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Abstract 

Coagulase-negative staphylococci, including Staphylococcus capitis and Staphylococcus caprae can be 
causative agents of various nosocomial infections. A novel Staphylococcus phage StaphC_127, active 
against both S. caprae and S. capitis, was isolated from the surface of a spoiled tomato. All susceptible 
Staphylococcus strains were isolated from clinical samples collected from the irritated skin surface. 
StaphC_127 has low lytic activity against the host strain S. caprae CEMTC 1849 and is possibly a 
temperate phage as its genome encodes the repressor, antirepressor, and site-specific DNA 
recombinase. In addition, the StaphC_127 genome was detected in bacteriophage insensitive mutants 
(BIMs) obtained from at least two sensitive S. caprae strains after StaphC_127 infection. Notably, the 
StaphC_127 genome encodes the Tad2 protein belonging to the Tad2 phage protein family, which 
inhibits the Thoeris antiphage defense system. The obtained results of the genome analysis indicated 
that StaphC_127 is the first member of a new supposed Staphcevirus genus that, in turn, is part of a 
putative Estebevirinae subfamily containing phages capable of infecting coagulase-negative 
staphylococci. 

Keywords: Staphylococcus; bacteriophage; genome mosaicism; temperate siphoviruses 
 

1. Introduction 

The genus Staphylococcus (the Micrococcaceae family) contains facultative anaerobic, Gram-
positive, non-spore-forming bacteria that are widespread in soil and aquatic environments and are 
also components of the microbiota of the skin and mucous surfaces of humans and animals [1]. Some 
of staphylococci can cause opportunistic infections in individuals with normal immune status and 
are a serious threat to immunocompromised patients [2,3]. One of the signs of staphylococcal 
pathogenicity is the ability to coagulate blood plasma. Depending on this ability, coagulase-positive 
staphylococci (CoPS) and coagulase-negative staphylococci (CoNS) are distinguished [4]. 

To date, 70 species of the Staphylococcus genus are known 
(https://lpsn.dsmz.de/genus/staphylococcus, accessed on 21 September 2025), of which only 9 species 
(S. aureus, S. intermedius, S. pseudintermedius, S. delphini, S. hyicus, S. schleiferi subsp. coagulans, S. lutrae, 
S. agnetis and S. cornubiensis) belong to CoPS [5]. Among CoNS, the species S. epidermidis, S. 
lugdunensis, S. capitis, S. caprae, and S. saprophyticus are the most common pathogens causing 
nosocomial infections. Notably, S. epidermidis, S. capitis and S. caprae belong to the same genetic cluster 
[6] and have similar virulence factors involved in biofilm formation. These factors include the genes 
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encoding teichoic acid biosynthesis, capsule genes, and other genes responsible for nonprotein 
adhesins biosynthesis [7]. 

The bacterium S. capitis is a commensal of human skin, primarily the skin of head. However, in 
neonatal intensive care units, S. capitis is a serious clinical problem causing bacteremia and sepsis. S. 
capitis can also cause catheter-associated bloodstream infections and endocarditis [8–10]. Wang et al. 
(2022) showed that the S. capitis population consists of five clones, among which a widespread 
multidrug-resistant clone has been identified [11].  

S. caprae, first isolated from goat milk, is able to colonize healthy skin and nasal mucosa of 
humans. Over the past decade, it has been shown that S. caprae is capable of causing nosocomial 
infections, as most cases of S. caprae infection were healthcare-associated and occurred in hospitals. 
[7]. Reported cases of S. caprae infection include bacteremia, bone and joint infections, urinary tract 
infections, endocarditis, and otitis [12–15]. A case of circulating methicillin-resistant S. caprae in a 
neonatal intensive care unit has been described [12]. 

Due to the growing number of drug-resistant bacterial strains, the amount of studies aimed at 
phage isolation and characterization has increased. Currently, 764 complete genomes of 
staphylococcal phages can be found in the NCBI database (https://www.ncbi.nlm.nih.gov/nuccore, 
accessed on 10 September 2025). All of them belong to the class Caudoviricetes and staphylococcal 
phages are divided into three groups: myovirus phages of the Herelleviridae family (six genera), 
podovirus phages of the Rountreeviridae family (two genera), and siphovirus phages (two subfamilies 
and 12 genera) [16]. In addition, 92 staphylococcal phages (12%) are unclassified, among them several 
myovirus jumbo phages have been described [17,18]. Phages capable of infecting 23 distinct species 
within the Staphylococcus genus have been identified. Among them, only six phages can infect S. 
capitis and one phage IME1323_01 is specific to S. caprae [19]. 

In this study, a novel staphylococcal phage StaphC_127, capable of infecting both S. capitis and 
S. caprae strains, was isolated and characterized. Based on its genomic characteristics, this phage was 
classified as temperate siphovirus. Comparative analysis of the StaphC_127 genome allowed us to 
propose a new genus "Staphcevirus" and a new subfamily "Estebevirinae", which is closely related to 
several staphylococcal phages. 

2. Materials and Methods 

2.1. Bacterial Host Strain Identification 

S. caprae strain CEMTC 1849 was isolated from the irritated surface of the ear skin. To isolate the 
strain, tenfold dilutions of the test sample were prepared in sterile phosphate-buffered saline (PBS) 
at pH 7.5. Then, 100 µL aliquots of the cell suspensions were spread on the surface of Mannitol salt 
agar (MSA) (Condalab, Madrid, Spain). Bacterial colonies of interest were transferred to nutrient agar 
(NA, Microgen, Makhachkala, Russia) and dispersed to obtain individual colonies. One of the 
colonies was subsequently reseeded onto new NA. This procedure was repeated three times to obtain 
a pure culture. To identify the bacterial species, sequencing of a 1300 base pair (bp) fragment of the 
16S rRNA gene and a 751 bp fragment of the rpoB gene was performed. Primers 16s-8-f-B 5′-
AGRGTTTGATCCTGGCTCA-3′ and 16s-1350-r-B 5′-GACGGGGGGCGGTGTGTGTGTGTACAAG-
3′, as well as 2491F 5’-AACCAATTCCGTATIGGTTT-3’ and 3241R 5’-GCIACITGITCCATACCTGT-
3’, respectively, were used for PCR and sequencing, as described previously [20,21]. Sequencing 
reactions were carried out using BigDye Terminator v.3.1 (Applied Biosystems, Foster City, CA, USA) 
according to the manufacturer’s instructions. Capillary electrophoresis of the reaction products was 
performed using an ABI 3500 genetic analyzer (Applied Biosystems, Foster City, CA, USA) and the 
obtained nucleotide sequences were compared to the appropriate sequences from the NCBI GenBank 
database (https://www.ncbi.nlm.nih.gov, accessed on 28 April 2025). The bacterial strain was 
deposited as S. caprae CEMTC 1849 in the Collection of Extremophilic Microorganisms and Type 
Cultures of the Institute of Chemical Biology and Fundamental Medicine of the Siberian Branch of 
the Russian Academy of Sciences (CEMTC, ICBFM SB RAS), Novosibirsk, Russia. 
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2.2. Phage Isolation and Propagation 

Bacteriophage StaphC_127 was isolated from a sample obtained by washing the surface of a 
spoiled tomato. The swab sample was suspended in 1 mL PBS (pH 7.5) and then filtered through a 
0.22 µm membrane filter (Wuxi Nest Biotechnology, Wuxi, China). Phage plaques were detected by 
applying a 10 µL aliquot of the filtrate to a freshly prepared lawn of S. caprae strain CEMTC 1849 
grown in top agar (Becton, Dickinson and Company, Sparks, Difco, Laboratories, Franklin Lakes, NJ, 
USA). Plates containing the culture were incubated for 24 hours at 37 °C. Agar fragments containing 
phage plaques were excised, suspended in sterile PBS, and incubated overnight to eluate phage 
particles. The next day, tenfold dilutions of the phage-containing eluate were applied to a fresh layer 
of S. caprae CEMTC 1849 culture to obtain individual plaques. These plaques were used for 
subsequent phage isolation and the dilution and extraction cycle was repeated three times. 

To propagate the phage, S. caprae CEMTC 1849 was grown in 20 mL of lysogenic broth (LB) (BD 
Difco, Franklin Lakes, NJ, USA) to an optical density (OD595) of 0.4. Next, phage particles were added 
to the exponentially growing S. caprae CEMTC 1849 in an amount corresponding to a multiplicity of 
infection (MOI) of 0.1, and the infected culture was incubated with shaking at a temperature of 37 °C 
until the bacteria were lysed. The resulting bacterial lysate was centrifuged at 6000× g for 30 minutes. 
Phage particles were precipitated from the lysate by adding 0.4 volume of solution containing 30% 
polyethylene glycol 6000 (AppliChem, Darmstadt, Germany) and 2.5 M sodium chloride. The 
procedure was performed as described previously [22]. The resulting pellet containing phage 
particles was resuspended in 500 µL sterile PBS. The obtained phage was deposited in the CEMTC, 
ICBFM SB RAS. 

2.3. Phage Plaques and Phage Particles Morphology 

To determine the morphology of StaphC_127 plaques, the standard method on double-layer 
agar was used [23]. Plaques of the phage were obtained after overnight incubation at 37 °C of plates 
with a lawn of the host strain S. caprae CEMTC 1849 infected with StaphC_127. In addition, sterile 
filtrate with a phage titer of at least 108 plaque-forming units per mL (pfu/mL) was prepared for 
electron microscopy. Phage particle morphology was determined using transmission electron 
microscopy on a JEM 1400 microscope (JEOL, Japan) with preliminary negative staining with 1% 
uranyl acetate; digital images were collected using a side-mounted Veleta digital camera (Olympus 
Soft Imaging Solutions GmbH, Germany). 

2.4. Host Range Analysis of the Phage StaphC_127 

The host range was tested on 294 strains of Staphylococcus spp., including 22 CoNS species: S. 
arlettae (1 strain), S. auricularis (7 str.), S. borealis (15 str.), S. capitis (6 str.), S. caprae (5 str.), S. carnosus 
(2 str.), S. casei (2 str.), S. coagulans (8 str.), S. cohnii (8 str.), S. devriesei (6 str.), S. epidermidis (32 str.), S. 
equorum (13 str.), S. felis (6 str.), S. haemolyticus (46 str.), S. hominis (30 str.), S. lugdunensis (4 str.), S. 
pasteuri (10 str.), S. saprophyticus (5 str.), S. simulans (9 str.), S. succinus (4 str.), S. taiwanensis (1 str.), S. 
warneri (30 str.), and S. xylosus (2 str.), as well as two species of CoPS – S. aureus (6 str.) and S. 
pseudintermedius (36 str.). All strains were obtained from the CEMTC, ICBFM SB RAS and cultivated 
in Nutrient broth (Thermo Fisher Scientific, Waltham, MA, USA) and plated onto NA (Microgen, 
Obolensk, Russia). Notably, all the strains of a particular species used were isolated from different 
sources at different times. The susceptibility of staphylococcal strains to antibiotics was tested using 
the disk diffusion method (OXOID, Basingstoke, UK) in accordance with the EUCAST 
recommendations (https://www.eucast.org, accessed: 25 June 2025). The following antibiotics were 
used (abbreviations and the amount in the disk, µg, are given in brackets): amoxicillin/clavulanic acid 
(AMC, 20/10); cefoxitin (FOX, 30); benzylpenicillin (P0, 6); oxacillin (OX, 1); ampicillin (AM, 10); 
levofloxacin (LEV, 5); erythromycin (E, 15); clindamycin (DA, 2); linezolid (LZD, 10); tetracycline (TE, 
30); gentamicin (CN, 10); ciprofloxacin (CIP, 5); tobramycin (TOB, 10). 
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The spot test described previously was used [24]. Fresh bacterial lawns were prepared by mixing 
100 µL of the bacterial culture with top agar. Tenfold dilutions of the phage preparation were then 
applied to the lawn culture and allowed to dry. After overnight incubation at 37 °C, the plates were 
recorded for the presence/absence of plaques. The sensitivity of bacterial strains to phages was 
assessed by the relative efficiency of plating (EOP). The EOP value was calculated as the ratio of the 
phage titer on the test strain to the phage titer on the host strain. EOP values >0.5 were ranked as 
‘high’ efficiency; 0.2–0.5 as ‘medium’ efficiency; 0.001–0.2 as ‘low’ efficiency [25]. 

2.5. Induction of Prophages 

To induce prophages in the host strain and susceptible strains, an exponentially growing culture 
of Staphylococcus spp. (the OD600 value of 0.4) was treated with mitomycin C, 0.5 µg/mL (Sigma-
Aldrich, St. Louis, MO, USA) and incubated with shaking overnight at 37 °C. The OD600 value was 
measured every hour to record growth or possible lysis. In addition, fresh layers of S. caprae CEMTC 
1849 and susceptible strains grown on top agar were exposed to ultraviolet irradiation for 5, 10, and 
15 s. Then, plates were incubated for 42 h at 37 °C and the appearance of plaques was regularly 
checked. The assays were carried out with three replicates. 

To estimate whether StaphC_127 DNA can integrate into the genome of susceptible S. caprae and 
S. capitis strains, phage particles and bacterial cells were co-cultured to generate bacteriophage 
insensitive mutants (BIMs). Experiments were performed as described previously, with some 
modifications [26]. Briefly, 5 mL of certain bacterial culture (108 cfu/mL) was mixed with the 
corresponding volume of phage lysate at an MOI of 1. After 24 hours of incubation at 37 °C, 10 µL of 
the mixture was plated on MSA plates. All grown bacterial colonies were tested for sensitivity to 
StaphC_127. To purify the BIM from residual phage particles, they were passaged five times on MSA 
plates and then used to detect the genomic DNA of StaphC_127. 

After sequencing of the complete genome, phage DNA screening was performed using the 
primers StaphC_127_F 5′-GAACCTATTCACGTTATGGGC-3′ and StaphC_127_R 5′-
GGATTGGTTAACTTCGATTCCG-3′ (amplify a 560 bp fragment of the ORF38). PCR protocol 
consisted of 30 cycles of amplification, with each cycle including denaturation (95 °C, 30 s), annealing 
(55 °C, 30 s), and elongation (72 °C, 1 min). DNA of StaphC_127 was used as positive control. 

2.6. Biological Properties of StaphC_127 

All experiments were carried out in three biological replicates with three repeats per each 
experiment. Statistical data processing and graphing were performed using GraphPad Prism 8.0.1 
software. To generate graphs, means and standard deviations were calculated. All experiments were 
conducted as described previously [23] with minor modifications. 

To evaluate phage adsorption, exponentially growing host strain cells were infected with the 
phage (105 pfu/mL) and the infected culture was incubated with shaking at 37 °C for 30 min. Aliquots 
were taken every minute to determine the titer of free phages on the host strain. The obtained plates 
were incubated for 24 hours at 37 °C. After 24 hours, plaques were counted at each time point.  

To determine the latent period and burst size, 10 mL of exponentially growing bacteria were 
centrifuged at 6000× g for 5 minutes. The supernatant was then removed, and the pellet was 
resuspended in 0.5 mL of LB, followed by the addition of StaphC_127 at an MOI of 0.001. The infected 
bacterial culture was incubated with shaking at 37 °C for 60 min; aliquots were taken every 3 min 
and used to determine the phage titer. The latent period was defined as the time interval between 
phage adsorption to the host cell surface and the release of new viral particles. Phage yield was 
calculated as the ratio of the titer of released phage particles to the residual phage titer during the 
latent period. 

The lytic properties of bacteriophages were observed by adding the phage to an exponentially 
growing bacterial culture at an MOI of 1. The infected culture was incubated at 37 °C at 200 rpm, and 
aliquots were taken every 30 min for 6 hours to determine the bacterial titer. The next day, bacterial 
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colonies were counted and a multi-step culture lysis curve was constructed based on the data 
obtained. 

2.7. Phage DNA Purification and Complete Genome Sequencing 

To isolate phage DNA, 0.1 volume of 10×DNase buffer, DNase, and RNase (Thermo Fisher 
Scientific, Waltham, MA, USA) were added to phage suspensions (400 µL) to a final concentration of 
5 µg/mL. The mixture was incubated for 30 min at 37 °C. Then, 1/25 volume of EDTA (pH 8.0) and 
1/20 volume of 10% SDS were added to the suspension, as well as proteinase K (Thermo Fisher 
Scientific, Waltham, MA, USA to a final concentration of 150 µg/mL. The solution was incubated for 
three hours at 55 °C. 

Phage DNA was purified using protein extraction with phenol and chloroform. An equal 
volume of phenol was added to the suspension, mixed, and centrifuged at 10,000× g for 5 minutes. 
The upper liquid fraction was collected in a fresh tube, an equal volume of chloroform was added, 
mixed, and centrifuged at 10,000× g for 5 minutes. Phage DNA was precipitated using 95% ethanol 
supplemented with 1/30 volume of 3 M sodium acetate (pH 5.1). The mixture was kept at –20 °C for 
24 hours and then centrifuged at 14,000× g for 20 minutes, the supernatant was removed, and the 
precipitate was dried and then dissolved in 50 µL of distilled water. 

A paired-end sequencing library was prepared using NEBNext Ultra II DNA Library Prep Kit 
for Illumina and Multiplex Oligos for Illumina Dual Index Primers Set 1 (New England Biolabs, Inc., 
Ipswich, MA, USA) for further sequencing on the MiSeq sequencer with a MiSeq reagent kit v.2 (500 
cycles) (Illumina, San Diego, CA, USA). To check the quality of the obtained sequencing data and 
remove adapter sequences, the Trimmomatic 0.32 tool was used (parameters: 
SLIDINGWINDOW:10:20, ILLUMINACLIP:2:30:10, TRAILING:20, LEADING:20) [27]. The phage 
genome de novo assembly was performed using SPAdes genome assembler v.3.15.2 
(http://cab.spbu.ru/software/spades, accessed on 20 August 2025) with standard parameters [28]. The 
StaphC_127 genome sequence was deposited in the NCBI GenBank database (accession number 
PX570736). The complete StaphC_127 genome is applied (Data S1). 

2.8. Annotation and characterization of phage genomes 

The Rapid Automated Annotation Service (RAST) v.2.0 program (https://rast.nmpdr.org, 
accessed on 25 September 2025) was used to search for open reading frames (ORFs) [29]. The 
annotation was then manually verified using BLASTX searches against sequences deposited in the 
NCBI GenBank database (https://ncbi.nlm.nih.gov, accessed on 25 September 2025). In addition, 
InterProScan and HHpred tools were used to identify protein functions [30,31]. The search for 
virulence factors and antibiotic resistance genes was performed using the Virulence Factor database 
(http://www.mgc.ac.cn/VFs, accessed on 30 September 2025) [32] and Antibiotic Resistance Gene 
database (https://card.mcmaster.ca/analyze/rgi, accessed on 30 September 2025) [33], respectively. 
Phage genome termini and DNA packaging strategy were determined using the PhageTerm v.1.0.12 
tool [34]. SnapGene Viewer (GSL Biotech; available at https://www.snapgene.com/; accessed on 01 
October 2025) was used to generate a genomic map. Phage lifestyle analysis was performed using the 
PhageAI web service (https://app.phage.ai/, accessed on 02 October 2025). 

2.9. Comparative analysis of phage genomes and phage proteins 

Nucleotide identity between the complete genomes was calculated in the BioEdit 7.2.5 program 
[35] based on the alignment, which was performed in the MAFFT [36] program (https://mafft.cbrc.jp 
accessed on 03 September 2025). The starting points of the analyzed sequences were manually 
changed in accordance with the StaphC_127 sequence based on dot-plot analysis in the UGENE 
program [37]. 

To assess phage taxonomy, a comparative proteomic phylogenetic analysis was performed 
using the Viral Proteome Tree Server (ViPTree) (https://www.genome.jp/viptree, accessed on 3 
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October 2025) [38]. Intergenomic similarity (SG) was calculated using the Virus Intergenomic 
Distance Calculator (VIRIDIC) [39]. To search for the core genes, the CoreGenes5.0 web server 
(https://coregenes.ngrok.io/; accessed 04 October 2025) [40] was used with the Bidirectional Best Hit 
option with an E value of 1e-5. The amino acid sequences of interest were searched against the NCBI 
GenBank database using BLASTP and BLASTX (https://blast.ncbi.nlm.nih.gov/, accessed on 04 
October 2025) and retrieved for further analysis. Protein sequences were aligned and phylogenetic 
analysis was performed using the MEGA XII program [41]. 

3. Results 

3.1. Identification of the Host 

The host strain S. caprae CEMTC 1849 was isolated from the surface of the ear skin with irritation 
and it was the only bacterial strain growing under aerobic conditions from this isolation sample. This 
strain was checked for the presence of the lysogenic phages using mitomycin C and ultraviolet 
irradiation. In both cases, plaques were not observed indicating the absence of functional prophages 
in the S. caprae CEMTC 1849 genome.  

3.2. Phage StaphC_127 Plaque and Virion Morphology 

Phage StaphC_127 formed translucent plaques with a diameter of 1 mm on a lawn of the host 
strain S. caprae CEMTC 1849 (Figure 1A). Electron microscopy revealed a capsid 60,7 ± 0.9 nm in 
diameter, connected to a long, non-contractile tail 252.3 ± 13.4 nm long. The morphology of phage 
particles corresponded to that of siphovirus (Figure 1B). 

 

Figure 1. Visualization of phage StaphC_127 plaques on a lawn of the host strain S. caprae CEMTC 1849 (A) and 
electron microscopy of the StaphC_127 virion (B). 

3.3. Host Range of the Phage StaphC_127 

To determine the host range of StaphC_127, the phage was tested on 294 Staphylococcus spp. 
strains, including two species of CoPS (S. aureus and S. pseudintermedius, n = 42 in total) and 22 species 
of CoNS (n = 252 str.). It was shown that StaphC_127 was able to infect three of six tested strains of S. 
capitis and four of five tested of S. caprae strains, including the host strain (Table 1). All susceptible 
strains of both S. capitis and S. caprae were isolated from clinical samples collected from the skin 
surface. One them, S. capitis CEMTC 10051, exhibited resistance to beta-lactam antibiotics. According 
to the relative efficiency of plating (EOP), which indicates the ratio of the phage titer on the tested 
bacterial strain to the phage titer on the host strain, StaphC_127 was able to effectively infect strains 
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of both S. capitis and S. caprae. Other CoNS strains, including all tested S. epidermidis, were not 
sensitive to this phage. 

Table 1. Characteristics of Staphylococcus strains sensitive to the StaphC_127 phage 

№ CEMTC 
number 

Species Date and source of isolation Antibiotic 
resistance 

Titer, 
pfu/mL 

ЕОР  

1 1849* S. caprae 05.2014; eczema of the auricle - 1×109 1 
2 2739 S. caprae 09.2016; eczema of the auricle - 3×105 0.0003  
3 3411 S. caprae 06.2018; eczema of the skin of 

the arm 
- 1.5×108 0.15 

4 3440 S. caprae 08.2018; psoriasis - 1×109 1 
5 3590 S. capitis 01.2019; dermatitis  - 1×109 1 
6 10041 S. capitis 02.2024; eczema of the auricle  - 3×107 0.0032 
7 10051 S. capitis 03.2024; purulent wound β-lactams 2,5×105 0.00025 

* Host strain. 1 The EOP values > 0.5 were ranked as ‘high’ efficiency, 0.2–0.5 as ‘medium’ efficiency, 0.001–0.2 
as ‘low’ efficiency. 

To check whether the genome of these strains contain functional prophages, ultraviolet 
irradiation and mitomycin C were used. Prophages were not induced as plaques were not observed 
in all strains. 

3.4. Biological Properties of StaphC_127 

The biological properties of StaphC_127 were investigated using the S. caprae CEMTC 1849 and 
S. capitis CEMTC 3590 strains. The maximum attachment of phage particles was recorded at 24 and 
26 minutes in the adsorption experiments, respectively (Figure 2A). The adsorption rate constant was 
calculated according to Kropinsky [23] and it was found as 1.3 × 10-8 mL/min and 1.4 × 10-9 mL/min 
for S. caprae CEMTC 1849 and S. capitis CEMTC 3590, respectively. The latent period of the phage was 
36 and 39 minutes, respectively. After the latent period, phage particle release from host cells was 
observed, and the burst size was approximately 15 phage particles per infected cell for S. caprae 
CEMTC 1849 and 44 phage particles per infected cell for S. capitis CEMTC 3590 (Figure 2B). The lytic 
activity experiment was performed by adding StaphC_127 to cells with an MOI of 1. When infected 
with S. caprae CEMTC 1849, the number of viable host cells decreased by two orders of magnitude, 
starting at 150 minutes (Figure 2C). After infection of S. capitis CEMTC 3590 with the StaphC_127 
phage, a decrease in bacterial cell titer was observed after 180 minutes of the experiment (Figure 2D). 
At 240 minutes for S. caprae CEMTC 1849 and 300 minutes for S. capitis CEMTC 3590, phage-resistant 
bacterial cells were identified, which continued to accumulate until the end of the experiment. The 
established biological characteristics indicated low lytic activity of the StaphC_127 phage. 
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Figure 2. Biological properties of StaphC_127: (A) phage adsorption experiments; (B) one-step growth assay; (C) 
multi-step bacterial lytic curve for the host S. caprae CЭМТC 1849 infected with the phage at an MOI 1; (D) multi-
step bacterial lytic curve for S. capitis CEMTC 3590 infected with the phage at an MOI 1. The bars show standard 
deviations for each point. 

3.5. Annotation and Characterization of the StaphC_127 Genome  

The length of the StaphC_127 complete genome was 41,486 bp with a GC content of 33.92%. The 
StaphC_127 genome contained 65 ORFs; of them, 38 ORFs encoded proteins with predicted functions, 
and the remaining 27 ORFs had unspecified functions (Figure 3). The list of annotated ORFs with 
functions verified using BLASTX InterProScan, and HHpred tools is presented in Table S1). 

 
Figure 3. Genomic map of the Staphylococcus phage StaphC_127. ORFs encoding structural proteins and DNA 
packaging proteins are marked with blue arrows; ORFs responsible for nucleic acids metabolism are marked 
with red; ORFs controlling lysogeny are marked with pink; ORFs encoding proteins of lysis cassette and lytic 
enzymes are yellow and grey, respectively; ORFs encoding hypothetical proteins are colored magenta. 

The StaphC_127 genome has 14 ORFs encoding proteins involved in nucleic acid metabolism 
(Figure 3). No genes of DNA- and RNA polymerases or DNA primase were identified, indicating 
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that this phage uses host enzymes for replication and transcription. Like other temperate phages [42], 
the StaphC_127 genome contains the genes encoding the antirepressor (gp30) and repressor (gp34) 
of transcription, which play a key role in switching the life cycle of phages from lysogenic to lytic. In 
addition, this genome encodes the site-specific DNA recombinase (gp37) and does not contain the 
tRNA genes.  

Seventeen ORFs in the StaphC_127 genome encodes proteins responsible for virion assembly 
and DNA packaging (Figure 3). Among them, the tape measure protein (gp51), a tail protein with 
endopeptidase activity (gp49), major capsid protein (gp60), portal protein (gp62), large and small 
subunits of terminase (gp64 and gp65) were identified (Figure 3). Two lytic cassette proteins are 
encoded by the StaphC_127 genome: the endolysin with N-acetylmuramoyl-L-alanine amidase 
activity (gp38) and holin (gp39). 

Notably, the gene encoding the Tad2 protein (gp29), which inhibits the Thoeris antiphage 
defense system, was found in the StaphC_127 genome. BLAST search indicated that the amino acid 
sequence of gp29 was similar (the identity ranged from 35% to 94%) to the Tad2-family proteins 
encoded by the Staphylococcus genomes. The genes responsible for the production of toxins or 
conferring resistance to antibiotics were not identified in the StaphC_127 genome. 

Using the PhageTerm tool, it was determined that the ends of the StaphC_127 genome are 
cohesive terminal sites (cos) 16 bp long. In the cos-type of genome packaging, segments of the phage 
genome in concatemers are separated by a specific nucleotide sequence called cos. Usually, phage 
terminase recognizes the first of these cos sequences and binds to it, packaging the viral DNA into an 
empty capsid until the next cos sequence is encountered. At this point, it cuts the DNA molecule, 
triggering the process of closing the capsid filled with a single segment of the phage genome [43]. 

3.6. Lifestyle Determination of StaphC_127 

The absence of prophages relative to StaphC_127 within the genomes of the host and other 
susceptible strains was confirmed using PCR with primers specific to the ORF38 of the phage. Then, 
it was determined whether the StaphC_127 genome can integrate into the genome of the sensitive 
bacterium. DNA of the obtained bacteriophage-insensitive mutants (BIMs) (ten clones from each 
susceptible strain) were checked for the presence of the StaphC_127 genome. The obtained data 
indicated that integration of the StaphC_127 genome was not detected in the host strain S. caprae 
CEMTC 1849 and four other susceptible strains. However, DNA of BIMs obtained from S. caprae 
CEMTC 2739 and S. caprae CEMTC 3411 contained the nucleotide sequence of the StaphC_127 ORF38. 
Presumably, the StaphC_127 genome integrated into the bacterial chromosome. As for the host strain 
S. caprae CEMTC 1849 and four other susceptible strains, the antiphage mechanisms of these five 
strains probably prevent the phage from entering the lysogenic life cycle. Therefore, it is possible to 
assume that StaphC_127 is a temperate phage that was additionally confirmed by the results of a 
bioinformatic analysis using the PhageAI program, which predicted the temperate life cycle of 
StaphC_127 with a probability of 98.48%. 

3.7. Comparative Analysis of StaphC_127 and Estimated Taxonomy  

The StaphC_127 genome was compared with available phage sequences extracted from the 
NCBI GenBank database using BLASTN search. StaphC_127 exhibited some similarity to prophage 
sequences in the S. epidermidis and S. capitis genomes. Among the phage sequences, 18 similar 
genomes were found using the BLASTN search. Comparative ViPTree analysis indicated that 
StaphC_127, along with 18 staphylococcal phages, formed a monophyletic group containing two 
branches and distinct from other Staphylococcus phages (Figure 4).  
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Figure 4. ViPTree analysis of the StaphC_127 and related phages. Phage StaphC_127 is marked with red asterisk; 
phage genomes retrieved from NCBI Genbank and manually added to the analysis are marked with red lines. 

Of the phages from this monophyletic group, only the Staphylococcus phage IME1354_01 
(NC_070727) was previously classified as a member of the Zhangqianvirus genus [44]; the remaining 
17 phages had no definite taxonomic position. The phage IME1354_01 was in the branch with 
StaphC_127. The calculated nucleotide identity (NI) of the StaphC_127 genome with those of the 
closest phages (Staphylococcus phages StB20 and S-CoN_Ph25) was 68.8% and 60.7%, respectively. NI 
of the StaphC_127 genome with other genomes from the branch containing StaphC_127 was lower 
and varied from 40.7% to 57.9% (Staphylococcus phages IME1354_01 and StB20-like, respectively).  

Pairwise comparisons of the StaphC_127 genome with nine genomes of phages from this branch 
(Staphylococcus phages S-CoN_Ph24 and S-CoN_Ph22 represented a group of closely related phages) 
was carried out using the VipTree program (Figure 5). Obviously, the StaphC_127 genome showed 
greater similarity to the genomes of the Staphylococcus phages StB20, S-CoN_Ph25, StB-like, S-
CoN_Ph24, and S-CoN_Ph22 than with other phages from this branch. The identity levels of the 
structural genes were on average higher than those of the genes responsible for the metabolism of 
nucleic sequences (Figure 5).  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 December 2025 doi:10.20944/preprints202512.1161.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1161.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 20 

 

  
Figure 5. Pairwise comparison between the StaphC_127 phage and a number of Staphylococcus siphoviruses 
performed using ViPTree software; phage StaphC_127 is marked with red asterisk;. 

In addition, the intergenomic similarity (SG) levels between StaphC_127 and Staphylococcus 
siphoviruses shown in Figure 4 were calculated using VIRIDIC (Figure 6). Notably, StaphC_127 and 
a group of the above relative phages (Staphylococcus phages StB20, S-CoN_Ph25, StB20-like, S-
CoN_Ph24, and S-CoN_Ph22) showed SG levels of more than 50%, which was substantially more 
than with other tested Staphylococcus siphoviruses. Moreover, the staphylococcal phages S-CoN_Ph18 
– S-CoN_Ph23 probably belong to the same species.  
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Figure 6. VIRIDIC heatmap showing intergenomic similarities (SGs) within the cluster of phages containing 
StaphC_127 and similar phages. The StaphC_127 phage is marked with red asterisk; phages with SGs of more 
than 50% are highlighted with a red rectangle. 

Based on the obtained data and considering previous recommendations [45], it can be assumed 
that StaphC_127 represent a new putative genus, which is proposed to name "Staphcevirus". 
Furthermore, StaphC_127 and a number of relative phages might be combined into a new putative 
subfamily "Estebevirinae" after the first described phage from this group, Staphylococcus phages StB20 
[46]. Importantly, CoreGenes 5.0 identified 23 core proteins for 11 phages belonging to the proposed 
subfamily. Of these 23 core proteins, 14 are structural proteins and DNA packaging proteins, two 
lytic cassette proteins (holin and endolysin), the repressor, poly-gamma-glutamate hydrolase, and 
five hypothetical proteins. In an attempt to identify core proteins for the monophyletic group of 19 
staphylococcal phages, including StaphC_127 and IME1354_01 (the Zhangqianvirus genus) [44] only 
two proteins were revealed: the terminase large subunit and the tail length tape measure protein. 

3.8. Phylogenetic Analysis of StaphC_127 Proteins 

Based on the CoreGenes results, the amino acid sequences of four signature proteins of the 
putative subfamily Estebevirinae (terminase large subunit, portal protein, tail length tape measure 
protein, and endolysin) were used for phylogenetic analysis (Figure 7). Notably, the topology of the 
constructed phylogenetic trees does not demonstrate good coincidence with the ViPTree topology 
indicating the evidence of mosaicism inherent in staphylococcal siphoviruses. However, the 
appropriate sequences of all phages from the putative Estebevirinae subfamily formed monophyletic 
clades in all constructed trees (Figure 7). 
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Figure 7. Phylogenetic analysis of the core proteins of StaphC_127: terminase large subunit (A), tail length tape 
measure protein (B), portal protein (C), endolysin (D), and Tad2 protein (E). Sequences were aligned using 
CLUSTALW, and the phylogenetic trees were constructed using MEGA 12.0. The maximum likelihood method 
with a bootstrap support of 1000 was used. The amino acid sequences of StaphC_127 are marked with black 
circles. 

As for the Tad2 protein sequences, 17 similar ones were found among the viral sequences of both 
individual and metagenome-associated phage genomes (Figure 7E). Notably, two identical sequences 
were extracted from the metagenome-associated genomes (MAGs), whereas only one genome from 
the propose Estebevirinae subfamily (Staphylococcus phages StB20-like) encodes relative Tad2 protein. 

4. Discussion 

StaphC_127 is currently the second described phage that infect S. caprae. This phage, like the first 
described phage against S. caprae, IME1323_01 [19], belongs to the siphoviruses; however, 
IME1323_01 is a member of the Azeredovirinae subfamily [19], whereas StaphC_127 is distant from 
IME1323_01 and probably represents a new putative genus Staphcevirus within the new undefined 
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subfamily that might be named Estebevirinae after one of the first described phage from this branch, 
Staphylococcus phages StB20 [46]. 

Previously, a group of Staphylococcus siphoviruses infecting only CoNS was identified: StB20 
was specific to S. capitis [46], S-CoN_Ph25 was able to infect S. capitis, S. epidermidis, S. haemolyticus, 
S. hominis, S. lugdunensis, and S. warneri [47], while each of the eight closely related phages S-
CoN_Ph18 – S-CoN_Ph24 were active able to infect several different species of bacteria listed above 
[47]. The studied phage StaphC_127, the first one active against both S. caprae and S. capitis, is a 
member of this group. However, Staphylococcus phages IME1354_1 [44] and vB_SauS [48] that are 
specific to CoPS S aureus form the monophyletic branch with the aforesaid phages infecting only 
CoNS. Given that the GC content of the StaphC_127 genome (33.9%) is close to that of S. caprae (33,6%) 
and S. capitis (33%) [7,49], it is possible to assume a long coevolution of the phage with sensitive CoNS 
strains. 

Various studies of staphylococcal phages indicated that the phages infecting these bacteria and 
having the siphovirus morphotype are temperate and belong to different taxonomic groups – 
Azeredovirinae, Bronfenbrennervirinae, Coventryvirus, Fibralongavirus, Rockefellervirus, Sextaecvirus, 
Triavirus [50–55]. It has been shown that many staphylococcal siphoviruses are able to integrate into 
the bacterial genome and carry the toxin and virulence genes [56–59]. All staphylococcal siphoviruses 
exhibit a high degree of mosaicism; comparison at the amino acid sequence level allows the 
identification of homologous proteins found in distantly related phages [46]. This fact indicates that 
all staphylococcal siphoviruses probably originated from a common ancestor and over time diverged 
to such an extent that similarity at the nucleotide sequence level has become low. Such mosaicism is 
inherent in tailed phages and genetic exchange can involve both individual genes and entire gene 
clusters resulting in the formation of fully functional phages that differ significantly in genome 
organization and biological properties from their putative parental phages [60]. Apparently, "local" 
phage groups frequently exchange genes with other members of the group that can explain, among 
other things, the low level of identity of the nucleic acid metabolism genes in phages included in the 
putative Estebevirinae subfamily. 

One of the features of the StaphC_127 phage is the presence of a gene encoding the Tad2 protein, 
which is a product of the anti-Thoeris phage genome system. In bacteria, the Thoeris defense system 
triggers an abortive infection (Abi) upon detection of a phage. The Thoeris system was found in more 
than 2000 bacterial and archaeal genomes and consists of one copy of the thsA gene and one or several 
copies of the thsB genes. The thsA genes encodes an effector protein that triggers Abi, whereas thsB 
encode proteins responsible for phage detection. In turn, Tad2 acts as a "sponge" that binds immune 
signaling molecules produced by the thsB gene [61]. Notably, only 17 Tad2 sequences similar to Tad2 
of StaphC_127 were found to encode by viral genomes, both phage and MAGs, and only one 
sequence belonged to the Staphylococcus phages StB20, a member of the putative Estebevirinae 
subfamily. In addition, two sequences identical to the Tad2 protein of StaphC_127 were identified in 
two MAGs. The SG matrix calculated for phage genomes relative similar Tad2 (Figure S1) showed 
that SGs between the StaphC_127 genome and two MAGs with the identical Tad2-genes are 75.6% 
and 79.5% that clearly indicated that the MAGs, like StaphC_127, are probable members of the 
proposed Staphcevirus genus. 

StaphC_127 is possibly a temperate phage. This assumption is supported by the presence of the 
genes encoding the repressor, antirepressor, and site-specific DNA recombinase in its genomes. In 
addition, the StaphC_127 genome was detected in BIMs obtained from two S. caprae strains after 
StaphC_127 infection. Certainly, further genome sequencing of these BIMs is required to confirm the 
assumption and indicate the location of the prophages in the BIM genomes. In addition, genome 
sequencing of S. caprae CEMTC 2739 and S. caprae CEMTC 3411 strains could indicate the differences 
in their anti-phage defense systems. Previously, integration of phage genomes into the bacterial 
genome has been proven for several closely related phages [44,62,63]. 

Since the significant increase in antimicrobial resistance, phage therapy has attracted increasing 
attention. Phages are an affordable and effective treatment option for infections. However, the use of 
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temperate phages or phages with integrase/recombinase in phage therapy is limited due to 
complications caused by lysogeny that can be accompanied by uncontrolled transduction of virulence 
genes or host antibiotic resistance. Direct use of lytic cassette proteins may become an alternative to 
the use of whole bacteriophages. Given that StaphC_127 is capable of lysing both S. caprae and S. 
capitis, its endolysin could have extended specificity, which certainly requires verification. In 
addition, options have been considered recently for using temperate phages together with stressors 
(antibiotics, mitomycin C), which promote the switching of phages to the lytic cycle, thereby causing 
a synergistic effect of the phage-stressor action on bacterial cells [64,65]. 

5. Conclusion 

In this study, we characterized a novel Staphylococcus phage StaphC_127 capable of infecting 
both S. caprae and S. capitis. This phage exhibited low lytic activity against its host strain S. caprae 
CEMTC 1849 and another strain S. capitis CEMTC 3590, moderate host range against the tested S. 
caprae and S. capitis strains, and was possibly able to integrate its genome into the chromosome of 
two S. caprae strains (among seven susceptible CoNS strains). Taking into consideration the obtained 
results of the genome analysis, we can assume that StaphC_127 is the first member of a new supposed 
Staphcevirus genus that, in turn, is part of a new putative subfamily Estebevirinae. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/doi/s1, Data S1: The complete nucleotide sequence of StaphC_127 in fasta format; 
Figure S1: SG matrix for the StaphC_127 phage Tad2-related genomes prepared using VIRIDIC; Table S1: 
StaphC_127 genome annotation prepared using RAST tool. 
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