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ABSTRACT

Pseudomonas aeruginosa is a nosocomial pathogen that can cause severe infections in humans and animals.
The emergence of multidrug resistance (MDR) among different species of bacteria make phage therapy an
attractive alternative for managing infections. In this study, a novel phage, Pseudomonas phage vB_Pae_
HMKU_23, was isolated from urban sewage obtained from a wastewater treatment facility. Phylogenetic
analyses revealed that HMKU_23 was a member of Schitoviridae family and Litunavirus genus. The
HMKU_23 is a virulent phage as no genes encoding lysogeny, toxins or antibiotic resistance were identified.
The therapeutic potential of phage HMKU_23 was investigated and revealed that approximately 66.7%
(20/30) of P, aeruginosa strains, isolated from clinical bovine mastitis cases, were lysed by HMKU_23. In
contrast, HMKU_23 did not lyse other Gram negative and Gram positive bacteria suggesting its specificity of
infection. Collectively, the genetic and biological characteristics of HMKU_23 make it a potential candidate
for phage therapy against P, aeruginosa infections.
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INTRODUCTION

Mastitis is one of the important diseases affecting dairy
farming that causes significant economic losses for farm-
ers due to a decrease in milk yield and quality, veterinary
expenses and increased labor costs ands early culling due
to chronic mastitis (1). Staphylococcus spp. and Streptococcus
spp. are the most prevailing Gram positive agents, generally
associated with various form of bovine mastitis cases (2).
However, an increase in the frequency of infections caused
by Enterobacterales (e.g. Escherichia coli) and Pseudomonas
aeruginosa has been reported (2-4).

P aeruginosa is a Gram-negative opportunistic pathogen
that is widely found in nature, on the skin and intestines
of humans and animals, causing acute and chronic infec-
tions (5). Clinical mastitis, whether appearing sporadically
or as outbreaks, is one of the most encountered acute
caused by P aeruginosa in dairy cows (6). The overuse and
misuse of antibiotics for the purposes of the prevention
and treatment of mastitis cases has led to the emergence
and spread of multiple drug-resistant (MDR) strains among
mastitis pathogens including P aeruginosa (7). This has
made treatment of mastitis cases very challenging, and
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led to the search of new alternative therapies for pro-
phylaxis and control of bacterial infections (8). Among
the alternative therapy methods, the most promising are
bacteriophages (phage) and phage-derived products (e.g.
endolysins, depolymerases) (9). These can be used specifi-
cally to treat multidrug-resistant (MDR) bacteria related
infections, either alone or supplemented with antibiotics
(10). Except for a few minor side effects reported related
to endotoxins released from bacteria following therapeutic
phage therapy in vive, phages have several potential ad-
vantages over antibiotics such as specificity, self-limiting
capability, auto-dosing, easy to isolate, low rate of resistance
development, and making ‘phage cocktail’ to increase the
spectrum phages’ activity (11).

Currently, despite phages specific to P aeruginosa hav-
ing been isolated worldwide, there has been little focus
on phages isolated from Tiirkiye. Furthermore, although
many isolated phages share 83-97% nucleotide identity, they
exhibit large variations in several phenotypic properties,
such as their host range or efficient host lysis (12). Phages
isolated from one country/region may not effectively kill
bacteria from other countries/regions. Therefore, there has
been a tendency to focus on locally isolated phages. In
addition, it is important to isolate new phages to accumulate
information for the development of effective phage cocktail
therapy.

In this study, a novel Pseudomonas phage, designated
vB_Pae. HMKU_23 (referred to herein as HMKU_23), was
isolated from a wastewater treatment plant, and subsequently
tested and characterized against P aeruginosa strains from
clinical cases of bovine mastitis.

MATERIALS AND METHODS
Ethical Statement

Since the isolates used in the study were from author’s previ-
ous studies, the study doesn't require ethical approval.

Bacterial strains and culture conditions

In the current study, a panel of 30 P, aeruginosa isolated
from clinical bovine mastitis was included in the study to
determine the lytic capacity of bacteriophages. The non-P
aeruginosa bacteria was chosen as negative controls to show
the specific lytic activity of bacteriophages. The complete list
of bacteria used in this study is provided (Table 1). Bacterial

strains were routinely cultured at 37°C in TSB (Tryptic Soy
Broth) (Germany, Darmstadt) or on TSA (Tryptic Soy Agar)
(Germany, Darmstadt) media. The soft agar media used for
phage enrichments, purification and enumeration was pre-
pared from TSB, supplemented with agar (0.5% agar) and
calcium chloride (5 mM).

Phage isolation and purification

A sewage sample taken from Hatay Metropolitan
Municipality Wastewater Treatment Plant (WWTP) was
used as a bacteriophage isolation source. The isolation
and enrichment of phages were performed following the
method described by Karaynir 7 a/. (13). Initially, 10 ml of
sewage sample was centrifuged at 5000 x g for 10 minutes
at 4°C, and the supernatant was filtered through 0.22 pm
syringe filters and transferred to a new sterile tube. To
screen the filtrate for phages, 10 pl of the filtered superna-
tant was spotted onto the indicator P aeruginosa ST3 strain
on the top agar and then incubated at 37°C overnight and
examined to see whether the lytic zone formed. In addition,
for phage enrichment, 100 pl of the filtered phage source
and 100 pl of overnight-grown indicator bacteria were
mixed and inoculated into 10 ml of TSB, then incubated
overnight at 37°C. Following the incubation, the enriched
liquid medium was centrifuged for 10 min at 5000 x g
at 4°C, and passed through a 0.22 pm filter. The phage

enrichment process was repeated as described above.

Purification of isolated phages
The isolated phages were purified using the double layer

agar method (single plaque isolation) 13, Saline Magnesium
(SM) bufter [(100 mM NaCl, 8 mM MgSO..7H,0, 50 mM,
Tris-HCI (pH 7.5) and 0.01% w/v gelatin)] was used to make
serial dilutions of the phage lysate. 100 pl of each dilution and
100 pl of indicator bacteria was mixed in 4 mL of soft agar
(TSA; 0.5% agar), vortexed, and slowly poured onto TSA pe-
tri dishes supplemented with CaCl,. Following solidification
of the media, the media was incubated overnight at 37°C.
Then, phage plaques were selected from the media with a
sterile pipette tip based on their morphology and size, and
the selected phage plaques and 100 pl of overnight indicator
bacteria were added to sterile tubes containing fresh TSB,
and the culture was incubated overnight at 37°C. Then, the
culture was centrifuged (+4°C, 5000 x g, 10 min) and the
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supernatant was filtered through 0.22 pm pore size syringe
filters. This process was repeated at least four times for final
validation for purified phages.

Later, bacteriophage titration was performed as previously
described by Yang e al. (14) according to the double-layer
agar method. Briefly, 100 ul of phage and 100 pl of host
bacteria were mixed in 4 ml of soft agar and poured onto
petri dishes containing TSA. After overnight incubation of
the plates at 37°C, the plaque forming unit (pfu/mL) of the
phage was determined.

Lytic effect of bacteriophages on

clinical P. aeruginosa isolates

Lytic spectra of phages was determined by the spot test
method using 30 clinical P aeruginosa isolates (15). Briefly,
100 pl of each bacterial culture was mixed in 4 ml of soft agar
and poured onto TSA petri dishes. Once the medium has
solidified, 10 pl of phage lysate (10 pfu/mL) was dropped
onto the indicated P aeruginosa isolates. The medium was
incubated overnight at 37°C and evaluated for the presence
or absence of lytic zones.

Determination of the host spectrum
of P. aeruginosa phages

Host range analysis was performed to determine the Iytic
spectrum of the phage HMKU_23. For this purpose, 9 bac-
terial strains consisting of reference and clinical bacterial
isolates were used. Each overnight bacterial culture (100 pl)
was mixed with 4 ml of soft agar and poured onto separate
petri dishes containing TSA. The susceptibility of the bacte-
rial strain and the lytic activity of the phage were determined
using the spot test method (13).

DNA extraction from bacteriophages and restriction
fragment length polymorphism (RFLP) analysis

The isolation of phage DNA was performed as previ-
ously described by Ali ez al. (16) with some modifications.
Briefly, the suspension of purified phage (10" pfu/ml)
was centrifuged (+4°C, 120 min, 15000 xg). SM buffer
[(100 mM NaCl, 8 mM MgSO4.7H>0, 50 mM Tris-HCl
[pH: 7.5] and 0.01% w/v gelatine)] and DNase at a final
concentration of 1 pg/ml were added to the bacteriophage
pellet obtained as a result of centrifugation, and incu-
bated at 37°C for 45 minutes. For thermal inactivation of

DNase, the mixture was incubated at 70°C for 15 minutes.
Proteinase K was added to the DNase-treated bacterio-
phage suspension with a final concentration of 20 pg/ml
and incubated at 56°C for 45 minutes to degrade the viral
capsid proteins and extract the viral DNA. To purify the
DNA, phenol:chloroform:isoamyl alcohol (25:24:1) extrac-
tion followed by ethanol precipitation method was applied.
For RFLP analysis, phage DNA was digested with EcoRI
and HindlII restriction endonuclease enzymes, and then
the DNA was run on a 1% agarose gel at 100 V for 30
minutes. Size of DNA fragments was predicted using the
Lambda-PszI marker.

Sequence analysis and annotation of phage genomes

The paired-end library of the phage genome was prepared
from the isolated phage DNAs using the Nextera DNA
Prep Library Prep Kit (Illumina, San Diego, CA) and
sequenced at 2x150 on the Novaseq600 (Illumina Inc.,
San Diego, California, USA) platform. The quality of the
raw data was evaluated using FastQC v0.11.9 (Babraham
Bioinformatics, UK) and low-quality bases, adapters and
primers were removed using the Trimmomatic v0.36
program (17). Reads were assembled using MEGAHIT
v1.2.9 (18), and possible coding sequences were predicted
using RASTtk v1.073 annotation pipeline (19), followed
by manual verification using HMMER (https://www.ebi.
ac.uk/Tools/hmmer/) (20), and online BLASTp search
against the NCBI Non-redundant Protein Database (21).
The presence of tRNA was analyzed using tRNAscan-SE
(22). Additionally, the presence of the 16S rRNA gene
was investigated using the BLASTn database against 16S
ribosomal RNA sequences (bacteria and archaea) (23). The
Phage Al (https://phage.ai/) was employed to predict the
lifestyle of phage as either lytic or temperate (24). The
presence of possible antibiotic resistance, pathogenicity
and virulence genes on the phage genome was investigated
using VirulenceFinder 2.0 and ResFinder 4.1 (25,26). The
phylogenetic tree was constructed based on the amino
acid sequences of the large terminase subunit of phages.
The neighbor-joining method (using the Poisson model
consisting of 1000 bootstrap replicates) was used to cre-
ate phylogenetic tree using a MEGA version 11.0 (27).
Additionally, VipTree 3.3 was used to build the viral
proteomic tree (28).
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RESULTS
Isolation of bacteriophage DNA and determination

Table 1: List of the bacterial isolates used in determining the lytic
activity and host spectra of the HMKU_23

of DNA restriction profiles List No. Species Isolates | Infectivity
Initially, two phages were purified according to their plaque L Preudomonas acruginosa ST :
. . . 2 Pseudomonas aeruginosa ST2 e+t
morphology, and their genomic DNA was extracted (Fig. : -
. 3 Pseudomonas aeruginosa ST3 s
1). RFLP determination was performed on phage DNA ,
] ) o 4 Pseudomonas aeruginosa ST4 ++
stocks using HindIII and EcoRI restriction enzymes. The ;

] S ) 5 Pseudomonas aeruginosa STS +
two phage RFLP patterns showed multiple restriction sites 6 Preudomonas aeruginosa ST6 _
by HindIII and EcoRI, and the restriction digestion profiles 7 Peudomanas azruginesa ST7 .
were indistinguishable (Fig. 2). Based on the RFLP analysis, 3 Prcudomonas aeruginosa ST -
the two phages were considered to be the same phage. 9 Preudsmonas aeruginosa ST9 A
Following the plaque isolation and phage propagation, the 10 Peeudomonas aeruginosa ST10 _
titer value of the phage were calculated and found to be 11 Pseudomonas aeruginosa ST11 T
2.33 x 10%. 12 Pseudomonas aeruginosa ST12 +

13 Pseudomonas aeruginosa ST13 -
Host range analysis of Pseudomonas phage 14 Pseudomonas aeruginosa ST14 +
vB_Pae HMKU 23 15 Pseudomonas aeruginosa ST15 -
The lytic activity of the isolated HMKU_23 phage on ho- 16 Pseudomonas acruginosa ST16 -

I . ined .. . 17 Pseudomonas aeruginosa ST17 =
mologous species was examined on 30 clinical P, aeruginosa 5 P : SIS
isolates and one reference strain (P, aeruginosa PAO1) (Table " Psgudomoms aerigimen = *
1). It was found that HMKU_23 phage was effective against % Pswdomom ik i ST20 d

seuaomonas aeruginosa -
20 (66.7%) of the tested 30 isolates. To test for the host s
£ the oh b I s belongine dif 21 Pseudomonas aeruginosa ST21 =
spectra of the phage on heterologous strains belonging dif- ” Pueudomonas aeruginssa ST N
ferent bacterial species, 9 clinical isolates and 4 reference :

_ . 23 Pseudomonas aeruginosa ST23 =
strain other than P aeruginosa were used. Phage HMKU_23 2 Preudomonas aerugingsa ST24 et
did not lyse any of the heterologous bacterial isolates tested 25 Prcudomonas aeruginosa ST25 R
(Table 1). Infectivity of the phage on bacterial strains was 2% Preudomonas aeruginssa ST26 .t
Categoriled as 10° ), 10°-10* (+), 10*-10° (‘H') and >10° 27 Pseudomonas aeruginosa ST27 +
(+++) (Fig- 3). 28 Pseudomonas aeruginosa ST28 +

29 Pseudomonas aeruginosa ST29 ++
Genome characterization 30 Pseudomonas aeruginosa ST30 +
Genome analysis of phage HMKU 23 31 Pseudomonas aeruginosa PAO1 +

32 Escherichia coli ATCC 25922 -
The de novo genome assembly revealed presence of

. . : 33 Staphylococcus aureus ATCC 45300 -
a single contig. The genome size of HMKU_23 was —

. 34 Salmonella Typhimurium | ATCC 14028 -
72480 bp with a total 54.9% G+C content. The genome 5 S R PSP

) . taphylococcus epidermidis | Clinical isolate -

sequence ?f the phage was deposited in GenBank under 36 Klebsiela preamonia | Clinical solate -
the accession number OR988063.1. Annotation of the 37 Aeinetobacter baumanni | Clinical isolate i}
phage genome with RASTtk v1.073 and BLASTP re- 38 Proteus vulgaris Clinical isolate R
vealed the presence of 92 putative open reading frames 39 Droteus mirabilis bl fealbie _
(ORFs). The majority (71.7%) of encoded proteins (66 40 Listeria monocytogenes | Clinical isolate -
ORFs) were hypothetical, and 26 (28.3%) were functional. 41 Enterobacter aerogenes | Clinical isolate -
The presence of numerous hypothetical proteins in the 4 Enterococcus faccium Clinical isolate -
phage genome clearly indicated that the phage carries 43 Citrobacter freundii Clinical isolate -
many genes that are yet to be elucidated, and their func-  * Indicator host
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Figure 1: Double-layer agar plates showing homogen plaques after four purifications of plaque and determination of phage titer.
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Figure 2: Bacteriophage DNA isolation and restriction profiles. (A) Band profiles of phage DNAs after cutting with EcoRI and HindIII restriction
enzymes. (B) Genomic DNA of phages. M: Lambda-Pstl marker, P1-P2: Phages purified according to plaque morphology.

tions are yet to be understood. The HMKU_23 phage
had the modular genomic architecture as seen in most
dsDNA phages (29) and functionally categorized proteins
were classified into 7 groups including DNA packaging,
RNA replication, DNA replication, structural proteins,
lysis inhibitor, nucleic acid metabolism, and lysis were
identified (Fig. 4).

The small terminase and large terminase subunit formed
the DNA packaging group. The small terminase is essential
for initiating packaging, which recognizes viral DNA and

brings it to the large terminase for the initial cleavage. The
large terminase subunit had an ATPase activity to provide
energy for packaging and a nuclease activity for packaging
initiation and termination (30). The presence of two different
RNA polymerase of phage genome including a large virion-
associated RNA polymerase (VRNAP) and DNA-dependent
RNA-polymerase suggests that phage HMKU_23 has its
own transcriptional machinery, functioning independently
of the host RNA polymerase. The RNA polymerase of the
virion has been reported to be injected synchronously with
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Figure 4: The genome map of phage HMKU_23. The genes encoding proteins were classified into groups and colored according

to their functions. These groups are phage DNA packaging (bright green), RNA replication (orange), DNA replication (blue),

structural proteins (yellow), lysis inhibitor (pink), nucleic acid metabolism (purple) and lysis (red). Hypothetical proteins are
shown in green. The figure was created with Snapgene viewer 5.3.2

the viral DNA upon phage infection and to perform tran-
scription of early, middle, and late genes (31). The presence
of phage-encoded DNA polymerase I, DNA helicase, DNA
primase, ATPase, Sak4-like ssDNA annealing protein and
single strand DNA binding protein indicated that phage
HMKU_23 elongates dsDNA independently of the host
replication machinery (32).

Nucleic acid metabolism groups contained deoxycyti-

dylate deaminase. Lysis group contained Rz-like spannin and
holin. In general, a holin-lysin lysis system exists in double-
stranded DNA phages to accomplish host lysis. During the
reproduction cycle, phage-encoded holin accumulates and
forms pores in the membrane, leading to an increased access
for lysins to degrade peptidoglycan in bacterial cell walls
(30). In this study, no putative endolysin could be predicted
in silico, suggesting a novel type of endolysin or lysis mecha-
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Pseudomonas phage vB_Pae_HMKU_23
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Figure 5: The genome comparison of Pseudomonas phage vB_Pac_ HMKU_23 and Pseudomonas phage vB_PaeP_TUMS_P121.
The genome coverage and identity are 95.42% and 98%, respectively. The darker blue indicates higher identity.

nism. Therefore, future research is needed targeting candidate
lysin genes near possible holins. The phage HMKU_23 also
carried RITA- and RIIB-lysis inhibitor proteins, which play
arole in the delay in host lysis resulting in a large increase in
the phage burst size, providing HMKU_23 with a competi-
tive advantage over others (34).

Another striking feature is the presence of a gene en-
coding ferrodoxin (Fd) electron carriers. Fds are thought to
redirect the energy harvested from light to phage encoded
oxido-reductases that enhance viral fitness (35).

The structural protein group consisted of tail length
tape measure protein, tail fiber protein, SGNH hydrolase
domain containing tail fiber, major capsid protein and virion
structural protein. Remarkably, no genes encoding toxins,
antimicrobial resistance-related functions, tRNA or genes
encoding for lysogeny-associated proteins like integrase,
excisionase, recombinase, and repressor genes were identi-
fied supporting the notion that phage HMKU_23 genome
is a virulent phage and can be used for therapeutic purposes.
The lifestyle of the phage was found virulent with 100%
probability with Phage Al tool.

Based on BLASTN analysis, Pseudomonas phage
vB_PacP_TUMS_P121 (coverage: 98%, identity: 95.42%),

Pseudomonas phage vB_Pae_ TUMS_P11 (coverage: 99%,
identity: 95.28%), and Pseudomonas phage vB_PaeS_
TUMS_P81 (coverage: 98%, identity: 95.24%) were found
to be the most similar phages (Fig. 5). Similarly, VIRIDIC
analysis showed that Pseudomonas phage vB_PaeP_TUMS_
P121 has the highest similarity (94%) with Pseudomonas
phage vB_Pae_ HMKU_23 (Fig. 6).

Phylogenetic analysis

Phylogenetic trees were constructed using Pseudomonas
phages and other phages. Firstly, the amino acid sequences
of the large terminase subunit of HMKU_23, and the se-
lected phages were aligned with MUSCLE. In the Fig. 7,
the constructed tree is shown. Secondly, Viptree analysis
was carried out to construct the proteomic tree based on
genome-wide sequence similarities. Circular and rectangular
trees were generated and the location of phage HMKU_23
were examined (Fig. 8). The two constructed phylogenetic
trees obtained by different methods gave the same results.
The analyses indicated that phage HMKU_23 is a member

of Schitoviridae family and Litunavirus genus.
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Figure 6: VIRIDIC analysis of Pseudomonas phage vB_Pae_ HMKU_23. The right part shows the intergenomic similarity between the 21
genomes, including Pseudomonas phage vB_Pac_ HMKU_23 (OR988063.1) colored with orange
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L] — UGL60966.1 Pseudomonas phage vB PaeS TUMS P81

YP 010659230.1 Pseudomonas phage vB PaeS75P-3

10 L% OR288063 Pseudomonas phage vB Pae HMKU 23

YP 010658968.1 Pseudomonas phage VB PaeS VL1

P Schitoviridae

WAK45699.1 Klebsiella phage BUCT631 ——————>  Autographiviridae

AST15605.1 Staphylococcus phage vB SauM-RuSau02=> Herelleviridae
UXY92232.1 Protous phage RP6 —————> Casjensviridae

UXY§2337.1Proteus phage RP7  ——————> Demerecviridae

WJZ69684.1 Citrobacter phage YZU-L1

10 —— QNR52202.1 Escherichia coli phage vB EcoS Ace ——> Demerecviridae

———> Demerecviridae

Figure 7: Phylogenetic tree based on the amino acid sequence of the terminase large subunit showing the position of Pseudomonas
phage vB_Pac_ HMKU_23 (marked with star).

DISCUSSION

P, aeruginosa is a notorious opportunistic pathogen, due
to its metabolic versatility, high intrinsic and acquired an-
tibiotic resistance, a large repertoire of virulence factors,
and the ability to adapt to a variety of environments (36).
The emergence of MDR P aeruginosa is a serious challenge
worldwide, leading the need to find new alternatives to con-
trol infections caused by these resistant bacteria. The phage
therapy has also the advantages over antibiotics such as not
affecting the host microbial flora and being host-specific as
well. The phage therapy is, therefore, a promising therapeutic
alternative to treat infections caused by MDR bacteria (37).

This study provides information about the isolation
and characterization of a novel phage, HMKU_23, from
wastewater. Based on the predicted gene products, phage
HMKU_23 is strictly Iytic and free from integrases, virulence
factors, toxins, and antimicrobial resistance genes, making it
a potentially attractive phage as a therapeutic agent. Hence,
genome characteristics indicate the potential of phage
HMKU_23 as a candidate for therapeutic value against P
aeruginosa infections. There is a need for the isolation and
characterization of new phages to be used in the preparation
of phage cocktails in order to increase the activity spectrum

and depth of action of phages in clinical applications. The
majority, 71.7% of the HMKU_23 of genome consisted of
hypothetical proteins. The functional annotation of phage
genes is a common problem in phage studies. Therefore,
careful phage annotation is of great importance for phage

therapy (38).
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Pseudomonas phage LUZ7 (NC_013691) [74,901 nt]
Pseudomonas phage KPP21 (NC_029017) [73,420 at]
Pseudomonas phage YH6 (NC 027388 73,050 nt)

W Pseudomonas phage ORISSO63.1 (72,450 t)
Pseudomonas phage VB_PaeS_VL1 (NC_070862) [73,308 nt]
Pseudomonas phage PA26 (NC_041907) [72,32] mt)
Pseudomonas phage YH30 (NC_029101) [72,192 ut]
Pseudomonas phage PAPO2 (NC_070864) [73348 nt)
Pseudomonas phage vB_PaeP_TUMS_PI121 (NC_070863) [73,00] ut)
Pseudomonas phage LIT1 (NC_013692) [72,544 nt]
Pseudomonas phage DL64 (NC_02888%) [72,37S at)
Pseudomonas phage vB_PaeP_MAGY (NC_031104) [72,979 mt)
Pseudomonas phage vB_PaeS7SP-3 (NC_070865) (72,728 mt)
Pseudomonas phage phil 76 (KM411960) [73,048 nt)
Pseudomonas phage Pa2 (NC_02734%) (73,008 nt)
Pseudomonas phage vB_PaeP_C2-10_Ab09 (NC_024140) (72,028 nt]
Pseudomonas phage R\WG (KMJ1195S) (72,646 nt)
Pseudomonas phage PEV2 (NC_031063) (72,697 nt]

Figure 8: VipTree analysis of phage HMKU_23. (A) Pseudomonas phage vB_Pac_HMKU_23 were represented with star. The outer ring indicates
hosts of the phages, and the inner ring indicates the family to which the phages belong. The taxonomic relationship for vB_Pae_ HMKU_23 and
their relatives showed that HMKU_23 belongs to the family Schitoviridae and genus of Litunavirus
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