellaneous module of phage vB_AbaSI_1 encodes four genes with diverse functions: glutamate
5-kinase (G5K), a stress-responsive nuclear envelope protein, an SOS response-associated peptidase family
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Fig. 2. Genomic map of A. buamannii phage vB_AbaSI_1. Phage genome visualization is shown by the dark
gray circle with the unit in kilobases (kb). The circular genome map of phage vB_AbaSI_1 is organized into
several functional modules, including DNA replication and repair (red), lysis (yellow), lysogeny (green), capsid
(blue), tail (pink), packaging (light pink), miscellaneous proteins (cyan), and hypothetical proteins (gray).

The outermost circle shows the scale in bp, with 0 representing the origin of replication. The innermost circle
represents the value of the GC skew: yellow for positive and purple for negative.

protein, and a toxin-antitoxin system gene. The presence of G5K suggests a role in amino acid metabolism*. The
stress-responsive nuclear envelope protein and SOS response-associated peptidase likely play roles in the phage’s
ability to cope with host-induced stress, particularly under conditions of DNA damage®. The toxin-antitoxin
system gene is of particular interest, as such systems are often associated with bacterial stress responses and
could also play a role in stabilizing the prophage within the host genome during lysogeny, preventing the host
from eliminating the integrated phage DNA.

Opverall, the presence of these modules highlights the complex interaction between phage vB_AbaSI_1 and
its host. The tendency to lysogenize, combined with the presence of stress-response and replication/repair genes,
suggests that vB_AbaSI_1 is well-equipped to persist in diverse environments.

Comparative genomic analysis of phage vB_AbaSI_1: identification as a novel phage species
Comparative genomic analysis revealed that phage vB_AbaSI_1 displayed close amino acid sequence similarity
to Acinetobacter phages YMC11/11/R3177 (NC_041866.1) and YMC/09/02/B1251_ABA_BP (NC_019541.1),
both of which were isolated from hospital wastewater in South Korea (Fig. 3A). In addition, nucleotide sequence
comparisons revealed that phage vB_AbaSI_1 share 87.36%, 88.70%, and 89.08% average nucleotide identity
(ANI) with phages YMC11/11/R3177, YMC/09/02/B1251_ABA_ BP, and AM106 (MH115576.1), respectively.
As the ANT percentages are below the 95% threshold for species delineation, phage vB_AbaSI_1 qualifies as a
novel phage species according to current classification standards®.

To further confirm that phage vB_AbaSI_1 is distinct from these previously reported phages, a detailed
genomic comparison was conducted between phage vB_AbaSI_1 and the three closely related phages. As shown
in Fig. 3B, while phage vB_AbaSI_1 shares significant similarities in genes related to phage structure such as the
packaging, capsid, tail, and lysis modules, there are notable differences in other essential genes. The structural
gene conservation suggests that the basic assembly and infection mechanisms are shared across this group of
phages, but the variations in replication and lysogeny-related genes may influence their behavior in different
bacterial hosts. Specifically, genes in the DNA replication/repair and lysogeny modules showed significant
divergence, setting phage vB_AbaSI_1 apart from other phages which may lead to its unique host interaction
and survival mechanisms.

Besides genomic comparison with other phages, the relationship between phage vB_AbaSI_1 and its bacterial
hosts was investigated. Homology search against the 979 A. baumannii genomes available in the GenBank
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Fig. 3. Comparative genome analysis of phage vB_AbaSI_1 to other A. baumannii phages. (A) Phylogenetic
tree of Acinetobacter phages based on nucleotide sequences. Phage vB_AbaSI_1 (marked with a red star)
clusters with 65 closely related Acinetobacter phages, including AM106, YMC/09/02/B1251_ABA_BP, and
YMCI11/11/R3177. The left-hand side of the tree categorizes phages by viral family, and the right-hand side
groups them by their bacterial host. (B) Genomic comparison of phage vB_AbaSI_1 with related Acinetobacter
phages AM106, YMC/09/02/B1251_ABA_BP, and YMC11/11/R3177. Gene synteny and conservation are
depicted, showing shared genes involved in phage structure and function. Conserved regions include genes
encoding putative metallopeptidase (A), terminase large subunit (B), major capsid protein (C), tail proteins

(L, M, and N), and additional phage structural components. Identical regions between genomes are shaded,
indicating high sequence identity (100%), while divergent areas represent unique adaptations within the

phages.
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database (taxid: 470), limited to a maximum of 5,000 target sequences, revealed that only 16 out of 979 complete
A. baumannii genomes (1.63%) carried the full phage vB_AbaSI_1 sequence suggesting that complete genome
of prophage vB_AbaSI_1 is not commonly present in A. baumannii. Notably, all 16 isolates were derived from
animal clinical samples collected in France (Supplementary Table 4).

Antibacterial efficiency of phage vB_AbaSI_1 on A. baumannii

To evaluate the antibacterial efficiency of phage vB_AbaSI_1, the MDR A. baumannii strain 131 (106 CFU/mL)
was treated with varying concentrations of the phage: 10°, 108, 107 and 108 PFU/mL, corresponding to MOIs
of 0.1, 1, 10, and 100, respectively. Following incubation at 37 °C, a significant reduction in bacterial counts
was observed within the first hour, indicating rapid phage activity (Fig. 4A). However, by 24 h, the bacterial
population rebounded to levels similar to the untreated control group, even at the highest MOI of 100. This
rebound suggests that while phage vB_AbaSI_1 is capable of an initial lysis and reduction in bacterial load, it
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Fig. 4. Antibacterial efficiency of phage vB_AbaSI_1 against A. baumannii. A. baumannii strain 131 (10°
CFU/mL) was treated with different MOIs (0.1, 1, 10, 100) of phage vB_AbaSI_1 at (A) 37 °C and (B)
room temperature. At the indicated time points, bacterial counts (log CFU/mL) were measured. Statistical
significance was considered when the p-value was less than 0.05 (* P<0.05, ** P<0.01, *** P<0.001, ****
P<0.0001), in comparison with the untreated bacterial control at each time-point. Undetectable (UD)
indicates the bacterial counts fell below detectable levels (1 CFU/mL).
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is however, unable to completely eradicate the bacteria due to phage-resistance development. This allowed the
bacterial population to recover over time as shown in other phage studies®. In addition to being a temperate
phage, these findings suggest a limitation in using wild-type phage vB_AbaSI_1 without genetic modification
for sustained bacterial suppression.

In addition to 37 °C, the antibacterial efficiency of phage vB_AbaSI_1 at room temperature displayed a
similar ability, being able to rapidly reduce the bacterial count within 1 h (Fig. 4B). However, as with the results
at 37 °C, the bacterial population eventually rebounded to control levels after 24 h, regardless of the initial
phage concentration. The 24 h rebound suggests that vB_AbaSI_1 alone is insufficient for long-term control.
This underscores the need for phage cocktails or combination therapies, such as with curcumin, for optimal
therapeutic efficacy and to suppress phage-resistant populations.

Exploration of antibacterial activity of curcumin with phage vB_AbaSI_1

Antibacterial properties of curcumin against A. baumannii were evaluated by testing against cultures of ten
representative A. baumannii isolates: six antibiotic-resistant isolates (131, E4, 036, B1, B8, and D6) and four
antibiotic-susceptible isolates (91018, 90855, 1084, and 510). After 24 h incubation at 37 °C with curcumin, only
A. baumannii isolate 131 exhibited a statistically significant reduction in bacterial counts. The remaining nine
isolates (90%), showed no significant bacterial reduction compared to the untreated control group (Fig. S2A).
These findings indicate that, under the tested conditions, curcumin alone was largely ineffective at reducing the
bacterial load not only the drug-resistant, but also drug-susceptible A. baumannii isolates.

Subsequently, the effect of curcumin on the viability of phage vB_AbaSI_1 was investigated. The results
demonstrated that the reductions in phage viability at 100, 200, and 400 ug/mL were not significantly different
from each other. In contrast, a statistically significant reduction in phage viability occurred at the highest
concentration of 600 ug/mL (Fig. S2B). Based on these findings, the 400 ug/mL concentration of curcumin was
selected for subsequent combination experiments with phage vB_AbaSI_1.

Combining curcumin and phage vB_AbaSI_1 enhanced antibacterial activity

Next, phage vB_AbaSI_1 and curcumin were combined and investigated to ascertain if the observed
antibacterial activity could be enhanced. As shown in Fig. 5, no viable MDR-A. baumannii 131 were detected
1-h post-treatment (T1) when treated with curcumin and phages simultaneously at two different MOIs (10
and 100). Similarly, at 3-h post-treatment (T3), no viable MDR-A. baumannii 131 were detected and the effect
was observed not only at MOIs 10 and 100 but also extended to MOIs 1.0 and 0.1 (Fig. 5). In contrast, when
curcumin or phage were administered individually, bacteria growth was observed. This indicates that combining
curcumin with the phage exerted a synergistic efficacy against MDR-A. baumannii 131, outperforming the effect
of either individual treatment.

Next, the antibacterial efficiency of the treatments was extended up to 24 h. As shown in Fig. 6, treatment
with phage and curcumin combination (orange bars) could eliminate A. baumannii 131, with no detectable
bacteria from 1 to 3 h. No significant difference in the killing efficiencies of the three different phage vB_AbaSI_1
concentrations (MOIs 10, 50 and 100) with the extract. In contrast, when only curcumin (Fig. 6A-C, yellow
bars) or only phage (Fig. 6A-C, green bars) were used, the bacterial count was reduced to undetectable levels
only for 1 h, but then rebounded between 2 and 8 h, surpassing the results seen with all phage and curcumin
combinations. This data further supports our earlier observation that the combination of curcumin and phage
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Fig. 5. Combined antibacterial effect of phage vB_AbaSI_1 and curcumin against A. baumannii. The number
of A. baumannii isolate 131 at T1 (1 h) and T3 (3 h) after treatment with curcumin (400 ug/mL) and varying
concentrations of phage vB_AbaSI_1 (MOI 0.01-100; 10%-108 PFU/mL). Statistical significance was considered
when the p-value was less than 0.05 (* P<0.05, ** P<0.01), in comparison with the untreated bacterial control
at each time-point. Undetectable (UD) indicates the bacterial counts fell below detectable levels (1 CFU/mL).
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Fig. 6. The antibacterial activity of curcumin and phage vB_AbaSI_1 combination at 37 °C. Time-kill assay
at MOIs 10 (A), 50 (B), and 100 (C). The number of A. baumannii isolate 131 were measured over 24 h for
A. baumannii treated with curcumin (400 pg/mL) alone, phage vB_AbaSI_1 alone (1 x 107,0.5% 108, 1 x 108
PFU/mL), and a combination of curcumin/phage with either single or double doses. Statistical significance
was considered when the p-value was less than 0.05 (* P<0.05, ** P<0.01), in comparison with the untreated
bacterial control at each time-point. Undetectable (UD) indicates the bacterial counts fell below detectable
levels (1 CFU/mL).

produced a synergistic effect, controlling bacterial growth more effectively than either bio-active component
alone. However, at 24 h post-treatment, the bacterial count rebounded to levels equivalent to the untreated
control (Fig. 6A-C).

To prolong the antibacterial efficacy of the combination treatment beyond 3 h, a second dose of the phage
vB_AbaSI_1/curcumin combination at 1 h was administered in addition to the initial dose. The results showed
that among 3 different MOIs of the phage with curcumin combination, only the combination with MOI 100,
could extend the period of bacterial reduction to undetectable levels from 3 to 5 h (Fig. 6C, purple bars). In
contrast, the lower MOIs (10, and 50) of phage added in the combination treatment did not extend period
of undetectable bacteria, with only suppression of bacterial growth for 3 h was seen (Fig. 6B-C, purple bars).
Notably, the bacterial counts rebounded to levels equivalent to the untreated control at 24 h post-treatment.
Here, combining curcumin (400 pg/mL) with phage vB_AbaSI_1 (108 PFU/mL) could eliminate A. baumannii
131, with no detectable bacteria up to 3 h and up to 5 h when having double dose treatment.
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Temperature affects the synergistic efficacy of combination treatment

Besides efficacy at 37 °C, the antibacterial activity of the curcumin and phage vB_AbaSI_1 combinations were
also tested at room temperature (25 °C). Figure 7A-C (orange bars), showed that no bacterial growth was
detected for all three different MOIs for the combined curcumin/phage single dose treatment. The enhancement
was observed in double dose treatment (administered at 0 and 1 h), the period of undetectable bacteria was
extended from 5 to 6 h for all three conditions (Fig. 7A-C, purple bars).

At the 24 h mark, although A. baumannii was still detectable, the bacterial counts following treatment with
all combinations at room temperature were significantly lower, with a reduction of 3 logs, compared to the
untreated control (Fig. 7A-C, purple bars compared to the grey bars). This indicates that the curcumin and phage
combinations were more effective at reducing bacterial counts at room temperature than at 37 °C. This finding
may have an advantage for the treatment of surface infection where the temperature may be lower than 37 °C.
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Fig. 7. The antibacterial activity of curcumin and phage vB_AbaSI_1 combination at room temperature.
Time-kill assay at MOIs 10 (A), 50 (B), and 100 (C). The number of A. baumannii isolate 131were measured
over 24 h for A. baumannii treated with curcumin (400 pg/mL) alone, phage vB_AbaSI_1 alone (1 x 107,

0.5x 108, 1 x 108 PFU/mL), and a combination of curcumin/phage with either single or double doses. Statistical
significance was considered when the p-value was less than 0.05 (* P<0.05, ** P<0.01, **** P<0.0001), in
comparison with the untreated bacterial control at each time-point. Undetectable (UD) indicates the bacterial
counts fell below detectable levels (1 CFU/mL).
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Phage infection as a key determinant of antibacterial synergistic effects

To explore the synergistic mechanism of curcumin/phage combination as an antibacterial agent against A.
baumannii, two groups of A. baumannii isolates including (1) vB_AbaSI_1-susceptible A. baumannii strains
(131 and DMST43250) and (2) vB_AbaSI_1-resistant A. baumannii strains (90855 and PB571) were treated
with either phage vB_AbaSI_1 or curcumin alone or combined curcumin/phage. The results showed that the
bacterial counts of A. baumannii strain 131 (Fig. 8A) and DMST43250 (Fig. 8B) decreased more significantly
than with either phage or curcumin alone, at both 3-5 h post-treatment indicating a synergistic effect in bacterial
killing with the phage vB_AbaSI_1-susceptible A. baumannii strains. On the contrary, no synergistic effect was
observed in the A. baumannii isolates 90855 (Fig. 8C) and PB571 (Fig. 8D) which could not be infected by
phage vB_AbaSI_1 (vB_AbaSI_1-resistant A. baumannii strains) suggesting that the synergistic mechanism of
curcumin and phage relies heavily on the ability of the phage vB_AbaSI_1 to interact with or infect the bacteria.
The possible mechanism may be due to the initial phage infection which promote the penetration of curcumin
through the peptidoglycan in the bacterial cell wall, thereby enhancing bacterial killing.

Discussion

Phages are viruses which specifically infect bacteria and they are recognized as the earth’s most abundant
biological entities. Not all of the isolated phages are suitable for phage therapy, the suitable ones should be
strictly virulent (also known as lytic phages) that can only access a lytic life cycle. Though not ideal, previous
therapeutic studies have explored temperate phages where strictly lytic ones are not found to provide foundation
to improve their deployment in clinical application®’. Temperate phages are found freely in the environment
but can integrate into bacterial chromosome®. To examine the prophage content of our test host, the MMC
induction assay was employed. This is to enable the identification of a suitable A. baumannii isolate for phage
isolation. This study revealed that a large proportion of A. baumannii isolates (~93%) from Thailand harbored
MMC-inducible prophages, consistent with previous reports indicating that prophages are a common feature
in A. baumannii genomes*’. The incidence observed was significantly higher than the in silico analyses, which
estimate prophages in only ~46% of bacterial genomes*!.

The isolated phage vB_AbaSI_1 has properties that promote its antibacterial activity including the formation
of distinct halo plaques on A. baumannii strain 131, indicating the presence of depolymerase enzymes that can
degrade bacterial capsule polysaccharides (CPS) and exopolysaccharides (EPS), which are essential components
of bacterial biofilms and protective barriers*?. The ability of phages to produce such enzymes is crucial for
efficient bacterial lysis and have been observed in other A. baumannii phages, such as phages vB_AbaM_B9,
AM24, and p54**~*°. Another factor that promotes its potential application in phage therapy is its ability to
remain active at 37 °C, the normal human body temperature, along with its pH stability in acidic and alkaline
conditions (pH 3-7) and (up to pH 11), respectively, favored its suitability for clinical application. Additionally,
phage vB_AbaSI_1 exhibited a short latent period of 30 min and a large burst size of 136 PFU/cell, making it
highly efficient in lysing bacterial cells quickly. This is comparable to other A. baumannii phages, such as Abp9,
which has a similar latent period but a slightly larger burst size?®.

Despite its efficiency, phage vB_AbaSI_1 had a relatively narrow host range, lysing only 23.8% of the A.
baumannii strains tested. Other A. baumannii phages that were found to have a very narrow host range (less
than 30%) such as ¢AB1-9 and $AB11*". However, phage like EAb13 has a broader host range, lysing up to
86.7% of diverse drug-resistant A. baumannii isolates*®. The narrow host range of phage vB_AbaSI_1 may be
attributed to the presence of a vB_AbaSI_1-like prophage in the bacterial host genome, potentially triggering
superinfection exclusion, which blocks infection by closely related phages*. Moreover, a narrow host range can
also result from phage resistance evolving rapidly, especially in high-burden infections with potentially higher
resistant populations®. This evolution can limit the long-term efficacy of single-phage monotherapy. To address
this, phage cocktails targeting multiple bacterial receptors with complementary targets can enhance infection
treatment success®. Another strategy is phage engineering, where receptor-binding proteins are modified to
broaden host range®>.

The presence of integrase genes limits the therapeutic potential of phage vB_AbaSI_1 for therapeutic
application. To overcome the problem, phage engineering to delete integrase will make it therapeutically
acceptable. For instance, a 15-year-old cystic fibrosis patient with disseminated Mycobacterium abscessus
infection experienced significant clinical improvement following treatment with a three-phage cocktail that was
developed through engineering to remove phage repressor gene®. The other possible approach to overcome the
lysogenic property is the use of phage-derived enzymes, such as depolymerases, which have potent bactericidal
activity by degrading bacterial cell walls and biofilms>?. Hence, instead of using whole temperate phage vB_
AbaSI_1, recombinant depolymerases could be combined with curcumin to avoid limitation of temperate phage
application, enhance bacterial killing and minimizing the risk of bacterial resistance.

Previous studies have shown that curcumin can act synergistically with antibiotics to enhance bacterial
killing, especially against drug-resistant strains?®*%. In this study, combination of phage vB_AbaSI_1 and
curcumin exhibited significant synergistic antibacterial effects against A. baumannii strain 131. Complete
bacterial elimination was achieved within 1 h of treatment at 37 °C, and an extended bacteria-free period of
up to 5 h was observed following a double dose of both phage and curcumin, administered at 0 and 1 h. The
similar protocol treatment at room temperature further extended the bacteria-free period up to 6 h. This study
highlighted the synergy of curcumin/phage combination in inhibiting bacterial growth.

The possible mechanism of synergistic effect may result from phage vB_AbaSI_1 facilitating curcumin
penetration into bacterial cells by degrading the bacterial cell wall. This is supported by the observed lack of
synergistic effects in phage-resistant strains, such as A. baumannii strains 90855 and PB571, where the phage
was unable to infect the bacteria and therefore could not enhance curcumin’s efficacy. When phages penetrate
bacterial cell wall, they may facilitate curcumin entry into the cytoplasm, triggering a cascade of antibacterial
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Fig. 8. Comparison of phage/curcumin combination treatment between phage-susceptible and phage-resistant
A. baumannii strains. Phage vB_AbaSI_1-susceptible A. baumannii strains 131 (A) and DMST43250 (B),

were compared with phage vB_AbaSI_1-resistant A. baumannii strains 90855 (C) and PB571 (D) following
treatment with either phage vB_AbaSI_1 alone (MOI 100), curcumin alone (400 pg/mL), or a combination

of both. Viable bacterial counts were measured by colony count with untreated bacteria serving as controls.
Data are presented as mean + standard deviation (SD) from three independent experiments conducted in
triplicate. Statistical significance was considered when the p-value was less than 0.05 (* P<0.05, ** P<0.01, ****
P<0.0001).
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actions. Once inside, curcumin disrupts the bacterial membrane by embedding in the lipid bilayer, leading to
increased permeability, ion leakage, membrane potential loss, and structural damage®”. Simultaneously, curcumin
was reported to inhibit bacterial cell division by binding to the GTP-binding site of the FtsZ protein, preventing
its polymerization into the Z-ring structure®®. Not only structural interference, but curcumin had also been
shown to inhibit quorum sensing, a bacterial communication system, reducing biofilm formation and virulence
factor production as demonstrated in P. aeruginosa®. In Salmonella, curcumin was reported to downregulate
the activity of SPI1 genes involved in Salmonella entry into epithelial cells suggesting its involvement in bacterial
pathogenesis’®.

Furthermore, curcumin can generate reactive oxygen species, causing bacterial cellular damage and
apoptosis®. Additionally, curcumin may also disrupt bacterial metabolic enzymes, such as dipeptidyl peptidases
(DPPs), leading to the inhibition of nucleic acid synthesis and key metabolic pathways, as demonstrated in
Porphyromonas gingivalis®®. These mechanisms, which target multiple essential bacterial processes simultaneously,
promote curcumin a potent antibacterial agent in disrupting bacterial functions and combating infections.

A. baumannii is known for its ability to colonize burn wounds, often leading to systemic infections®!, making
wound treatment extremely difficult. According to the data here, development of an antimicrobial skin gel or
emulsion from the combination of phage vB_AbaSI_1 or the phage lytic enzymes and curcumin will be an
attractive alternative treatment for A. baumannii-infected skin. Including curcumin in the combination will not
only provide antibacterial properties but also provides additional benefits of reducing the inflammatory response
in wounds due to the curcumin’s anti-inflammatory activity?”. This idea was supported by previous study that
curcumin-loaded myristic acid microemulsion with curcumin could inhibited 50% of the Staphylococcus
epidermidis growth on the skin®.

The possible explanations for the regrowth of A. baumannii after 24 h treatment with curcumin-phage vB_
AbaSI_1 combination may arise from several reasons. Firstly, through mutations in bacterial surface receptors
for phage infection or anti-phage defense systems®. Secondly, the unstable nature of curcumin in biological
environments may limit its long-term efficacy. Curcumin is prone to degradation under physiological conditions,
which could reduce its antibacterial activity over time?®. Thus, requiring formulation either alone or with the
phage to enhance optimal stability and delivery. Third, phage vB_AbaSI_1 is a temperate phage, meaning it
can integrate into the bacterial genome and enter a lysogenic cycle, which might limit its bactericidal activity
compared to strictly lytic phages. Lastly, at 24 h post-treatment, A. baumannii may generate biofilm that can
protect bacteria from both phage infection and curcumin penetration. Investigation of these possible causes of
this phenomenon warren further study.

In conclusion, using phage vB_AbaSI_1 as a model, the combination of curcumin with phage generates a
synergistic antibacterial activity effectively reducing bacterial counts to undetectable levels up to 5 h and 6 h
at 37 °C and room temperature, respectively. Although after 24 h, the bacteria rebounded to the same level as
the control at 37 °C, 3 logs reduction was observed at room temperature. Moreover, the study revealed that
the mechanism of synergy depends on the ability of the phage to infect the bacteria. Future studies should
emphasize the use of phage-derived enzymes rather than the whole phage engineering the phage to make it
therapeutically acceptable, and optimizing the combination, dosing, and delivery methods for wound-infected
MDR A. baumannii.

Materials and methods

Biosafety approval

This research project was approved by the Institutional Biosafety Committee-IBC, Faculty of Medicine Siriraj
Hospital, Mahidol University. The approval certificate numbers are SI 2021-006 and SI 2023-028.

Bacterial strains and culture condition

All bacterial isolates used in this study are listed in Table 1. They were cultured in Luria-Bertani (LB) broth
(Criterion™, Hardy Diagnostics, USA) at 37 °C with shaking for 18-24 h. Mid-log phase A. baumannii was
obtained by subculturing 100 pL of overnight culture into 10 mL of fresh LB broth and incubating at 37 °C for
4 h until OD600 ~0.17-0.2 (~ 108 CFU/mL).

Curcumin Preparation

Curcumin (MedChemExpress, USA) extracted from Curcuma longa (CAS No. 458-37-7) was dissolved in 1
mL 100% dimethyl sulfoxide (DMSO) to the concentration of 20 mg/mL. After preparation, the curcumin
suspension was stored in a dark place at a temperature of 2-8 °C and used within 4 weeks. For testing the
antibacterial activity, the final concentration is 400 pg/mL in the culture medium.

Mitomycin-C induction assay

The MMC-induction assay was performed according to Lucidi et al.5%. Essentially, mid-log phase A. baumannii
cultures (~10® CFU/mL) were treated to a final concentration of 1 pg/mL of MMC (Sigma-Aldrich, Missouri,
USA) and further incubated at 37 °C for 4-6 h. Afterwards, the cultures were centrifuged, and the supernatants
were filtered through a 0.45 um filter (GE Healthcare Life Sciences, Marlborough, USA). The filtrates were
then analyzed for the release of infecting prophages using a spot assay against a panel of A. baumannii strains
(Supplementary Table 1). Presence of infecting phages as indicated by the production of clear plaques signify
the potential presence of MMC-inducible prophages within the A. baumannii genome. This is a screening assay
to identify the suitable host strains for phage isolation. However, this assay cannot rule out the possibility that
some bacteria may contain prophages that could not be induced by MMC or the induced prophages could not
infect the bacterial host.
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Sewage collection and phage isolation assay

A total of 100 sewage samples were collected from multiple provinces in the central part of Thailand, including
Bangkok, Pathum Thani, Ayutthaya, Ang Thong, Nonthaburi, and Sing Buri provinces, between May 2021
and August 2023. Samples were collected in sterile bottles and filtered through a 0.45 pm filter (Whatman™,
UK). Each filtrate (approximately 100 mL) was mixed with an equal volume of double concentrate (2X) LB
broth (Criterion™, Hardy Diagnostics, USA) and 500 pL of A. baumannii strain 131 (~ 108 CFU/mL) for phage
enrichment. The mixtures were incubated at 37 °C for 48 h followed by centrifugation and filtration as described
above. The filtrates were subjected to phage isolation using spot test as described below. Individual clear plaques
were selected and purified through at least ten rounds of double agar overlay plaque assays, also described below.
For phage propagation, the double agar overlay plaque assay was conducted using approximately 30 petri dishes
per sample according to previous published paper®.

Spot test

The spot test is a phage screening technique to identify a range of bacterial isolates phages present can lyse®.
Confluent culture of A. baumannii was prepared with 100 pL volume of mid-log phase bacterial culture (103
CFU/mL) mixed with 5 mL of LB broth (Criterion™, Hardy Diagnostics, USA) containing 0.35% w/v agar (Titan
Biotech Ltd, India) (sustained at ~ 55 °C). The mixture of mid-log bacterial culture and LB top agar was poured
onto LB 1% w/v (agar) plates and allowed to set for ~5 min at ambient conditions. Afterwards, 10 uL aliquots of
filtered sample to be tested for phages were applied onto the surface of the prepared bacterial confluent culture
and incubated at 37 °C for 16-18 h. The presence of lysis zones afterwards indicates the possible presence of
infective phages in the sample, which should be further confirmed using the double agar overlay plaque assay.

Double agar overlay plaque assay and phage propagation assay

The double agar overlay plaque assay was performed as previously described®. Briefly, confluent bacterial
culture was prepared as above with 100 uL of the filtered sample before pouring onto LB agar plates. The plates
were incubated overnight and a single clear plaque was picked using sterile pipette tip and transferred to 1 mL
phage buffer (100 mM NaCl, 8 mM MgSO,-7 H,0, 50 mM Tris-HCI, pH 7.5). The mixture was centrifuged at
15,000xg for 15 min and the supernatant was used to repeat the plaque assay. This was repeated five time to
obtain a clonal phage.

To propagate phage for further characterization, the double agar overlay plaque assay was performed on
~ 30 plates per sample. After overnight incubation, phage buffer was added to each plate and incubated at room
temperature for 4 h with shaking at 80 rpm. The lysates were collected, centrifuged, and the supernatant filtered
through a 0.45 pm filter membrane (Whatman™, UK) before centrifugation again at 18,000xg for 30 min at 4 °C.
The phage pellet was then resuspended in phage buffer and stored at 4 °C for further analysis.

Transmission electron microscopy

The morphology of isolated phages was analysed by transmission electron microscopy after negative-staining the
samples®®. The procedure involved fixing the phages (10% PFU/mL) with 2.5% glutaraldehyde in 0.1 M PBS (pH
7.3), followed by staining with 1% uranyl acetate on 200 mesh Formvar-carbon-coated copper grids (Electron
Microscopy Sciences, Hatfield, PA, USA). The phage morphology was captured using a JEM 1400 transmission
electron microscope (JOEL Co., Japan) operating at an accelerating voltage of 80 kV. Phage dimensions were
analyzed using Image]J software (version 1.49), with measurements taken from at least 20 individual phage
particles to ensure accuracy and consistency.

One-step growth curve of phage infection

The phage amplification kinetics was determined using the one-step growth curve procedure®”. To do this, phage
vB_AbaSI_1 was mixed with A. baumannii isolate 131 at an MOI of 0.01, followed by incubation at 37 °C for
15 min. After centrifugation, the bacterial pellet was resuspended in LB broth containing 5 mM CaCl, and
incubated at 37 °C. Samples of 1 mL were collected every 5 min for a total duration of 2 h. The collected samples
were serially diluted and then assessed for the number of viable phages using the double agar overlay plaque
assay described above. The resulting data was used to construct the phage’s one-step growth curve, which helps
determine the latent, log and stationary periods, and the burst size which indicate the number of phages released
from a single bacterial cell.

Phage thermal and pH stability assays

Stability of phages under different pH was determined by incubating the phages (108 PFU/mL) with SM buffer at
pH ranging from 1, 3,5,7,9, 11 and 13. For acidic conditions, HCI was used to adjust the acidic pH, while NaOH
was used for alkaline pH levels. For each condition, 100 uL of phage stock (10° PFU/mL) was added to 900 pL
of the prepared pH buffer solution (to produce a target phage titre of 108 PFU/mL) before being incubated for 0,
6, and 24 h to assess phage stability. For thermal stability assay, phage suspension (10° PFU/mL) was incubated
at 4 °C, room temperature, 37-45 °C for 6, 24, and 48 h. At the indicated time points, phage viability was
determined by spot assay. Remarkably, in pH stability tests, extreme pH can destabilize phages or affect their
binding to bacteria, so a higher bacterial concentration is used compared to temperature stability tests.

Phage genomic DNA extraction

Genomic DNA of phage was extracted by phenol-chloroform-isoamyl alcohol (PCI) extraction protocol with
some modifications®. In brief, purified phage suspension (10® PFU/mL) was mixed with 5 mM of MgCL,, 1 pg/
mL of DNase I, and 20 pg/mL of RNase A (Thermo Fisher Scientific, USA) before being incubated for 30 min
at room temperature. After incubation, 50 ug/mL of proteinase K (Thermo Fisher Scientific, USA), 20 mM of
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EDTA, and 0.5% of SDS were added into the mixture before being incubated at 55 °C for 1 h. Then, the mixture
was subjected to phenol/chloroform/isoamyl alcohol extraction. After centrifugation, the top aqueous layer was
collected for DNA precipitation with 95% ethanol and sodium acetate. After washing with 70% ethanol, phage
genomic DNA pellet was dissolved in nuclease-free water and stored at — 20 °C.

Whole genome sequencing and analysis

The whole genome sequencing and analysis of the isolated phage was performed as previously described®.
Essentially, the genomic DNA library of phage was prepared using the Illumina DNA Library Prep kit (Illumina,
Inc., US) before sequencing using the Illumina MiSeq platform and annotating according to previous report®. To
compare phylogenetic phage proteomes, phage genome sequences were uploaded into ViPTree®. Comparative
genome contents were visualized and compared using Clinker v0.0.25%. Virulence factors and antimicrobial
resistance genes encoded by the phage sequences were extracted using PhageScope”®.

Host range of phages

The host range was determined according as previously described’!. In brief, confluent semi-solid agar cultures
of each of the 131 clinically isolated and standard A. baumannii strains together with other Gram-negative and
Gram-positive bacteria, including K. pneumoniae, P. aeruginosa, E. coli, S. aureus, and Burkholderia thailandensis
were prepared as explained above. A 10 pL droplet of the phage lysate (108 PFU/mL) was applied onto the
bacterial confluent culture and incubated at 37 °C. Lysis zones were classified as clear (complete clearance),
turbid (partial clearance), or none (no lysis). Clear and turbid zones of lysis were confirmed by the double agar
overlay plaque assay.

Antibacterial activity of phage vB_AbaSI_1 against A. baumannii

A. baumannii (107 CFU/mL) was incubated with serial dilutions of phage vB_AbaSI_1 suspension, leading to
final phage concentrations of 105, 10°, 107, and 108 PFU/mL, resulting in MOIs of 0.1, 1, 10, and 100, respectively.
The mixtures were incubated at 37 °C or left at room temperature (~27-30 °C), and viable bacteria were
enumerated at 1, 2, 3, 4, 6, 8, and 24 h on LB agar compared with the initial concentration (0 h). The control
for this experiment consists of A. baumannii cultures treated with the same volume of LB instead of the phage.

Antibacterial activity of curcumin

Six antibiotic-resistant A. baumannii strains (131, E4, 036, B1, B8, D6) and 4 antibiotic-susceptible strains
(91018, 90855, 1084, 510), each with concentration of 10® CFU/mL, were treated with 20 L of curcumin stock
suspension (20 mg/mL) to achieve a final concentration of 400 pg/mL of curcumin (MedChem Express, USA)
in the cultures. A control tube was prepared, consisting of cultures of each bacterial isolate without the addition
of curcumin suspension. All treated cultures were incubated at 37 °C before sampling at the same time points as
above to enumerate A. baumannii present as described above.

Assessment of the effects of curcumin on phage viability

To determine the appropriate concentration of curcumin suspension that can be combined with phages without
affecting their viability, the experiment was performed using a 96-well microtiter plate. Phages (10> PFU/mL)
were mixed with dissolved curcumin suspension to final concentrations of 600, 400, 200, and 100 ug/mL,
respectively. Control wells were treated with DMSO alone. The plates were incubated at 37 °C for 3 and 24 h.
Viable phages were 10-fold serially diluted and enumerated by spot assay.

Antibacterial activity of phage and curcumin combination treatment

The cultures of A. baumannii isolate 131 at a concentration of 1 x 10¢ CFU/mL were treated with (i) phage alone
at concentrations of 1x10% 1x10% 1x105, 1x107, 0.5x 108, and 1x10® PFU/mL (corresponding to MOIs of
0.01, 0.1, 1, 10, 50, and 100, respectively), (ii) curcumin suspension alone at 400 pg/mL, (iii) a single dose of
both phage (1x10% 1x10°% 1x10° 1x 107, 0.5x 108, and 1 x 108 PFU/mL) and curcumin suspension (400 pg/
mL) simultaneously, and (iv) a double dose of both phage and curcumin suspension, administered at 0 and
1 h. A control treatment consisted of cultures of A. baumannii isolate 131 in LB broth. All treated cultures were
incubated at either room temperature (25 °C) or 37 °C. At the indicated time points (1, 2, 3, 5, 6, 8, and 24 h)
post-treatment, 1 mL of the cultures were sampled and viable bacteria and phages were enumerated as above
compared with the initial number of bacteria (0 h).

Statistical analysis

Each experiment was performed in triplicate and the data analyzed using GraphPad Prism software and
presented as mean + standard deviation (mean + SD). The Student’s ¢-test was used to compare means between
treated and untreated groups, while one-way analysis of variance (ANOVA) was used to compare means across
three or more groups. Statistical significance was considered when the p-value was less than 0.05 (* P<0.05, **
P<0.01, *** P<0.001, **** P<0.0001, ns; not significant). Independent experiments were repeated three times.

Data availability
Whole genome sequence of vB_AbaSI_1 was deposited in the GenBank database under accession number
PP359530 (https://www.ncbi.nlm.nih.gov/nuccore/PP359530).
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