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Abstract Background: Acinetobacter nosocomialis (A. nosocomialis) is a glucose non-
fermentative, gram-negative bacillus that belongs to the Acinetobacter calcoaceticus-bau-
mannii complex. In recent years, studies have found an increased clinical prevalence of A. no-
socomialis. However, given the increasing trend of antibiotic resistance, developing new
antibacterial agents is vital. Currently, research regarding bacteriophage therapy against A.
nosocomialis is only limited.
Methods: Two A. nosocomialis bacteriophages, TCUAN1 and TCUAN2, were isolated from
sewage. Experiments such as transmission electron microscopy (TEM), host-range analysis,
and sequencing were performed to determine their biological and genomic characteristics.
TCUAN2 were further subjected to in vivo experiments and their derived-endolysin were
cloned and tested against their bacteria host.
Results: Transmission electron microscopy revealed that TCUAN1 and TCUAN2 belong to Myo-
viridae and Podoviridae, respectively. Both phages show a broad host spectrum and rapid
adsorption efficiency. Further biological analysis showed that TCUAN2 possesses a shorter
latent period and larger burst size compared to TCUAN1. Because TCUAN2 showed a better
antibacterial activity, it was injected into A. nosocomialis-infected mice which resulted in a
of Biochemistry, School of Medicine, Tzu Chi University, No. 701, Zhongyang Rd., Sec 3, Hualien 970,

of Laboratory Medicine and Biotechnology, Tzu Chi University, No. 701, Zhongyang Rd., Sec 3, Hualien

.edu.tw (S.-Y. Peng), kaichih@mail.tcu.edu.tw (K.-C. Chang).

7.012
ociety of Microbiology. Published by Elsevier Taiwan LLC. This is an open access article under the CC
mons.org/licenses/by-nc-nd/4.0/).

mailto:pengsy@mail.tcu.edu.tw
mailto:kaichih@mail.tcu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmii.2023.07.012&domain=pdf
https://doi.org/10.1016/j.jmii.2023.07.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/16841182
http://www.e-jmii.com
https://doi.org/10.1016/j.jmii.2023.07.012
https://doi.org/10.1016/j.jmii.2023.07.012


Journal of Microbiology, Immunology and Infection 56 (2023) 1026e1035
significant decrease in bacterial load levels in the blood and increased the mice’s survival.
Finally, genomic analysis revealed that the complete nucleotide sequence of TCUAN1 is 49,
691 bps (containing 75 open reading frames) with a G þ C content of 39.3%; whereas the com-
plete nucleotide sequence of TCUAN2 is 41, 815 bps (containing 68 open reading frames) with a
G þ C content of 39.1%. The endolysin gene cloned and purified from TCUAN2 also showed anti-
bacterial activity when used with a chelator EDTA.
Copyright ª 2023, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Acinetobacter nosocomialis (A. nosocomialis) is a glucose
non-fermenting and non-motile gram-negative coccoba-
cillus.1 Although ubiquitous in the natural environment, it
can also be an opportunistic pathogen to immunocompro-
mised patients, causing pneumonia, wound infections, and
septicemia.2,3 Therefore, A. nosocomialis is known as a
pathogenic member of the Acinetobacter calcoaceticus-
baumannii complex.4e6 Before the development of
advanced diagnostic techniques, Acinetobacter baumannii
was identified as the bacteria responsible for most noso-
comial infections.7,8 Yet, more recent evidence suggest
that A. nosocomialis is also frequently isolated in the
clinical setting.9e11 Together, A. baumannii and A. noso-
comialis account for more than 80% of all Acinetobacter
infections in Taiwan.11,12

Currently, the most commonly used agents for Acine-
tobacter infections include carbapenems, polymyxins,
sulbactam, tigecycline, and aminoglycosides.13,14 Howev-
er, Acinetobacter usually presents resistance to
multiple antibacterial agents (multidrug-resistant or
pandrug-resistant). Several studies have reported
clinical isolation of multi-drug-resistant Acinetobacter,
with carbapenem resistance in a growing trend.15e18

Given the increasing crisis of multidrug resistance,
developing new alternative agents against Acinetobacter
is imperative.

Bacteriophage therapy is one of the most promising
antibacterial agents in recent years.19e22 Bacteriophages
specifically target the bacterial host with only minimal
impact on the normal microbial flora.23,24 Furthermore,
unlike chemical antibiotics, bacteriophages were derived
from the natural environment, therefore, they have a
relatively low environmental impact.25,26 More impor-
tantly, bacteriophages were effective against multidrug-
resistant bacteria both in vivo and in vitro.27,28 Bacte-
riophage therapy has also been clinically applied to
humans in treating gas gangrene,29 bacterial dys-
entery,30e32 and multi-drug-resistant A. baumannii
infection.19

Many attempts have been made to find A. baumannii
bacteriophages, but only limited evidence was addressed in
finding bacteriophages against A. nosocomialis. Therefore,
this study will aim to isolate and characterize bacterio-
phages against A. nosocomialis.
1027
Materials and methods

Bacterial strains and culture conditions

Thirty-three A. nosocomialis clinical isolates and ten A.
baumannii clinical isolates were collected from Hualien Tzu
Chi Hospital, Hualien, Taiwan. The A. baumannii reference
strain ATCC 17978 was obtained from Bioresource Collec-
tion and Research Center (BCRC), Hsinchu, Taiwan. All
clinical isolates were confirmed as A. nosocomialis or A.
baumannii by matrix-assisted laser desorption ionization-
time of flight (MALDI-TOF) and are multidrug resistant.
The sources of the bacteria strain used in this study are
listed in Supplementary Table 1. All bacterial cultures were
grown on Luria Bertani (LB) broth or LB agar at 37 �C.

Bacteriophage isolation and propagation

Sewage samples were collected from Hualien Sewage
Treatment Plant, Hualien, Taiwan, and Hualien Tzu Chi
Hospital, Hualien, Taiwan. The sewage samples were
centrifuged at 10,000�g for 10 min, and the supernatants
were passed through a filter with a 0.45 mm pore size. To
enrich the phage, a 1-mL culture of A. nosocomialis strains
(mixture of different strains; OD600 Z 1.0) was inoculated
with 40 mL of sewage filtrate and incubated at 37 �C for
18 h. The mixtures were centrifuged at 10,000�g for 10 min
and filtered through 0.45 mm filters to remove residual
bacterial cells. Subsequently, phages were identified by the
double-layer agar method which was incubated at 25 �C.
After confirming the presence of plaque on the agar, a
single plaque was picked using a sterile pipette tip and
inoculated in a new culture. The procedure was repeated
several times for bacteriophage purification. Purified
phages were then stored at 4 �C or �80 �C in 30% (v/v)
glycerol until further experiments.

Based on the double-layer agar analysis, YPL18 and
TCH_Bab001_050 were chosen as the most suitable host
bacteria for TCUAN1 and TCUAN2, showing the best infec-
tion efficiency for the phages.

Host range determination

The host range was determined by the spot method and
confirmed with the double-layer agar method on the A.
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nosocomialis and A. baumannii strains listed in
Supplementary Table 1. The spot method was done by
spreading the bacteria on the LB agar with a sterile cotton
swab, followed by spotting 10 mL phage lysate (109 PFU/mL)
onto the bacterial lawns. The presence of lytic zone (pla-
que) was observed after incubating the agar at 25 �C
overnight. A double-layer agar method was performed by
mixing 100 mL of A. nosocomialis (in the log phase), 1 mL
serially diluted phage lysates, and 5 mL 0.6% LB soft agar
medium together. The mixture was then overlaid onto the
1.2% LB agar. The plates were incubated at 25 �C overnight
and observed for the presence of plaque.
Transmission electron microscopy (TEM) analysis

Phage lysate (109 PFU/mL) was placed on a freshly pre-
pared formvar-coated grid (200 mesh copper grids), fol-
lowed by negative staining with 2% uranyl acetate. The
morphology of bacteriophages was observed with a Hitachi
H-7500 transmission electron microscope (Hitachi Com-
pany, Japan) at an acceleration voltage of 80 kV.
Determination of phage multiplicity of infection
(MOI)

To determine the multiplicity of infection (MOI), the host
strain was grown in LB broth until it reached the early log
phase (OD600 Z 0.5). The phages were added at different
MOI from 0.0001 to 100, and the mixtures were incubated
at 37 �C for 3 h. After centrifugation at 10,000�g for
10 min, the supernatants were serially diluted, and the
phage titer was determined by the double-layer agar
method.
Adsorption assay

After the bacteria reached OD600 Z 1, it was mixed with the
phage suspension to achieve MOIZ 0.01 in the total volume
of 20 mL. The mixtures were then incubated at 37 �C, and
1 mL samples were taken every 2 min for a total of 10 min.
The samples were centrifuged at 10,000�g for 5 min, fol-
lowed by a serial dilution of the supernatant. After that,
the un-adsorbed phages were determined by the double-
layer agar method.
One-step growth curve assay

To determine the latent period and the burst period of the
isolated phages, 3 mL of bacterial culture (OD600 Z 1) was
mixed with phage (MOI Z 0.01). The samples were incu-
bated at 4 �C for 10 min to facilitate adsorption. The
mixture was then centrifuged, resuspended in 30 mL phage
buffer (10 mM TriseHCl, 10 mM MgSO4, 68.5 mM NaCl, 1 mM
CaCl2, pH 7.5), and incubated at 25 �C. A 1 mL sample was
taken every 10 min, serially diluted, and plated by the
double-layer agar method.
1028
Infection assay

Once the bacteria reached OD600 Z 0.5, phages at different
MOI (from 0.0001 to 10) were added and incubated at 37 �C.
Bacteria growth was monitored over time by measuring
OD600 at a 30 min interval for the first 4 h, followed by 1 h
interval for 4 h.

Genome sequencing and bioinformatic analysis

Total genomic DNA of bacteriophages was extracted as
described previously.33 Whole-genome sequencing of the
phage DNA was performed using the Oxford Nanopore
MinION Mk1C (Oxford, United Kingdom). Prediction of all
open reading frames (ORFs) was done by Prodigal, and
annotation of predicted ORFs was carried out by the Basic
Local Alignment Search Tool (BLAST). The sequence data
and annotation information of phage TCUAN1 and TCUAN2
were deposited at GenBank under accession numbers
ON531988 and ON531987, respectively.

Phage therapy against A. nosocomialis infection in
mice

Twelve five-week-old male BALB/c mice (National Labora-
tory Animal Center, Taipei, Taiwan) were randomly divided
into two groups, each containing six mice. All mice were
first intraperitoneally infected with 109 CFU/mL A. noso-
comialis suspended in sterile saline. Ten minutes later the
mice were intraperitoneally injected with 150 mL sterile
saline or 150 mL TCUAN2 suspension (containing 1010 PFU/
mL). Blood was drawn from the tail vein of mice 3 h after
phage injection. The collected blood was evenly smeared
on LB agar and incubated at 37 �C for 18 h. The number of
bacterial colonies was counted. All protocols involving an-
imals were approved by the Institutional Animal Care and
Use Committees (IACUC) of Tzu Chi University (No. 107083).

Cloning, expression, and purification of LysAN2

The ORF_61 (LysAN2) was predicted to encode an endolysin
protein in TCUAN2. This region was amplified by PCR with
primer specific for ORF_61: LysAN2-Fp (50-GGATCC GTG
GAG AAA TCT ACT GAG T-30) and LysAN2-Rp (50-GTCGACC-
TAGTGCCT TTCGG-30). The amplified products were ligated
into a pGEM-T easy vector (Promega, WI, USA). The re-
combinant DNA was then digested with EcoRI (New
England Biolabs, MA, USA) and cloned into the pET-30a
expression vector (Novagen, WI, USA). The resulting
construct pET30a-lysAN2, after being confirmed by DNA
sequencing, was transformed into competent Escherichia
coli BL21 (DE3) for protein expression. E. coli BL21 (DE3)
harboring the pET30b-lysAN2 were inoculated into LB broth
containing 50 mg/mL kanamycin and incubated at 37 �C
until an OD600 Z 0.6 was reached. The protein expression
was induced by adding 0.1 mM isopropyl-b-D-1-
thiogalactopyranoside (IPTG) followed by incubation at
37 �C for 3 h. Cultures were centrifuged at 10,000�g for
10 min. The remaining pellets were resuspended in 3 mL of



Journal of Microbiology, Immunology and Infection 56 (2023) 1026e1035
lysis-equilibration-wash (LEW) buffer (50 mM NaH2PO4,
300 mM NaCl, pH 8.0), lysed by sonication, and centrifuged
at 10,000�g for 10 min to remove cellular debris. The su-
pernatant lysate was purified by a Protino Ni-TED column
(MACHEREY-NAGEL, Düren, Germany). The eluted protein
was confirmed on a 12% SDS-PAGE and the concentration
was determined by Bradford assay.

Antibacterial activity of LysAN2

The antibacterial activity of LysAN2 was examined by
calculating bacterial survival as described previously.34

Briefly, A. baumannii or A. nosocomialis were grown
overnight in a 10 mL LB medium to reach their stationary
phase. Two-hundred microliter of the overnight culture
was inoculated into a 10 mL LB medium, allowing the
bacteria to grow for 4 h to exponential phase. Bacteria
from the exponential phase cultures were washed and
resuspended in sterile water to create bacterial cultures
at a density of OD600 Z 1. One-hundred microliter (con-
taining 2 � 106 CFU/mL) culture was added into an
Eppendorf. Subsequently, 100 mL of sterile water, each
singly and in combination, containing 0.5 mM EDTA,
200 mg/mL LysAN2, or 200 mg/mL lysozyme were added
into the same Eppendorf tube. One hour later the bacteria
were plated on LB agar and their CFUs were determined.
The CFUs in the treated groups were normalized to the
CFUs in the control group.

Results

Isolation of bacteriophages and their morphologic
characteristics

Using 33 clinical isolates of A. nosocomialis, two bacterio-
phages were isolated from the sewage. These two phages
were named TCUAN1 and TCUAN2, respectively. Both
phages produce similar plaques with a turbid halo (Fig. 1A).
Transmission electron microscopy (TEM) analysis revealed
that both TCUAN1 and TCUAN2 possess an icosahedron head
with a diameter of 91.0 � 15.6 nm and 79.0 � 8.2 nm,
respectively. TCUAN1 also possesses a long tail of about
120.0 � 7.9 nm, whereas TCUAN2 includes only a short tail
of about 8.0 � 4.5 nm. Therefore, according to the
appearance of the phages, TCUAN1 may belong to Myovir-
idae while TCUAN2 to Podoviridae (Fig. 1B).

Host range analysis showed that TCUAN1 could infect
nine out of 33 clinical isolates of multidrug resistant A.
nosocomialis. In contrast, TCUAN2 could infect eight out of
33 multi-drug-resistant A. nosocomialis and three clinical
isolates of multi-drug-resistant A. baumannii (Fig. 1C).

Biological characterization of TCUAN1 and TCUAN2

To study the optimal multiplicity of infection (MOI),
TCUAN1 was tested against their host from MOI Z 0.01 to
MOI Z 100, and TCUAN2 was tested from MOI Z 0.0001 to
MOI Z 1. The results showed that the optimal MOI for
TCUAN1 was MOI Z 10 (Fig. 2A) and TCUAN2 was
MOI Z 0.01 (Fig. 2B); both could yield a phage titer of
1029
about 1010 PFU/mL. To investigate the adsorption rate of
TCUAN1 and TCUAN2, the phages were infected with their
host strains at an MOI of 0.01. The results showed that both
TCUAN1 and TCUAN2 possess rapid adsorption efficiency,
with more than 90% of phages being absorbed into their
host strains within 4 min. The adsorption rate for both
phages was more than 98% (Fig. 2C and D). By infecting the
phages with their host strains, the growth curve showed
that the latent period of TCUAN1 and TCUAN2 was about
30 min and 5 min, respectively. TCUAN1 could release
about 47 phage particles per infected bacterial cell, while
TCUAN2 could release about 64 phage particles per infected
cell (Fig. 2E and F). In TCUAN1 and TCUAN2, the burst size
went down steeply after 50 min and 10 min, which may be
because the phage is again reabsorbed into the bacterial
cells and ready for another round of bursts (Fig. 2E and F).

Infection ability of TCUAN1 and TCUAN2

To investigate the ability of TCUAN1 and TCUAN2 to inhibit
bacterial growth, the two phages were infected with their
host at different MOIs. The results suggested that TCUAN1
showed a relatively weak inhibitory effect and could only
temporarily inhibit bacterial growth (Fig. 3A). On the other
hand, TCUAN2 has a significantly better infection ability
compared to TCUAN1. An MOI as low as 0.0001 can still
effectively inhibit bacteria growth, which persists for
480 min (Fig. 3B).

Genome analysis of TCUAN1 and TCUAN2

Whole-genome sequence analysis of TCUAN1 and TCUAN2
was performed using the Oxford Nanopore MinION Mk1C
(Oxford, United Kingdom). The genome of TCUAN1 contains
49,691 bp with a G þ C content of 39.3%; whereas the
TCUAN2 genome contains 41,815 bp with a G þ C content of
39.1%. Annotation of the ORF showed that TCUAN1 and
TCUAN2 contain 75 and 68 predicted ORFs, respectively
(Fig. 4A and B; Supplementary Tables 2 and 3). Of the 75
predicted ORFs in TCUAN1, 22 ORFs were predicted as
functional proteins while 53 ORFs were hypothetical pro-
teins (Fig. 4A; Supplementary Table 2). For TCUAN2, 41
ORFs were predicted as functional proteins and 27 ORFs as
hypothetical proteins (Fig. 4B; Supplementary Table 3).
Based on BLASTn alignments, TCUAN1 was found to share
93% sequence similarity with an A. baumannii phage
AB11510-phi (GenBank: MT361972.1) but with only 12%
query coverage. On the other hand, TCUAN2 revealed a
high degree of sequence identity between the two reported
A. baumannii phages, phiAB1 (GenBank: HQ186308.1) and
phiAB6 (GenBank: KT339321.1), with a 95.8% and 95.7%
sequence similarity and a query coverage of more than 88%.

In vivo phage therapy in antibiotic-resistant A.
nosocomialis infected-mice

TCUAN2 showed better infection ability to the host than
TCUAN1. TCUAN2 also presented a broader host range,
infecting both A. nosocomialis and A. baumannii. There-
fore, TCUAN2 was chosen to analyze its effectiveness in the
treatment of A. nosocomialis-infected mice. The results



Figure 1. Virion morphology and host range of TCUAN1 and TCUAN2. (A) Representative images of phage morphology identified
by the double-layer agar. Both phages produce similar plaques with a turbid halo. (B) Representative transmission electron
microscopic (TEM) image of the phages. TCUAN1 possesses an icosahedron head and a thick and long tail, whereas TCUAN2 pos-
sesses an icosahedron head and a short tail. The scale bar indicates 100 mm. (C) The host range of TCUAN1 and TCUAN2. White cells
represent no lysis to the bacterial host and black cells represent lysis to the bacterial host.
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showed that the bacterial count in the blood of the non-
treated group was 30 � 104 CFU/mL; while the bacterial
count in the treatment group was 1000 times less than the
non-treated group, giving an average bacterial count of
300 CFU/mL (Fig. 5A). In addition, TCUAN2 significantly
increase the mice’s survival (Fig. 5B). These results there-
fore suggested that TCUAN2 may be beneficial to use as a
therapeutic against infection of antibiotic-resistant A.
nosocomialis.
Antibacterial activity of the putative endolysin
LysAN2

As the antibacterial activity may be related to the bacte-
riophage’s endolysin,35 we next investigate whether the
endolysin cloned from TCUAN2 may possess the expected
1030
antibacterial activity. ORF_61 in TCUAN2 was predicted to
encode an endolysin protein (Supplementary Table 3). The
endolysin cloned and purified from TCUAN2 was named
LysAN2. Antibacterial activity of LysAN2 (at a concentration
of 200 ug/mL was tested against the host of TCUAN2,
TCH_B001_050, and an A. baumannii strain, ATCC17978.
While lysozyme was used as a positive control, EDTA was
used as a chelator, which can disrupt the bacterial mem-
brane and facilitate the effect of endolysin.35,36 Interest-
ingly, the sole use of LysAN2 induced a higher survival of A.
nosocomialis (Fig. 6A); whereas it inhibited the survival of
A. baumannii (Fig. 6B). Yet, combination of LysAN2 and
EDTA inhibited the survival of both A. nosocomialis and A.
baumannii. The increased bacterial survival by LysAN2 was
further confirmed by measuring the OD600 value of a
growing TCH_B001_050 broth (Supplementary Fig. 1A).
Furthermore, the induction of bacteria growth was also



Figure 2. Biological characteristics of TCUAN1 and TCUAN2. The optimal multiplicity of infection (MOI) of (A) TCUAN1 and (B)
TCUAN2 was determined by infecting the phage with its host. Adsorption curve of (C) TCUAN1 and (D) TCUAN2 to their bacterial
host at MOI Z 0.01. The percentage of unabsorbed phages was calculated by dividing the phage titer in the supernatant by that in
the initial phage stock. One-step growth curve of (E) TCUAN1 and (F) TCUAN2.

Journal of Microbiology, Immunology and Infection 56 (2023) 1026e1035
observed in other A. nosocomialis strains (Supplementary
Fig. 1B), suggesting that our observation was not a
coincidence.
Discussion

Prior to the development of advanced molecular tech-
niques, many Acinetobacter species with phenotypic
1031
characteristics similar to A. baumannii had been mis-
identified.9 Recent evidence found that A. nosocomialis, in
addition to A. baumannii, was also the pathogen that led to
human infections.8 Given the upward trend of drug-
resistant Acinetobacter, phage therapy may be considered
one of the promising antibacterial agents.11,15,17

In the present study, we successfully isolated two A.
nosocomialis phages from sewage, which were designated
as TCUAN1 and TCUAN2. TEM analysis indicated that



Figure 3. Infection assay of TCUAN1 and TCUAN2. Infection assay of (A) TCUAN1 and (B) TCUAN2. TCUAN2 showed a better host
growth inhibitory ability compared to TCUAN1.

Figure 4. Genomic organization of TCUAN1 and TCUAN2. (A) TCUAN1 contains 49,691 bps and 75 predicted open reading frames
(ORFs). (B) TCUAN2 contains 41,815 bps and 68 predicted ORFs. ORFs coding for structural proteins are marked in red; DNA
packaging proteins are marked in blue; lytic proteins are marked in green; proteins involved in DNA replication are marked in
magenta; hypothetical proteins are marked in grey. The figure was generated using the SnapGene program, http://www.snapgene.
com (accessed on 26 June 2022).
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TCUAN1 belongs to Myoviridae and TCUAN2 belongs to
Podoviridae. Further phylogenetic analysis from the
genome sequence of DNA polymerase confirmed that
TCUAN2 belongs to Podoviridae (Supplementary Fig. 2).
However, because of the lack of information on the DNA
polymerase genome in TCUAN1 (Supplementary Table 2),
phylogenetic analysis was done using other predicted ORF
such as endolysin or tail protein; the results showed simi-
larity to Actinobacter genome but, when restricted to only
Myoviridae, only one possible Actinobacter phage genome
(GenBank accession number: YP_009289791.1; data not
shown). Because TCUAN1 was the first bacteriophage
discovered that is highly selective to A. nosocomialis
(Fig. 1C), knowledge regarding this phage is far from com-
plete, as many discovered Actinobacter phages were
identified as A. baumannii phages. On the other hand,
1032
TCUAN2 had a border host range than TCUAN1 and can
infect some strains of A. baumannii (Fig. 1C). Although both
TCUAN1 and TCUAN2 showed rapid adsorption efficiency,
TCUAN2 had a better infection ability than TCUAN1.

Further research revealed that TCUAN2 is morphologically
similar to Petty (GenBank accession number KF669656.1),
another bacteriophage that can infect A. nosocomialis,
which both of them belong to Podoviridae and form plaques
with a translucent halo.37 However, Petty had a longer latent
period and larger burst size (240 PFU/infected cell)37 while
TCUAN2 had a shorter latent period but smaller burst size
(64 PFU/infected cells). Studies have reported that the
growth and replication of phages with a long latent period
can be time-consuming and inefficient, whereas phages with
a short latency may replicate more quickly and can effec-
tively release progeny phages.38 Since TCUAN1 has a long
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Figure 5. TCUAN2 decrease bacterial load in A. nosocomialis-infected mice. Bacterial load of A. nosocomialis in the blood of A.
nosocomialis-infected mice. The mice were intraperitoneally injected with 109 CFU/mL A. nosocomialis. Ten minutes later, the
mice were intraperitoneally injected with 150 mL sterile saline (control group) or 1010 PFU/mL TCUAN2. Blood was drawn from the
tail vein of mice 3 h post-phage injection. The collected blood was evenly smeared on LB agar and incubated at 37 �C for 18 h.
Significance determined by t-test. (A) The CFU of bacteria in the blood. (B) Survival difference was observed between the two
groups. Significance was determined by log-rank test.

Figure 6. Putative endolysin LysAN2 processes an antibacterial activity against A. nosocomialis and A. baumannii. Bacterial
survival after LysAN2 treatment on (A) A. nosocomialis and (B) A. baumannii. *p < 0.05; **p < 0.01; and ****p < 0.0001. Significance
determined by one-way ANOVA.
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latent period and smaller burst size than TCUAN2, it may be
the reason for its slower infection ability.

The therapeutic effect of TCUAN2 was next investigated
on multidrug-resistant A. nosocomialis-infected mice.
TCUAN2 effectively reduces the number of bacteria in the
blood and increases the mice’s survival (Fig. 5). Herein, our
findings demonstrated the potential of phage therapy as an
additional tool to antibiotic treatments, given the growing
1033
antibiotic resistance. Furthermore, the combined use of
TCUAN2 with current antibiotics on antibiotic-sensitive
strains may reduce the emergence of phage-resistant and
antibiotic-resistant strains, which could serve as a contin-
uous incentive for future studies.

Bacteriophage-derived endolysin is considered to be
another alternative for the treatment of bacterial
infections.39e42 Our results suggested that LysAN2
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combined with EDTA showed suitable bactericidal activ-
ities against A. nosocomialis and A. baumannii. However,
the sole use of LysAN2 can only inhibit the growth of A.
baumannii but not A. nosocomialis. This can be explained
by the partial hydrolytic activity of LysAN2 against the
peptidoglycan of the bacterial cell wall, thereby
enhancing bacterial fission, as normal bacterial replication
requires autolysis of the bacterial cell wall.43 The use of
EDTA can disrupt the bacterial membrane,35 which syn-
ergizes the activity of LysAN2, leading to bacterial death.
This result, however, suggests that the safety of the use of
bacteriophages-derived endolysin may need to be
considered in the future. Yet, combining endolysin with
other antibiotics or drugs may be useful to overcome this
safety issue.

Nevertheless, TCUAN2 and their endolysin products, in
addition to A. nosocomialis, are also effective in killing
some strains of the A. baumannii (Figs. 1C and 6B), this may
therefore as well show promise in treating A. baumannii
infections.

In conclusion, our study represents two new bacterio-
phages against A. nosocomialis, TCUAN1 and TCUAN2. Our
in vitro and in vivo results are encouraging that TCUAN2 or
their derived products may be a promising therapeutic
option against multidrug-resistant A. nosocomialis.
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