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Abstract: [Objective] Pseudomonas aeruginosa is a major Gram-negative pathogen that can
exacerbate lung infections in the patients with cystic fibrosis, which can ultimately lead to death.
The emerging multi-drug resistant and pan-drug resistant strains pose challenges to the prevention
and control of P. aeruginosa infection. [Methods] A phage capable of lysing multi-drug resistant
P. aeruginosa was isolated from farm sewage. The morphological characteristics, biological
characteristics, host range, genomic features, and in vitro inhibitory ability of the isolate were
studied. The biofilm inhibition test was conducted with both the phage and antibiotics. [Results]
The phage PH826 was identified to be a member of the genus Nankokuvirus and it can keep
stability within a wide temperature range from 4 °C to 60 °C and pH range (pH 3.0-11.0). The
host range test showed that PH826 could lyse 13 P. aeruginosa strains from human and animals.
The antibacterial test in vitro showed that PH826 was strongly lytic against P. aeruginosa at
multiplicity of infection (MOI) of 10, 1, and 0.1. The genome of PH826 was 87 956 bp in length,
with the G+C content of 54.70%, encoding 165 open reading frames (ORFs) including an
endolysin gene. The combination of PH826 at 1xMIC (minimum inhibitory concentration, MIC),
2xMIC, or 4xMIC and ciprofloxacin reduced biofilm formation by more than 80% at the time
points of 24 h and 48 h. The combination of PH826 at 2xMIC or 4xMIC and meropenem reduced
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biofilm formation by more than 80% at the time points of 24 h and 48 h. [Conclusion] PH826
may be a potential disinfectant and therapeutic agent that can be used alone or in combination
with antibiotics for the prevention and treatment of pathogenic P. aeruginosa.

Keywords: bacteriophage; Pseudomonas aeruginosa; biofilm; multi-drug resistance; antibiotics
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Figure 1
PH826 phage plaques on double plate.
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Morphological images of PH826. A: Transmission electron micrograph of phage PH826. B:
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#* 1 IKE PH826 BITEEIT
Table 1 Information of phage host range evaluation of PH826

Bacteria Species Source Sample Isolated years Plaques
PA002 P. aeruginosa Human Phlegm NA -
PA003 P. aeruginosa Human NA NA ++
PA004 P. aeruginosa Human Phlegm 2017 -
PAO005 P. aeruginosa Human Airway secretion 2017 ++
PA006 P. aeruginosa Human Phlegm 2017 ++
PA007 P. aeruginosa Human Phlegm 2017 -
PAO11 P. aeruginosa Human Airway secretion 2016 -
PAOI2 P. aeruginosa Human Phlegm 2016 ++
PAO13 P. aeruginosa Human Airway secretion 2016 ++
PAO21 P. aeruginosa Human NA 2019 ++
PA022 P. aeruginosa Human NA 2020 -
PA023 P. aeruginosa Human NA 2020 +
PA024 P. aeruginosa Human NA 2020 ++
PA034 P. aeruginosa Marten Phlegm 2013.7 +
PAO035 P. aeruginosa Marten NA 2013.7 -
PA036 P. aeruginosa Marten Lung 2013.7 -
PA037 P. aeruginosa Marten Fodder NA -
PA038 P. aeruginosa Marten Internal organs 2013.7 -
PA039 P. aeruginosa Human Internal organs 2011.4 ++
PA040 P. aeruginosa Human Phlegm 2011.4 ++
PA041 P. aeruginosa Human Phlegm 2011.4 -
PA042 P. aeruginosa Duck Phlegm 2019.7 -
PA043 P. aeruginosa Bovine NA 2021.7 -
PA0O44 P. aeruginosa Bovine NA 2022.6 ++
PA045 P. aeruginosa Bovine NA 2020.8 -
PA046 P. aeruginosa Bovine NA 2020.8 -
PA0438 P. aeruginosa Bovine NA 2020.9 ++
PA049 P. aeruginosa Bovine NA 2020.9 -
PA91 P. aeruginosa Human Airway secretion 2019.1 -
PA92 P. aeruginosa Human Airway secretion 2019.2 -
PA93 P. aeruginosa Human Airway secretion 2019.2 -
PA94 P. aeruginosa Human Blood 2019.2 -
PA95 P. aeruginosa Human Phlegm 2019.2 -
AB4 A. baumannii Human Blood 2020.12 -
AB6 A. baumannii Human Phlegm 2021 -
EC918 E. coli Human NA 2021.10 -
EC920 E. coli Human NA 2021.10 -
KP55 K. pneumoniae Human NA NA -
KP66 K. pneumoniae Human NA NA -

++: Clear cleavage spot; +: Turbid cleavage spot; —: No cleavage; NA: No cleavage.
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Figure 2 One-step growth curve test of PH826
was carried out at MOI of 0.1. Data represent the
mean+SEM of three independent replicates.

#z 2 A[E MOI T PH826 ;K E KM E
Table 2 Determination of the concentration of
PHS826 under different MOI

Concentration of Concentration of MOI Titers of
host bacterial phage (PFU/mL) phage
(CFU/mL)

1.5x10° 1.5x10° 10 1.170x10"°
1.5x10® 1.5x108 1 1.440x10'°
1.5x10° 1.5x107 0.1 1.520x10"°
1.5x108 1.5x10° 0.01 1.255x10"
1.5x10° 1.5x10° 0.001  1.605x10'°

2.7 ¥4 EF PHS26 MK KBk F X PA003
RN 1E A

M4 CLSI brifE, PA0O3 XfE % Bimg . RN
T BLRIBTK R AL US . 5l BT AE AR
A ZRHME R AL ) 8 Fhiid Z X PA003
) MIC 255854 BT T FE(R 3).
2.8 EME-HEYHENEEER

H4iE PA0O3 M2y BRI AE R, 8T 3 Fh
X PAOO3 UM BTAE R . NV A . £ B
BT A, SR PHS26 B FH 06 A ¥ 1k
JEE ) A 4G o AR A CLSI i, H MIC 230510 0.5,
2, 16 pg/mL.
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Figure 3 Stability tests of PH826. A: Thermal
stability. Phage particles were incubated at various
temperatures for 1 h. B: pH stability. Phage particles
were incubated under different pH conditions for 1 h.
Phage survival rate=titer after incubation/initial titer.
Data represent the mean+SEM of three independent
replicates.
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Figure 4  Antibacterial activity of phage PH826
(ODggo value of PA003 treated with PH826 at a MOI
of 10, 1, and 0.1, respectively). Data represent the
mean+SEM of three independent replicates.
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R3 PMERAMERMIEERS PHS26 K& L
& MIC 5%

Table 3 MIC results of antibiotics alone and
antibiotics in combination with PH826

Item Antibiotic ~ Antibiotics combined
group with phage group

Polymyxin B (ug/mL) 4 1

Meropenem (pg/mL) 1 0.5

Ciprofloxacin (ug/mL) 0 0

Amikacin (pg/mL) 16 2

Streptomycin (ug/mL) 64 32

Ampicillin (pg/mL) >512 128

Gentamicin (pg/mL) 16 2

Fosfomycin (pg/mL) >512 16

24 h WAYRE LRI 45 R o, 5Xt
HRZH AL, PHS26+F NV B 417E 1xMIC.
2xMIC., 4xMIC B ODsos fH4> 5 FFE T
87.21%. 80.97%. 81.35%; PH826+FE % Kimi4l

A ns
[
ok skook
sk skosk
3 _ geoskoksk
T
2 -
S
1 -
v&@@b Q;\ er\ @;\Qj;\@;\ @;\ S\ Qi,\ @‘;\ \\43 S\ QJF\
S P P S S S
DTS ETITIIE v
SR SN §
SIS
WIS

B 5 St ERENEEYWRIEIFR

1E IxMIC. 2xMIC. 4xMIC B #J ODsos {143 5]
TE&T 58.99%. 84.26%. 84.88%; PHS826+k
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Figure 5 Spectrophotometric measurement of biological inhibition by membranes. A: Biofilm inhibition
test within 24 h. B: Biofilm inhibition test within 48 h (1x, 2%, 4x represent 1xMIC concentration, 2xMIC
concentration, and 4xMIC concentration, respectively). Data represent the mean+SEM of three independent
replicates. Significant difference (ns: No statistical difference; ****: P<0.000 1).
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Figure 6 Bacterial colony counts after phage inhibition of biofilm. A: Biofilm inhibition test within 24 h. B:
Biofilm inhibition test within 48 h (1xrepresents 1xMIC concentration of antibiotic). Data represent the
mean+SEM of three independent replicates. Significant difference (***: P<0.001).
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Phage terminase large subunit Pseudomonas aeruginosa PH826
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Figure 9 Phylogenetic analysis of bacteriophages. A phylogenetic tree was constructed based on the amino
acid sequence of the large subunit of the terminase using the neighbor-joining method with 1 000 bootstrap

repeats in MEGA X.
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Figure 10 Pan-genome analysis of Nankokuvirus phages. A: Frequency of genes versus the number of
genomes. B: Pangenome pie of the 26 strains of Nankokuvirus phages. C: The presence and absence matrix
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