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A B S T R A C T

Staphylococcus petrasii is recently described coagulase negative staphylococcal species and an opportunistic
human pathogen, still often misidentified in clinical specimens. Four subspecies are distinguished in S. petrasii by
polyphasic taxonomical analyses, however a comparative study has still not been done on the majority of isolates
and their genome properties have not yet been thoroughly analysed. Here, we describe the phenotypic and
genotypic characteristics of 65 isolates and the results of de novo sequencing, whole genome assembly and
annotation of draft genomes of five strains. The strains were identified by MALDI-TOF mass spectrometry to the
species level and the majority of the strains were identified to the subspecies level by fingerprinting methods,
(GTG)5 repetitive PCR and ribotyping. Macrorestriction profiling by pulsed-field gel electrophoresis was con-
firmed to be a suitable strain typing method. Comparative genomics revealed the presence of new mobile genetic
elements carrying antimicrobial resistance factors such as staphylococcal cassette chromosome (SCC) mec,
transposones, phage-inducible genomic islands, and plasmids. Their mosaic structure and similarity across
coagulase-negative staphylococci and Staphylococcus aureus suggest the possible exchange of these elements.
Numerous putative virulence factors such as adhesins, autolysins, exoenzymes, capsule formation genes, im-
munomodulators, the phage-associated sasX gene, and SCC-associated spermidine N-acetyltransferase gene,
pseudouridine and sorbitol utilization operons might explain clinical manifestations of S. petrasii isolates. The
increasing recovery of S. petrasii isolates from human clinical material, the multi-drug resistance including
methicillin resistance of S. petrasii subsp. jettensis strains, and virulence factors homologous to other pathogenic
staphylococci demonstrate the importance of the species in human disease.

1. Introduction

Coagulase-negative staphylococci (CoNS) are considered to be ty-
pical opportunists (Heilmann et al., 2019), having a substantial impact
on human life and health, particularly in immunocompromised patients
(Becker et al., 2014). Antibiotic resistance has been documented to be
more common in CoNS than in S. aureus (Brzychczy-Wloch et al., 2013;
Otto, 2013). Developments in diagnostics have led to the frequent de-
tection of Staphylococcus petrasii in human specimens and suggested
that it is a clinically relevant species. Based on genotypic and pheno-
typic analyses, four subspecies S. petrasii subsp. petrasii, S. petrasii subsp.

jettensis, S. petrasii subsp. croceilyticus and S. petrasii subsp. pragensis
were described (De Bel et al., 2014, 2013; Pantucek et al., 2013; Svec
et al., 2015). S. petrasii belongs to a phylogenetic clade including Sta-
phylococcus haemolyticus and Staphylococcus hominis (Pantucek et al.,
2013). The well-studied and phylogenetically related S. haemolyticus is
known for its historically early acquisition of resistance to methicillin
and glycopeptide antibiotics (Froggatt et al., 1989). It is possible that S.
haemolyticus played an important role in the diversification of staphy-
lococcal cassette chromosome mec (SCCmec) (Cavanagh et al., 2014;
Zong et al., 2011), which led to an alarming prevalence of methicillin-
resistant S. haemolyticus clinical isolates (Bouchami et al., 2012; Panda
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et al., 2016). In contrast, SCC of S. hominis exhibited a limited clonality
and a low genetic diversity (Bouchami et al., 2011). The properties of
both species confirm they are significant opportunistic human patho-
gens (Barros et al., 2012; Chaves et al., 2005).

Although S. petrasii was described 6 years ago (Pantucek et al.,
2013), there is limited knowledge of its pathogenicity, genome struc-
ture, mobile genetic elements (MGE) carrying virulence and drug re-
sistance genes, and systems limiting the spread of these elements. A set
of sixty-five strains originating from human clinical material was ana-
lysed in this study with a focus on improving S. petrasii diagnostics and
the description of the species’ diversity. Whole genomes of type strains
of four S. petrasii subspecies and one additional methicillin-resistant
isolate were sequenced and characterized in detail for a better under-
standing of its pathogenic potential.

2. Materials and methods

2.1. Bacterial strains

S. petrasii strains were collected from a set of CoNS referred by
routine clinical laboratories for identification to the National Reference
Laboratory for Staphylococci, National Institute of Public Health (NRL/
St) (Prague, Czech Republic) as clinically significant agents isolated
from clinical materials and from previous taxonomic studies (Table S1,
Fig. S1) (De Bel et al., 2013; Pantucek et al., 2013; Svec et al., 2015).
The possibility that strains were skin contaminants was excluded by
disinfection before the blood collection and analysis of patients’ skin
microflora. Reference strains are available in the Czech Collection of
Microorganisms (CCM) at Masaryk University (Brno, Czech Republic).
The phenotypic identification of the isolates was done using commer-
cial identification kits STAPHYtest 24 with ErbaExpert software (Erba
Lachema, Brno, Czech Republic) and API Staph (bioMérieux, Marcy
l'Etoile, France) according to the manufacturers’ instructions.

2.2. Matrix-assisted laser-desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) analysis

The samples were prepared by the standard extraction protocol
described in detail by Freiwald and Sauer (Freiwald and Sauer, 2009).
MALDI-TOF mass spectra were obtained using an UltrafleXtreme in-
strument (Bruker Daltonics, Bremen, Germany) operated in linear po-
sitive mode using the software FlexControl version 3.4. Signals present
in at least seven out of nine independent mass spectra acquired per
sample were taken into account. Mass spectra were processed using
FlexAnalysis (version 3.4; Bruker Daltonics) and BioTyper software
(version 3.1; Bruker Daltonics) supplemented with database version
8.0.0.0 (7854 entries). The mutual similarity between individual mass
spectra of the strains and the Biotyper database entries were expressed
in the form of log(scores) obtained using the default settings of the
Biotyper software.

2.3. Genotypic analysis by fingerprinting techniques

Repetitive PCR fingerprinting with the (GTG)5 primer ((GTG)5-REP-
PCR) was performed as described previously (Svec et al., 2010). The
automatic ribotyping was performed using the RiboPrinter Microbial
Characterization System (DuPont Qualicon, Wilmington, DE) in ac-
cordance with the manufacturer’s instructions. Numerical analysis of
the obtained fingerprints and dendrogram construction was done using
the software BioNumerics version 7.6 (Applied Maths, Kortrijk, Bel-
gium) and compared to the in-house CCM database of reference strains.
The ribotype patterns were imported into BioNumerics using the load
samples import script provided by the manufacturer.

Macrorestriction analysis with SmaI (New England BioLabs,
Ipswich, MA) resolved by pulsed-field gel electrophoresis (PFGE) was
performed as described previously (Pantucek et al., 1996). PFGE was

done using a CHEF-Mapper system (Biorad, Hercules, CA) with 1.2%
agarose gel (Serva, Heidelberg, Germany) in 1× Tris-acetate-EDTA
(TAE) buffer for 20 h at 14 °C. Pulse times of 2 s to 12 s for 14 h at 5.5 V
and 30 s to 45 s for 6 h at 6 V were used. The strain S. petrasii subsp.
petrasii CCM 8418T was used as a reference every sixth line of each gel.
The gels were stained in 0.3% ethidium bromide for 3 h and photo-
graphed under UV light. Digital images were stored electronically as
TIFF files and analyzed with BioNumerics version 7.6 software. Den-
drograms were constructed using the Dice similarity coefficient (with
0.5% tolerance and 0.5% optimization) and the unweighted pair group
method with arithmetic averages (UPGMA) for clustering.

2.4. Antimicrobial susceptibility tests

The antibiotic resistance was tested by the disc diffusion method on
Mueller-Hinton agar (Oxoid, Basingstoke, UK) using seventeen anti-
biotics generally used for Gram-positive cocci (Oxoid): cefoxitin
(30 μg), ciprofloxacin (5 μg), clindamycin (2 μg), erythromycin (15 μg),
co-trimoxazole (25 μg), fusidic acid (10 μg), gentamicin (10 μg), ri-
fampicin (5 μg), tigecycline (15 μg), mupirocin (5 μg), tetracycline
(30 μg), chloramphenicol (30 μg), linezolid (10 μg), benzylpenicillin
(1U), teicoplanin (30 μg), vancomycin (30 μg), and ceftaroline (5 μg).
The incubation conditions were 16–20 h at 36 °C in air. EUCAST/CLSI
standards for reading the inhibition zone diameter and interpreting
susceptibility to antibiotics were strictly followed (CLSI, 2018; EUCAST,
2017). The presence of the methicillin resistance genes mecA, mecB and
mecC was examined by PCR amplification with the primers SA-
MECA165 and SAMECA1482 for mecA (Wu et al., 1998), me-
cALGA251MultiFP and mecALGA251MultiRP for mecC (Stegger et al.,
2012), and mecB-F (GGGACTATAGACGCATCAAC) and mecB-R (CCA
GTAACTACTTTTCTCATGC) designed in this study for mecB gene.

2.5. rpoB gene sequencing

Partial rpoB gene amplification was performed as described pre-
viously (Mellmann et al., 2006). PCR amplicons were sequenced by
Sanger sequencing with the primers 1418F and 1876R in Eurofins
Genomics (Ebersberg, Germany). Phylogenetic analyses were per-
formed with the software MEGA version 7 (Kumar et al., 2016).

2.6. Plasmid profiling

The plasmid DNA was extracted using a NucleoSpin© Plasmid Kit
(Macherey-Nagel, Düren, Germany) according to the manufacturer’s
protocol with the modification that bacteria were lysed with 30 μg/ml
of lysostaphin (Ambi Products, Lawrence, NY) at 37 °C. Undigested
plasmid DNA was separated by agarose gel electrophoresis as described
previously (Kuntova et al., 2012).

2.7. Genome sequencing and assembly

Genomic DNA was isolated and whole genomic sequencing was
performed using an Ion Torrent™ Personal Genome Machine (Thermo
Fisher Scientific, Carlsbad, CA). The purified genomic DNA was used for
preparing a 400-bp sequencing library with an Ion Plus Fragment
Library Kit (Thermo Fisher Scientific) as described previously
(Pantucek et al., 2018). The sample was loaded onto a 318v2 chip and
sequenced using an Ion PGM Hi-Q sequencing kit (Thermo Fisher Sci-
entific). Quality trimming of the reads were performed with the Ion
Torrent Suite Software version 5.0.4 with default settings. The assembly
computation and error correction was performed using the assembler
SPAdes version 3.11.1 pipeline (Nurk et al., 2013) with parameters
adjusted for Ion Torrent data. Contigs were then re-ordered according
to the reference genome S. haemolyticus JCSC1435 (Takeuchi et al.,
2005) using MauveContigMover (Rissman et al., 2009). Ordering was
evaluated using an assembly graph visualized in Bandage (Wick et al.,
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2015). Plasmid contigs were extracted from WGS data based on higher
coverage and content of typical plasmid-borne genes.

2.8. Bioinformatics analyses

Sequences were manipulated and inspected in the cross-platform
bioinformatics software Ugene version 1.28.0 (Okonechnikov et al.,
2012). For primary analysis, the genome was annotated using RAST
(Aziz et al., 2008). Predicted protein sequences were clustered using
web-based OrthoVenn with a default cutoff e-value of 1e−5 and an
inflation value of 1.5 (Wang et al., 2015). Functional genome annota-
tion was further performed using several databases; the NCBI BLAST
service (blast.ncbi.nlm.nih.gov/Blast.cgi) and InterProScan (Jones
et al., 2014). MGE were predicted using IslandViewer 4 (Dhillon et al.,
2015), CRISPRone (Zhang and Ye, 2017), VIRFAM (Lopes et al., 2014)
and ISfinder (Siguier et al., 2006). Antibiotic resistance determinants
were screened with ResFinder (Zankari et al., 2012) and the RGI pre-
diction tool (Jia et al., 2017). Virulence factors were searched against
the databases VFDB (Chen et al., 2016a) and VirulenceFinder (Joensen
et al., 2014), and nucleotide sequences of previously described candi-
date virulence genes of Staphylococcus epidermidis and S. haemolyticus
(Gill et al., 2005; Takeuchi et al., 2005). To calculate the ANI value, the
OrthoANI algorithm implemented on the EzBioCloud server was used
(Lee et al., 2016). The dDDH values were calculated using the web-
based genome-to-genome distance calculator (GGDC) version 2.1
(Meier-Kolthoff et al., 2013).

2.9. Sequence accession numbers

The whole-genome shotgun projects of strains CCM 8418T, CCM
8421T, CCM 8494T, P5404, and CCM 8529T have been deposited at
GenBank under the accession numbers SRJE00000000, SRJF00000000,
SRLF00000000, SRLS00000000, and SRPJ00000000 respectively.
Partial rpoB gene sequences of strains P4324, P6625, P6635 and P6644
have been deposited at GenBank under the accession numbers
MK649779, MK649780, MK649781 and MK649782, respectively.

2.10. Bacteriophage induction and characterization

Prophages were induced from the genome-sequenced strains with
mitomycin C as described previously (Pulverer et al., 1974). Phage
φSPJ1-int3 (Vb_SpeS_5404) from S. petrasii subsp. jettensis strain P5404
was propagated on S. petrasii subsp. jettensis P5402 and further char-
acterized. The phage lysate was purified by zonal centrifugation in a
CsCl gradient as described previously (Maslanova et al., 2013). Pro-
teomic analysis of the purified phage was performed by liquid chro-
matography - mass spectrometry (LC–MS) using an RSLCnano system
(Thermo Fisher Scientific) on-line connected to an Impact II Ultra-High
Resolution Qq-Time-of-Flight mass spectrometer (Bruker) as described
previously (Zeman et al., 2017).

2.11. Electron and cryo-electron microscopy

Negative-stained samples were prepared by staining in 2% uranyl
acetate on copper grids coated with a 12-nm continuous carbon layer.
Cryo samples were prepared by vitrification of the bacteriophage so-
lution (at a concentration of 1010 PFU ml−1) on Quantifoil grids by
plunge freezing in liquid ethane using a Thermofisher Scientific
Vitrobot Mark IV. The samples were observed with a Thermofisher
Scientific Tecnai F20 electron microscope operated at 200 kV at a
magnification of 29,000×.

2.12. PCR detection of cas1, cas2 and cas9 genes

Conventional singleplex PCR were carried out in 25 μl reaction
mixtures (10mM Tris-HCl, 50mM KCl, 1.5mM MgCl2, 200 μM dNTPs),

including 0.2 μM each of primers and 1.5 unit of Taq DNA polymerase
(New England Biolabs), and of 50 ng of purified DNA. Primers cas1F
(ACAGTTGAAGTGGGAYGAAG) and cas1R (ACCATCAATTTCAACWC-
GMGCA), cas2F (ATGTTTGATYTRCCTGTAGAAAC) and cas2R (AATG-
CTCTAACATGYCCTTC) or cas9F (AGAGGYGCGCGTAGATTAAA) and
cas9R (AAWGGACTTCCTTCGCCAGG) gave rise to 502 bp, 194 bp or
515 bp products, respectively. Cycling conditions were 5min dena-
turation at 96 °C, followed by 25 cycles at 94 °C for 30 s, 55 °C for 30 s
and 72 °C for 30 s.

3. Results

3.1. Source and identification of Staphylococcus petrasii

The specimens were recovered from human clinical material,
mainly inpatients and a limited number of outpatients, predominantly
from young children and older patients in which the pathogenesis of
infections was similar as for other CoNS species (Table 1). Over the last
20 years, 3% of CoNS in the NRL/St were retrospectively identified as S.
petrasii (Fig. S1). Since the majority of the strains were originally mis-
identified in routine clinical microbiology laboratories, we proposed
suitable biochemical tests for the differentiation of S. petrasii subspecies
from biochemically similar Staphylococcus warneri, S. haemolyticus and
Staphylococcus auricularis (Fig. 1).

Specifically, the identification of S. petrasii strains was enabled by
establishing MALDI-TOF MS as a microbial diagnostic tool. Of the 65
analyzed strains, 6 strains were identified with high confidence and log
(score) > 2.0, and 37 with low confidence and log(score) 1.7–2.0, both
indicating their assignment as Biotyper database entries Staphylococcus
sp. 10w414721 RLH, Staphylococcus sp. 901400083 LBK, Staphylococcus
sp. 4 PIM and Staphylococcus sp. CS 331_1BRB (all these database
strains were assigned as S. petrasii in the recently released update of the
MBT 8468 MSP Library, version 9.0.0.0). The remaining 22 strains
yielded log(score)< 1.7, indicating no significant similarity to any of
the database entries. Simply extending the Biotyper database with S.
petrasii subsp. petrasii CCM 8418T mass spectra resulted in the correct
identification of 61 strains with log(score) > 2.0, while only four
strains (among them three S. petrasii subsp. pragensis) were identified
with log(score) 1.7–2.0. The MALDI-TOF MS-based cluster analysis
(Fig. S2) revealed distinct clusters of S. petrasii subsp. croceilyticus and S.
petrasii subsp. pragensis strains, while the remaining two subspecies
were unresolved. For subspecies identification, further extension of the
Biotyper database with S. petrasii subsp. croceilyticus CCM 8421T and S.
petrasii subsp. pragensis P6089 resulted in the correct assignment of all
strains to the corresponding subspecies. Type strain S. petrasii subsp.
pragensis CCM 8529T was not found to be a suitable database entry.
However, due to the absence of mass spectral features distinctive for S.
petrasii subsp. petrasii and S. petrasii subsp. jettensis, no database ex-
tension that resulted in the correct identification of these two sub-
species was designable.

Fingerprinting-based techniques (GTG)5-REP-PCR and automated
ribotyping that were previously shown to be effective for subspecies
differentiation in staphylococci (Svec et al., 2010) confirmed strain
identification at the subspecies level, except for strains P4324, P5414,
P6635, P6625, and P6644 (Figs. S3 and S4). Partial rpoB gene se-
quencing was performed in the unassigned isolates and only strain
P6644 was classified as S. petrasii subsp. pragensis (Fig. S5), while the
rest remained unidentified to the subspecies level.

3.2. PFGE typing of Staphylococcus petrasii

S. petrasii isolates exhibited 61 different PFGE patterns of 7–14 SmaI
restriction endonuclease fragments (Fig. 2), demonstrating a high
clonal diversity and simultaneously confirming PFGE to be an efficient
typing technique. The isolates were separated into three major clusters
corresponding to S. petrasii subsp. pragensis, S. petrasii subsp.
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croceilyticus and a cluster of closely related subspecies S. petrasii subsp.
petrasii and S. petrasii subsp. jettensis at a similarity level of 45%. S.
petrasii subsp. jettensis formed a distinct clade separating at a similarity
level of 65% (Fig. 2). Four pairs of strains isolated in the same hospital
showed indistinguishable PFGE patterns (Fig. 2), but three pairs dif-
fered in their plasmid and antibiotic resistance profiles, indicating that
they were not identical clones.

3.3. Antimicrobial susceptibility

Twenty-three percent of the strains were multi-drug resistant, ex-
hibiting resistance to three or more key therapeutic antibiotics, mostly
in S. petrasii subsp. jettensis isolates (Fig. 2). The most prevalent was
resistance to benzylpenicillin (63%), erythromycin (28%), clindamycin
(22%) and tetracycline (15%). Twenty-eight percent of S. petrasii strains
did not exhibit resistance to any of the tested antibiotics. Nine S. petrasii
subsp. jettensis strains were resistant to cefoxitin and mecA-positive. The
mecA gene was detected only in subspecies S. petrasii subsp. jettensis,
while mecB and mecC genes were not detected in any of the tested
strains. Of the 9 methicillin resistant strains, strain P6318 was resistant

to anti-MRSA 5th generation cephalosporins when using ceftaroline
disks; additional three strains exhibited intermediate susceptibility.
Plasmid profiling showed variable plasmid content in all strains
(Fig. 2), represented by one to four plasmids classified into 4 classes
according to Novick (Novick, 1990).

3.4. Genome characteristics and comparative genomics

The whole genome sequences of type strains S. petrasii subsp. petrasii
CCM 8418T, S. petrasii subsp. croceilyticus CCM 8421T, S. petrasii subsp.
jettensis CCM 8494T, and S. petrasii subsp. pragensis CCM 8529T and one
additional methicillin-resistant S. petrasii subsp. jettensis P5404 isolate
from a fatal case of bronchopneumonia were annotated and char-
acterized (Table 2). The comparison of S. petrasii with closely related S.
haemolyticus showed that S. petrasii genomes share 78% orthologous
protein clusters, as illustrated by Venn diagram (Fig. 3). The accessory
genome of S. petrasii subsp. jettensis strains is larger than in the other
subspecies (Table 2). Distinctive operons encoding saccharide intake
transporters and various efflux systems were identified in the oriC en-
viron of S. petrasii subspecies. The strain S. petrasii subsp. petrasii CCM

Fig. 1. Biochemical differentiation between Staphylococcus petrasii subspecies and phylogenetically related Staphylococcus haemolyticus and phenotypically similar
Staphylococcus auricularis and Staphylococcus warneri, performed using commercially available kits. S. petrasii strains give a positive reaction in pyrrolidonyl ami-
nopeptidase and Voges-Proskauer tests and do not produce acid from N-acetyl glucosamine. The four S. petrasii subspecies are easily differentiated from each other by
urease, β-glucuronidase and arginine dihydrolase activity tests.

Table 1
Origin of Staphylococcus petrasii strains characterized in this study.

Material Patient age
group

Number of strains for S. petrasii subspeciesa Diagnoses

SPP SPJ unassigned SPC SPR

blood culture 0–10 1 – – – – low birth weight
40–59 6 2 – 1 2 cerebral hemorrhage, abdominal pain, fever, secondary malignant neoplasm of

lymph nodes, acute respiratory failure, gastritis, epilepsy, pancreatitis, sepsis
60–100 6 6 – – – hospitalization at ICU, stroke, fever, asthmatic bronchitis, hematuria,

pneumonia, sepsis, graphite fibrosis of lung
purulence, wound 0–10 1 1 – – – festering wound, low birth weight

11–39 – – – – 1 finger lesion
40–59 1 – – – 3 multiple head trauma, appendicitis, head abscess
60–100 1 1 – – 1 festering wound, cellulitis of torso

skin or cathether swab 70–90 2 2 – – – cellulitis of finger, burn
urine 0–10 1 – – 1 – urinary tract infection

40–59 1 – – – – acute cystitis
60–100 – 1 – – 3 malignant neoplasm of breast, malignant neoplasm of kidney, hyperplasia of

prostate
vaginal swab 20–40 2 – – – 1 high-risk pregnancy, acute inflammation of vagina
ejaculate 50–60 – – – – 1 chronic prostatitis
ear swab 0–10 2 – 1 3 – neonatal bacterial sepsis, otitis externa

20–40 – – – 1 – otitis externa
60–100 – 1 – – – otitis externa

eye swab 50–60 – – 1 – – –
biopsy 50–60 – 1 1 – – –
nose swab 20–40 1 – – – – carrier
hospital environment – 1 2 – – – –
unknown human origin – – – 1 – – –

a SPP, S. petrasii subsp. petrasii; SPC, S. petrasii subsp. croceilyticus; SPJ, S. petrasii subsp. jettensis; SPR, S. petrasii subsp. pragensis.
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Fig. 2. Dendrogram representing similarity of PFGE patterns of SmaI-digested genomic DNA of 65 Staphylococcus petrasii strains constructed by UPGMA cluster
analysis with Dice similarity coefficients. Antibiotic resistance and plasmid profiles identified in these strains are shown. Plasmids were classified into categories
based on their size (I: 1–4.9 kb, II: 5–8 kb, III: 15–30 kb and IV:> 30 kb) and to subgroups designated by lower-case letters based on the different patterns resolved by
agarose gel electrophoresis. Antibiotics: CIP - ciprofloxacin, CLI - clindamycin, CLI* - possible inducible resistance for clindamycin, CMP - chloramphenicol, CPT -
ceftaroline, CXT - cefoxitin, ERY - erythromycin, FUS - fusidic acid, GEN - gentamicin, MUP - mupirocin, PEN - benzylpenicillin, RIF - rifampicin, TEI - teicoplanin,
TET - tetracycline, and TGC - tigecycline.
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8418T carries putative phosphotransferase transporter systems (PTSs)
for mannitol and mannose in the oriC environ. In strain S. petrasii subsp.
croceilyticus CCM 8421T, pathways for saccharide conversion to pyr-
uvate were predicted, including major facilitator superfamily hexose
transporter or glycoside-pentoside-hexuronide transporter. Strains S.
petrasii subsp. jettensis CCM 8494T and P5404 differ from the other
subspecies in the presence of an operon with predicted glutathione
transporter and gamma-glutamyl transferase gene involved in cysteine
biosynthesis.

Comparative genome analyses revealed the presence of many MGE
as the major source of genome variability (Fig. 4). Plasmids, genomic
islands including SCC, transposones, and a φSPβ-like prophage pro-
vided the strains of S. petrasii with resistance genes and genes pro-
moting survival in the environment (Table 3). Additionally, SCC-like
elements and the φSPβ-like prophage carry genes enhancing the viru-
lence of the strains (Table 4). Other virulence factors such as global
regulators, exoenzymes and surface proteins promoting biofilm for-
mation and host immune system evasion are mainly found in the core
genome and are similar to the virulence genes of S. haemolyticus.

SCC elements are present in all analysed genomes, inserted in the
rlmH (orfX) gene (Table 2, Fig. 4). S. petrasii subsp. petrasii CCM 8418T

and S. petrasii subsp. pragensis CCM 8529T have a single cassette
(Fig. 5). The SCCCCM8418 element harbours the ccrA5B3 gene complex,
whereas in the ψSCCCCM8529 element the ccr genes are absent. S. petrasii
subsp. croceilyticus CCM 8421T and both S. petrasii subsp. jettensis strains
CCM 8494T and P5404 carry composite chromosomal islands (CIs)
(Fig. 5). SpCI-SCCCCM8421 has a mosaic structure composed of 17.6-kb
SCC1CCM8421 and 17.7-kb SCC2CCM8421, which harbour the ccr gene
complexes ccrA4B4 and ccrC, respectively. The largest CIs are present in
S. petrasii subsp. jettensis and both CIs confer methicillin resistance by
carrying mecA gene complexes. SpCI-SCCmecCCM8494 is composed of a

Fig. 3. Venn diagram representing orthologous protein clusters shared between
genomes of type strains of Staphylococcus petrasii subspecies and Staphylococcus
haemolyticus JCSC1435 (Takeuchi et al., 2005). The number of singletons for
each genome is shown in brackets.

Fig. 4. Whole-genome comparison of Staphylococcus petrasii subsp. petrasii CCM 8418T (GenBank accession number SRJE00000000), S. petrasii subsp. croceilyticus
CCM 8421T (SRJF00000000), S. petrasii subsp. jettensis CCM 8494T (SRLF00000000) and P5404 (SRLS00000000), S. petrasii subsp. pragensis CCM 8529T

(SRPJ00000000) and Staphylococcus haemolyticus JCSC1435 (AP006716) with a focus on variable genetic elements. Conserved regions with more than 65%
homology are indicated in blue, inversions in yellow as determined by blastn.
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29.9-kb SCCmecCCM8494 type VIII (4A) and SpCI-SCCmecP5404 harbours a
38.3-kb SCCmecP5404 type V (5C2&5). Also, both CIs have almost the
same 39.0-kb SCC element designated SCCP5404 and/or SCCCCM8494

with recombinases ccrA1B3. SpCI-SCCmecP5404 has an additional 25.2-
kb SCCsorbitol-P5404 element with ccrA1B1 genes and a sorbitol phos-
photransferase operon. SCCs contain putative virulence genes for
plasmin-sensitive surface proteins (pls) and spermidine N-acetyl-
transferase (speG), a cluster of apbE, flavin reductase, and norB and a

cluster of yeiMNC for the uptake and catabolism of pseudouridine
(Table 4, Fig. 5).

All sequenced genomes except that of S. petrasii subsp. croceilyticus
contain prophages with a typical siphoviral modular structure (Fig. S6).
Three phage integrase types were identified, determining prophage
insertion into tRNA-Arg-TCT (φSPP-int1), tRNA-Ser-GCT (φSPR-int2
and φSPJ-int2) or near the CRISPR locus (φSPJ-int3) (Fig. 4). Double
lysogenic host strain S. petrasii subsp. jettensis P5404 produced viable

Table 4
Candidate virulence factors found in sequenced Staphylococcus petrasii strains representing homologs with known and previously predicted virulence factors.

Function and role Gene(s) Product Strain and location

CCM 8418T CCM 8421T CCM 8494T P5404 CCM 8529T

Global regulation system agrA-D response regulator ch. ch. ch. ch. ch.
accessory gene regulator B ch. ch. ch. ch. ch.
receptor histidine kinase ch. ch. ch. ch. ch.
agrD protein ch. ch. ch. ch. ch.

sarARVZ staphylococcal acessory
regulators

ch. ch. ch. ch. ch.

arlRS two component regulatory system ch. ch. ch. ch. ch.
rot repressor of toxins ch. ch. ch. ch. ch.
sigB alternative sigma factor ch. ch. ch. ch. ch.

Surface adhesins and biofilm
formation

fbe fibrinogen binding protein ch. ch. ch. ch. ch.
ebpS elastin binding protein ch. ch. ch. ch. ch.
atlE bifunctional alutolysin ch. ch. ch. ch. ch.
sasADH cell wall surface anchors ch. ch. ch. ch. ch.
mntABC transporter ch. ch. ch. ch. ch.

MSCRAMMs sdrC serine-asparate repeat proteins ch. ch. ch. ch. ch.
sdrH serine-asparate repeat proteins ch. ch. ch. ch. ch.

Exoenzymes hlyIII hemolysin III ch. ch. ch. ch. ch.
clpP clp protease, proteolytic subunit ch. ch. ch. ch. ch.
clpBCX clp protease, ATP binding

subunits
ch. ch. ch. ch. ch.

htrA htrA like protease, putative ch. ch. ch. ch. ch.
splE/splF serine protease ch. ch. ch. ch. ch.
rseP zinc metalloprotease ch. ch. ch. ch. ch.
lysM putative peptidoglycan binding

domain
ch. ch. ch. ch. ch.

nanA sialic acid lyase ch. ch. ch. ch. ch.
pldB lysophospholipase ch. ch. ch. ch. ch.
lipA lipase/esterase ch. ch. ch. ch. ch.
aes acetyl sterase ch. ch. ch. ch. ch.
sbcCD exonucleases ch. ch. ch. ch. ch.

Capsule formation capA-P capsule biosynthesis proteins ch. ch. ch. ch. ch.
oatA o-acetyltransferase ch. ch. ch. ch. ch.
cpsE glycosyltransferase ch. ch. ch. ch. ch.

Immunomodulation psmβ1β2 phenol-soluble modulins β1 and
β2

ch. ch. ch. ch. ch.

psmγ/hld delta toxin ch. ch. ch. ch. ch.
isaAB immunodominant antigens ch. ch. ch. ch. ch.
sceD immunodominant antigen ch. ch. ch. ch. ch.
pls plasmin-sensitive surface protein – – SpCI-

SCCmecCCM8494

SpCI-
SCCmecP5404

ψSCCCCM8529

Other virulence and putative
virulence genes

sasX surface-anchored protein – – φSPβ-like – –
abpE flavin transferase – SpCI-

SCCCCM8421

– – ψSCCCCM8529

flaR flavin reductase – SpCI-
SCCCCM8421

– – ψSCCCCM8529

norB nitric oxide reductase – SpCI-
SCCCCM8421

– – ψSCCCCM8529

speG spermidine N-acetyltransferase SCCCCM8418 SpCI-
SCCCCM8421

– – ψSCCCCM8529

yeiMCN pseudouridine utilization
pathway

– SpCI-
SCCCCM8421

SpCI-
SCCmecCCM8494

SpCI-
SCCmecP5404

–

srlBEAMRD sorbitol utilization operon – – – SpCI-
SCCmecP5404

–

LTTRs LysR-type transcriptional
regulators

– – – – pVVSR1

cstABR hydrogen sulphide detoxification
cluster

– – SpCI-
SCCmecCCM8494

SpCI-
SCCmecP5404

–

Legend: ch., chromosome.
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Siphoviridae phage particles (Fig. 6) and LC–MS analysis of the phage
structural proteins found a match with the prophage φSPJ-int3
(Vb_SpeS_5404). In the S. petrasii subsp. jettensis CCM 8494T genome, a
125-kb-long φSPβ-like converting prophage integrated into a gene en-
coding a YeeE/YedE family protein was found (Fig. 4). The prophage
carries aminoglycoside resistance genes and a sasX gene homologue
considered to be a virulence factor.

Six types of phage-inducible chromosomal islands (PICIs) with
lengths of 12–16 kb contributing to host adaptation and virulence were
identified (Table 2, Fig. 4). SpCI-1fusB-CCM8494 carries the fusidic acid
family resistance determinant fusB. This island has the common att
insertion site AATGACATAA with S. petrasii subsp. petrasii SpCI-
2CCM8418 in the groEL gene encoding a heat shock protein. Insertion site
(att) TTGAATACGT in the lactose operon is shared by S. petrasii subsp.
petrasii SpCI-1CCM8418 and S. petrasii subsp. pragensis SpCI-1CCM8529,
which harbour a trkG gene homologue encoding a putative potassium
transporter component. S. petrasii subsp. pragensis SpCI-2CCM8529 and
SpCI-3CCM8529 are integrated into the tmRNA gene ssrA and glutamine
amidotransferase protein gene guaA, respectively. The novel chromo-
somal island SpCI-4CCM8529 with putative genes for methylation with a
potential role in DNA protection and repair was found in the strain CCM
8529T (Fig. 4, Table 2).

Extrachromosomal plasmids were identified in all the sequenced
genomes (Table 2), encoding antimicrobial resistance genes enabling
survival in adverse environments (Table 3). Small S. petrasii plasmids
pVVSJ1, pVVSJ2, and pVVSC1 encode multidrug efflux system qacC or
erythromycin resistance ermC genes (Table 3). Plasmids pVVSP1,
pVVSJ3, and pVVSR1 carried a traA relaxase gene homologue that
participates in conjugation. The plasmids pVVSJ3, pVVSJ5, and
pVVSR1 carry the formaldehyde detoxification operon with the ribulose

monophosphate pathway (RuMP) (Fig. S7). Plasmid pVVSJ3 encode
membrane protein TcaA, whose inactivation may lead to teicoplanin
resistance (McCallum et al., 2007).

Type II-C CRISPR-Cas systems were identified in the genomes of the
strains S. petrasii subsp. jettensis CCM 8494T and P5404 and S. petrasii
subsp. pragensis CCM 8529T (Table 2, Fig. 4). Genes cas1, cas2, and cas9
identified in all S. petrasii subsp. pragensis and S. petrasii subsp. jettensis
strains by PCR screening indicate the prevalence of the CRISPR-Cas
system in these two subspecies. The CRISPR locus of S. petrasii subsp.
jettensis is 497 bp long, with 7 spacers separated by eight 36-bp-long
repeats GTTTCACTTATACCTAAAATTACAGAGTACTAAAAC that were
identical in both sequenced strains. The CRISPR locus of S. petrasii
subsp. pragensis CCM 8529T is 1684 bp long, with 25 spacers separated
by 26 36-bp-long repeats GTCTCACTTATACCTAAAATTACAGAGTACT
AAAAC. The hsdMSR and mcrBC restriction-modification (RM) systems
present in all strains (Table 2) are another protection mechanism
against DNA uptake. The S. petrasii subspecies share probably new type
IV RM system based on the low homology with known mcrBC genes.

4. Discussion

Since the pathogenic significance and nosocomial spread of CoNS is
increasing (Yu et al., 2017), it is particularly important to analyse the
virulence potential and epidemiology of blood culture isolates and in-
fections associated with the use of medical devices. One third of S.
petrasii isolates originated from such specimens, dominated by S. pet-
rasii subsp. petrasii and S. petrasii subsp. jettensis, indicating their im-
portance in human disease. The precise identification of S. petrasii
subspecies can be a prediction of clinical significance, especially due to
the multiple drug resistance and methicillin resistance of S. petrasii

Fig. 5. Comparative analysis of staphylococcal cassette chromosome (SCC) inserted in rlmH gene harboured by Staphylococcus petrasii subspecies. Predicted coding
sequences (ORFs) are depicted in the direction of transcription as arrows. Core genes of the SCC elements, genes for virulence and resistance factors, insertion
sequences and genes for RM system are annotated. Sequences of direct repeats are shown below the ORF maps. Conserved regions with more than 64% homology are
indicated in blue as determined by blastn.
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subsp. jettensis. MALDI-TOF MS, PFGE typing, and genome comparison
concluded that S. petrasii subsp. petrasii and S. petrasii subsp. jettensis are
closely related. However, S. petrasii subsp. jettensis has accumulated
more genes in the accessory genome compared to all other subspecies.
This could be analogous to the relationship between two S. hominis
subspecies, where S. hominis subsp. novobiosepticus exhibits a larger
chromosome (Kloos et al., 1998) and significantly higher number of
antibiotic resistance genes than S. hominis subsp. hominis (Fitzgibbon
et al., 2001). Unambigous distinguishing between S. petrasii subsp.
petrasii and S. petrasii subsp. jettensis is possible through biochemical
tests, ribotyping and (GTG)5-REP-PCR. On the other hand, all the per-
formed analyses demonstrated clear differentiation of S. petrasii subsp.
croceilyticus and S. petrasii subsp. pragensis, both from each other and
from the other subspecies. Both taxa might be reclassified in the future
to different species based on the obtained average nucleotide identity
(ANI) values (Table S2).

The comparative genome analysis enables the assessment of the
pathogenic potential, mechanisms of host adaptation and survival in
the environment, and understanding the evolutionary events associated
with horizontal gene transfer (HGT). The S. petrasii virulence factors
and MGE att sites are similar to S. haemolyticus, reflecting their evolu-
tionary relatedness. Similar to S. haemolyticus, the S. petrasii genomes
lack the ica operon essential for biofilm formation, yet the presence of
genes for phenol-soluble modulins promoting biofilm dissemination
suggests the existence of an ica-independent pathway (Arciola et al.,

2015; Panda and Singh, 2018). Genes in the oriC environ, which was
earlier described as highly variable in staphylococci (Takeuchi et al.,
2005), play a crucial role in pathogenesis and adaptation to various
host environments. The locus contains various saccharide/pentose up-
take systems that enable the utilization of specific substrates. These
systems distinguish one staphylococcal species from another, and can
be considered to be virulence factors (Siebold et al., 2001; Zuniga et al.,
2005). Mannitol-specific PTSs in the oriC environ of S. petrasii subsp.
petrasii CCM 8418T exhibited similarity to that of S. haemolyticus and S.
aureus with 86.5% and 73.6% nucleotide identity, respectively, and this
locus is likely horizontally transferred (Takeuchi et al., 2005; Zuniga
et al., 2005).

SCC elements located in the oriC environ of S. petrasii have an ex-
tensive mosaic structure with regions homologous to SCC elements
from other Staphylococcus species supporting the role of HGT in their
formation. Despite the fact that nowadays mecC is more frequently re-
ported from CoNS (Harrison et al., 2014, 2013; Pantucek et al., 2018)
and mecB was found in staphylococci (Becker et al., 2018), only mecA-
carrying SCCmec were detected in the S. petrasii strains. The SCCCCM8418

element has a ccr complex similar to S. haemolyticus SH32 (Yu et al.,
2014) and has a similar heavy-metal-resistance gene structure to S.
aureus type IX SCCmec (Li et al., 2011). The major part of SpCI-
SCCCCM8421 corresponds to the CI in MRSA isolate M06/0171 (Kinnevey
et al., 2013). Significant similarities in gene organization and the pre-
sence of a sorbitol-specific PTS system were found between the SpCI-

Fig. 6. Transmission electron microscopy image of negatively stained particles of phage φSPJ1-int3 (Vb_SpeS_5404) induced from Staphylococcus petrasii subsp.
jettensis strain P5404 with mitomycin C. The phage particles consist of an icosahedral head (B1 morphology) with diameter 60 nm, flexible, non-contractile 335 nm
long and 14 nm wide tail ending with a grape-shaped base plate. The base plate is 40 nm long and 22 nm wide at its upper part.
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SCCmecP5404 and S. aureus SCCmecWA-MRSA-40-CI (Wilson et al., 2016).
The cluster of SCC-harboured genes apbE, flaR, norB, and speG probably
promote survival in host cells and confer resistance to host-derived
polyamines (Joshi et al., 2011; Morozov et al., 2018; Truong-Bolduc
et al., 2011). Pls genes can promote the immune system evasion
(Werbick et al., 2007) and the genes yeiMNC might be beneficial in
urinal or ocular infections, as was suggested previously (Sadaka et al.,
2014). Most of the S. petrasii SCC elements possessed RM systems or
their remnants similar to other staphylococci, which could stabilize the
SCC elements in the genome (Hanssen and Sollid, 2006; Ito et al.,
2004).

The pathogenic potential of the strains is enhanced by the presence
of additional MGE in the genomes. The φSPβ-like prophage in S. petrasii
subsp. jettensis CCM 8494T harbouring the sasX gene has almost 99%
nucleotide identity with other φSPβ-like prophages, including that of S.
aureus TW20 (Holden et al., 2010). Li et al. (2012) showed that the sasX
gene, which is a homologue of sesI from S. epidermidis, plays a key role
in colonization and immune evasion. Compared to S. aureus patho-
genicity islands, no virulence factors were predicted on S. petrasii PICIs
that carry many unique ORFs of unknown functions. The only identified
resistance gene was fusB localized on SpCI-1fusB-CCM8494, exhibiting a
similar structure to the SeRIfusB-704 of S. epidermidis (Chen et al., 2011).
As was found in the S. haemolyticus genome (Takeuchi et al., 2005), the
presence of IS elements leads to frequent genome rearrangements, that
were also observed in strains from the S. petrasii complex before its
valid taxonomic description (Bartell et al., 2008).

Plasmids that were ubiquitously present in the analyzed set of S.
petrasii strains carried genes for antibiotic and heavy metal resistance or
genes for the response to environmental stimuli. Such an association
between heavy metal and antibiotic resistance has been reported ear-
lier, identified mostly in environmental isolates (Baker-Austin et al.,
2006) but also in clinical specimens (Zhai et al., 2016). Large plasmids
exhibited presence of numerous IS6 family elements establishing their
modular structure. Conserved plasmid segments encoding RuMP and its
reverse reaction pathway, which mediate formaldehyde fixation to ri-
bulose-5-phosphate and further metabolization, are proposed to parti-
cipate in the detoxification of formaldehyde generated by the host
metabolism or during heme degradation (Chen et al., 2016b). The same
metabolic pathway was observed in modular plasmids of S. aureus and
other clinically important pathogens (Chen et al., 2016b).

The very high prevalence of CRISPR-Cas systems among S. petrasii
subsp. jettensis and S. petrasii subsp. pragensis strains is unusual in
comparison with CoNS reviewed previously (Rossi et al., 2017). The
CRISPR-Cas system might thus protect the host against foreign DNA.
The spacers in both subspecies target the sequence of Siphoviridae
phages of different CoNS (Deghorain et al., 2012; Liu et al., 2018). This
could be connected with their occurrence in environments with various
bacterial populations in which their bacteriophages participate in HGT.
Phages use as their receptors wall teichoic acids (WTA), which com-
position is crucial for efficient phage mediated HGT (Winstel et al.,
2013). When analysing S. petrasii WTA-encoding genes, similarities of
tagO, mnaA, cluster tagAHGBXD-pbp4-tagF, tagNV and dtlABCD loci
were found to related CoNS. The highest nucleotide similarity 75–85%
for tag genes and 80–90% for dtl genes was found with their homo-
logues from S. hominis, S. lugdunensis and S. haemolyticus, which have
the WTA composition Gro-GlcNAc (α) or (α+β) (Endl et al., 1984). The
strain CCM 8529T lacks the tagN gene suggesting difference in glyco-
sylation. We hypothesize that WTA composition does not exclude phage
mediated HGT.

These results provide an insight into the functional organization of
the S. petrasii genomes. The presence of many putative virulence factors
and antimicrobial resistance genes indicates that this species could be
confirmed to be a significant opportunistic pathogen, as occurred with
Staphylococcus lugdunensis (Argemi et al., 2017). The frequent simila-
rities of S. petrasiiMGE with other CoNS and S. aureus indicate that HGT
is important in the spread of the elements or their parts. The reliable S.

petrasii diagnostics proposed here and its genomic characteristics enable
clinical microbiologists to interpret the significance of the species in
clinical samples and obtain surveillance data for studying its epide-
miology.
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