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In response to the increasing nosocomial infections caused by antimicrobial-resistant
coagulase-negative staphylococci (CoNS), bacteriophages (phages) have emerged as an
alternative to antibiotics. Staphylococcus ureilyticus, one of the representative species of
the CoNS, is now considered a notable pathogen that causes nosocomial bloodstream
infections, and its biofim-forming ability increases pathogenicity and resistance to
antimicrobial agents. In this study, a Ilytic phage infecting S. ureilyticus was newly
isolated from wastewater collected from a sewage treatment plant and its biological
and antimicrobial characteristics are described. The isolated phage, named vB_SurP-
PSUS, was morphologically similar to Podoviridae and could simultaneously lyse some
S. warneri strains used in this study. The sequenced genome of the phage consisted
of linear dsDNA with 18,146 bp and genome-based phylogeny revealed that vB_SurP-
PSUS3 belonged to the genus Andhravirus. Although its overall genomic arrangement
and contents were similar to those of other members of the Andhravirus, the predicted
endolysin of vB_SurP-PSUS distinctly differed from the other members of the genus. The
bacteriolytic activity of vB_SurP-PSUS3 was evaluated using S. ureilyticus ATCC 49330,
and the phage could efficiently inhibit the planktonic growth of the bacteria. Moreover, the
anti-biofilm analysis showed that vB_SurP-PSUS3 could prevent the formation of bacterial
biofilm and degrade the mature biofilm in vitro. In an additional cytotoxicity assay of
vB_SurP-PSUS3, no significant adverse effects were observed on the tested cell. Based
on these findings, the newly isolated phage vB_SurP-PSUS3 could be classified as a new
member of Andhravirus and could be considered an alternative potential biocontrol agent
against S. ureilyticus infections and its biofilm.
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INTRODUCTION

Staphylococcus ureilyticus, also known as S. cohnii subsp.
urealyticus, is a gram-positive coagulase-negative staphylococci
(CoNS) (Kloos and Wolfshohl, 1991; Madhaiyan et al., 2020).
S. ureilyticus has been considered a non-pathogenic animal and
human commensal bacterium in past decades. However, as the
use of indwelling or implanted foreign bodies is increasing owing
to medical developments, S. ureilyticus has become a common
causative agent of nosocomial infections; the representative
disease of S. ureilyticus infection is bloodstream infection (BSI)
(Petinaki et al., 2001; Jain et al., 2011; Singh et al., 2016). BSI
has a significant morbidity and mortality rate, and is one of
the most serious healthcare-associated infections (Vallés et al.,
2008; McNamara et al., 2018). In nosocomial infections, the
biofilm-forming ability of pathogens is a critical pathogenic
factor aiding disease occurrence (Vestby et al., 2020). Biofilms are
microbial communities with a three-dimensional extracellular
matrix that can protect them from the external environment,
including antimicrobial agents and the host immune system
(Mah and O’Toole, 2001; Watters et al., 2016). Moreover, several
studies have demonstrated that biofilms can adhere to the
abiotic surfaces of medical devices and allow bacterial cells to
survive there, and they therefore represent clinically important
pathogenic factors in nosocomial infections (Singhai et al., 2012;
Jamal et al., 2018). Although the biofilm of S. ureilyticus has rarely
been studied, CoNS are reportedly known as biofilm-forming
bacteria, and the pathogenesis of CoNS is closely related to the
formation of biofilms (Szczuka et al., 2016; Franca et al., 2021).
For these reasons, an adequate method to prevent and cure such
S. ureilyticus infection is highly necessary.

Antibiotics are universal antimicrobial agents that can be used
to remove a wide spectrum of pathogens. However, with the
increasing usage of antibiotics, antimicrobial resistant (AMR)
pathogens have emerged as a worldwide obstacle to treatment
(Prestinaci et al., 2015). Similarly, several studies in human
medicine have reported the global emergence of multidrug-
resistant CoNS, including S. wureilyticus (Cuevas et al., 2004;
Szewczyk et al., 2004; Gatermann et al., 2007; Koksal et al., 2009;
Song et al,, 2017). As a result, current antimicrobial agents are
insufficient, and developing new alternatives to antibiotics is
essential to control S. ureilyticus. Bacteriophages (phages), viruses
that infect bacteria as hosts, and viruses with lytic cycles have
recently been considered as promising alternatives to control
pathogenic AMR bacteria such as Pseudomonas aeruginosa,
Escherichia coli, Klebsiella pneumoniae, Salmonella enterica,
Enterococcus spp. (including VRE), Streptococcus pneumonia,
and Staphylococcus spp. (Jado et al., 2003; El Haddad et al., 2019;
Kuptsov et al., 2020). Furthermore, several recent studies have
suggested that the potential of Staphylococcal phages could be
used in other applications (including degradation of biofilms)
beyond controlling AMR bacteria (Li et al., 2021; Zhang et al,,
2021; Shahin et al., 2022). Until recently, phages infecting S.
aureus have been one of the most thoroughly investigated types
owing to the high rate of AMRs (including MRSA) (Salas et al.,
2020; Walsh et al., 2021). As nosocomial infections by CoNS
increase, studies on the efficacy of phages infecting CoNS and

bacterial biofilms have been conducted (Doub et al., 2021; Valente
et al., 2021). However, despite their potential clinical relevance,
the phages infecting S. ureilyticus are relatively scarce compared
to those for other species.

This study reports on a lytic phage infecting S. ureilyticus
with a strong potential for biotechnological applications. The
biological and genomic characteristics of the phage were
examined as well as its ability to eradicate the biofilm of
S. wreilyticus. This is the first report including a detailed
characterization of phage infecting S. ureilyticus.

MATERIALS AND METHODS

Bacterial Strains and Culture Condition

(Wet Lab)

We used S. wureilyticus (ATCC 49330) to isolate the phage.
The bacterial strains in this study included S. aureus (ATCC
12598, ATCC 6538, ATCC 29213, CCARM 3798, CCARM
3832, CCARM 3915, CCARM 3A170, and CCARM 3A200), S.
epidermidis (ATCC 12228 and CCARM 3A794), S. haemolyticus
(ATCC 29970 and CCARM 3A638), S. warneri (ATCC 27836,
S1-4-2, S18-S-3, H6-3, and H71-3-2), S. xylosus (ATCC 29971),
S. saprophyticus (ATCC 15305), and Mammalicoccus sciuri
(SNUDS-18). The bacterial strains were cultured overnight
in a tryptic soy broth (TSB; Difco, USA) with shaking,
or on tryptic soy agar (TSA; Difco, USA) plates at 37°C.
TSA soft agar overlays (0.7% agar) were used for further
experiments, including phage isolation, propagation, and plaque
count assays. The bacterial strains were stored at —80°C
in TSB with 10% glycerol. Moreover, all the sections in
Materials and methods were described by dividing them into
“Wet lab” and “Dry lab” for the improvement of readability
(Ranjbar et al., 2017).

Phage Isolation (Wet Lab)

To isolate the phage infecting S. wureilyticus, environmental
water samples were collected from a sewage treatment plant
in Daejeon (Republic of Korea) using S. wureilyticus strain
ATCC 49330. Phage isolation and propagation were performed
using the double-layer agar method as previously described
(Melo et al, 2014; Kim et al, 2019). Briefly, 1ml of S.
ureilyticus suspension was inoculated into the mixture of
collected wastewater and TSB. Following overnight incubation
at 37°C, the mixture was centrifuged at 10,000 x g for
20min to remove the bacterial pellet, and the supernatant
was filtered through a 0.22-pm membrane filter (Millipore,
USA) to secure phages from the mixture. The filtrate was
used to detect the presence of phages by confirming the
formation of plaques on bacterial lawns. Following overnight
incubation, plaque picking was repeated at least three times
until a single plaque morphology was observed. For phage
propagation, isolated phage suspension was incubated overnight
with host bacteria by double-layer agar method, and the top-agar
layer was collected, centrifuged at 10,000 x g for 10 min, and
filtered. The filtered phage lysates were stored with 15% glycerol
at —80°C.
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Transmission Electron Microscopy (Wet

Lab)

The purified phages were deposited on glow-discharged carbon-
copper grids and negatively stained with 2% (w/v) uranyl acetate
(Electron Microscopy Sciences, Inc., USA). The stained phages
were observed using transmission electron microscopy (TEM,
JEM-1400 Plus; JEOL Ltd., Japan) at 120 kV at the Korea Basic
Science Institute (Ochang, Korea).

Host Range Determination (Wet Lab)

The host range of the isolated phage was determined against
22 strains of Staphylococcus spp. using spot assay as previously
described (Kim et al, 2019). Briefly, 10 pl of phage lysate
(~108 PFU/ml) was spotted onto each bacterial overlay on TSA.
Following overnight incubation at 37°C, the lytic ability of phages
was evaluated based on the presence of plaques and the clearness
of the lysis zones, which were assessed as clear (++), turbid (+),
or no lysis (-) (Table 1).

Thermal and pH Stability (Wet Lab)

Thermal and pH stability tests of the isolated phage were
performed according to a previous protocol (Shahin et al., 2021).
To examine the thermal stability of the phage, 1ml phage
suspension was incubated at 4, 25, 37, 56, and 80°C. To determine
pH stability, 1 ml phage suspension mixed with different pH
solutions (pH 3, 5, 7, 9, and 11) was incubated at 4°C. Each tube
containing the phage suspension was incubated for 3h and the
phage titer was calculated using 10-fold serial dilution with the
double-layer agar method.

One-Step Growth Curve (Wet Lab)

To examine the growth characteristics of the isolated phage,
its adsorption rate and burst size were measured as previously
described (Kim et al., 2019). To calculate the adsorption rate
within the incubation period, the phage suspension was mixed
with the exponential growth phase of the host strain (~107
CFU/ml) at a multiplicity of infection (MOI) of 0.001. The
mixture was incubated at 37°C with shaking, and 100 pl of the
mixture was taken every 5 min. The mixture was centrifuged at
12,000 x g for 3 min to precipitate the bacterial cells and obtain
only the un-adsorbed free phage in the supernatant. Following
centrifugation, 100 pl of the supernatant was serially diluted,
and the adsorption rate of phage to the host bacteria over time
was calculated. To estimate the number of progenies from a
phage-infected bacterial cell, the phage suspension was mixed
with the exponential growth phase of the host strain (~107
CFU/ml) at an MOI of 0.001. Following shaking incubation
at 37°C for 25min, when the adsorption rate of phage was
over 90%, the sample was centrifuged at 12,000 x g for
5min, and the supernatant was discarded. The bacterial pellet
was resuspended in pre-heated TSB and incubated at 37°C
with shaking. A 100 pl portion of the mixture was taken
for a total of 80 min, and the derived mixtures were used to
calculate the burst size of the phage and identify a one-step
growth curve.

Bacteriolytic Activity (Wet Lab)

The bacteriolytic activity of the isolated phage was estimated as
previously described (Shahin et al., 2019). The phage suspension
was inoculated in the exponential growth phase of the host strain
(~107 CFU/ml) at MOI 0f 0.001, 0.01, 0.1, 1, 10, and 100, and TSB
inoculated solely with S. ureilyticus was used as a positive control.
The mixtures were incubated with shaking at 130 rpm for 10 h. A
1 ml portion of each mixture was taken at 2 h intervals and the
bacterial density was measured at an absorbance of 600 nm using
a UV/Vis spectrophotometer (K-Lab Co., Ltd., Korea).

Phage DNA Extraction (Wet Lab)

To perform genome sequencing, phage genomic DNA was
extracted based on a previous study with a slight modification
(Kim et al.,, 2019). Briefly, DNase I (10 U/ul) and RNase A
(10 U/ul) were added to the phage lysate and incubated at
37°C for 2h. EDTA (0.5 M) and proteinase K (20 mg/ml) were
mixed with the samples and incubated at 56°C for 3 h. AL buffer
(QIAGEN Inc., USA) was added, and the mixture was incubated
at 70°C for 15 min. The phage DNA was then purified using the
phenol-chloroform extraction method (Sambrook and Russell,
2006).

Genome Sequencing and Bioinformatic
Analysis (Dry Lab)

The TruSeq DNA Nano Sample Preparation Kit (Illumina, Inc.,
USA) was used to prepare the sequencing libraries based on the
manufacturer’s instructions. The phage genome was sequenced
using the Illumina HiSeq platform (Illumina, Inc., USA) at
211x coverage. De novo assembly was performed using SPAdes
v3.13.0 software (Bankevich et al., 2012) and the genome was
analyzed using PROKKA v1.14.6 (Seemann, 2014). The predicted
function of open reading frames (ORFs) was annotated via Rapid
Annotation using Subsystem Technology v2.0 (RAST) (Aziz
etal., 2008), and the putative function of each ORF was predicted
by the BlastP tool of the National Center for Biotechnology
Information (NCBI). The conserved domain of each ORF
was searched for via HHpred (https://toolkit.tuebingen.mpg.de/
tools/hhpred) using the Pfam-A_v34 database, with an E-value
threshold of <1.0. The number of transmembrane domains was
confirmed using TMHMM v2.0 (https://services.healthtech.dtu.
dk/service.php? TMHMM-2.0) and the molecular weight (Mw)
and isoelectric point (pI) of the protein were estimated using
ExPASy Compute pI/Mw (Wilkins et al., 1999). The presence of
tRNA genes was confirmed using tRNAscan-SE v2.0 (Lowe and
Eddy, 1997). The circular genome was visualized using Geneious
Prime v.2021.1.1 (https://www.geneious.com). The data for
several phage genomes closely related to the isolated phage were
obtained from the GenBank database based on BlastN. EasyFig
was used to compare the isolated phage and intimate phage
genomes (Sullivan et al., 2011). Phylogenetic trees of phage
conserved genes were aligned and constructed using MEGA X
(Kumar et al., 2018) via the neighbor-joining method with 1000
bootstrap replications. The whole-genome phylogenetic tree was
inferred using the Genome-BLAST Distance Phylogeny method
(GBDP) in the Virus Classification and Tree Building Online
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TABLE 1 | Host range of phage vB_SurP-PSU3.

Bacterial species Sensitivity Source or reference
Coagulase negative Staphylococcus ureilyticus ATCC 49330 ++ ATCC
Staphylococcus warneri ATCC 27836 ++ ATCC
S1-4-2 - Isolate*
5$18-S-3 - Isolate”
H6-3 + Isolate”
H71-3-2 - Isolate”
Staphylococcus epidermidis ATCC 12228 - ATCC
CCARM 3A794 - CCARM
Staphylococcus haemolyticus ATCC 29970 - ATCC
CCARM 3A638 - CCARM
Staphylococcus xylosus ATCC 29971 - ATCC
Staphylococcus saprophyticus ATCC 15305 - ATCC
Mammaliicoccus sciuri*™* SNUDS-18 - (Han et al., 2017)
Coagulase positive Staphylococcus aureus ATCC 12598 - ATCC
ATCC 29213 - ATCC
ATCC 6538 - ATCC
CCARM 3A170 - CCARM
CCARM 3A200 - CCARM
CCARM 3798 - CCARM
CCARM 3832 - CCARM
CCARM 3915 - CCARM

+-+, complete lysis; +, turbid lysis; —, no lysis.
“Isolated from companion animals and identified based on MALDI-TOF.
" Reclassification.

Resource (VICTOR) (Meier-Kolthoff and Goker, 2017), and the
tree was visualized using MEGA X.

Anti-biofilm Activity (Wet Lab)

To evaluate the effectiveness of the phage on bacterial biofilm,
the anti-biofilm analysis was performed as previously described
(Kim et al., 2021). Briefly, for biofilm prevention assay, overnight
S. ureilyticus was inoculated at 1% into fresh TSB and mixed with
different MOIs of phage suspension (MOI of 0.001, 0.01, 0.1, 1,
10, and 100). Sterile phosphate-buffered saline (PBS) solution
(Thermo Fisher Scientific Inc., USA) was used as a control
instead of phage suspension. The mixtures were distributed
into a 96-well polystyrene plate and incubated at 37°C for 24
and 48h. Following incubation, the supernatant was removed
from each well and the wells were washed twice to allow only
biofilm to remain. The biofilm was stained with 0.1% crystal
violet (CV) and dissolved in 95% ethanol. To quantify the total
biofilm biomass, the optical density (OD) was measured using
a plate reader (Molecular Devices Corp., USA) at a wavelength
of 570 nm (n = 3). For biofilm degradation assay, S. ureilyticus
was inoculated at 1% into fresh TSB in a 96-well polystyrene
plate and incubated at 37°C for 24h without shaking. The
supernatant was then removed to retain the biofilm, and different
MOIs of phage suspension (MOI of 0.1, 1, 10, 100, 1,000, and
10,000) and PBS (control) were distributed in each well. After
24 and 48 h of incubation at 37°C, the supernatant was removed
and washed, and the remaining biofilm was stained with 0.1%

CV and dissolved in 95% ethanol. Absorbance was measured
using a plate reader at 570 nm to quantify the total biofilm
biomass (n = 3).

Confocal Laser Scanning Microscopy

(CLSM) (Wet Lab)

The LIVE/DEAD™ BacLight™ Bacterial Viability Kit
(Invitrogen™, Molecular Probes, USA) was used to distinguish
live bacteria in the biofilm, and live bacteria were visualized
using a confocal laser microscope (CLSM, LSMS800, Carl
Zeiss, Jena, Germany). Utilizing the manufacturer’s protocol,
the bacterial cultures (for the prevention assay) or biofilm
(for the degradation assay) were cultured on coverslips
(Paul Marienfeld GmbH & Co., Germany) for 24 and 48h,
respectively, at 37°C with different phage titers in a 6-well
polystyrene plate and stained with SYTO 9 green-fluorescent
nucleic acid stain (Invitrogen™, Molecular Probes, USA)
for 20min. The remaining stain was then washed with
filtered distilled water, the coverslips in each well were
moved onto a glass slide (Paul Marienfeld GmbH & Co.,
Germany), and the stained live S. wureilyticus was observed
under CLSM.

Cytotoxicity Assay (Wet Lab)

To confirm the cell toxicity of the phage, cytotoxicity assay
was slightly modified as described previously (Porayath et al,
2018). A Quanti-Max WST-8 Cell Viability Assay kit (Biomax
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FIGURE 1 | Flow chart of research process used in this study. S. ureilyticus ATCC49330 was used as host bacteria to isolate phage from wastewater. Genomic and
biological characteristics and antimicrobial activity of isolated phage vB_SurP-PSU3 were measured.

Ltd., Korea) was used to measure the number of living
cells according to the manufacturer’s protocol. African green
monkey kidney (VERO-CCI-81) cells (10° cells/well) were grown
at 37°C and 5% CO; in a 96-well polystyrene plate filled
with RPMI1640 medium (Corning Inc., USA), supplemented
with 10% fetal bovine serum (HyClone Laboratories Inc.,
USA) and 1% antibiotic/antimycotic solution (Thermo Fisher
Scientific Inc., USA). Following overnight incubation, cells
were washed twice, and the phage lysate (10° PFU/ml) and
heat-inactivated phage lysate were inoculated into each well
(n = 3). Shiga toxin (Stx1) was used as a positive control.
The mixtures were incubated for 3h and 24h at 37°C
with 5% CO;. Quanti-Max™ was distributed in each well
to quantify the cell viability, and the OD was measured at
450 nm.

Statistical Analysis (Dry Lab)

A one-way analysis of variance (ANOVA) was conducted
using the XLSTAT software in Excel (Office 365; Microsoft
Corp., USA). The value of P < 0.05 was considered
statistically significant.

Culture Deposition and Nucleotide

Sequence Accession Numbers

The S. uwreilyticus phage was deposited in the Korean
Collection for Type Cultures (KCTC) wunder KCTC
14773BP, and the complete genome sequence was
deposited in the GenBank database under accession
number OK574338.

RESULTS

Isolation and Host Range of Phage
vB_SurP-PSU3

The research process was summarized in a flow chart using
CmapTools (Figure 1) (Canas et al., 2004; Behzadi and Gajdacs,
2021). The newly isolated S. ureilyticus phage, vB_SurP-PSU3,
was isolated from wastewater and propagated with S. ureilyticus
ATCC 49330 as the host. The host range of vB_SurP-PSU3
was tested against the 21 Staphylococcus strains used in this
study. vB_SurP-PSU3 infected and showed a clear lytic plaque
on S. ureilyticus ATCC 49330 and S. warneri ATCC 27836,
and turbid plaque was formed in S. warneri H6-3; however,
other staphylococcal strains did not show any plaques (Table 1
and Figure 2B).

Biological Characteristics of Phage

vB_SurP-PSU3

The virion morphology of phage vB_SurP-PSU3 was observed via
TEM (Figure 2A). The phage vB_SurP-PSU3 has an icosahedral
head (<50 nm in diameter) with a short, non-contractile tail,
and its morphology is similar to the Podoviridae family. Under
diverse thermal conditions, the phage was stable at temperatures
ranging from 4 to 37°C (Figure 2C). At 56°C, the titer of phage
vB_SurP-PSU3 decreased, but a high viability of > 107 PFU/ml
was maintained. However, plaques were not observed on the
bacterial lawns at 80°C. Under diverse pH levels, phage vB_SurP-
PSU3 had the highest survival rate at pH 7, and the phage titer
decreased when the pH level was low or high, such as at pH 5
or 9 (Figure 2D). No viable phages were observed at pH 3 or
11, which represent extreme pH conditions. To estimate the life
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FIGURE 2 | General characteristics of phage vB_SurP-PSU3. (A) Transmission electron micrograph. Scale bar = 200 nm. The arrow represents the phage tail. (B)
Lytic characteristics of phage evaluated by spot assay on the different bacterial lawns. Representative examples: clear, turbid, and no lysis. (C) Thermal stability and
(D) pH stability. The data (C,D) represent the mean + SD (standard deviation) of three independent experiments.

cycle and burst size of phage vB_SurP-PSU3, a one-step growth
curve analysis was conducted at an MOI of 0.001. The adsorption
affinity of the phage for bacteria was observed in advance, and it
was over 90% after 25 min of inoculation (Figure 3A). Based on
the adsorption affinity, the one-step growth curve showed that
the latent period of the phage was 30 min, and the burst size was
148.5 virions per infected cell (Figure 3B).

Planktonic Bacteriolytic Activity of Phage
vB_SurP-PSU3

ODggp was measured every 2h for 10h to evaluate the effect of
the phage titer on planktonic bacterial cells (Figure 3C). At low
MOIs (0.001, 0.01, 0.1), the ODggo value decreased compared to
the control group, but bacterial regrowth was observed after 8 h.
This revealed that alow MOI could not inhibit bacterial regrowth
over time. At high MOIs (1, 10, 100), the phage successfully lysed
planktonic bacteria as the MOI value increased and continuously
inhibited bacterial growth.

Genomic Analysis of Phage vB_SurP-PSU3
The genome of phage vB_SurP-PSU3 was sequenced using the
Mlumina short-read NGS platform, and 3,829,468 reads were
obtained with 211x coverage. The phage genome consisted of

double-stranded linear DNA with 18,146 base pairs and a G +
C content of 30.06% (Figure 4). Annotation analysis, based on
the RAST program, revealed 20 ORFs, of which 11 ORFs (55%)
were positive strands, and by BLASTp and HHpred, 13 ORFs
(65%) had predicted functions classified into three functional
groups: nucleotide metabolism, structural and packaging, and
lysis-related (Supplementary Table S1). tRNA genes were not
identified, and no virulence-or lysogeny-related genes were
detected. BLASTn revealed that the genome of vB_SurP-PSU3
was most similar with Staphylococcus virus St134 (NC_047814,
95.17% identity and 96% coverage) and Staphylococcus virus
Andhra (NC_047813, 93.44% identity and 95% coverage), both
of which are representative species of the genus Andhravirus
(Virus, 2011). Comparative genomic analysis between vB_SurP-
PSU3, St134, and Andhra, showed that the ORFs of the three
phages seemed highly similar, with the exception of ORF 7, which
was translated into endolysin, one of the lysis-related proteins
(Figure 5). Phylogenetic trees were constructed using the whole-
genome (Figure 6A), major capsid protein (Figure 6B), and
DNA polymerase (Figure 6C). As with the BLASTn results,
all phylogenetic trees revealed that the phage belonged to
the genus Andhravirus in the order Caudovirales, subfamily
Rakietenvirinae, family Rountreeviridae. Based on these results,
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the newly isolated phage vB_SurP-PSU3 was classified as a new
member of Andhravirus.

Anti-biofilm Activity of Phage
vB_SurP-PSU3

To determine the effect of phage on biofilm formation,
S. wreilyticus was incubated with different titers of phage
suspension in 6-well polystyrene plates with coverslips and 96-
well polystyrene plates (Figures 7A,B). Both results showed that
biofilm formation was successfully prevented in the phage-
treated wells compared to the control group. Even though
the phage titer was low (10° PFU/ml), the phage’s capability
to prevent biofilm formation was maintained until 48h. For
determining the effect of phages on biofilm degradation, biofilm
was formed in 6-well polystyrene plates with coverslips and
96-well polystyrene plates, and each well was treated with
different titers of phage suspension (Figures 8A,B). Similar to the
biofilm prevention capability, the phage gradually decomposed
the biofilm as the titer increased, but a relatively low dose of phage
titer (up to 108 PFU/ml) could not destroy the mature biofilm.

Cell Cytotoxicity of Phage vB_SurP-PSU3
The WST-8 assay, a cell proliferation assay, was conducted
to evaluate the safety of the phage against mammalian cells
(Figure 9). Vero cells (10° cells/well) and activated or inactivated
phage suspensions (10> PFU/ml) were incubated together. There
were no significant differences between the control group
and activated or inactivated phage-treated groups. However,
in the positive control treated with Shiga toxin (Stx1), cell
viability decreased.

DISCUSSION

Staphylococcus can  be classified into coagulase-negative
staphylococci (CoNS) and coagulase-positive staphylococci
(CoPS) based on the presence of the coagulase enzyme, a
virulence factor that clots blood plasma. Among the genus
Staphylococcus, S. aureus, a representative strain of CoPS,
is considered the only major pathogen that causes diverse
infectious diseases; however, as antibiotic resistance has arisen as
a global concern, researchers have focused on the pathogenesis
of CoNS. As commensal bacteria, CoNS are found commonly
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in daily lives, but nosocomial infections of CoNS in health
facilities such as hospitals are increasing with the use of foreign
bodies. Currently, CoNS are considered opportunistic pathogens
that cause life-threatening diseases in immunocompromised
patients (Wisplinghoff et al., 2004; Heilmann et al, 2019).
Specifically, because biofilms of pathogens can protect microbial
communities from external factors such as antibiotics, the
biofilm-forming ability is a major pathogenic factor that can
cause nosocomial infections and accounts for more than 80% of
bacterial infections in humans (Jamal et al., 2018).

S. ureilyticus, one of the CoNS, originally belonged to S. cohnii
subsp. urealyticus but was reclassified in 2020 (Madhaiyan et al,,
2020). Many cases of antibiotic resistance have been reported
in S. wreilyticus, and the frequency of human infections has
increased (Soldera et al., 2013; Singh et al., 2016). Additionally,
staphylococcal cassette chromosome mec (SCCmec), a mobile
genetic element of staphylococcal species that encodes the mecA
gene responsible for methicillin resistance, has been identified
within genomes of clinical isolates (Zong and Lii, 2010; Mendoza-
Olazaran et al.,, 2017). As SCCmec can be transferred to other
staphylococcal strains, a novel strategy is needed to overcome
antibiotic resistance in S. wreilyticus infections. As one of the
most notable antibiotic alternatives, phages do not affect normal
flora, and they can evolve their genetic information to ensure an

effective infection of host bacteria. This indicates that phages can
diminish resistance to treatment. Because of these advantages,
multiple reports have demonstrated their ability to treat patients
with bacterial pathogens (Kakasis and Panitsa, 2019; Diizgiines
etal,, 2021); however, no phage has successfully infected and lysed
S. ureilyticus.

In this study, phage vB_SurP-PSU3 was isolated from
wastewater of a sewage treatment plant. The phage effectively
lysed S. ureilyticus ATCC 49330 and some S. warneri strains
(Table 1), which are responsible for coagulase-negative urinary
tract infections (UTI) (Kanuparthy et al., 2020). S. ureilyticus
and S. warneri are closely related to human daily lives
as potential pathogens that require control. Genome-based
molecular phylogenetic analysis revealed that phage vB_SurP-
PSU3 belonged to Andhravirus and overall genomic contents
and arrangements of the phage were similar to those of other
previously reported members of Andhravirus (Virus, 2011).
However, the phage vB_SurP-PSU3 showed several differences
between the two phages in the Andhravirus: (i) Unlike vB_SurP-
PSU3, St 134 and Andhra mainly infected S. epidermidis, and
its possible infection of other species in CoNS (specifically
S. wreilyticus or S. warneri) has not been reported (Cater
et al, 2017). (ii) Although all three phages possessed a
holin-endolysin-based lysis system and its predicted holin (ORF
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10) in vB_SurP-PSU3 was almost identical to those of the other  coverage) and Andhra (58.25% identity with 40% coverage)
two phages, the predicted endolysin (ORF 7) in our isolate  (Figure5). The holin-endolysin lysis system is a programmed
was distinctly different from St 134 (51.52% identity with 38%  mechanism for lysing host cells during phage development.
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Specifically, endolysin, which is synonymous with phage lysins,
is an enzyme that can degrade the peptidoglycan layer from
inside the host bacteria. Because gram-positive bacteria such
as Staphylococcus spp. do not have an outer membrane, phage
endolysins can lyse them effectively (Schmelcher et al., 2012).
In general, phage tail proteins interact with bacterial surface
receptors and are responsible for determining potential host
specificity (Le et al., 2013); however, the predicted tail proteins
(ORF 8 and 9) in vB_SurP-PSU3 were very similar (99.15%
identity with 100% coverage) to St 134 and Andhra (97.45%
identity with 100% coverage), thereby suggesting that the
difference in endolysin of our isolate may have contributed to
the potential difference in host range, and further studies on the
detailed characterization of its endolysin are now in progress.

Phage vB_SurP-PSU3 effectively reduced and removed
staphylococcal biofilms. Previous research on phages has focused
on their capacity to lyse planktonic bacteria. However, because of
the importance of biofilms in antibiotic tolerance and resistance,
new treatments are needed, and phages have been considered
an interesting alternative (Ferriol-Gonzédlez and Domingo-Calap,
2020). Not all phages that demonstrate a lysis capability in
planktonic cells are effective in biofilms; however, recent studies
have reported that several staphylococcal phages can control
bacterial biofilms (Cha et al., 2019; Kim et al., 2021). The isolated
phage in this study, vB_SurP-PSU3, could successfully inhibit the
growth of planktonic cells (Figure 3C), prevented the formation
of S. ureilyticus biofilm, and degraded mature biofilm (Figures 7,
8). Although biofilm was not effectively degraded at titers below
108 PFU/ml, high titers of phages eliminated mature biofilm for
until 48 h. In the CLSM images of live S. ureilyticus in biofilm
(Figures 7A, 8A), the mass of biofilm seemed to reduce at 48 h
compared to 24 h; this suggests that S. ureilyticus ATCC 49330
may be able to degrade its own biofilm, as part of the lifecycle.
Several previous studies have described biofilm dispersion within
their lifecycle, and this process is assumed to be converted to
the planktonic mode of growth because of steepening chemical
concentration gradients, such as nutrient resources (Rumbaugh
and Sauer, 2020).

Studies on considering phage as an antimicrobial agent have
been conducted for decades. However, with the emergence
of antibiotics, the development of phages has slowed down.
Currently, the increasing number of AMR infections has drawn
attention back to phages, and researchers have been investigating
them to enhance their antibacterial activity for more effective use.
Examples of good options include using a phage cocktail (Yu
et al., 2022), a phage-antibiotic combination (Lin et al., 2021),
and a phage-nanoparticle combination (Abdelsattar et al., 2021).
Along with other antimicrobial agents, the remarkable effect of

REFERENCES

Abdelsattar, A. S., Nofal, R., Makky, S., Safwat, A., Taha, A., and El-Shibiny, A.
(2021). The synergistic effect of biosynthesized silver nanoparticles and Phage
ZCSE2 as a novel approach to combat multidrug-resistant Salmonella enterica.
Antibiotics 10, 678. doi: 10.3390/antibiotics10060678

phage has been proven. Therefore, these biological approaches
will suggest a way to treat a wide spectrum of bacterial pathogens
more quickly.

In conclusion, the lytic phage vB_SurP-PSU3 was successfully
isolated and characterized. The phage was effective in planktonic
cells as well as in anti-biofilm, and cell cytotoxicity assays
demonstrated its safety against potential applications in animals.
Based on these results, vB_SurP-PSU3 is a promising biocontrol
agent against S. ureilyticus and its biofilm. This phage is expected
to have diverse applications, including prevention and treatment,
which will be different from those of other reported phages.
Therefore, further studies are necessary to reveal the function
of hypothetical proteins for safer use. Moreover, identifying and
engineering its lysin can be expected to be more effective than
utilizing other antimicrobial agents.

DATA AVAILABILITY STATEMENT

The data presented in this study can be found in the GenBank
database, accession number OK574338.

AUTHOR CONTRIBUTIONS

HK and SYP: conceptualization, methodology, conducted
the study, data analysis, and writing the manuscript. M-SK:
methodology, conducted the study, and edited the manuscript.
SK and SCP: supplied materials for the study and editing
of the manuscript. JK: conceptualization, funds, writing
the manuscript, supervision, and editing the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This research was supported by the KRIBB Initiative
Programs, the National Research Foundation of Korea (NRF-
2020R111A2068827) funded by the Ministry of Education in
the Republic of Korea, and also supported by the Development
of technology for biomaterialization of marine fisheries by-
products of Korea Institute of Marine Science & Technology
Promotion (KIMST) funded by the Ministry of Oceans and
Fisheries (KIMST-20220128).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.925866/full#supplementary-material

Aziz, R. K, Bartels, D., Best, A. A, DeJongh, M., Disz, T., Edwards,
R. A, et al. (2008). The RAST Server: rapid annotations using
subsystems technology. BMC Genom. 9, 75. doi: 10.1186/1471-21
64-9-75

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov,
A. S, et al. (2012). SPAdes: a new genome assembly algorithm and

Frontiers in Microbiology | www.frontiersin.org

12

July 2022 | Volume 13 | Article 925866


https://www.frontiersin.org/articles/10.3389/fmicb.2022.925866/full#supplementary-material
https://doi.org/10.3390/antibiotics10060678
https://doi.org/10.1186/1471-2164-9-75
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Kwon et al.

Bacteriophage Infecting Staphylococcus ureilyticus

its applications to single-cell sequencing. J. Comput. Biol. 19, 455-477.
doi: 10.1089/cmb.2012.0021

Behzadi, P., and Gajdacs, M. (2021). Writing a strong scientific paper in medicine
and the biomedical sciences: a checklist and recommendations for early career
researchers. Biol. Futur. 72, 395-407. doi: 10.1007/s42977-021-00095-z

Canas, A. J., Hill, G, Carff, R., Suri, N., Lott, J., Gomez, G., et al. (2004).
“Cmap tools: A knowledge modeling and sharing environment,” in Concept
Maps: Theory, Methodology, Technology: Proceedings of the First International
Conference on Concept Mapping, Vol. 1,125-133.

Cater, K., Dandu, V. S., Bari, S. M., Lackey, K., Everett, G. F., and Hatoum-Aslan, A.
(2017). A novel Staphylococcus podophage encodes a unique lysin with unusual
modular design. mSphere 2, €00040-e00017. doi: 10.1128/mSphere.00040-17

Cha, Y., Chun, ], Son, B., and Ryu, S. (2019). Characterization and genome analysis
of Staphylococcus aureus podovirus CSA13 and its anti-biofilm capacity. Viruses
11, 54. doi: 10.3390/v11010054

Cuevas, 0., Cercenado, E. Vindel, A. Guinea,
Sanchez-Somolinos, M., et al. (2004).
resistance of Staphylococcus spp. in Spain: five nationwide prevalence
studies, 1986 to 2002. Antimicrob. Agents Chemother. 48, 4240-4245.
doi: 10.1128/AAC.48.11.4240-4245.2004

Doub, J. B, Ng, V. Y., Wilson, E., Corsini, L, and Chan, B. K. (2021).
Successful treatment of a recalcitrant Staphylococcus epidermidis prosthetic
knee infection with intraoperative bacteriophage therapy. Pharmaceuticals 14,
231. doi: 10.3390/ph14030231

Diizgiines, N., Sessevmez, M., and Yildirim, M. (2021). Bacteriophage therapy
of bacterial infections: the rediscovered frontier. Pharmaceuticals 14, 34.
doi: 10.3390/ph14010034

El Haddad, L., Harb, C. P., Gebara, M. A., Stibich, M. A., and Chemaly, R.
F. (2019). A systematic and critical review of bacteriophage therapy against
multidrug-resistant ESKAPE organisms in humans. Clin. Infect. Dis. 69,
167-178. doi: 10.1093/cid/ciy947

Ferriol-Gonzélez, C., and Domingo-Calap, P. (2020). Phages for biofilm removal.
Antibiotics 9, 268. doi: 10.3390/antibiotics9050268

Franga, A., Gaio, V., Lopes, N, and Melo, L. D. R. (2021). Virulence
factors in  coagulase-negative  staphylococci.  Pathogens 10, 170.
doi: 10.3390/pathogens10020170

Gatermann, S. G., Koschinski, T., and Friedrich, S. (2007). Distribution and
expression of macrolide resistance genes in coagulase-negative staphylococci.
Clin. Microbiol. Infect. 13, 777-781. doi: 10.1111/§.1469-0691.2007.01749.x

Han, J. E,, Lee, S., Jeong, D. G., Yoon, S. W., Kim, D. J,, Lee, M. S,, et al. (2017).
Complete genome sequence of multidrug-resistant Staphylococcus sciuri strain
SNUDS-18 isolated from a farmed duck in South Korea. J. Glob. Antimicrob.
Resist. 11, 108-110. doi: 10.1016/j.jgar.2017.09.013

Heilmann, C. Ziebuhr, W., and Becker, K. (2019). Are coagulase-
negative staphylococci virulent? Clin. Microbiol. Infect. 25, 1071-1080.
doi: 10.1016/j.cmi.2018.11.012

Jado, 1., Lopez, R., Garcia, E., Fenoll, A., Casal, J., and Garcia, P. (2003). Spanish
pneumococcal Infection Study Network. Phage lytic enzymes as therapy for
antibiotic-resistant Streptococcus pneumoniae infection in a murine sepsis
model. J. Antimicrob. Chemother. 52, 967-973. doi: 10.1093/jac/dkg485

Jain, A., Agarwal, A, Verma, R. K, Awasthi, S, and Singh, K. P. (2011).
Intravenous device associated blood stream staphylococcal infection in
paediatric patients. Indian J. Med. Res. 134, 193-199.

Jamal, M., Ahmad, W., Andleeb, S., Jalil, F., Imran, M., Nawaz, M. A., et al.
(2018). Bacterial biofilm and associated infections. J. Chin. Med. Assoc. 81,7-11.
doi: 10.1016/j.jcma.2017.07.012

Kakasis, A., and Panitsa, G. (2019). Bacteriophage therapy as an alternative
treatment for human infections. A comprehensive review. Int. J. Antimicrob.
Agents 53, 16-21. doi: 10.1016/j.ijantimicag.2018.09.004

Kanuparthy, A., Challa, T., Meegada, S., Siddamreddy, S., and Muppidi, V. (2020).
Staphylococcus warneri: skin commensal and a rare cause of urinary tract
infection. Cureus 12, €8337. doi: 10.7759/cureus.8337

Kim, S. G., Giri, S. S, Yun, S., Kim, S. W.,, Han, S. J., Kwon, J., et al.
(2021). Two novel bacteriophages control multidrug- and methicillin-
resistant staphylococcus pseudintermedius biofilm. Front. Med. 8, 524059.
doi: 10.3389/fmed.2021.524059

Kim, S. G, Jun, J. W, Giri, S. S., Yun, S., Kim, H. J,, Kim, S. W, et al.
(2019). Isolation and characterisation of pVa-21, a giant bacteriophage

J., Sanchez-Conde, M.,
Evolution of the antimicrobial

with anti-biofilm potential against Vibrio alginolyticus. Sci. Rep. 9, 6284.
doi: 10.1038/s41598-019-42681-1

Kloos, W. E., and Wolfshohl, J. F. (1991). Staphylococcus cohnii subspecies:
Staphylococcus subsp. subsp. and  Staphylococcus
cohnii subsp. urealyticum subsp. nov. Int. J. Syst. Bacteriol. 41, 284-289.
doi: 10.1099/00207713-41-2-284

Koksal, F., Yasar, H. and Samasti, M. (2009). Antibiotic resistance
patterns of coagulase-negative staphylococcus strains isolated from blood
cultures of septicemic patients in Turkey. Microbiol. Res. 164, 404-410.
doi: 10.1016/j.micres.2007.03.004

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X:
Molecular evolutionary genetics analysis across computing platforms. Mol.
Biol. Evol. 35, 1547-1549. doi: 10.1093/molbev/msy096

Kuptsov, N. S., Kornienko, M. A., Gorodnichev, R. B., Danilov, D. 1., Malakhova,
M. V., Parfenova, T. V., et al. (2020). Efficacy of commercial bacteriophage
products against ESKAPE pathogens. Bull. Russ. State Med. Univ. 3, 18-24.
doi: 10.24075/brsmu.2020.029

Le, S., He, X,, Tan, Y., Huang, G., Zhang, L., Lux, R,, et al. (2013). Mapping
the tail fiber as the receptor binding protein responsible for differential host
specificity of Pseudomonas aeruginosa bacteriophages PaP1 and JG004. PLoS
ONE 8, €68562. doi: 10.1371/journal.pone.0068562

Li, C, Li, J., Xu, Y., Zhan, Y., Li, Y., Song, T, et al. (2021). Application of Phage-
displayed peptides in tumor imaging diagnosis and targeting therapy. Int. J.
Pept. Res. Ther. 27, 587-595. doi: 10.1007/s10989-020-10108-5

Lin, Y., Quan, D., Chang, R. Y. K, Chow, M. Y., Wang, Y., Li, M,, et al
(2021). Synergistic activity of phage PEV20-ciprofloxacin combination powder
formulation-a proof-of-principle study in a P. aeruginosa lung infection model.
Eur. J. Pharm. Biopharm. 158, 166-171. doi: 10.1016/j.jpb.2020.11.019

Lowe, T. M., and Eddy, S. R. (1997). TRNAscan-SE: a program for improved
detection of transfer RNA genes in genomic sequence. Nucleic Acids Res. 25,
955-964. doi: 10.1093/nar/25.5.955

Madhaiyan, M., Wirth, J. S., and Saravanan, V. S. (2020). Phylogenomic analyses
of the Staphylococcaceae family suggest the reclassification of five species
within the genus Staphylococcus as heterotypic synonyms, the promotion
of five subspecies to novel species, the taxonomic reassignment of five
Staphylococcus species to Mammaliicoccus gen. nov., and the formal assignment
of Nosocomiicoccus to the family Staphylococcaceae. Int. J. Syst. Evol. Microbiol.
70, 5926-5936. doi: 10.1099/ijsem.0.004498

Mah, T. F. C, and O’Toole, G. A. (2001).
resistance to antimicrobial agents. Trends
doi: 10.1016/S0966-842X(00)01913-2

McNamara, J. F., Righi, E, Wright, H.,, Hartel, G. F., Harris, P. N. A,
and Paterson, D. L. (2018). Long-term morbidity and mortality following
bloodstream infection: a systematic literature review. J. Infect. 77, 1-8.
doi: 10.1016/j.jinf.2018.03.005

Meier-Kolthoff, J. P., and Géker, M. (2017). VICTOR: genome-based phylogeny
and classification of prokaryotic viruses. Bioinformatics 33, 3396-3404.
doi: 10.1093/bioinformatics/btx440

Melo, L. D., Sillankorva, S., Ackermann, H. W., Kropinski, A. M., Azeredo, J.,
and Cerca, N. (2014). Characterization of Staphylococcus epidermidis phage
vB_SepS_SEP9-a unique member of the Siphoviridae family. Res. Microbiol.
165, 679-685. doi: 10.1016/j.resmic.2014.09.012

Mendoza-Olazardn, S., Garcia-Mazcorro, J. F., Morfin-Otero, R., Villarreal-
Trevino, L., Camacho-Ortiz, A., Rodriguez-Noriega, E., et al. (2017).
Draft genome sequences of two opportunistic pathogenic strains of
Staphylococcus cohnii isolated from human patients. Stand. Genom. Sci. 12, 49.
doi: 10.1186/s40793-017-0263-1

Petinaki, E., Kontos, F., Miriagou, V., Maniati, M., Hatzi, F., and Maniatis,
A. N. (2001). Bacterial Resistance Study Group Survey of methicillin-
resistant coagulase-negative staphylococci in the hospitals of central
Greece. Int. J. Antimicrob. Agents. 18, 563-566. doi: 10.1016/50924-8579(01)
00454-X

Porayath, C., Salim, A., Veedu, A. P., Babu, P., Nair, B, Madhavan, A, et al. (2018).
Characterization of the bacteriophages binding to human matrix molecules. Int.
J. Biol. Macromol. 110, 608-615. doi: 10.1016/j.ijbiomac.2017.12.052

Prestinaci, F., Pezzotti, P., and Pantosti, A. (2015). Antimicrobial resistance:
a global multifaceted phenomenon. Pathog. Glob. Health. 109, 309-318.
doi: 10.1179/2047773215Y.0000000030

cohnii cohnii nov.

of Dbiofilm
9, 34-39.

Mechanisms
Microbiol.

Frontiers in Microbiology | www.frontiersin.org

13

July 2022 | Volume 13 | Article 925866


https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1007/s42977-021-00095-z
https://doi.org/10.1128/mSphere.00040-17
https://doi.org/10.3390/v11010054
https://doi.org/10.1128/AAC.48.11.4240-4245.2004
https://doi.org/10.3390/ph14030231
https://doi.org/10.3390/ph14010034
https://doi.org/10.1093/cid/ciy947
https://doi.org/10.3390/antibiotics9050268
https://doi.org/10.3390/pathogens10020170
https://doi.org/10.1111/j.1469-0691.2007.01749.x
https://doi.org/10.1016/j.jgar.2017.09.013
https://doi.org/10.1016/j.cmi.2018.11.012
https://doi.org/10.1093/jac/dkg485
https://doi.org/10.1016/j.jcma.2017.07.012
https://doi.org/10.1016/j.ijantimicag.2018.09.004
https://doi.org/10.7759/cureus.8337
https://doi.org/10.3389/fmed.2021.524059
https://doi.org/10.1038/s41598-019-42681-1
https://doi.org/10.1099/00207713-41-2-284
https://doi.org/10.1016/j.micres.2007.03.004
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.24075/brsmu.2020.029
https://doi.org/10.1371/journal.pone.0068562
https://doi.org/10.1007/s10989-020-10108-5
https://doi.org/10.1016/j.ejpb.2020.11.019
https://doi.org/10.1093/nar/25.5.955
https://doi.org/10.1099/ijsem.0.004498
https://doi.org/10.1016/S0966-842X(00)01913-2
https://doi.org/10.1016/j.jinf.2018.03.005
https://doi.org/10.1093/bioinformatics/btx440
https://doi.org/10.1016/j.resmic.2014.09.012
https://doi.org/10.1186/s40793-017-0263-1
https://doi.org/10.1016/S0924-8579(01)00454-X
https://doi.org/10.1016/j.ijbiomac.2017.12.052
https://doi.org/10.1179/2047773215Y.0000000030
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Kwon et al.

Bacteriophage Infecting Staphylococcus ureilyticus

Ranjbar, R,, Behzadi, P., Najafi, A., and Roudi, R. (2017). DNA microarray for rapid
detection and identification of food and water borne bacteria: from dry to wet
lab. Open Microbiol. J. 11, 330-338. doi: 10.2174/1874285801711010330

Rumbaugh, K. P., and Sauer, K. (2020). Biofilm dispersion. Nat. Rev. Microbiol. 18,
571-586. doi: 10.1038/s41579-020-0385-0

Salas, M., Wernecki, M., Ferndndez, L., Iglesias, B., and Gutiérrez, D., Alvarez,
A., et al. (2020). Characterization of clinical MRSA isolates from Northern
Spain and assessment of their susceptibility to phage-derived antimicrobials.
Antibiotics 9, 447. doi: 10.3390/antibiotics9080447

Sambrook, J., and Russell, D. W. (2006). Purification of nucleic acids
by extraction with phenol: chloroform. CSH Protoc. 1, pdb.prot4455.
doi: 10.1101/pdb.prot4045

Schmelcher, M., Donovan, D. M., and Loessner, M. J. (2012). Bacteriophage
endolysins as novel antimicrobials. Future Microbiol. 7, 1147-1171.
doi: 10.2217/fmb.12.97

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics
30, 2068-2069. doi: 10.1093/bioinformatics/btul53

Shahin, K., Bao, H., Komijani, M., Barazandeh, M., Bouzari, M., Hedayatkhah,
A., et al. (2019). Isolation, characterization, and PCR-based molecular
identification of a siphoviridae phage infecting Shigella dysenteriae. Microbial
Pathog. 131, 175-180. doi: 10.1016/j.micpath.2019.03.037

Shahin, K., Barazandeh, M., Zhang, L., Hedayatkhah, A., He, T., Bao,
H., et al. (2021). Biodiversity of new lytic bacteriophages infecting
Shigella spp. in freshwater environment. Front. Microbiol. 12, 619323.
doi: 10.3389/fmicb.2021.619323

Shahin, K., Zhang, L., Mehraban, M. H., Collard, J. M., Hedayatkhah, A,
Mansoorianfar, M., et al. (2022). Clinical and experimental bacteriophage
studies: recommendations for possible approaches for standing against SARS-
CoV-2. Microb. Pathog. 164, 105442. doi: 10.1016/j.micpath.2022.105442

Singh, S., Dhawan, B., Kapil, A., Kabra, S. K., Suri, A., Sreenivas, V., et al.
(2016). Coagulase-negative staphylococci causing blood stream infection
at an Indian tertiary care hospital: prevalence, antimicrobial resistance
and molecular characterisation. Indian ]. Med. Microbiol. 34, 500-505.
doi: 10.4103/0255-0857.195374

Singhai, M., Malik, A., Shahid, M., Malik, M. A., and Goyal, R. (2012).
A study on device-related infections with special reference to biofilm
production and antibiotic resistance. J. Glob. Infect. Dis. 4, 193-198.
doi: 10.4103/0974-777X.103896

Soldera, J., Nedel, W. L., Cardoso, P. R. C., and d’Azevedo, P. A. (2013). Bacteremia
due to Staphylococcus cohnii ssp. urealyticus caused by infected pressure
ulcer: case report and review of the literature. Sdo Paulo Med. J. 131, 59-61.
doi: 10.1590/S1516-31802013000100010

Song, Y., Lv, Y, Cui, L, Li, Y, Ke, Q, and Zhao, Y. (2017). cfr-
mediated linezolid-resistant clinical isolates of methicillin-resistant coagulase-
negative staphylococci from China. J. Glob. Antimicrob. Resist. 8, 1-5.
doi: 10.1016/j.jgar.2016.09.008

Sullivan, M. J, Petty, N. K, and Beatson, S. A.
a genome comparison visualizer. Bioinformatics 27,
doi: 10.1093/bioinformatics/btr039

Szczuka, E., Jablonska, L., and Kaznowski, A. (2016). Coagulase-negative
staphylococci: pathogenesis, occurrence of antibiotic resistance genes and
in vitro effects of antimicrobial agents on biofilm-growing bacteria. J. Med.
Microbiol. 65, 1405-1413. doi: 10.1099/jmm.0.000372

Szewczyk, E. M., Rozalska, M., Cie$likowski, T., and Nowak, T. (2004). Plasmids of
Staphylococcus cohnii isolated from the intensive-care unit. Folia Microbiol. 49,
123-131. doi: 10.1007/BF02931385

(2011). Easyfig:
1009-1010.

Valente, L. G., Pitton, M., Firholz, M., Oberhaensli, S., Bruggmann, R., Leib,
S. L., et al. (2021). Isolation and characterization of bacteriophages from the
human skin microbiome that infect Staphylococcus epidermidis. FEMS Microbes
2, xtab003. doi: 10.1093/femsmc/xtab003

Vallés, J., Calbo, E., Anoro, E., Fontanals, D., Xercavins, M., Espejo, E., et al.
(2008). Bloodstream infections in adults: importance of healthcare-associated
infections. J. Infect. 56, 27-34. doi: 10.1016/j.jinf.2007.10.001

Vestby, L. K., Greonseth, T., Simm, R., and Nesse, L. L. (2020). Bacterial
biofilm and its role in the pathogenesis of disease. Antibiotics 9, 59.
doi: 10.3390/antibiotics9020059

Virus, I. C. T. V. (2011). “Taxonomy,” in Ninth Report of the International
Committee on Taxonomy of Viruses, Vol. 10, eds A. M. Q. King, M. J. Adams, E.
B. Carstens, and E. J. Lefkowitz (London: Elsevier).

Walsh, L., Johnson, C. N,, Hill, C., and Ross, R. P. (2021). Efficacy of phage- and
bacteriocin-based therapies in combatting nosocomial MRSA infections. Front.
Mol. Biosci. 8, 654038. doi: 10.3389/fmolb.2021.654038

Watters, C., Fleming, D., Bishop, D., and Rumbaugh, K. P. (2016).
Host responses to biofilm. Prog. Mol. Biol. Transl. Sci. 142, 193-239.
doi: 10.1016/bs.pmbts.2016.05.007

Wilkins, M. R., Gasteiger, E., Bairoch, A., Sanchez, J. C., Williams, K. L., Appel, R.
D., et al. (1999). Protein identification and analysis tools in the ExPASy server.
Methods Mol. Biol. 112, 531-552. doi: 10.1385/1-59259-584-7:531

Wisplinghoff, H., Bischoff, T., Tallent, S. M., Seifert, H., Wenzel, R. P., and
Edmond, M. B. (2004). Nosocomial bloodstream infections in US hospitals:
analysis of 24,179 cases from a prospective nationwide surveillance study. Clin.
Infect. Dis. 39, 309-317. doi: 10.1086/421946

Yu, H.,, Zhang, L., Feng, C., Chi, T., Qi, Y., Raza, S. H. A,, et al. (2022). A phage
cocktail in controlling phage resistance development in multidrug resistant
Aeromonas hydrophila with great therapeutic potential. Microb. Pathog. 162,
105374. doi: 10.1016/j.micpath.2021.105374

Zhang, L., Ma, C., Liu, J., Shahin, K, Hou, X, Sun, L, et al. (2021).
Antiviral effect of a bacteriophage on murine norovirus replication via
modulation of the innate immune response. Virus Res. 305, 198572.
doi: 10.1016/j.virusres.2021.198572

Zong, Z., and Lii, X. (2010). Characterization of a new SCC mec element in
Staphylococcus cohnii. PLoS ONE 5, e14016. doi: 10.1371/journal.pone.0014016

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

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

Copyright © 2022 Kwon, Park, Kim, Kim, Park and Kim. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org

July 2022 | Volume 13 | Article 925866


https://doi.org/10.2174/1874285801711010330
https://doi.org/10.1038/s41579-020-0385-0
https://doi.org/10.3390/antibiotics9080447
https://doi.org/10.1101/pdb.prot4045
https://doi.org/10.2217/fmb.12.97
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1016/j.micpath.2019.03.037
https://doi.org/10.3389/fmicb.2021.619323
https://doi.org/10.1016/j.micpath.2022.105442
https://doi.org/10.4103/0255-0857.195374
https://doi.org/10.4103/0974-777X.103896
https://doi.org/10.1590/S1516-31802013000100010
https://doi.org/10.1016/j.jgar.2016.09.008
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1099/jmm.0.000372
https://doi.org/10.1007/BF02931385
https://doi.org/10.1093/femsmc/xtab003
https://doi.org/10.1016/j.jinf.2007.10.001
https://doi.org/10.3390/antibiotics9020059
https://doi.org/10.3389/fmolb.2021.654038
https://doi.org/10.1016/bs.pmbts.2016.05.007
https://doi.org/10.1385/1-59259-584-7:531
https://doi.org/10.1086/421946
https://doi.org/10.1016/j.micpath.2021.105374
https://doi.org/10.1016/j.virusres.2021.198572
https://doi.org/10.1371/journal.pone.0014016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Characterization of a Lytic Bacteriophage vB_SurP-PSU3 Infecting Staphylococcus ureilyticus and Its Efficacy Against Biofilm
	Introduction
	Materials and Methods
	Bacterial Strains and Culture Condition (Wet Lab)
	Phage Isolation (Wet Lab)
	Transmission Electron Microscopy (Wet Lab)
	Host Range Determination (Wet Lab)
	Thermal and pH Stability (Wet Lab)
	One-Step Growth Curve (Wet Lab)
	Bacteriolytic Activity (Wet Lab)
	Phage DNA Extraction (Wet Lab)
	Genome Sequencing and Bioinformatic Analysis (Dry Lab)
	Anti-biofilm Activity (Wet Lab)
	Confocal Laser Scanning Microscopy (CLSM) (Wet Lab)
	Cytotoxicity Assay (Wet Lab)
	Statistical Analysis (Dry Lab)
	Culture Deposition and Nucleotide Sequence Accession Numbers

	Results
	Isolation and Host Range of Phage vB_SurP-PSU3
	Biological Characteristics of Phage vB_SurP-PSU3
	Planktonic Bacteriolytic Activity of Phage vB_SurP-PSU3
	Genomic Analysis of Phage vB_SurP-PSU3
	Anti-biofilm Activity of Phage vB_SurP-PSU3
	Cell Cytotoxicity of Phage vB_SurP-PSU3

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


