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2Department of Animal Science, Biotechnical Faculty, University of Ljubljana, Domžale, Slovenia,
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S. epidermidis is an important opportunistic pathogen causing chronic prosthetic

joint infections associated with biofilm growth. Increased tolerance to antibiotic

therapy often requires prolonged treatment or revision surgery. Phage therapy is

currently used as compassionate use therapy and continues to be evaluated for its

viability as adjunctive therapy to antibiotic treatment or as an alternative treatment

for infections caused by S. epidermidis to prevent relapses. In the present study, we

report the isolation and in vitro characterization of three novel lytic S. epidermidis

phages. Their genome content analysis indicated the absence of antibiotic resistance

genes and virulence factors. Detailed investigation of the phage preparation

indicated the absence of any prophage-related contamination and demonstrated

the importance of selecting appropriate hosts for phage development from the

outset. The isolated phages infect a high proportion of clinically relevant S.

epidermidis strains and several other coagulase-negative species growing both in

planktonic culture and as a biofilm. Clinical strains differing in their biofilm phenotype

and antibiotic resistance profile were selected to further identify possible

mechanisms behind increased tolerance to isolated phages.

KEYWORDS

therapeutic phages, phage safety and efficacy, prosthetic joint infections, biofilms,
Staphylococcus epidemidis
1 Introduction

The coagulase-negative bacterium Staphylococcus epidermidis is a common colonizer of

human skin. However, once it crosses the epithelial barrier, it can cause infections of

implanted medical devices, such as artificial joints (Otto, 2009). The main cause of

prosthetic joint infections are coagulase-negative staphylococci (CoNS), with S.

epidermidis being the most common pathogen (Zimmerli, 2014; Van Epps and Younger,
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2016; Patel, 2023). These infections are chronic because

S. epidermidis has excellent ability to adhere to biomaterials and

form biofilms (Rupp and Archer, 1994; Darouiche, 2004;

Wisplinghoff et al., 2004). Therefore, complex treatment protocols

with prolonged antimicrobial therapy and multiple surgeries are

required in 20% of cases of prosthetic joint infections (Zimmerli,

2014; Kandel et al., 2019). In the event of treatment failure, there are

limited treatment strategies to prevent recurrence (Zimmerli, 2014).

Phage therapy is already being used to treat sporadic cases of

orthopedic infections as part of compassionate use (expanded access

therapy) and clinical trials are underway in the United States and

France to gain further evidence of the efficacy of phage therapy

(Onsea et al., 2019; Ferry et al., 2020; Doub et al., 2021). The

advantages of virulent phages as therapeutic agents are their

narrow specificity, their ability to replicate in the presence of a

suitable host, and their potential anti-biofilm activity (Loc-Carrillo

and Abedon, 2011). Although guidelines for phage therapy are still

being developed, a widespread agreement on the features of

therapeutic phages has been accepted. Therapeutic phages need to

be strictly virulent, without functional genetic determinants of the

lysogenic cycle, virulence factors, or antibiotic resistance genes, and

should not be prone to generalized transduction (Pirnay et al., 2015).

Many of these features are addressed at the level of the whole genome

sequence, which is accepted as fundamental information about

therapeutic phages (FDA, 2021; Center for Biologics evaluation and

research, and National Institute of Allergy and Infectious Disease,

2021). Prior to any analysis of genome content, a high-quality whole

genome sequence must be obtained (Turner et al., 2021). Currently,

open-access tools are available that can be used to develop a workflow

to generate the required data and allow for easy repetition (Shen and

Millard, 2021). Genome content analysis is based on similarity

searches between coding phage sequences and quality databases,

including virulence factors and genetic determinants of antibiotic

resistance. However, genetic indications of phage lifestyle and lack of

general transduction must be supported also by experimental

evidence. Therapeutic phages also need to be active against target

pathogens with diverse backgrounds (broad host range) without

affecting the accompanying microbiota to minimize side effects

(Pirnay et al., 2015). Phages that meet these criteria are then

extensively tested for safety and efficacy in clinical trials prior to

any therapeutic application. Phage preparations for clinical trials

must comply with good manufacturing practice guidelines

established by regulatory agencies (EMA, FDA) to eliminate the

possibility of contamination and errors (Pelfrene et al., 2016; Plaut

and Stibitz, 2019). The criteria of identity and purity must be met to

ensure that phages retained their characteristics during the

production and that the phage preparations are free of potentially

harmful contaminants (exotoxins, endotoxins, host cell proteins, host

cell DNA) (Merabishvili et al., 2009).

Staphylococcus specific phages with demonstrated therapeutic

potential from the genus Kayvirus, ISP, K, Sb-1, vB_SauM-fRuSau02,

SaGU1 and phages comprising the clinically tested cocktail AB-SA01

(J-Sa36, Sa38 and Sa87) are polyvalent and highly effective against S.

aureus, but their infectivity against coagulase-negative species is either

reduced or underexplored (O’Flaherty et al., 2005; Kvachadze et al.,

2011; Vandersteegen et al., 2013; Leskinen et al., 2017; Fish et al., 2018;
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Lehman et al., 2019; Kifelew et al., 2020; Shimamori et al., 2021).

Currently known S. epidermidis-specific virulent phages belong to the

siphovirus, podovirus, and myovirus morphotypes, with the latter two

being strictly virulent (Melo et al., 2014; Gutiérrez et al., 2015; Cater

et al., 2017; Valente et al., 2021; Fanaei Pirlar et al., 2022). Most

information is available on the SEP1 and IPLA-C1C phages, which

belong to the Sepunavirus genus and have high specificity for S.

epidermidis, but decreased infectivity toward S. aureus (Melo et al.,

2014; Gutiérrez et al., 2015a). Despite its ability to infect bacteria in

different physiological states, phage SEP1 is unable to efficiently clear

biofilms of S. epidermidis (Melo et al., 2018; Melo et al., 2020).

Similarly, poor efficacy against biofilms was previously reported for

Staphylococcus phage K, despite its activity against planktonic cultures,

suggesting that some virulent phages may have limited anti-biofilm

activity (Cerca et al., 2007; Alves et al., 2014). Conversely, the phage

IPLA-C1C has been shown to have biofilm-dispersing activity

(Gutiérrez et al., 2015).

Intrinsic resistance mechanisms to phages in Staphylococcus are

attributed to widespread and well-studied restriction-modification

systems (RMS), particularly type I, II and IV (Moller et al., 2019). In

addition, superinfection immunity, assembly interference, and abortive

infection may affect the phage host range, whereas the presence of

CRISPR systems in staphylococci is limited (Moller et al., 2019).

Resistance acquired by spontaneous mutations has not been

described in detail in S. epidermidis (Jurado et al., 2022). However, in

response of S. aureus to a nonlethal dose of the phage phiIPLA-RODI,

the synthesis of DNA-rich biofilms has been observed, which help the

bacteria resist environmental stress, while also maintaining a reservoir

of dormant susceptible bacteria that would support phage replication if

reactivated (Fernández et al., 2017). The acquisition of phage resistance

can be delayed to some extent by rational phage cocktail design, that

includes phages that infect bacteria with different phage resistance

mechanisms (Melo et al., 2014; Lehman et al., 2019). There is also

growing evidence that resistance acquired during phage treatment is

associated with reduced fitness of the resistant strain, e.g., reduced

colonization capacity, thus making them more susceptible to

conventional therapies (Mangalea and Duerkop, 2020).

This work reports the isolation and in vitro characterization of

three novel S. epidermidis phages that exhibit broad activity against a

range of clinical strains, and are lytic, non-transducing and do not carry

non-desirable genes making them suitable candidates for further in

vivo safety and efficacy studies. We also demonstrate the importance of

making informed decisions regarding isolation and propagation strains

already at the early stage of phage research. We address several aspects

of efficacy testing and highlight potential resistance mechanisms of

clinical strains with respect to phage efficacy.
2 Materials and methods

2.1 Bacterial strains and growth conditions

The origin and characteristics of 44 S. epidermidis and 12 S.

aureus strains are shown in Figure S1, along with additionally tested

S. pseudintermedius, S. pasteuri, S. lugdunensis, S. capitis and S.

pettenkoferi strains. Staphylococcus was cultivated on tryptone soya
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broth (TSB, Sigma-Aldrich, USA) agar (Biolife, Italy) plates or

broth at 37°C and 150 rpm. For the double agar overlay assay TSB

was supplemented with 1.2% agar to obtain agar plates or with 0.4%

agar for soft agar overlay.
2.2 Phage isolation, propagation,
and quantification

Phages were isolated from local wastewater treatment plants in

Slovenia between December 2020 to July 2021 (Table S1). Collected

influent composite samples (24 h) or influent grab samples were

centrifuged and then filtered through 0.45 µm and 0.22 µm PES

membrane filters (TPP). Ten-times concentrated (10x) TSB was

added to sewage to obtain 1x TSB. The medium was supplemented

with magnesium sulphate (10 mM) and calcium chloride (1 mM)

and inoculated with 1% of the overnight culture, followed by

incubation at 37°C and 150 rpm. Strains used for enrichment are

listed in Table S2. The enrichment mixtures consisted of only one

bacterial host at a time. Individual sewage samples were enriched

separately on multiple hosts. For detection of phages, the overnight

enrichment cultures were centrifuged and the supernatants were

spotted on bacterial lawns of different strains following protocol for

spot assay (Carlson, 2005). Clarification of the indicator strain

indicated the presence of phages and these lysis zones were

excised and resuspended in SM buffer (50 mM Tris-Cl, pH 7.5,

100 mM NaCl, 8 mM MgSO4, 0.01% (w/v) gelatin). Lysis zones

from enrichments of the same initial environmental sample

produced on bacterial lawns of multiple hosts were merged in

some cases (indicated in Table S2). Single plaques were obtained

from these zones by double agar overlay technique (Kropinski et al.,

2009). Pure phage population was obtained by three consecutive

single plaque purifications using the double agar overlay technique.

Pure phage isolates were propagated via plate lysate as described

elsewhere (Bonilla et al., 2016). For routine quantification, the

double agar overlay technique was used. Briefly, 100 mL serial

dilutions of the phage lysate were mixed with 100 mL of the

propagation strain and was added to TSB overlay agar, which was

poured onto TSB agar plates. After overnight incubation, plates

with 30–300 plaques were counted, and phage titer was calculated.

Phages were named with prefixes CO (research institution name

abbreviation) and P (phage) followed by unique identifier as suffix.

The names of all isolates are listed in Table S2.
1 https://github.com/lh3/seqtk

2 http://enve-omics.ce.gatech.edu/ani/
2.3 Transmission electron microscopy

Formvar-coated grids were placed on drops of different phage

suspensions for 5 min and negative staining was performed using

2% phosphotungstic acid (PTA). If needed, phage suspensions were

ultracentrifuged using the Beckmann Coulter Airfuge® (Brea, USA)

at high speed (100,000 x g) to concentrate phages directly on the

grids and negative staining was performed by the same procedure.

The grids were examined using a transmission electron microscope

JEOL JEM-1400 Plus (Tokyo, Japan) at 120 kV.
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2.4 Host range and efficiency of plating

Host range and EOP were determined as previously described

(Kutter, 2009). Briefly, 10 µl of each phage tested at a concentration

of 108 PFU/ml was spotted onto the overlay agar of each bacterial

strain, plates were then incubated at 37°C for 16-18 h. The degree of

lysis was determined visually the following day (Figure S1). EOP for

each strain was calculated as the titer of the tested strain divided by

the titer on the phage propagation strain COB-Sec2.
2.5 Phage genome sequencing and analysis

Phage DNA was extracted from DNAse-treated phage lysates

using the Phage DNA Isolation Kit (Norgen, Canada) according to

the modified protocol from the manufacturer. Phage lysates were

treated with 10 U/ml saltonase (Blirt, Poland) at room temperature

and were heat inactivated after overnight incubation in the presence

of DTT. The absence of host DNA was confirmed using the 16S

rRNA-specific primer set fD1 and RU1406 before extraction (Olsen

et al., 1986; Weisburg et al., 1991). Host DNA-free lysate was treated

with proteinase K (20 mg/ml) at 55°C, for 30 min, followed by heat

inactivation. Extraction was then performed according to the

manufacturer’s instructions. The quality of the phage genomic

DNA was determined by agarose gel electrophoresis. Sequencing

libraries were prepared using the Nextera XTL library preparation

kit (Illumina), and sequencing was performed using MiSeq or

NovaSeq (Illumina) from a commercial vendor. Quality read

trimming and removal of adapters was performed using

Trimmomatic (Bolger et al., 2014). Spades or Unicycler were used

to initially assemble phage genomes that resulted in one or more

potential phage contigs and a depth of coverage greater than 2500x,

as indicated by read mapping statistics performed by bwa (Table S3)

(Li, 2013; Wick et al., 2017; Prjibelski et al., 2020). Therefore,

subsampling was performed using seqtk to achieve 100x

coverage1. The subsampled reads were assembled using Spades

(Prjibelski et al., 2020). Quality trimmed reads and subsampled

reads were mapped to these assemblies. Unmapped reads were

extracted from the bam file and processed as described below.

Sequenced phages that were free of contamination were assembled

as single contig of the same size, regardless of the number of reads

used for assembly, and subjected to further analysis. Preliminary

identification of the closest relatives was performed by a stand-alone

blastn against the Inphared dataset (Cook et al., 2021). The genomes

of the most significant blastn hits were compared to the phage

contigs using the ANI calculator via the web server (Table S5)2. The

nature of genome termini was predicted from comparative analysis

of the large terminase subunits from phages with experimentally

determined packaging type as described by Merrill et al. (2016).

Phage contigs were then co-linearized with the genomes of the

ICTV exemplar isolates based on Mauve alignment. Annotation
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was performed with Prokka, along with functional annotation using

the PHROGs database and transfer RNA (tRNA) and non-coding

RNA (ncRNA) detection (Terzian et al., 2021). Structural

predictions and domain searches were performed using

InterProScan (Zdobnov and Apweiler, 2001). Indications of

temperate lifestyle were firstly identified by blastp against

lysogeny associated proteins (integrase, excisionase, recombinase,

transposase, ParB) extracted from Inphared database and blastn

against the NCBI non-redundant nucleotide database3. Phage

genomes were also analyzed by PHACTS (McNair et al., 2012) to

predict their lifestyle and Phaster to detect att sites (Arndt et al.,

2016). Annotated coding sequences of phage contigs were analyzed

with VFAnalyzer (Liu et al., 2019) and blastp against its database to

detect any virulence factors, and with CARD web server to identify

antibiotic resistance genes (McArthur et al., 2013). Quality trimmed

phage reads were also mapped to the genome of the propagation

organism, and by calculating mapping statistics (number of mapped

reads, their distribution among contigs, coverage and depth) further

indications of generalized transduction were obtained.
2.6 Phage contamination detection

Quality trimmed reads that did not map to phage contig were

extracted from bam file using samtools and were assembled by

Spades (Danecek et al., 2021). Obtained assemblies were analyzed

by blastn against Inphared database to detect any prophage

contamination. Contigs larger than 1000 bp were investigated also

by blastn against NCBI non-redundant nucleotide database.
2.7 Dynamic host range

The growth kinetics was determined for phages free from

prophage contamination, COP-80A, COP-80B and COP-110 and

their selected hosts by measuring optical density (OD600). A freshly

prepared bacterial culture with an OD600 of 0.25 (corresponding to

1.2×107 CFU/ml) was diluted 1:10 in TSB and aliquoted onto a 96-

well plate. The phage lysates were first diluted into working stock

using TSB and then serially diluted to obtain MOIs of 0.1, 1, 10 and

100. After adding the phage dilutions to the bacterial aliquots, the

optical density (OD600) was measured every 30 min for 24 h at 37°C

with orbital shaking using the Synergy H1 microplate reader

(Biotek, USA). Bacterial concentration (CFU/ml) was determined

for bacterial inoculum along with phage titer to verify MOI. The

experiment was performed in two biological replicates with four

technical replicates per experiment. All experiments included a

bacterial growth control and a negative control being TSB and TSB

with phage stock. Data was plotted using Orange (Dems ̌ar
et al., 2013).

Endpoint OD600 values were defined as OD600 measurements at

time 24 h for every monitored bacterial culture. Duration of growth

inhibition for each tested bacterial culture was determined as the
3 https://blast.ncbi.nlm.nih.gov/Blast.cgi
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time interval when OD600 values were below 0.1. Lag phase of 1.5

hours at the start of the measurement was excluded from inhibition

time calculation, thus the maximum possible inhibition time was

22.5 h.
2.8 Statistical analysis

All experiments were performed independently two times with

four technical replicates. Statistical significance of the experimental

results (significance level of p<0.05) was calculated using unpaired

two-sided t-test assuming unequal variances using Microsoft Excel.

Data were compared pairwise among treated group and

corresponding control.
2.9 Brightfield microscopy

Staphylococcus biofilms were prepared on 96-well PS, µCLEAR,

high binding microtiter plates (Greiner Bio-One, Austria). Each

well was inoculated with exponentially growing bacteria at an

OD600 of 0.5 and incubated at 37°C for 24 h. Prior to exposure to

phage bacterial cultures were aspirated and wells were washed twice

with 1x PBS. The wells were then filled with phage lysates prepared

by mixing phage lysate in SM buffer with 2x TSB at a ratio of 1:1.

The added phage titers corresponded to an approximate MOI of 10.

The non-treated control solution was prepared by mixing SM buffer

and 2x TSB in a 1:1 ratio. The biofilms were treated with phages for

24 h at 37°C. Biofilms were visualized with an inverted microscope

(Olympus, Japan) at 100× magnification with oil immersion.

Captured images were then processed in ImageJ (Schneider et al.,

2012). Brightness and contrast of each image were adjusted to

enhance biofilm features. Each combination of biofilm and phage

was tested in five replicates.
2.10 Antibiotic susceptibility testing

Antibiotic sensitivity of S. epidermidis was determined with

Sensititre plate adapted for genus Staphylococcus (EUSTAPH AST

plate, Thermo Fisher) according to manufacturer’s instructions.
2.11 Crystal violet assay

Biofilm phenotype of selected S. epidermidis strains (Table 1)

was determined by crystal violet (CV) staining of the biofilm

biomass, as previously described (Kwasny and Opperman, 2010).

Briefly, overnight cultures of the strains tested were diluted 100-fold

in TSB and inoculated into sterile 96-well assay plates with either

hydrophobic (Eppendorf, Germany) or hydrophilic surfaces (TPP,

Switzerland). After 16-18 hours of incubation, the plates were

washed three times with deionized water. The washed biofilms

were fixed by incubation at 60°C for 60 min. Then, biofilms were

stained with 0.06% (w/v) CV for 15 min. Excess CV was washed

three times with deionized water, remaining stain was then
frontiersin.org
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resuspended in 30% acetic acid and absorbance at 600 nm (A600)

was measured. Biofilm assays were repeated at least twice on

separate days, with four technical replicates assessed each time.

Two type strains were used as reference strains, RP62A representing

a biofilm proficient strain and ATCC 12228 a biofilm-negative

strain. The biofilm phenotype was graded in comparison to the

measurements in the control strains: strong (A600 ≥ A600(RP62A)),

moderate (A600(ATCC 12228) < A600 < A600(RP62A)) or weak

(A600 ≤ A600(ATCC 12228)).
2.12 Bacterial genome sequencing
and analysis

S. epidermidis DNA was extracted using the High Pure PCR

Template Preparation Kit (Roche, Switzerland). Briefly, overnight

cultures were harvested by centrifugation and the pellet was treated

with 0.05 mg lysozyme and 2.5 µg RNAse for 2 h in PBS. Then, 200 µl

of binding buffer and 40 µl of proteinase K (supplied by the

manufacturer) were added, and the mixture was incubated at 55°C

for 30 min and then at 75°C for 10 min. Further purification steps

were performed according to the manufacturer’s instructions. Paired-

end libraries were generated using the TruSeq DNA Nano Library

Preparation Kit (Illumina), followed by sequencing using a

commercial vendor’s NovaSeq (Illumina). Trimming of quality

reads and removal of adapters was performed using Trimmomatic

(Bolger et al., 2014). Quality trimmed reads were assembled by

Unicyler (Wick et al., 2017), and the presence of plasmids in the

assembled contigs and sequencing reads was tested using the

PlasmidFinder web server (Carattoli and Hasman, 2020).

Identification of conjugative, mobilizable, or non-transferable

elements among the possible plasmid contigs was performed using
Frontiers in Cellular and Infection Microbiology 05
the OriT-Finder web server (Li et al., 2018). Contigs with plasmid-

related elements were checked against the NCBI non-redundant

nucleotide database using blastn program and filtered out from the

assembly (Camacho et al., 2009). The remaining contigs were

considered chromosomal DNA, and these contigs were reordered

with Mauve using the genome of S. epidermidis ATCC 12228

(NC_004461) as a reference (Darling et al., 2004). The rearranged

contigs were annotated with the stand-alone program Prokka

(Seemann, 2014). Prophage sequences were identified using the

Phaster web server (Arndt et al., 2016). Transposons were

identified using blastn and the transposons listed in (Rauve et al.,

2020). Screening for virulence factors was performed using the

VFAnalyzer web server and the stand-alone blastp list of biofilm-

associated proteins (coverage over 50%, identity over 30%) (Table

S11) (Liu et al., 2019). Genomic determinants of antibiotic resistance

were detected using the stand-alone blastp (coverage over 50%,

identity over 30%) against a number of Staphylococcus resistance

genes (Table S12). In silico screening of phage defense mechanisms

was performed using the PADLOC web server (Payne et al., 2022).
3 Results

3.1 Phage isolation, morphology
and host range

Initially, 20 Staphylococcus-specific phages were isolated from

wastewater by enrichment with either S. epidermidis or S. aureus

(Table S1). Most phages were isolated using COB-Sec1, COB-Sec2,

COB-Sec4, COB-SeV2 (S. epidermidis), COB-SA1 and COB-SA2 (S.

aureus) as indicator strains. Twelve phages isolated from samples

collected in winter were only S. epidermidis-specific (Table S2).
TABLE 1 Biofilm phenotype, antibiotic resistance profile, and phage susceptibility of selected S. epidermidis strains.

strain biofilm phenotype antibiotic resistance efficiency of plating
(EOP)

/
hydrophilic
surface

hydrophobic
surface

/
COP-
80A

COP-
80B

COP-
110

COB-
Sec1

weak weak clindamycin, tetracycline 0.873 2.193 1.027

COB-
Sec2

moderate moderate clindamycin 1.000 1.000 1.000

COB-
SE3

strong moderate erythromycin, tetracycline 1.057 1.269 1.061

COB-
SE6

strong weak
clindamycin, erythromycin, gentamicin*, levofloxacin*, moxifloxacin, tetracycline,

tobramycin*, trimethoprim/sulfamethoxazole*
0 0 0

COB-
SE8

moderate moderate
cefoxitin, clindamycin*, erythromycin*, gentamicin*, moxifloxacin, tobramycin*,

trimethoprim/sulfamethoxazole*
0.011 0.018 0.012

COB-
SE11

strong weak tetracycline 0 0 0
frontie
* Genetic determinant for antibiotic resistance found in strain’s genome.
Susceptibility of selected strains to isolated phages is given as efficiency of plating (EOP) which is the titer of the phage on a given bacterial strain compared to the titer on the phage propagation
strain (COB-Sec2 in this study). COB-Sec1 and COB-Sec2 were the most susceptible strains to all isolated phages (Figure S1), serving as isolation strains and propagation hosts (Table S2). COB-
SE3 and COB-SE8 are clinical isolates susceptible to isolated phages, but have different clinical and genetic background. Another two clinical strains, COB-SE6 and COB-SE11, are resistant to
phages and encode complete prophages and other potential phage resistance mechanisms.
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Therefore, the next isolations were focused on isolating only phages

that exhibited activity against both S. epidermidis and S. aureus,

resulting in the isolation of 10 additional phages (Table S2).

The isolated phages have long contractile tails and icosahedral

capsids that are typically described in the literature as myovirus or

have siphovirus morphology (Figure 1; Table S2). Many phages

were also found with contracted tails and/or bound around a

spherical contaminant. Based on the literature screen, we decided

to focus on phages with myovirus morphology, as these were

recognized as virulent and effective against the target species. The

host range of these selected phages was determined using a set of

commensal, clinical, and veterinary strains of S. epidermidis (n=44),

S. aureus (n=12), S. pseudintermedius (n=4), S. pasteuri (n=4), S.

lugdunensis (n=2), S. capitis (n=1) and S. pettenkoferi (n=1) (Figure

S1). Based on specificity, the isolated phages tested (n=13) could be

divided into two groups. The first group, COP-80A, COP-80B,

COP-110 and COP-E712, were highly S. epidermidis-specific. These

phages infect also other coagulase-negative species (S. pasteuri, S.

lugdunensis, and S. capitis), but cannot infect strains of coagulase-

positive species from the tested set of strains (S. aureus and S.

pseudintermedius). The host ranges of COP-80A and COP-80B are

very similar, but they exhibited different plaque morphologies.

Additionally, the research phage bank of COP-80A was very

unstable, its titer dropped for 1 log within one month during

characterization, despite being propagated on the same strain and

processed simultaneously with COP-80B.

The second group of phages lyses both species, but S. aureus to a

greater extent. These phages also infect S. pasteuri, S. lugdunensis

and S. pettenkoferi strains. None of the isolated phages were able to

lyse tested S. pseudintermedius strains. A total of 10 of 44 S.

epidermidis strains from our collection (23%) were not susceptible

to any of the phages tested. COP-80A, COP-80B, and COP-110

infected the highest percentage of S. epidermidis strains tested, each

infecting up to 68% of all strains.
3.2 Phage genome analysis

For each selected phage, de novo assemblies were created from

quality trimmed reads and randomly subsampled reads. These were
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required to assemble a single contig with high coverage from all

eight sequenced phages (Table S3). Phage lysates from COP-80A,

COP-80B, and COB-110 (Table S4) were free of prophage

contamination. However, contigs assembled from unmapped

reads of phages propagated on the host S. aureus COB-SA1

(Table S3) were 18 kb or more in size. Considering possible

contaminating prophage genomes, blastn was used against the

Inphared database to identify the closest relatives and these were

found among genera Biseptimavirus or Siphoviridae (Table S4).

These phages were excluded from further analysis.

The closest relatives of the phages COP-80A, COP-80B, and

COP-110 were phiIPLA-C1C and SEP1, both belonging to the genus

Sepunavirus (ANI > 95%). Their genome size varied from 139 - 140

kb with 193 - 198 CDS and an average GC of 27.9%, comparable to

other members of the Sepunavirus genus (Table S5). No tRNAs were

identified in these genomes, and COB-110 carried three ncRNAs

(group I catalytic intron, RAGATH RNA motif).

No similarities were found between the genomes of COP-80A,

COP-80B, and COP-110 and the bacterial genomes available in the

NCBI nonredundant nucleotide database. The PHACTS-predicted

lytic values of these three phages were above 0.5 compared with the

control Staphylococcus lysogenic phage with a lytic value of 0.33. No

identifiable integrases or attachment sites were found in COP-80A,

COP-80B, and COP-110, but homologs of putative transposases

were detected (Table S6).

The genome termini were predicted by comparative analysis of

the amino acid sequence of the large terminases. The large

terminases of COP-80A, COP-80B, COP-110 were clustered

together with Listeria A511 and other phages with direct repeat

termini (DTR). More than 99.5% of the phage quality trimmed

reads of COP-80A and COP-80B were mapped to the phage contig

and less than 0.3% were assigned to the genome of the propagation

host COB-Sec1 (Table S8). The phage reads covered the host

genome unevenly, but the largest number of bases covered did

not exceed 5 kb at low sequencing depth compared with the phage

genome size (approximately 140 kb), which would be expected

under generalized transduction. Because the propagation strain of

COB-110 was not examined by sequencing, all three phages were

propagated on the COB-Sec2 stra in (see below) for

further characterization.
FIGURE 1

Electron micrographs of phage COP-80A (A) and phage aggregate of COP-E712 (B). Scale bar = 100 nm.
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None of the predicted phage genes had similarity to known

virulence factors or antibiotic resistance associated genes.
3.3 Efficacy of phages against planktonic
cultures and biofilms

Efficacy of phages is linked to their antibacterial activity which

was assessed by measuring growth kinetics (dynamic host range) of

the biofilm-deficient commensal strain COB-Sec1 and biofilm-

proficient clinical strain COB-SE3 growing in planktonic culture

in the presence of isolated phages (Table 1; Figure 2). All three

phages inhibited bacterial growth of the production host COB-Sec1

at MOI 10 for 20 h as well as clinical strain COB-SE3 (Figure 2),

except the phage COP-110, which inhibited the growth of COB-SE3

for 16 h (Table S15; Figure 2). Duration of growth inhibition caused

by the three tested phages compared with bacterial controls was

significantly longer (p < 0.05) for COB-Sec1 at all MOIs tested.

However, for COB-SE3 only higher MOIs of 1, 10 and 100 caused

significantly longer (p < 0.05) growth inhibition compared to the

control, where no inhibition was observed (Table S15). In general,

COB-SE3 showed earlier re-growth than COB-Sec1, especially at

MOI of 0.1 (Figure S2). The EOP analysis results are congruent with

observations from the dynamic host range tests (effective lysis of

COB-Sec1 and COB-SE3), and the decreased lysis efficiency of

COB-SE8 was observed (Table 1).

Antibiofilm activity of isolated phages was evaluated by

brightfield microscopy to obtain evidence on effect of phages on

biofilm without disturbing its structure. The control biofilms of
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COB-Sec1 can be described as a layer of densely packed bacteria,

while COB-SE3 biofilms also have denser areas where the shape of

the bacteria could not be distinguished, possibly due to the presence

of thick extracellular polysaccharides surrounding the

microcolonies (Figure 2). Biofilms of COB-Sec1 challenged with

selected phages were dispersed into individual floating bacteria

while COB-SE3 biofilms disintegrated into aggregates of bacteria

and possibly exopolysaccharides of different sizes (Figure 2).

However, a notable decrease in bacterial numbers was observed in

both strains. To cross-check results of host range and EOP tests,

biofilms of COB-SE8 and three non-S. epidermidis strain biofilms

were challenged with phages. All three phages dispersed biofilm of

COB-SE8 causing similar effect as in COB-SE3 biofilm but to a

lesser extent. Biofilm of S. pasteuri strain COB-SeS7 was efficiently

disrupted by the three phages, while the biofilms of S. lugdunensis

COB-SL1 and S. capitis COB-SC1 were not affected (Figure S3).
3.4 Characteristics of selected S.
epidermidis hosts affecting phage efficacy

Four S. epidermidis strains with different clinical backgrounds and

two commensal strains were compared with respect to their phage

susceptibility (EOP), biofilm phenotype (crystal violet), and antibiotic

resistance (antibiogram) as clinically relevant characteristics, and with

respect to their genotype (Table 1). COB-Sec1 and COB-Sec2 are

considered commensal strains because they originate from healthy

human skin and were also the most susceptible strains to all isolated

phages (Figure S1), serving as isolation strains and propagation hosts
B

A

FIGURE 2

Antibacterial (A) and antibiofilm (B) activity of phages COP-80A, COP-80B and COP-110 against S. epidermidis COB-Sec1 (biofilm deficient) and
COB-SE3 (biofilm proficient) at MOI 10. (A) Growth kinetics of COB-Sec1 and COB-SE3 in the presence of COP-80A, COP-80B and COP-110 was
monitored for 24 h Results are shown as mean values of two experiments (biological replicates) with shaded area representing range of measured
OD600. (B) Mature 24-hour biofilms of COB-Sec1 and COB-SE3 were treated with phages for 24 h and changes in their structure was determined by
brightfield microscopy. Single cells are indicated by black arrows and cell aggregates by white arrows.
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(Table S2). De novo assembly of the genomes of COB-Sec1 and COB-

Sec2 resulted in multiple contigs, and those that showed similarities to

existing plasmid sequences and plasmid elements were excluded, while

the remaining contigs were considered to be chromosomal DNA

(Table S9). The genome length of COB-Sec1 is 2.42 Mb and COB-

Sec2 is 2.36Mb with an average GC content of 32% (Table S8). Despite

the presence of several transposase-related genes, no transposons were

detected. Complete prophage sequences are not present in their

genomes (Table S10). Homologs of virulence factors from

commensal S. epidermidis ATCC 12228 are also present in COB-

Sec1 and COB-Sec2, with the absence of IcaABCDR and toxins except

for beta-hemolysin (Table S11). In contrast, COB-Sec1 and COB-Sec2

encode genes of cell wall proteins (Aap, Aae, Ses, Bap, Cid) associated

with biofilm formation absent in ATCC 12228. Nevertheless, COB-

Sec1 formed only a weak biofilm and COB-Sec2 formed a moderate

biofilm (Table 1). Both strains were resistant to clindamycin but did

not encode for its genetic determinant. COB-Sec1 carries more

antibiotic resistance markers (BlaZ, NorA, FexA) compared to COB-

Sec2 (Table S12). Among phage defense mechanisms, an incomplete

restriction modification system (RMS) was identified in both strains.

No repetitive CRISPR sequences were found. We considered COB-

Sec1 and COB-Sec2 as suitable candidates for indicator and

propagation strains because they pose a low risk of prophage

induction or carryover of genes of concern.

COB-SE3 was found to be biofilm proficient and carries genes

encoding IcaABCDR and cell wall proteins associated with an enhanced

biofilm phenotype (Tables 1; S11). Its general genomic features were

similar to those of COB-Sec1 and COB-Sec2, and it also lacks

transposons and active prophage sequences. COB-SE3 was resistant

to erythromycin and tetracycline, although corresponding resistance-

associated genes were not detected. Propagation of isolated phages on

COB-SE3 achieved the EOP of the propagating strain despite the ability

to form a thick biofilm and the presence of RMS type II (Sau3AI) and

DndFGH proteins, another restriction modification system associated

with phosphorothioate modifications of host DNA (Table S13). Lower

susceptibility to isolated phage was observed with COB-SE8 (Table 1). It

formed moderate biofilm and carried several genetic determinants of

antibiotic resistance, including MecA, BlaZ, Aac/Aph, NorA, and

showed resistance to beta-lactams, aminoglycosides, and levofloxacin

(Table 1). No active prophages were detected, so the reduced EOP may

be due to the presence of the RMS type II (EcoRV), which is different

from that present in the genome of COB-SE3 (Table S13). Two biofilm

proficient strains, COB-SE6 and COB-SE11, were both resistant to

isolated phages. They carry the same virulence factors, including

IcaABCDR. COB-SE6 was resistant to multiple antibiotics, while

COB-SE11 was resistant only to tetracycline. Although their general

characteristics are similar to other sequenced S. epidermidis strains, a

complete temperate phage genome is present in the genome of COB-

SE11, whereas COB-SE6 carries two incomplete prophages and one that

could also be complete. In addition to the possibly active complete

temperate phage, the RMS-system II might affect phage propagation on

the strain COB-SE11, while the abortive infection mechanism AbiK

(48% identity and 99% coverage with Lactococcus AbiK (Q48614)) was

found in the genome of COB-SE6.
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4 Discussion

In the present work we have isolated several Staphylococcus-

specific phages that are either specific for S. epidermidis or infect

multiple species, but mostly S. aureus. Similar host range patterns of

Staphylococcus specific phages have been observed previously but

this requires further evidence as phages are typically tested against

only a limited number of strains of non-S. aureus or non-S.

epidermidis species. Wastewater has been shown to be a good

source of multiple Staphylococcus phages, regardless of the

collection season (Alves et al., 2014; Gutiérrez et al., 2015; Göller

et al., 2021). Enrichment with a single strain of S. epidermidis

selected for phages that had the morphology of siphoviruses

although much larger diversity of phages was expected in the

analyzed samples. By including S. aureus in the sample screening,

we were able to select phages with myovirus morphology, which is

consistent with the recent report on ecology of environmental

staphylococcal phages (Göller et al., 2021). However, no phages

with podovirus morphology were observed, although they had been

previously isolated from wastewater samples (Cater et al., 2017).

Additionally, isolated phages tend to cluster around unidentified

structures, with their tails always directed toward the center of the

aggregate as observed from electron micrographs. Many of them

have contracted tails, possibly due to binding to a structure carrying

a phage receptor resulting in a nonproductive DNA injection (Bae

et al., 2006). The observed aggregates, if not disrupted prior to

analysis, may lead to underestimate of phage titer by the established

double agar overlay technique and other approaches to measure

phage infectivity, which are important to phage production process

analytics and studying phage numbers in in vivo experiments

(Pantůček et al., 1998; Alves et al., 2014).

Selection of strains used to isolate phages is often neglected step in

phage development that focuses on the number, diversity or potency of

the isolated phages without considering the properties of the strain.

Therefore, we decided to present phage isolation data using an

uncharacterized but clinically relevant S. aureus strain causing

prophage contamination in phage lysates to demonstrate the

importance of performing basic phage and host characterization

from the outset, e.g., prophage presence analysis. Since S. aureus

COB-SA1 was not further analyzed, we hypothesize that a low

induction of prophages occurred and that this could be detected due

to the high sequencing coverage, which also led to fragmentation of the

assembly in some phages, requiring more efforts in characterizing the

genomes. Contamination of batches of lytic phages with temperate

phages can be avoided by using staphylococcal strains lacking intact

and inducible prophages. Although it is not known to what extent low-

level temperate phages contamination may have affected treatment

outcome in clinical phage therapy trials that did not present full

sequencing results of the phage suspensions used, this type of

contamination should be monitored and quantified when no

prophage-free strains are available.

The three phages characterized in this study, COP-80A, COP-80B

and COP-110, were free of prophage contamination. They belong to

the genus Sepunavirus as they share more than > 95% ANI with the
frontiersin.org

https://doi.org/10.3389/fcimb.2023.1169135
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
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two exemplar isolates previously described as virulent phages with

therapeutic potential against S. epidermidis (Melo et al., 2014; Gutiérrez

et al., 2015). No evidence of lysogenicity was found, except for

transposases that are commonly found in other Sepunavirus

genomes but whose role has not yet been investigated (Gutiérrez

et al., 2015). These phages also do not encode homologs of currently

known virulence factors or genetic antibiotic resistance markers.

Genome packaging could not be predicted from the sequencing data,

but the large terminases of COP-80A, COP-80B, and COP-110 were

clustered with Listeria phage A511, whose genome ends are

experimentally proven to be direct terminal repeats (Klumpp et al.,

2008). This genome structure suggests a packaging mechanism that is

not associated with generalized transduction. From a genomic

perspective, these phages carry a low risk of making the target

bacteria more lethal. An important aspect in this regard is also the

safety of the production organism being COB-Sec1 and COB-Sec2 in

this study. S. epidermidis does not carry toxins commonly found in S.

aureus, except for the gene encoding beta-hemolysin (Otto, 2012). This

toxin is responsible for hydrolysis of sphingomyelin and is present in

many other S. epidermidis strains, including O47, which does not

exhibit hemolysis in the laboratory (Raue et al., 2020). Given the

presence of beta-hemolysin, proteases, and lipases (Table S11) in the

genomes of the production organism candidates COB-Sec1 and COB-

Sec2, the activity of these enzymes should be measured for COB-Sec1

and COB-Sec2 to establish quality control measures for phage

production for in vivo tests. The presence of genetic antibiotic

resistance markers cannot be avoided in this species but can be

minimized either by selection of strains with low resistance and

careful monitoring of residual host DNA or by production on

avirulent species, which would be possible given the host range of

phages isolated frommultiple species, but the efficiency of propagation

would need to be improved (González-Menéndez et al., 2018).

Therapeutic potential of phages in the long-term largely depends

on their activity against clinically relevant strains. Staphylococcus

phages have already reached the level of clinical trials and are being

used to treat infections in the context of expanded use, demonstrating

their therapeutic potential and efforts to further develop this field

(Lehman et al., 2019; Doub et al., 2020; Ferry et al., 2020; Van

Nieuwenhuyse et al., 2021; Doub et al., 2022). Phages isolated in this

study, COP-80A, COP-80B, and COP-110, infect the majority of S.

epidermidis strains tested and also other coagulase-negative strains

from our collection, similar as observed for phages phiIPLA-C1C and

SEP1 (Melo et al., 2014; Gutiérrez et al., 2015). Beside the host range

analysis, we evaluated their antibacterial activity by measuring

bacterial growth kinetics in the presence of phages (dynamic host

range) and examined their effect on biofilm morphology (antibiofilm

activity). Bacterial growth monitoring can rely on optical density

monitoring or cell respiration-based monitoring and is known as

dynamic host range, which is often used as a rapid and informative

method to estimate bacterial growth inhibition time by the phage and

the emergence of a phage resistant subpopulation (Cooper et al.,

2011; Henry et al., 2012). To demonstrate the differences in efficacy

depending on the characteristics of the strain, the phages COP-80A,

COP-80B, and COP-110 were tested on the production host COB-

Sec1 and biofilm proficient clinical isolate COB-SE3. They were
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significantly more effective against the production organism for all

MOIs tested, but the time they inhibited the growth of COB-SE3 was

still longer than 15 h, which is similar to previous observations (Alves

et al., 2014;Whittard et al., 2021). Since biofilm is critical for virulence

of S. epidermidis, the effect on mature 24 h-old biofilm was examined

using bright field microscopy. Biofilm proficient strains appear to be

less susceptible to phage in biofilm, as previously observed, as they are

dispersed into floating aggregates of various sizes, whereas weak

biofilm producers are dispersed as individual floating bacteria (Melo

et al., 2020). However, in both cases, disruption and a decrease in

bacterial numbers was notable, as was the case with the S.

pasteuri biofilm.

The observed biofilm structure disruption after phage treatment

would need to be evaluated also by a quantitative approach at the next

stage of phage antibiofilm activity characterization. Traditional

quantitative methods include viability assay and staining of the

biofilm (crystal violet, LIVE/DEAD staining, etc.) which provide

complementary information on changes in biofilm thus supporting

the understanding of phage efficacy. The crystal violet, the golden

standard for biofilm analysis, showed large variations during the

characterization of the biofilm phenotype in this study, and we did

not find it informative enough to estimate the effect of the phages

(Latka and Drulis-Kawa, 2020). Thus, the viability assay would bemore

informative, but based on the observed changes in biofilm structure in

this study, extensive optimization is expected to ensure complete

disaggregation of biofilm bacteria where measurements of viable

bacteria would result from individual cells and not aggregates,

preventing potential erroneous results on antibiofilm activity of phages.

The biofilm forming ability of the sequenced strains was

consistent with the presence of IcaABDR, which is responsible for

intercellular adhesion through intercellular polysaccharide adhesin

(PIA) and is critical for biofilm formation (Cramton et al., 1999).

However, S. epidermidis is also capable of transitioning to

proteinaceous biofilms independent of PIA synthesis, but cell wall

proteins known to be involved in this process did not contribute to

the observed phenotype, which may also be due to the biofilm

screening method chosen (Hennig et al., 2007). Biofilm forming

ability did not limit the efficacy of the isolated phages when tested

on COB-SE3, so the reason for resistance to the phages in COB-SE8,

COB-SE6, and COB-SE11 may be the absence of a receptor or

presence of other resistance mechanism. The lower EOP on COB-

SE8 could be a result of RMS activity with EcoRV-like restriction

enzyme, since its homologs are found only in a limited number of S.

epidermidis genomes. The most common RMS type II system in S.

epidermidis is Sau3A, which is also present in COB-SE3 and to

which phages have become resistant, including isolated phages. The

resistance of COB-SE11 could also result from superinfection

immunity caused by a complete prophage in its genome. This

mechanism has not yet been studied in Staphylococcus, but

prophages are common in their genomes. A less common

resistance mechanism, the abortive infection (AbiK), which has

been described in Lactococcus as a protein that prevents maturation

of the phage head, has been discovered in COB-SE6, but its

relevance in resistance to lytic phages in Staphylococcus needs

further investigation (Boucher et al., 2000).
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5 Conclusion

We report the isolation of three novel virulent Sepunavirus

phages, COP-80A, COP-80B and COP-110, capable of infecting a

variety of S. epidermidis strains. Their activity has been demonstrated

against planktonic bacteria and also against bacterial biofilms. No

evidence for lysogenic lifestyle, generalized transduction or presence

of undesirable genetic elements was found by genomic analysis

suggesting they are suitable candidates for further safety and

efficacy testing, either alone or in the form of a phage cocktail to

achieve broad multispecies spectrum. We also propose bacterial

resistance mechanisms to the phages studied. The article also

highlights often overlooked aspects of phage preparation that make

important contributions to the safety and success of phage therapy.
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