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ABSTRACT Staphylococcus epidermidis is a leading opportunistic pathogen causing
nosocomial infections that is notable for its ability to form a biofilm and for its high
rates of antibiotic resistance. It serves as a reservoir of multiple antimicrobial resist-
ance genes that spread among the staphylococcal population by horizontal gene
transfer such as transduction. While phage-mediated transduction is well studied in
Staphylococcus aureus, S. epidermidis transducing phages have not been described in
detail yet. Here, we report the characteristics of four phages, 27, 48, 456, and 459,
previously used for S. epidermidis phage typing, and the newly isolated phage E72,
from a clinical S. epidermidis strain. The phages, classified in the family Siphoviridae
and genus Phietavirus, exhibited an S. epidermidis-specific host range, and together
they infected 49% of the 35 strains tested. A whole-genome comparison revealed
evolutionary relatedness to transducing S. aureus phietaviruses. In accordance with
this, all the tested phages were capable of transduction with high frequencies up to
107* among S. epidermidis strains from different clonal complexes. Plasmids with
sizes from 4 to 19 kb encoding resistance to streptomycin, tetracycline, and chloram-
phenicol were transferred. We provide here the first evidence of a phage-inducible
chromosomal island transfer in S. epidermidis. Similarly to S. aureus pathogenicity
islands, the transfer was accompanied by phage capsid remodeling; however, the
interfering protein encoded by the island was distinct. Our findings underline the
role of S. epidermidis temperate phages in the evolution of S. epidermidis strains by
horizontal gene transfer, which can also be utilized for S. epidermidis genetic studies.

IMPORTANCE Multidrug-resistant strains of S. epidermidis emerge in both nosocomial
and livestock environments as the most important pathogens among coagulase-neg-
ative staphylococcal species. The study of transduction by phages is essential to
understanding how virulence and antimicrobial resistance genes spread in originally
commensal bacterial populations. In this work, we provide a detailed description of
transducing S. epidermidis phages. The high transduction frequencies of antimicrobial
resistance plasmids and the first evidence of chromosomal island transfer emphasize
the decisive role of S. epidermidis phages in attaining a higher pathogenic potential
of host strains. To date, such importance has been attributed only to S. aureus
phages, not to those of coagulase-negative staphylococci. This study also proved
that the described transducing bacteriophages represent valuable genetic modifica-
tion tools in S. epidermidis strains where other methods for gene transfer fail.
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taphylococcus epidermidis is a common commensal inhabitant of the skin and mu-

cosal surfaces in healthy humans and the best characterized coagulase-negative
staphylococcal (CoNS) species (1). In recent years, S. epidermidis has gained a lot of
attention due to its increasing incidence in nosocomial infections (2). In addition to
human diseases, it has also been reported to be the bacterium most frequently iso-
lated from bovine mastitis (3, 4). Resistance to all classes of antibiotics in S. epidermidis
has been reported (5), which together with its ability to form a biofilm on indwelling
medical devices (6, 7) calls for new drugs or alternative methods for treatment. S. epi-
dermidis is a highly diverse species that, in addition to mutation, also evolves by
recombination and readily acquires mobile genetic elements (8). Although S. epidermi-
dis contains few virulence genes in its genome, it acts as a reservoir of antimicrobial re-
sistance genes, including methicillin resistance genes, and is involved in intra- and
interspecies horizontal gene transfer associated with the emergence and evolution of
drug-resistant strains (5, 9). This is evidenced by the presence of mobile genomic ele-
ment sequences, including genes associated with pathogenicity islands, which are
shared by S. epidermidis and Staphylococcus aureus (10). In S. epidermidis, pathogenicity
and resistance islands (SePl and SeRlI, respectively) are mostly composite (11) or resem-
ble S. aureus phage-inducible chromosomal islands (PICls) in their simpler genomic
architecture (12-14).

Most of the horizontal gene transfer events in staphylococci are associated with
bacteriophages belonging to the family Siphoviridae and occur by transduction, which
is well studied in S. aureus (15-21). These phages induce lysogenic conversion (22-24),
mobilize S. aureus pathogenicity islands (SaPls) (25-27), and are essential for plasmid
transduction (28, 29) and the lateral transfer of chromosomal genes (30, 31), highlight-
ing the importance of siphoviruses for their evolution, which resulted in the highly
adaptable pathogenesis strategies of S. aureus. There is a lack of such studies on S. epi-
dermidis. Most knowledge on S. epidermidis siphoviruses is based on their use for
phage typing (32, 33), morphological observations (34), lysogeny (35), and comparative
genomics studies (36-38).

This work aimed to investigate the role of S. epidermidis phages in the spread of
antimicrobial resistance genes. We characterized several new transducing bacterio-
phages and their capacity to transfer mobile genetic elements. Combined with com-
parative genomic analyses, these data suggest that S. epidermidis phages have a sub-
stantial impact on the fitness of host strains and their evolution.

RESULTS

Characterization of S. epidermidis transducing phages. Phages 27, 48, 456, and
459 were previously used for S. epidermidis phage typing (39, 40) but were not genomi-
cally and morphologically characterized, and their role in horizontal gene transfer was
not estimated. Here, we compared the above-mentioned phages along with a new
phage, E72, which was selected from a set of phages spontaneously induced from 37
clinical S. epidermidis strains based on its optimal growth properties and high-titer
production.

Transmission electron microscopy showed that all the phages belonged to the fam-
ily Siphoviridae and had similar morphologies (Fig. 1A to E). The diameters of the phage
capsids were 65, 61, 68, 70, and 65 (£3) nm in phages 27, 48, 456, 459, and E72, respec-
tively. Their tail lengths were in the range of 145 to 165 nm, and baseplate diameters
were in the range of 25 to 30 nm. An exception was the phage 459 baseplate, with a di-
ameter of 37nm and a different, fuzzier shape than the rest of the studied phages
(Fig. 1B).

In phage 48 propagated on strain SE48, small-headed phage-like particles with a
capsid diameter of 48 nm were observed (Fig. 1F). Liquid chromatography-tandem
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FIG 1 Transmission electron microscope images of negatively stained virions of S. epidermidis phietaviruses. (A) Phage 27; (B)
phage 459; (C) phage 456; (D) phage E72; (E) phage 48; and (F) phage 48 and phage 48-derived particle with altered capsid
architecture due to interaction with SeClg,q-encoded proteins. (G) Detail of the baseplate of phage E72. In a specific baseplate
conformation, a ring of density is present at the end of the tail (cyan arrow). In total, 13 baseplates in this conformation were
observed. (H) Detail of the baseplate of phage 456. An extra ring of density is located above the one present in phage E72
(orange arrow). In total, 15 baseplates in this conformation were observed. Bars, 100 nm; black for images A to F (all at the same
scale) and white for images G and H.

mass spectrometry (LC-MS/MS) analysis of phage 48 virions identified 12 phage-
encoded proteins (Table S1). In addition, a capsid morphogenesis protein encoded by
the cpm gene (gp14; GenBank accession no. QRX38697) of the newly discovered chro-
mosomal island of S. epidermidis strain SE48 was detected. This points to its effect on
capsid remodeling associated with island mobilization, which was first observed and
described in S. epidermidis here. The chromosomal island, designated SeCl,s, exhib-
ited similarities in architecture and the integrase gene with S. epidermidis fusidic acid
resistance islands (14) (Fig. 2).

The genomes of all the phages studied were assembled using short Illumina reads.
They were arranged in functional modules, and their size was slightly above 40kb
(Fig. 3A). As no defined termini of genomic DNA were obvious from the Illumina read
alignment, phages most likely use a headful packaging mechanism and have circularly
permuted genomes with redundant ends (41). The analyzed S. epidermidis phages
exhibited high average nucleotide identity (94 to 98%) to each other and 67 to 70%
identity to S. aureus phietavirus 80«, suggesting that Phietavirus is a common phage
genus in both staphylococcal species (Fig. 4). Comparison of the genomes of phages
27, 456, and 459 revealed high similarity in the virion structure module. Moreover,
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3 S. pasteuri PICI, strain JS7 CP017463* 15 S. aureus SaPleq1 HM228920
4 S. warneri PICI, strain NCTC4133 LR134242* 16 S. aureus SaPlj11 AB704541
5 S. haemolyticus PICI, strain SGAir0252 CP025031* 17 S. aureus SaRlIfusB AM292600
6 S. caprae PICI, strain JMUB590 AP018586* 18 S. epidermidis SeRIfusB-7778 JF808726
7 S. capitis PICI, strain TW2795  AP014956 * 19 S. epidermidis SeRIfusB-5907 JF777506
8 S. aureus SaPI1 U93688 20 S. epidermidis SeRlfusB-3692 AB828059
9 S. aureus SaPI2R AB983196 21 S. epidermidis SeRIfusB-2793 JF777505
10 S. aureus SaPI3 AF410775 22 S. epidermidis SeRIfusB-704 JF808725
11 S. aureus SaPl, strain N315 BA000018 * 23 S. epidermidis SePlfusB-857 AB828060
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FIG 2 Comparison of phage-inducible chromosomal island SeClg,, with selected chromosomal islands. (A) Islands identified in staphylococcal genomes
available in GenBank. SeClg.,s genes are color coded according to their product function, and the corresponding gene product number is given above
them. Chromosomal islands obtained from complete genomes of staphylococcal strains as 20-kb sequences starting with the integrase gene are indicated
with asterisks. (B) Detailed comparison of SeClg.,s with SePl,, 45, and SaPly,,s. Genes are color coded according to their product function. Identity based
on tblastx comparison is represented by shaded boxes with a cutoff of 70%.

phages 48 and 27 shared almost identical lysogeny and DNA metabolism modules,
while the other modules differed (Fig. 3A; also, see Table S2 in the supplemental

material).

When particular functional genome modules in their respective order were focused
on, the following differences were observed. A comparison of the amino acid sequen-
ces of the terminase small subunit (TerS), which tends to be one of the least conserved
phage proteins (42), divides known S. epidermidis phietaviruses into two subgroups,
where phages 27, 48, and E72 represent one and phages 456 and 459 represent the
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FIG 3 Whole-genome sequence-based comparison of S. epidermidis phages 48, 27, 456, 459, and E72. (A) Comparison of the phage genomes. Predicted
genes are indicated with full arrows colored according to their modular affiliation. Shaded boxes show the amino acid sequence identity levels between
genomes based on tblastx comparison. The genes encoding the following putative products are depicted: terminase small subunit (terS), terminase large
subunit (terL), portal protein (prt), capsid scaffolding protein (csp), major capsid protein (mcp), major tail protein (mtp), tape measure protein (tmp), distal
tail protein (dit), tail-associated lysin (tal), receptor-binding protein (rbp), lower tail fiber (fibL), cell wall hydrolase (hyd), upper tail fiber (fibU), holin (hol),
amidase (ami), integrase (int), Cl-like repressor (cl), Cro-like repressor (cro), antirepressor (ant), Gam-like nuclease inhibitor (gam), ERF-like single-strand
annealing protein (erf), Sak3-like single-strand annealing protein (sak3), single-stranded DNA binding protein (ssb), HNHc nuclease (hnh), replication protein
DnaD (dnaD), replicative helicase DnaB (dnaB), resolvase (rusA), dUTP diphosphatase (dut), transcription activator RinB (rinB), transcription regulator RinA
(rinA). (B) Consensus sequences of attB sites of S. epidermidis strains and attP sites of S. epidermidis phietaviruses. The overlap region is indicated by the
box. Imperfect inverted repeats are indicated with black lines above the sequences. The positions of the substitutions (G and A, respectively) in phage 48
are indicated with asterisks. The hybrid attL attachment site (TAGTAGGTATACATCCGATATTAATAGAGTGTCTATACTTCCGT) of strain SE48 lysogenized with
phage 48, determined by PCR amplicon mer-int sequencing (Table 4), corresponds perfectly to the respective portions of attB of strain SE48 and attP of
phage 48.

other (Fig. 5A). The genes encoding the capsid scaffolding protein (Csp) and the major
capsid protein (Mcp) exhibited notable differences when phage 48 is compared with
other phages analyzed in this study. Based on the Csp sequence analysis, all of the
studied phages except phage 48 grouped into one cluster (Fig. 5B), while they formed
two distinct clusters based on Mcp analysis (Fig. 5C). Phylogenetic trees based on
alignments of TerS, Csp, and Mcp show reticulate relationships and mosaicism among
phietaviruses and the relatedness of S. epidermidis phages to those of S. aureus, espe-
cially 71 and X2 (43) and ETA (44), while S. aureus phages NM4 (45) and 80« (46) are
more distantly related (Fig. 5).

Baseplate structural components important for host recognition, i.e., receptor-bind-
ing proteins (RBP) encoded by the rbp gene of phages 459 and 27, are the same and
almost identical to the RBP of phages E72 (99.4% identity) and 456 (99.3% identity).
They exhibit 97.7% identity to the RBP of phage 48. Similarly, the lower tail fiber pro-
tein (FibL) is conserved, exhibiting =98% identity. The RBP of S. aureus phietavirus 80«
(21) exhibits about 25% identity and 37% similarity to those of studied S. epidermidis
phages, and FibL exhibits about 28% identity and 40% similarity. Another protein
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FIG 4 Dendrogram of interphage relatedness of S. epidermidis phietaviruses and S. aureus phietavirus 80«. The interphage
relatedness was calculated with the OrthoANI algorithm, and clustered using unweighted pair group method using average
linkages (UPGMA). The corresponding pairwise nucleotide identity heat map is shown, with percentage values.

associated with host range, the cell wall hydrolase (Hyd) encoded by the hyd gene,
hypothesized to be associated with the baseplate (21), varies slightly across all S. epi-
dermidis phages (Table S2). Besides this, a noncoding intron was predicted in the hyd
gene of phage E72 (Fig. 3A). Genes for upper tail fiber (fibU) and a hypothetical protein
following the hyd gene are replaced by three diverse genes in phage 456. This is mani-
fested as an extra ring of density above the baseplate (Fig. 1G and H).

The lysis module comprising genes for holin (hol) and amidase (ami) in phage 48
differs significantly from the other S. epidermidis phages (Fig. 3A; Table S2). Its amidase
gene has only about 50% identity to other S. epidermidis phages but exhibits 78% iden-
tity to S. aureus phage B236 (23).

In the S. epidermidis phages studied here, no known genes associated with lyso-
genic conversion were identified in the region following the lysis genes (Fig. 3A).
Phages 27, 456, and 459 harbor the same putative endonuclease gene in this region. In
E72, a gene encoding a different putative endonuclease (gp30) is located here and is
followed by a gene encoding a hypothetical protein and a gene for a putative mem-
brane-associated protein (gp32). In this region, the phage 48 genome contains three
genes, which encode short hypothetical proteins (Table S2).

The S. epidermidis phages studied here have almost identical integrases of the ser-
ine-type family (Table S2). An integrase gene with 95% identity was found in a pro-
phage sequence of S. epidermidis NCTC 13924 (GenBank accession no. NZ_LR134536).
In the laboratory-lysogenized strains prepared in this study, the genomes of all the
phages integrated into the same site in the gene encoding a FAD-dependent oxidore-
ductase (GenBank accession no. WP_080035152 in strain 1457), which in S. aureus was
annotated as a probable pyridine nucleotide-disulfide oxidoreductase family protein,
resulting in the split of this gene into two open reading frames (ORFs). The sequence
ATATTAAT of the assumed overlap region, where the crossover between attB and attP
occurs, is flanked by imperfect inverted repeats (Fig. 3B).

Phage growth characteristics. The host range determined on 35 S. epidermidis and
two S. aureus strains (Table 1) and 35 field isolates of seven CoNS species showed that
the phages studied here and the previously sequenced phage PH15 (36) were species
specific for S. epidermidis alone. Most of the susceptible strains were isolated in the
1970s (39, 47), while recent S. epidermidis isolates were predominantly resistant (17,
48-52) (Table 1). The broadest host range on S. epidermidis strains (n=35) was that of
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FIG 5 Phylogenetic trees based on multiple-sequence alignment of three phage proteins illustrating different
phylogenetic clades within S. aureus and S. epidermidis phietaviruses and the modular character of their
genomes. (A) Terminase small subunit (TerS); (B) capsid scaffolding protein (Csp); (C) major capsid protein
(Mcp). S. aureus phages ETA, 71, X2, 80«, and NM4 are outlined with a gray background. The trees are the
results of the maximum-likelihood-based inference of phylogenetic trees with Smart Model Selection.

phage E72 (34%), followed by 456 (31%) and 27 (26%), and the narrowest were the
host ranges of phages 48 and 459 (both 17%). Phage susceptibility testing was con-
ducted by the plate method; however, the ability of phages to effectively propagate
on hosts may also depend on the type of culture, i.e., liquid or solid. Strain 1457 did
not exhibit sensitivity to phages 27, 48, and 456 (Table 1), but when these phages
were incubated with strain 1457 in liquid medium (meat-peptone broth [MPB] or tryp-
tone soy broth [TSB]), they were able to propagate, which enabled their use in trans-
duction experiments. No correlation was found between lytic ability and adsorption
kinetics. After 15 min, a portion of the studied S. epidermidis phages remained unad-
sorbed for both phage-resistant and -susceptible strains.

Mobilization and transfer of a chromosomal island. While the sequencing data
of phage 48 propagated on S. epidermidis strain SE48 were being analyzed, the
sequence of a new chromosomal island SeClgg,s was identified. The distribution of its
coverage by short lllumina sequencing reads showed that the island was packaged in
the phage virions in linear form from the pac site by a headful mechanism. The pac site
of SeClgg,s was predicted at the position between gp12, which encodes an unknown
protein, and ptiB, which encodes a phage transcription inhibitor (Fig. 2B). Using the
sequencing data of phage 48, the ratio of mean coverage of SeClg,; and phage 48
DNA sequences was 1.5 x 1072, which indicates that SeClg, is packaged at high fre-
quency. In the host chromosome, SeClg,;q is integrated into attB at the 3’ end of the
groEL gene (Fig. 2B). As no antimicrobial resistance factors encoded by SeClg,s were
predicted, the transduction of this island by phage 48 into the recipient strain 1457
was performed without antibiotic selection (Table 2), and the transductants were
selected by pulsed-field gel electrophoresis (PFGE) analysis (Fig. 6A). Strain 1457 does
not contain any chromosomal island adjacent to the groEL gene. After the transfer to
strain 1457, the SeClg,q integrated at the 3’ end of groEL gene, which was not altered
due to its integration, as the last 18 bp of the gene overlap the SeClg,; att site. PICls
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TABLE 1 Host range of S. epidermidis phages 27, 48, 456, 459, and E72 characterized in this study and phage PH15 described previously

Lysis results for phage:

Bacterial strain® Reference or source® PH15 27 48 456 459 E72

S. epidermidis SE15 39 CCC CCC S, CC CCC - = = S,CC
S. epidermidis SE27 39 CCcC CCCcC S, CC e - =, = CCC
S. epidermidis A6C 39 CCCcC CCC S,CC CCC ,P,S CCC
S. epidermidis A9C 39 CCC CCC S,.CC S.C.C P,S,C CCC
S. epidermidis SE37 39 - = - = - - - T - T
S. epidermidis SE155 39 - == - == - - - -
S. epidermidis SE48 47 - = P,P,S CCCcC - = = - = — =L
S. epidermidis SE456 47 - = - == - = (e Pt P,P,S
S. epidermidis SE459 47 P,P,S P,S,C P,S,C P,S,C S,CC P,S,C
S. epidermidis SE471 47 - == - == - = ¢cc - = ¢CGcC
S. epidermidis 1457 49 - = - = - = - == P,S,C S,CC
S. epidermidis 1457 (SeClgg,q) This work - == - =~ - =~ - = — = ==
S. epidermidis RP62A 50 - = - = - = Ty — T T
S. epidermidis O—47 52 - == T T — - T T - T
S. epidermidis Tii 3298 48 - == - LL - = - = - = - =L
S. epidermidis CCM 50 cc™m - = = P,S, C - = = P,S, C -, —,P - ==
S. epidermidis CCM 4187 ccm - == P,P,S - = = P,P,S - =, = -, —,L
S. epidermidis CCM 2343 cc™m - = = P,S,C - = = P,P,S ,P,P - =, =
S. epidermidis CCM 4418 [«a! - == - == - == CCCcC - = LL
S. epidermidis CCM 7844 ™ - == - == - == - == - = e
S. epidermidis CCM 7221 cc™m - == - = - = - - T - T
S. epidermidis CCM 2124 ccm - =L - =L - = - == - = -, —P
S. epidermidis CCM 4505 ™ - == - == - == - = - = P,S
S. epidermidis 4 UPOL - == -, - L - = - = - = S, GC
S. epidermidis 2 UPOL - == - = - - - =L
S. epidermidis 18 UPOL - = - =L - = - == - == - —L
S. epidermidis 58 UPOL - = = - = - - - P

S. epidermidis 221—1 UPOL - == -, - L - = - = LL LLL

S. epidermidis 257 —2 UPOL - = - = - = - == - == - —L
S. epidermidis 341—5 UPOL - = = - - - - -
S. epidermidis 348—6 UPOL - = - = - =~ - - -
S. epidermidis 352—7 UPOL - == T T — - T T -
S. epidermidis 354—8 UPOL - = = - = - - - -
S. epidermidis 357 —9 UPOL - == - = - = - = - = - =L
S. epidermidis 465—4 UPOL - == - == - == - == - = - L
S. aureus RN4220 51 - = - T - T T T T

S. aureus 8325—4 17 —, =, —, =, T T — T T T

a“SE” in a strain name indicates a propagating strain for phages.

bCCM, Czech Collection of Microorganisms, Masaryk University (Brno, Czech Republic); UPOL, Department of Microbiology, Faculty of Medicine and Dentistry, Palacky

University (Olomouc, (Czech Republic) (methicillin-resistant S. epidermidis human clinical isolates).

The result of each of the three replicates is given. C, confluent lysis; S, lysis; P, individual plaques; L, lysis from without (early bacterial lysis induced by high-multiplicity virion
adsorption without phage propagation or abortive infection, manifested by a turbid zone); —, no lysis. For the C, S, P pattern, the formation of single plaques at higher

phage dilution was confirmed for all sensitive strains.

with the same type of integrase and excisionase are localized downstream of the groEL
gene in several staphylococcal species, including S. aureus, Staphylococcus lugdunensis,
Staphylococcus pasteuri, Staphylococcus warneri, and Staphylococcus haemolyticus
(Fig. 2A). Of the chromosomal islands described above, SeCls,s exhibited the highest
similarity with SePlgs g5, Which encodes fusidic acid resistance (12), and a different
integrase (Fig. 2B).

The burst size of phage 48 on the transductant strain 1457(SeClgg,s) was signifi-
cantly decreased (4.3-fold) compared to that on wild-type strain 1457. SeClg,g integra-
tion also led to a loss of sensitivity of strain 1457(SeClc,,) to phages 459 and E72
(Table 1).

Plasmid transductions. All bacterial sequences were obtained using a hybrid as-
sembly of lllumina reads and long Oxford Nanopore reads. All the propagating strains
differing in their sequence types (STs) used here carry one or more plasmids, some of
which determine antibiotic resistance (Table 3). Phages 27, 48, and 459 transferred nat-
urally occurring plasmids (Table 2; Fig. 6B). Then, a chloramphenicol resistance-
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TABLE 2 Transductions of S. epidermidis mobile genetic elements

mSphere

Mobile genetic element Transduction system

Donor Name Size (bp) Resistance gene(s) Recipient Phage Selection antibiotic Frequency

SE27 pSE27_S 4,397 aad(6) SE459 27 Streptomycin NA?

SE27 pSE27_T 4,439 tetK 1457 48 Tetracycline 50x107%

SE48 SeClapas 14,835 1457 48 NA®

SE459 pSE459_T 18,761 tetK 1457 459 Tetracycline 1.6 x 1077

1457 (pBTn) pBTn 11,256 bla, erm, cat A6C 48 Chloramphenicol 54x10°
456 Chloramphenicol 37x107°
459 Chloramphenicol 6.9x10°°
E72 Chloramphenicol 6.1 x107°

1457 (pBTn) pBTn 11,256 bla, erm, cat 1457 48 Chloramphenicol 6.1 x10°¢
456 Chloramphenicol 39x1077
459 Chloramphenicol 2.0x1077
E72 Chloramphenicol 93x 1077

aNA, not applicable due to emergence of spontaneous streptomycin-resistant mutants.
bNA, not applicable due to no antibiotic selection.

encoding plasmid, pBTn (53), electroporated into S. epidermidis strain 1457 was trans-
ferred by all the phages except phage 27 into S. epidermidis strains 1457 and A6C
(Table 2; Fig. 6B). The transduction efficiency differed according to the phage and re-
cipient strain used (Table 2). Interspecies plasmid transfer from strains SE27, SE48,
SE456, and SE459 by phages able to propagate on them (listed in Table 1) into other
staphylococcal species, including three strains of Staphylococcus sciuri, two strains of
Staphylococcus chromogenes, two strains of Staphylococcus xylosus, one strain each of
Staphylococcus petrasii and Staphylococcus simulans, and seven S. aureus strains, was
not successful (data not shown).

Application of transducing phages for genetic studies. Our results showed that
the transfer of pBTn via electroporation to the 37 clinical S. epidermidis strains from
University Hospital Tubingen tested here failed in 26 cases (70.3%) (Table S3).
Therefore, effectively transducing S. epidermidis phages could be considered another
laboratory tool for the genetic manipulation of S. epidermidis. Phage E72 exhibited
high transducing efficiency (up to 10~4) by transferring pBTn from strain 1457 (pBTn)
to 21 of 37 (56.8%) S. epidermidis strains, including 10 of 19 (52.6%) strains that could
not receive pBTn using electroporation or transduction by phage 187 (18) (Table S3).
Moreover, we observed that phage E72 could be propagated to a high titer of ~10'"
PFU/ml, which is an advantage for successful genetic manipulation using transduction
(54).

DISCUSSION

A detailed genomic and phenotypic analysis of five S. epidermidis phietaviruses
allowed us to assess their transduction potential and putative impact on the evolution
of S. epidermidis. Published phietavirus genomes are exclusive to S. aureus and S. epi-
dermidis phages (searched using NCBI Virus). Before this study, phietaviruses amounted
to nine of the 13 S. epidermidis siphoviral genomes available in NCBI Virus, which to-
gether with the phages described here makes this genus an abundant group of tem-
perate phages in S. epidermidis.

Our results confirmed that generalized transduction in S. epidermidis is mediated by
temperate phages using the headful mechanism for DNA packaging (55). Genomes of
the studied phages had no obvious pac site, thus resembling S. aureus phage 11 (56).
During the packaging initiation, the DNA is probably cut not at a precise location but
at scattered locations within a large region of up to several kilobases (57). This relaxed
specificity enables the packaging of heterogeneous DNA with pseudo-pac sites into
the virion capsids. Differences in pseudo-pac site homology may therefore lead to an
altered frequency of transduction. A phage-encoded small terminase subunit (TerS) is
essential for phage genome and plasmid packaging into the capsid, but it is not
required for the packaging of phage-inducible islands that encode distinct TerS
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FIG 6 Analysis of transduced mobile elements by agarose gel electrophoresis. (A) PFGE separation of Smal
macrorestriction fragments of genomic DNA of recipient S. epidermidis strain 1457 before and after the
insertion of SeCl.,,, which was transduced by phage 48 from donor S. epidermidis strain SE48. The red arrows
show a 118-kb fragment of the recipient and the corresponding fragment in the transductant enlarged to
133 kb due to SeClg,, integration. S. aureus strain NCTC 8325 was used as a marker. (B) Plasmid profile of the
S. epidermidis donor, recipient, and transductant strains in the transductions of plasmids pSE27_S, pSE27_T,
pSE459_T, and pBTn, respectively. Detailed information is given in Table 2. The transferred plasmids in their
supercoiled and relaxed forms are indicated with arrows.

recognizing their own specific pac site (58). We hypothesize that the high efficiency of
plasmid transduction by phages 27, 48, and E72 is determined by the same TerS type
that is distinct from the other studied phages.

The phage susceptibility of the tested bacterial strains does not always correlate
with the adsorption rate of the phage. Therefore, it may depend on many postadsorp-
tion factors, as was recently reviewed for S. aureus (59). For generalized transduction,
the permissivity of a recipient strain to productive phage infection is not required for
receiving foreign DNA; however, cell wall penetration is a necessary prerequisite (29).
Differences in baseplate structural proteins may relate to the different ability to infect
the host (60). Phage 456 differed from other S. epidermidis phages except for phage
CNPx (61) in several baseplate component-encoding genes, including fibU for upper
tail fiber protein, which is not essential for either infectivity or assembly of the base-
plate in phage 80« (21). We assume it may play a supporting role in host recognition.
Phages 456 and E72, which have similar RBP, exhibited the broadest but not identical
host ranges. In addition, phage E72 was able to lyse some of the strains resistant to all
other tested phages. This could be connected with a small transmembrane domain
protein, encoded by gp24 localized in the tail structure region, which could play a role
in the host cell envelope penetration via holin regulation.

Horizontal gene transfer in S. aureus is common within clonal lineages, while trans-
fer between them is rare due to specific defense mechanisms, such as restriction-modi-
fication systems (62). However, we were able to show that phages 27 and 48 trans-
ferred plasmids from S. epidermidis CC5 to CC14. Based on our previous findings on
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TABLE 3 Basic genomic properties of S. epidermidis propagation strains and their plasmids

Plasmid GenBank Most similar GenBank entry(ies)
Strain MLST (CC)~ name accession no. Size (bp) AR gene(s)® (organism), % identity®
SE27 ST190 (CC5) pSE27_T MW364977 4,439 tetK CP033733 (S. hominis), 100; CP038249 (S. warneri), 100;
GQ900445 (S. aureus), 99; AE015930 (S. epidermidis), 99
pSE27_S MW364976 4,397 aad(6) MH090916 (S. epidermidis), 100; CP014406 (S. aureus), 100;
AP009489 (Macrococcus caseolyticus), 100
SE48 ST2159(CC14) pSE48_1 NZ_CP066304 8,255 fmhA, abc Novel
pSE48_2 NZ_CP066305 1,289 ant(4) GQ900442 (S. aureus), 99
SE456 ST73 (CC73) pSE456_1 MW364978 43,075 abc Novel
pSE456_2 MW364979 13,277 abc Novel
pSE456_3 MW364980 8,330 abc Novel
pSE456_4 MW364981 2,348 CP047868 (S. aureus), 100
SE459 ST14 (CC14) pSE459_1 MW364982 20,983 Novel
pSE459_T MW364985 18,761 tetK, abc Novel
pSE459_2 MW364983 11,465 Novel
pSE459_3 MW364984 2,789 Novel
1457 ST86 (CC14) p1457 NZ_CP020462 15,142 NA

aMLST, multilocus sequence type.

bKnown or putative antibiotic resistance gene. AR, antibiotic resistance. tetK, gene encoding tetracycline efflux MFS transporter; aad(6), gene encoding streptomycin
aminoglycoside 6-adenyltransferase; fmhA, gene encoding aminoacyltransferase possibly involved in methicillin and lysostaphin resistance; ant(4), gene encoding
aminoglycoside nucleotidyltransferase; abc, gene encoding ABC transporter (may be involved in drug resistance; multiple abc genes are present in appropriate plasmids).

<If more than one bacterial species is present, one plasmid is given for each of them; plasmids with overall nucleotide sequence identity less than 75% are noted as novel.
NA, not performed.

dNearest ST; no match with the arcC gene was found.

transduction to S. aureus strains insensitive to the lytic action of a transducing phage
(29), we analyzed interspecies transfer; however, we found no evidence for such an ability
of any of the phages. Nevertheless, the plasmids that were transferred between S. epider-
midis clonal complexes show high overall identity to plasmids of Staphylococcus hominis,
S. warneri, S. aureus and Macrococcus caseolyticus (Table 3). Only a few previous studies
demonstrated plasmid transfer between different staphylococcal species using electropo-
ration (63) or by transduction (64).

To compare the transduction ability of the tested phages, the transfer frequency of
the 11.2-kb chloramphenicol resistance plasmid pBTn was assessed. The transduction
rates of the tested phages differed on strain 1457 but not on strain A6C, where all
the transducing phages transferred pBTn with a higher rate. Only phage 27 was inca-
pable of transduction into strains 1457 and A6C, which may be connected with host
surface structures, as was demonstrated in streptococci (65). In naturally occurring
plasmids, more efficient transduction of smaller ones was observed, as was described
before (66).

The transfer of PICIs has already been well described for S. aureus (SaPls), but this
study provides the first evidence of such a transfer in S. epidermidis. Recently, PICls
have also been predicted in genomes of other Gram-positive cocci (67). They are only
distantly related to each other and to S. aureus SaPls, but they share a genome organi-
zation and content. Therefore, they represent convergent evolution that suggests their
high selective value. In the previously described staphylococcal PICls, the accessory
genes encode toxins and/or antibiotic resistance determinants (12, 13, 68), but SeClgg,g
harbors genes for putative membrane proteins. SeClcg,q is integrated at the 3’ end of
the host groEL gene, similar to S. aureus and S. epidermidis PICls with the same type of
integrase (12-14).

The role of the PICl-encoded proteins PtiA, PtiM, and PtiB in the inhibition of phage
late transcription through the interaction with phage transcriptional regulator RinA
was demonstrated previously (69). The same mechanism was possibly responsible for
the decreased phage susceptibility in strain 1457 after SeClg,s Was integrated into its
chromosome. An alteration of the phage life cycle by PICI, leading to the formation of
small-headed virions that are unable to carry the entire phage genome, was described
(25). In staphylococcal phage 80¢, the capsid size change is caused by SaPI1 proteins
redirecting the phage capsid architecture from T=7 to T=3 (70). The observed
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formation of small-headed virions in phage 48 suggests a similar architecture shift in S.
epidermidis. The primary sequence and predicted secondary structure of the SeClgg,g-
encoded protein, involved in the capsid assembly of small-headed virions, differs from
those in SaPI1 (70). This suggests that SeClg,s uses a different mechanism of phage
capsid resizing.

The homologues of phage 80a-encoded PICI derepressors, such as dUTPase, Sri,
and ORF15, are encoded by genes in the DNA metabolism module and play an essen-
tial role in chromosomal island mobilization (27, 71). In S. epidermidis phages 27 and
48, homologues of these PICI mobilization determinants are identical (Fig. 3), but these
phages differ significantly in their capsid proteins. While the minor capsid protein has
been shown to not affect plasmid or PICI transduction (72), the role of other capsid
proteins has been only partially described (70). In phage 48, the capsid scaffolding pro-
tein was distinct from all the tested phages. High-frequency transducing phages 48
and E72 encode almost identical major capsid proteins that are very different from all
other phages. Thus, the capsid proteins seem to play an important role not only in the
mobilization of islands but also in the transfer of plasmids, where the successful trans-
duction is dependent on a complex of genetic determinants of both the mobile ele-
ment and the phage.

The transfer of plasmids to bacterial cells is an important technique used in research
in S. epidermidis. However, far fewer clinical S. epidermidis than S. aureus isolates can be
transformed by electroporation, and the efficiency is orders of magnitude lower, de-
spite attempts at optimization (73, 74). While there are many studies of phage-medi-
ated plasmid transduction in S. aureus, there is a lack of similar studies in S. epidermidis.
Recently, Winstel et al. (18) established a plasmid transfer method using phage 187,
which is capable of efficient transduction to CoNS strains and specific S. aureus strains
with CoNS-type wall teichoic acid. The phages used in our study also exhibited a high
efficiency of plasmid transduction in strains where phage 187 failed (Table S3). They
even transferred relatively large plasmids that generally cannot be easily transferred
via electroporation or by phage 187. Therefore, the phages described in this study,
especially E72 and 48, could be considered suitable laboratory tools for the transduc-
tion of plasmids and chromosomal islands to S. epidermidis strains, which could pro-
mote future CoNS research.

MATERIALS AND METHODS

Phages and bacterial strains. Bacteriophages PH15 and 27 (39), phages 48, 456, and 459 (40, 47),
and their propagating S. epidermidis strains SE15, SE27, SE48, SE456, and SE459 were obtained from V.
Hajek (Palacky University, Olomouc, Czech Republic). Thirty-seven clinical S. epidermidis isolates were
obtained from the Medical Microbiology department of the University of Tlbingen (Table S3). Phage
E72 was induced from S. epidermidis strain E72, a clinical isolate from infected teeth of a patient in
University Hospital Tiibingen, and propagated on S. epidermidis strain 1457 (49). S. aureus phages 11 and
80« (75) were used in the adsorption assay. Phage 187 (18) was used for the comparison of pBTn trans-
duction efficiency with phage E72.

For the determination of growth properties of tested phages, a collection of S. epidermidis strains
was used (Table 1). S. aureus strains 8325-4 (17) and RN4220 (51) and 35 field isolates of 7 CoNS, includ-
ing S. chromogenes, S. hominis, S. haemolyticus, S. petrasii, S. sciuri, S. simulans and S. xylosus, were used
in adsorption and/or host range assays. In addition to natural plasmids, the transposon plasmid pBTn,
encoding chloramphenicol resistance (53), was used in a phage transduction assay. All the assays with
pBTn were performed at 30°C to avoid loss of the plasmid. The pBTn was transferred to strain 1457 via
electroporation, and this strain then served as the donor.

Growth medium and phage propagation. S. epidermidis phages were propagated on their propa-
gation strains at 37°C on 1.5% meat peptone agar (MPA), prepared from 13 g nutrient broth CM0001
(Oxoid), 3 g yeast extract LP0021 (Oxoid), 5 g peptone LP0037 (Oxoid), 15 g agar LP0013 (Oxoid), and
distilled water to a final volume of 1 liter (pH 7.4), overlaid with a top soft layer of MPA (0.7% agar) con-
taining 2mM CaCl,. The lysates were centrifuged at 5,000 x g for 15min and filtered using a polyether-
sulfone membrane filter with a pore size of 0.45 um (TPP, Switzerland).

Morphological and proteomic characterization. For electron microscopy, particles of phages E72,
27, 456, and 459 were purified in a CsCl density gradient (16). The transducing lysate of phage 48 was
purified by fast protein liquid chromatography (FPLC) and ultrafiltration as described previously (76)
with minor modifications. For the FPLC purification, a CIMmultus QA 8-ml monolithic column (Bia
Separations, Slovenia) and NGC chromatography system (Bio-Rad, USA) were used. Phage lysate was
mixed with 40 mM Tris buffer (pH 7.5) in a 1:1 ratio at a final NaCl concentration of 0.35 M. For
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ultrafiltration, Pellicon XL50 cassettes with a Biomax 300-kDa membrane (Millipore, USA) were used.
Retentate and fractions containing phages were desalted and concentrated using Amicon Ultra 0.5-ml
centrifugal filters (Millipore, USA) with a 100-kDa cutoff. Phages were diluted to an A, of 0.5 to 1.0, and
negatively stained samples were prepared by applying 4 ul of the diluted sample onto copper grids
coated with a 12-nm carbon layer, stained with 2% uranyl acetate. Samples were observed using a
Tecnai F20 electron microscope (Thermo Fisher Scientific,c USA) operated at 200kV with x50,000
magnification.

Structural proteins of phage 48 and phage 48-derived small-headed particles purified in a CsCl gradi-
ent were determined by LC-MS/MS analysis performed using the Ultimate 3000 RSLCnano system
(Thermo Fisher Scientific, USA) connected to an Impact Il Qq time-of-flight mass spectrometer (Bruker,
Bremen, Germany) as described previously (64). An in-house database of proteins encoded by strain
SE48 and phage 48 was used for the final search. Only proteins that were identified based on at least
two peptides were reported. Detected bacterial metabolic proteins were filtered out from the final
report.

Horizontal gene transfer experiments. For transduction experiments, high-titer phage lysates
were prepared in meat-peptone broth (MPB) prepared from 13 g of nutrient broth (Oxoid), 3 g yeast
extract (Oxoid), 5 g peptone (Oxoid), and distilled water to a final volume of 1 | (pH 7.4). Alternatively,
tryptone soy broth (TSB) (CM0129; Oxoid) was used. Transduction experiments were carried out as
described previously (29). Transductants were selected on tryptone soy agar (TSA; CM0131; Oxoid) plates
supplemented with sodium citrate (20mM) and streptomycin (20 mg/liter), tetracycline (5mg/liter),
ampicillin (100 mg/liter), or chloramphenicol (10 mg/liter). The transduction of SeClg,, was performed
without antibiotic selection. Plates were incubated at 37°C (30°C for strains with the plasmid pBTn) for
48 to 72 h. The transductants were verified by colony PCR assays using OneTaq Quick-Load 2x master
mix with standard buffer (New England Biolabs, Ipswich, MA, USA) and a 200 nM concentration of each
primer (Table 4) (77, 78). The reaction conditions were as follows: 94°C for 30s, followed by 30 cycles of
denaturation at 94°C for 40 s, annealing at 53°C for 30 s, and extension at 68°C for 60 s per kb.

Plasmid DNA was isolated from the transductants with a NucleoSpin plasmid kit (Macherey-Nagel,
Diren, Germany) according to the manufacturer’s protocol using prolonged lysis with lysostaphin as
described before (78). Plasmid DNA was analyzed by agarose gel electrophoresis in 1.2% agarose gel
(Serva) in 1x Tris-acetate-EDTA (TAE) buffer. Smal (New England BioLabs, Ipswich, MA, USA) macrores-
triction analysis by pulsed-field gel electrophoresis (PFGE) was performed using a CHEF Mapper XA sys-
tem (Bio-Rad) to confirm the transfer and integration of SeCl,q.

Electroporation. Electroporation was conducted according to the transformation method for S. epi-
dermidis described by Monk et al. (79). Briefly, overnight S. epidermidis cultures with an optical density at
600 nm (ODy,,) of 0.5 were chilled on ice, washed in 10% glycerol, and 50 ul was aliquoted to each tube.
Before electroporation, competent cells were resuspended in 50 ul of 10% glycerol and 500 mM sucrose.
A volume of 5 ul plasmid pBTn DNA (500 ng/ul) was added to the bacterial cells, transferred to a 1-mm
electroporation cuvette (Bio-Rad), and then pulsed at 21 kV/cm, 100Q, and 25 uF. TSB supplemented
with 500 mM sucrose was added to the electroporated bacteria, incubated at 30°C for 1 h before plating
on TSA plates with chloramphenicol (10 mg/liter), and incubated at 30°C for 48 h.

Lysogenization. S. epidermidis strains SE27, SE48, SE456, SE459, and 1457 were lysogenized with
phages 27, 48, 456, 459, and E72, respectively, as described previously (23). Integration sites were identi-
fied by PCR (Table 4) and the obtained amplicons were sequenced by Eurofins Genomics (Germany)
using the same primers as in the PCR assay.

Determination of host range, phage adsorption, and one-step growth curve. Phage lysates were
spotted onto the examined strains at 10x, 100, and 1,000 x routine test dilutions (RTD) (80). Productive
phage infection was confirmed by the formation of single plaques. Adsorption curves of the phages
were determined as described previously (81) using an input ratio (IR) of 10. The burst size of phage 48
on bacterial strains 1457 and 1457(SeCly,,) was determined from the one-step growth curve as
described previously (82) with minor modifications. Briefly, overnight bacterial culture was cultivated to
an ODg,, of 0.5 (108 CFU/ml). Bacterial cultures were synchronized at 10°C for 30 min. The phage lysate
was mixed with the bacterial culture at an IR of 0.01, and the mixture was incubated at 37°C. The titer of
free phage particles was determined after 0 to 90 min at 5-min intervals.

Statistical analysis. Plasmid transduction efficiency and phage 48 burst size comparisons were eval-
uated by statistical analysis using the t test. A P value of 0.05 was used as the threshold for statistical
significance.

Genome analysis. For whole-genome sequencing on the lllumina platform, the phage DNA was iso-
lated using a phenol-chloroform method (83), and bacterial DNA was isolated from cultures cultivated in
MPB using a High Pure PCR template preparation kit (Roche Diagnostics, Mannheim, Germany) accord-
ing to the manufacturer’s instructions with the modification of adding lysostaphin (40 wg/ml, Sigma-
Aldrich) for cell lysis. The 500-bp sequencing library was prepared with a NEBNext Ultra [| DNA library
prep kit for lllumina (New England BioLabs). The samples were sequenced using a MID output cartridge
in a 150-bp paired-end mode on an lllumina NextSeq sequencing platform (lllumina, San Diego, CA,
USA). The quality of sequencing reads was analyzed with FastQC v0.11.8 (84). Bases of lower quality and
adapters were trimmed using the sliding window model in Trimmomatic Galaxy v0.36.5 (85).

For sequencing on an Oxford Nanopore platform, the bacterial DNA was isolated using the following
steps. First, 10ml of stationary overnight bacterial culture cultivated in TSB at 37°C was centrifuged at
3,000 x g and 10°C for 10 min, washed with 5ml of wash solution (10 mM Tris-HCI, 10mM EDTA, 10 mM
EGTA, 1 M Nadl [pH 7.5]), and resuspended in Tris-EDTA (TE) buffer with lysostaphin (50 wg/ml), achromo-
peptidase (1,000 U/ml; Sigma-Aldrich), mutanolysin (40 U/ml; Sigma-Aldrich), and RNase A (200 .g/ml; New
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England BioLabs) in a total volume of 500 ul, followed by incubation for 1 to 2 h at 37°C until lysis
appeared. Then, 30 ul of 10% SDS and 5 ul of proteinase K (20 mg/ml; Sigma-Aldrich) were added, and the
sample was incubated for 60 min at 50°C, followed by heat inactivation for 10 min at 95°C and centrifuga-
tion at 9,700 x g for 5min. DNA was isolated from the supernatant using the phenol-chloroform method
(83). The library was prepared using an SQK-RBK004 rapid barcoding kit (Oxford Nanopore Technologies,
UK) according to the manufacturer’s instructions. Libraries were sequenced with FLO-MIN106 flow cells
(R9.4.1) on a MinlON device (Oxford Nanopore Technologies, UK). The device was controlled with the soft-
ware MinKNOW v.2.2.12 (Oxford Nanopore Technologies, UK). Base calling and demultiplexing were per-
formed using Guppy v2.3.5. Reads were trimmed using fastp Galaxy v0.20.1 (86).

Complete genomes were obtained using Unicycler Galaxy v0.4.8.0 (87), including a hybrid assembly
of bacterial genome sequences. Genomes were annotated using RAST (88) with manual inspection by
BLAST (http://blast.ncbi.nlm.nih.gov/), InterPro (89), Phobius (90), and HHpred (91), which was also used
for the secondary structure alignment of putative capsid assembly proteins. The Comprehensive
Antibiotic Resistance Database (CARD), the NCBI database, ResFinder, and the virulence factor database
(VFDB), accessed through ABRicate Galaxy v1.0.1 (92), were used to search for antibiotic resistance and
virulence factor genes with =80% nucleotide identity and =60% length coverage. The genomic align-
ments were constructed using Easyfig v2.4 (93) and GView (94). Phage genome relatedness was calcu-
lated by OAT v 0.93.1 (95). The phylogenetic trees were built with the online tool Ngphylogeny fr (96) as
follows. The alignments were computed with Clustal Omega, and low-quality alignments were removed
with BMGE (Block Mapping and Gathering with Entropy) software; the trees are the results of the maxi-
mum-likelihood-based inference of phylogenetic trees with Smart Model Selection software, and the sta-
tistical test for branch support was SH-like aLRT. The EMBOSS tools Needle (https://www.ebi.ac.uk/Tools/
psa/emboss_needle/) and Stretcher (https://www.ebi.ac.uk/Tools/psa/emboss_stretcher/) were used for
global pairwise sequence comparisons. The heat map was generated using R v3.6.3 (R Core Team).
Sequencing reads mapping statistics were computed in CLC Genomic Workbench v3.6.5 (Qiagen
Bioinformatics, Denmark). Physical termini of phage and SeCl,, genophores packaged in the virion cap-
sid were determined from the alignment of lllumina reads with the PhageTerm tool (97). Multilocus
sequence typing was performed using MLST v2.0.4 with database version 2.0.0 (98). The assignment of
multilocus sequence types into clonal complexes was performed with eBURST v3 (99).

For comparative genomic analyses, the following genomes were used: phages PH15 and CNPH82
(36), CNPx (61), IPLA5 and IPLA7 (38), 71 and X2 (43), ETA (44), NM4 (45), and 80« (46); chromosomal
islands of S. lugdunensis strain VISLISI_27 (100) and S. haemolyticus strain SGAir0252 (101); S. aureus path-
ogenicity islands SaPI1 (25), SaPI2R (102), SaPI3 (103), SaPlys,s (104), SaPly .. SaPl,;;, and SaPly,, (105),
SaPI68111 (106), and SaPleq1 (107); S. aureus resistance island SaRIfusB (108); S. epidermidis resistance
islands SeRIfusB-704, SeRIfusB-2793, SeRIfusB-5907, SeRIfusB-7778 (14), and SeRIfusB-3692 (12); and S.
epidermidis pathogenicity islands SePIfusB-857 (12) and SePI of strain 14.1.R1 (109).

Data availability. The sequences have been deposited in the GenBank database under the following
accession numbers: phage 27 as vB_SepS_27, MW364971; phage 48 as vB_SepS_48, MW364972; phage 456 as
VB_SepS_456, MW364973; phage 459 as vB_SepS_459, MW364974; phage E72 as vB_SepS_E72, MW364975;
packaged phage-inducible chromosomal island SeCle,,, MW368309; S. epidermidis strain SE48, NZ_CP066303;
its plasmids pSE48_1, NZ_CP066304, and pSE48_2, NZ_CP066305; pSE27_S, MW364976; pSE27_T, MW364977;
PSE456_1, MW364978; pSE456_2, MW364979; pSE456_3, MW364980; pSE456_4, MW364981; pSE459_1,
MW364982; pSE459_2, MW364983; pSE459_3, MW364984; and pSE459_T, MW364985.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
TABLE S1, PDF file, 0.05 MB.
TABLE S2, PDF file, 0.1 MB.
TABLE S3, PDF file, 0.3 MB.

ACKNOWLEDGMENTS

The research leading to these results received funding from the Czech Science
Foundation grant 18-13064S to R.P. We gratefully acknowledge the CIISB, Instruct-CZ
Centre of Instruct-ERIC EU consortium, and the NCMG research infrastructure funded by
the Ministry of Education, Youth and Sports of the Czech Republic (MEYS CR) projects
LM2018127 and LM2018132 for their financial support of the measurements at the
Proteomics Core Facility, Cryo-electron Microscopy and Tomography and Genomics
Core Facility of CEITEC. This research was partly carried out under project CEITEC 2020
(LQ1601), with financial support from the MEYS CR. Students involved in this study
were supported by the Grant Agency of Masaryk University (MUNI/A/1522/2020). A.P.
gratefully acknowledges funding by the German Research Foundation (TRR34; TRR156,
project ID 246807620; TRR261, project ID 398967434; and PE 805/7-1), Cluster of
Excellence EXC2124 ‘Controlling Microbes to Fight Infections’ (project ID 390838134),
and the German Center of Infection Research. V.W. acknowledges funding by the
German Research Foundation (award WI4582/2-1 to V.W.; project number 449712894).

May/June 2021 Volume 6 Issue3 e00223-21

mSphere

msphere.asm.org

15


http://blast.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
https://www.ebi.ac.uk/Tools/psa/emboss_stretcher/
https://www.ncbi.nlm.nih.gov/nuccore/MW364971
https://www.ncbi.nlm.nih.gov/nuccore/MW364972
https://www.ncbi.nlm.nih.gov/nuccore/MW364973
https://www.ncbi.nlm.nih.gov/nuccore/MW364974
https://www.ncbi.nlm.nih.gov/nuccore/MW364975
https://www.ncbi.nlm.nih.gov/nuccore/MW368309
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP066303
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP066304
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP066305
https://www.ncbi.nlm.nih.gov/nuccore/MW364976
https://www.ncbi.nlm.nih.gov/nuccore/MW364977
https://www.ncbi.nlm.nih.gov/nuccore/MW364978
https://www.ncbi.nlm.nih.gov/nuccore/MW364979
https://www.ncbi.nlm.nih.gov/nuccore/MW364980
https://www.ncbi.nlm.nih.gov/nuccore/MW364981
https://www.ncbi.nlm.nih.gov/nuccore/MW364982
https://www.ncbi.nlm.nih.gov/nuccore/MW364983
https://www.ncbi.nlm.nih.gov/nuccore/MW364984
https://www.ncbi.nlm.nih.gov/nuccore/MW364985
https://msphere.asm.org

FiSarova et al.

mSphere

TWINCORE is a joint venture between the Hannover Medical School and the
Helmholtz Centre for Infection Research.

REFERENCES

1.

2.

May/June 2021

Otto M. 2009. Staphylococcus epidermidis—the 'accidental' pathogen.
Nat Rev Microbiol 7:555-567. https://doi.org/10.1038/nrmicro2182.
Ziebuhr W, Hennig S, Eckart M, Kranzler H, Batzilla C, Kozitskaya S. 2006.
Nosocomial infections by Staphylococcus epidermidis: how a commensal
bacterium turns into a pathogen. Int J Antimicrob Agents 28(Suppl 1):
$14-S20. https://doi.org/10.1016/j.ijantimicag.2006.05.012.

. Mediano P, Fernandez L, Jimenez E, Arroyo R, Espinosa-Martos |,

Rodriguez JM, Marin M. 2017. Microbial diversity in milk of women with
mastitis: potential role of coagulase-negative staphylococci, viridans
group streptococci, and corynebacteria. J Hum Lact 33:309-318. https://
doi.org/10.1177/0890334417692968.

. Oliveira M, Bexiga R, Nunes SF, Carneiro C, Cavaco LM, Bernardo F, Vilela

CL. 2006. Biofilm-forming ability profiling of Staphylococcus aureus and
Staphylococcus epidermidis mastitis isolates. Vet Microbiol 118:133-140.
https://doi.org/10.1016/j.vetmic.2006.07.008.

. Lee JYH, Monk IR, Goncalves da Silva A, Seemann T, Chua KYL, Kearns A,

Hill R, Woodford N, Bartels MD, Strommenger B, Laurent F, Dodemont M,
Deplano A, Patel R, Larsen AR, Korman TM, Stinear TP, Howden BP. 2018.
Global spread of three multidrug-resistant lineages of Staphylococcus
epidermidis. Nat Microbiol 3:1175-1185. https://doi.org/10.1038/s41564
-018-0230-7.

. GOtz F. 2002. Staphylococcus and biofilms. Mol Microbiol 43:1367-1378.

https://doi.org/10.1046/j.1365-2958.2002.02827 x.

. Heilmann C, Ziebuhr W, Becker K. 2019. Are coagulase-negative staphy-

lococci virulent? Clin Microbiol Infect 25:1071-1080. https://doi.org/10
.1016/j.cmi.2018.11.012.

. Schoenfelder SM, Lange C, Eckart M, Hennig S, Kozytska S, Ziebuhr W.

2010. Success through diversity—how Staphylococcus epidermidis estab-
lishes as a nosocomial pathogen. Int J Med Microbiol 300:380-386.
https://doi.org/10.1016/j.ijmm.2010.04.011.

. Schwarz S, Shen J, Wendlandt S, Fessler AT, Wang Y, Kadlec K, Wu CM.

2014. Plasmid-mediated antimicrobial resistance in staphylococci and
other Firmicutes. Microbiol Spectr 2:PLAS-0020-2014. https://doi.org/10
.1128/microbiolspec.PLAS-0020-2014.

. Méric G, Miragaia M, de Been M, Yahara K, Pascoe B, Mageiros L, Mikhail

J, Harris LG, Wilkinson TS, Rolo J, Lamble S, Bray JE, Jolley KA, Hanage
WP, Bowden R, Maiden MC, Mack D, de Lencastre H, Feil EJ, Corander J,
Sheppard SK. 2015. Ecological overlap and horizontal gene transfer in
Staphylococcus aureus and Staphylococcus epidermidis. Genome Biol Evol
7:1313-1328. https://doi.org/10.1093/gbe/evv066.

. Banaszkiewicz S, Calland JK, Mourkas E, Sheppard SK, Pascoe B, Bania J.

2019. Genetic diversity of composite enterotoxigenic Staphylococcus epi-
dermidis pathogenicity islands. Genome Biol Evol 11:3498-3509. https://
doi.org/10.1093/gbe/evz259.

. Chen HJ, Chang YC, Tsai JC, Hung WG, Lin YT, You SJ, Tseng SP, Teng LJ.

2013. New structure of phage-related islands carrying fusB and a viru-
lence gene in fusidic acid-resistant Staphylococcus epidermidis. Antimi-
crob Agents Chemother 57:5737-5739. https://doi.org/10.1128/AAC
.01433-13.

. Madhusoodanan J, Seo KS, Remortel B, Park JY, Hwang SY, Fox LK, Park

YH, Deobald CF, Wang D, Liu S, Daugherty SC, Gill AL, Bohach GA, Gill
SR. 2011. An enterotoxin-bearing pathogenicity Island in Staphylococ-
cus epidermidis. J Bacteriol 193:1854-1862. https://doi.org/10.1128/JB
.00162-10.

. Chen HJ, Tsai JC, Hung WC, Tseng SP, Hsueh PR, Teng LJ. 2011. Identifica-

tion of fusB-mediated fusidic acid resistance islands in Staphylococcus
epidermidis isolates. Antimicrob Agents Chemother 55:5842-5849.
https://doi.org/10.1128/AAC.00592-11.

. Haaber J, Penadés JR, Ingmer H. 2017. Transfer of antibiotic resistance in

Staphylococcus aureus. Trends Microbiol 25:893-905. https://doi.org/10
.1016/j.tim.2017.05.011.

. Maslanova |, Doskar J, Varga M, Kuntova L, Muzik J, Maluskova D,

Ruzickova V, Pantlcek R. 2013. Bacteriophages of Staphylococcus aureus
efficiently package various bacterial genes and mobile genetic elements
including SCCmec with different frequencies. Environ Microbiol Rep
5:66-73. https://doi.org/10.1111/j.1758-2229.2012.00378 x.

Volume 6 Issue3 e00223-21

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

. Novick R. 1967. Properties of a cryptic high-frequency transducing

phage in Staphylococcus aureus. Virology 33:155-166. https://doi.org/10
.1016/0042-6822(67)90105-5.

. Winstel V, Kuhner P, Krismer B, Peschel A, Rohde H. 2015. Transfer of

plasmid DNA to clinical coagulase-negative staphylococcal pathogens
by using a unique bacteriophage. Appl Environ Microbiol 81:2481-2488.
https://doi.org/10.1128/AEM.04190-14.

. Varga M, Pantuicek R, Rizickova V, Doskar J. 2016. Molecular characteri-

zation of a new efficiently transducing bacteriophage identified in
meticillin-resistant  Staphylococcus aureus. J Gen Virol 97:258-268.
https://doi.org/10.1099/jgv.0.000329.

Spilman MS, Damle PK, Dearborn AD, Rodenburg CM, Chang JR, Wall EA,
Christie GE, Dokland T. 2012. Assembly of bacteriophage 80a capsids in
a Staphylococcus aureus expression system. Virology 434:242-250.
https://doi.org/10.1016/j.virol.2012.08.031.

Kizziah JL, Manning KA, Dearborn AD, Dokland T. 2020. Structure of the
host cell recognition and penetration machinery of a Staphylococcus aur-
eus bacteriophage. PLoS Pathog 16:1008314. https://doi.org/10.1371/
journal.ppat.1008314.

Otter JA, Kearns AM, French GL, Ellington MJ. 2010. Panton-Valentine
leukocidin-encoding bacteriophage and gene sequence variation in
community-associated methicillin-resistant Staphylococcus aureus.
Clin Microbiol Infect 16:68-73. https://doi.org/10.1111/j.1469-0691
.2009.02925.x.

Botka T, Rizickova V, Konecna H, Pantlicek R, Rychlik I, Zdrahal Z, Petras
P, Doskar J. 2015. Complete genome analysis of two new bacteriophages
isolated from impetigo strains of Staphylococcus aureus. Virus Genes
51:122-131. https://doi.org/10.1007/511262-015-1223-8.

van Wamel WJ, Rooijakkers SH, Ruyken M, van Kessel KP, van Strijp JA.
2006. The innate immune modulators staphylococcal complement in-
hibitor and chemotaxis inhibitory protein of Staphylococcus aureus are
located on beta-hemolysin-converting bacteriophages. J Bacteriol
188:1310-1315. https://doi.org/10.1128/JB.188.4.1310-1315.2006.

Ruzin A, Lindsay J, Novick RP. 2001. Molecular genetics of SaPI1—a mo-
bile pathogenicity island in Staphylococcus aureus. Mol Microbiol
41:365-377. https://doi.org/10.1046/j.1365-2958.2001.02488.x.

Chen J, Novick RP. 2009. Phage-mediated intergeneric transfer of toxin
genes. Science 323:139-141. https://doi.org/10.1126/science.1164783.
Cervera-Alamar M, Guzman-Markevitch K, Ziemyté M, Orti L, Bernabé-
Quispe P, Pineda-Lucena A, Peméan J, Tormo-Mas MA. 2018. Mobilisation
mechanism of pathogenicity islands by endogenous phages in Staphylo-
coccus aureus clinical strains. Sci Rep 8:16742. https://doi.org/10.1038/
$s41598-018-34918-2.

Haaber J, Leisner JJ, Cohn MT, Catalan-Moreno A, Nielsen JB, Westh H,
Penadés JR, Ingmer H. 2016. Bacterial viruses enable their host to acquire
antibiotic resistance genes from neighbouring cells. Nat Commun
7:13333. https://doi.org/10.1038/ncomms13333.

Maslanova |, Stiibna S, Doskar J, Panticek R. 2016. Efficient plasmid
transduction to Staphylococcus aureus strains insensitive to the lytic
action of transducing phage. FEMS Microbiol Lett 363:fnw211. https://
doi.org/10.1093/femsle/fnw211.

Chen J, Ram G, Penadés JR, Brown S, Novick RP. 2015. Pathogenicity
island-directed transfer of unlinked chromosomal virulence genes. Mol
Cell 57:138-149. https://doi.org/10.1016/j.molcel.2014.11.011.

Chen J, Quiles-Puchalt N, Chiang YN, Bacigalupe R, Fillol-Salom A,
Chee MSJ, Fitzgerald JR, Penadés JR. 2018. Genome hypermobility by
lateral transduction. Science 362:207-212. https://doi.org/10.1126/
science.aat5867.

Talbot HW, Jr, Parisi JT. 1976. Phage typing of Staphylococcus epidermidis.
J Clin Microbiol 3:519-523.

Rosdahl VT, Gahrn-Hansen B, Moller JK, Kjaeldgaard P. 1990. Phage-typ-
ing of coagulase-negative staphylococci. Factors influencing typability.
APMIS 98:299-304. https://doi.org/10.1111/j.1699-0463.1990.tb01036.x.
Bes M. 1994. Characterization of thirteen Staphylococcus epidermidis and
S. saprophyticus bacteriophages. Res Virol 145:111-121. https://doi.org/
10.1016/50923-2516(07)80013-6.

msphere.asm.org 16


https://doi.org/10.1038/nrmicro2182
https://doi.org/10.1016/j.ijantimicag.2006.05.012
https://doi.org/10.1177/0890334417692968
https://doi.org/10.1177/0890334417692968
https://doi.org/10.1016/j.vetmic.2006.07.008
https://doi.org/10.1038/s41564-018-0230-7
https://doi.org/10.1038/s41564-018-0230-7
https://doi.org/10.1046/j.1365-2958.2002.02827.x
https://doi.org/10.1016/j.cmi.2018.11.012
https://doi.org/10.1016/j.cmi.2018.11.012
https://doi.org/10.1016/j.ijmm.2010.04.011
https://doi.org/10.1128/microbiolspec.PLAS-0020-2014
https://doi.org/10.1128/microbiolspec.PLAS-0020-2014
https://doi.org/10.1093/gbe/evv066
https://doi.org/10.1093/gbe/evz259
https://doi.org/10.1093/gbe/evz259
https://doi.org/10.1128/AAC.01433-13
https://doi.org/10.1128/AAC.01433-13
https://doi.org/10.1128/JB.00162-10
https://doi.org/10.1128/JB.00162-10
https://doi.org/10.1128/AAC.00592-11
https://doi.org/10.1016/j.tim.2017.05.011
https://doi.org/10.1016/j.tim.2017.05.011
https://doi.org/10.1111/j.1758-2229.2012.00378.x
https://doi.org/10.1016/0042-6822(67)90105-5
https://doi.org/10.1016/0042-6822(67)90105-5
https://doi.org/10.1128/AEM.04190-14
https://doi.org/10.1099/jgv.0.000329
https://doi.org/10.1016/j.virol.2012.08.031
https://doi.org/10.1371/journal.ppat.1008314
https://doi.org/10.1371/journal.ppat.1008314
https://doi.org/10.1111/j.1469-0691.2009.02925.x
https://doi.org/10.1111/j.1469-0691.2009.02925.x
https://doi.org/10.1007/s11262-015-1223-8
https://doi.org/10.1128/JB.188.4.1310-1315.2006
https://doi.org/10.1046/j.1365-2958.2001.02488.x
https://doi.org/10.1126/science.1164783
https://doi.org/10.1038/s41598-018-34918-2
https://doi.org/10.1038/s41598-018-34918-2
https://doi.org/10.1038/ncomms13333
https://doi.org/10.1093/femsle/fnw211
https://doi.org/10.1093/femsle/fnw211
https://doi.org/10.1016/j.molcel.2014.11.011
https://doi.org/10.1126/science.aat5867
https://doi.org/10.1126/science.aat5867
https://doi.org/10.1111/j.1699-0463.1990.tb01036.x
https://doi.org/10.1016/S0923-2516(07)80013-6
https://doi.org/10.1016/S0923-2516(07)80013-6
https://msphere.asm.org

Pha

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5

52.

53.

May/June 2021

ge Transduction in Staphylococcus epidermidis

. Lina B, Bes M, Vandenesch F, Greenland T, Etienne J, Fleurette J. 1993.
Role of bacteriophages in genomic variability of related coagulase-nega-
tive staphylococci. FEMS Microbiol Lett 109:273-277. https://doi.org/10
.1111/j.1574-6968.1993.tb06180.x.

Daniel A, Bonnen PE, Fischetti VA. 2007. First complete genome
sequence of two Staphylococcus epidermidis bacteriophages. J Bacteriol
189:2086-2100. https://doi.org/10.1128/JB.01637-06.

Deghorain M, Bobay LM, Smeesters PR, Bousbata S, Vermeersch M,
Perez-Morga D, Dreze PA, Rocha EPC, Touchon M, Van Melderen L. 2012.
Characterization of novel phages isolated in coagulase-negative staphy-
lococci reveals evolutionary relationships with Staphylococcus aureus
phages. J Bacteriol 194:5829-5839. https://doi.org/10.1128/JB.01085-12.
Gutiérrez D, Martinez B, Rodriguez A, Garcia P. 2012. Genomic characteri-
zation of two Staphylococcus epidermidis bacteriophages with anti-bio-
film potential. BMC Genomics 13:228. https://doi.org/10.1186/1471-2164
-13-228.

Dean BA, Williams RE, Hall F, Corse J. 1973. Phage typing of coagulase-
negative staphylococci and micrococci. J Hyg (Lond) 71:261-270.
https://doi.org/10.1017/50022172400022737.

Verhoef J, Van Boven CP, Winkler KC. 1972. Phage-typing of coagulase-
negative staphylococci. J Med Microbiol 5:9-19. https://doi.org/10.1099/
00222615-5-1-9.

Casjens SR, Gilcrease EB. 2009. Determining DNA packaging strategy by
analysis of the termini of the chromosomes in tailed-bacteriophage viri-
ons. Methods Mol Biol 502:91-111. https://doi.org/10.1007/978-1-60327
-565-1_7.

Sherlock D, Leong JX, Fogg PCM. 2019. Identification of the first gene
transfer agent (GTA) small terminase in Rhodobacter capsulatus and ilts
role in GTA production and packaging of DNA. J Virol 93:e01328-19.
https://doi.org/10.1128/JV1.01328-19.

Kwan T, Liu J, DuBow M, Gros P, Pelletier J. 2005. The complete genomes
and proteomes of 27 Staphylococcus aureus bacteriophages. Proc Natl
Acad Sci U S A 102:5174-5179. https://doi.org/10.1073/pnas.0501140102.
Yamaguchi T, Hayashi T, Takami H, Nakasone K, Ohnishi M, Nakayama K,
Yamada S, Komatsuzawa H, Sugai M. 2000. Phage conversion of exfolia-
tive toxin A production in Staphylococcus aureus. Mol Microbiol
38:694-705. https://doi.org/10.1046/j.1365-2958.2000.02169.x.

Bae T, Baba T, Hiramatsu K, Schneewind O. 2006. Prophages of Staphylo-
coccus aureus Newman and their contribution to virulence. Mol Micro-
biol 62:1035-1047. https://doi.org/10.1111/j.1365-2958.2006.05441.x.
Christie GE, Matthews AM, King DG, Lane KD, Olivarez NP, Tallent SM, Gill
SR, Novick RP. 2010. The complete genomes of Staphylococcus aureus bac-
teriophages 80 and 80a—implications for the specificity of SaPl mobiliza-
tion. Virology 407:381-390. https://doi.org/10.1016/j.virol.2010.08.036.
Verhoef J, Winkler KC, van Boven CP. 1971. Characters of phages from
coagulase-negative staphylococci. J Med Microbiol 4:413-424. https://
doi.org/10.1099/00222615-4-4-413.

Augustin J, Rosenstein R, Wieland B, Schneider U, Schnell N, Engelke G,
Entian KD, Gotz F. 1992. Genetic analysis of epidermin biosynthetic
genes and epidermin-negative mutants of Staphylococcus epidermidis.
Eur J Biochem 204:1149-1154. https://doi.org/10.1111/j.1432-1033.1992
b16740.x.

Galac MR, Stam J, Maybank R, Hinkle M, Mack D, Rohde H, Roth AL, Fey
PD. 2017. Complete genome sequence of Staphylococcus epidermidis
1457. Genome Announc 5:¢00450-17. https://doi.org/10.1128/genomeA
.00450-17.

Gill SR, Fouts DE, Archer GL, Mongodin EF, Deboy RT, Ravel J, Paulsen IT,
Kolonay JF, Brinkac L, Beanan M, Dodson RJ, Daugherty SC, Madupu R,
Angiuoli SV, Durkin AS, Haft DH, Vamathevan J, Khouri H, Utterback T,
Lee C, Dimitrov G, Jiang L, Qin H, Weidman J, Tran K, Kang K, Hance IR,
Nelson KE, Fraser CM. 2005. Insights on evolution of virulence and resist-
ance from the complete genome analysis of an early methicillin-resistant
Staphylococcus aureus strain and a biofilm-producing methicillin-resist-
ant Staphylococcus epidermidis strain. J Bacteriol 187:2426-2438. https://
doi.org/10.1128/JB.187.7.2426-2438.2005.

. Kreiswirth BN, Lofdahl S, Betley MJ, O'Reilly M, Schlievert PM, Bergdoll
MS, Novick RP. 1983. The toxic shock syndrome exotoxin structural gene
is not detectably transmitted by a prophage. Nature 305:709-712.
https://doi.org/10.1038/305709a0.

Raue S, Fan SH, Rosenstein R, Zabel S, Lugman A, Nieselt K, Gotz F. 2020.
The genome of Staphylococcus epidermidis O47. Front Microbiol 11:2061.
https://doi.org/10.3389/fmicb.2020.02061.

Li M, Rigby K, Lai Y, Nair V, Peschel A, Schittek B, Otto M. 2009. Staphylococ-
cus aureus mutant screen reveals interaction of the human antimicrobial

Volume 6 Issue3 e00223-21

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

71.

72.

mSphere

peptide dermcidin with membrane phospholipids. Antimicrob Agents
Chemother 53:4200-4210. https://doi.org/10.1128/AAC.00428-09.

Olson ME, Horswill AR. 2014. Bacteriophage transduction in Staphylococ-
cus epidermidis. Methods Mol Biol 1106:167-172. https://doi.org/10
.1007/978-1-62703-736-5_15.

Penadés JR, Chen J, Quiles-Puchalt N, Carpena N, Novick RP. 2015. Bacte-
riophage-mediated spread of bacterial virulence genes. Curr Opin Micro-
biol 23:171-178. https://doi.org/10.1016/j.mib.2014.11.019.

Lofdahl S, Sjostrom JE, Philipson L. 1981. Cloning of restriction fragments
of DNA from staphylococcal bacteriophage phi 11. J Virol 37:795-801.
https://doi.org/10.1128/JV1.37.2.795-801.1981.

Casjens SR, Gilcrease EB, Winn-Stapley DA, Schicklmaier P, Schmieger H,
Pedulla ML, Ford ME, Houtz JM, Hatfull GF, Hendrix RW. 2005. The gener-
alized transducing Salmonella bacteriophage ES18: complete genome
sequence and DNA packaging strategy. J Bacteriol 187:1091-1104.
https://doi.org/10.1128/JB.187.3.1091-1104.2005.

Quiles-Puchalt N, Martinez-Rubio R, Ram G, Lasa |, Penadés JR. 2014.
Unravelling bacteriophage phi11 requirements for packaging and trans-
fer of mobile genetic elements in Staphylococcus aureus. Mol Microbiol
91:423-437. https://doi.org/10.1111/mmi.12445.

Moller AG, Lindsay JA, Read TD, Johnson KN. 2019. Determinants of
phage host range in Staphylococcus species. Appl Environ Microbiol 85:
€00209-19. https://doi.org/10.1128/AEM.00209-19.

Koc C, Xia G, Kuhner P, Spinelli S, Roussel A, Cambillau C, Stehle T. 2016.
Structure of the host-recognition device of Staphylococcus aureus phage
phi11. Sci Rep 6:27581. https://doi.org/10.1038/srep27581.

Depardieu F, Didier JP, Bernheim A, Sherlock A, Molina H, Duclos B,
Bikard D. 2016. A eukaryotic-like serine/threonine kinase protects staph-
ylococci against phages. Cell Host Microbe 20:471-481. https://doi.org/
10.1016/j.chom.2016.08.010.

McCarthy AJ, Witney AA, Lindsay JA. 2012. Staphylococcus aureus tem-
perate bacteriophage: carriage and horizontal gene transfer is lineage
associated. Front Cell Infect Microbiol 2:6. https://doi.org/10.3389/fcimb
.2012.00006.

Fisarova L, Pantdcek R, Botka T, Doskar J. 2019. Variability of resistance
plasmids in coagulase-negative staphylococci and their importance as a
reservoir of antimicrobial resistance. Res Microbiol 170:105-111. https://
doi.org/10.1016/j.resmic.2018.11.004.

Zeman M, Maslanova |, Indrakova A, Siborova M, Mikulasek K,
Bendickova K, Plevka P, Vrbovskd V, Zdrahal Z, Doskar J, Panttcek R.
2017. Staphylococcus sciuri bacteriophages double-convert for staph-
ylokinase and phospholipase, mediate interspecies plasmid transduc-
tion, and package mecA gene. Sci Rep 7:46319. https://doi.org/10
.1038/srep46319.

Skjold SA, Wannamaker LW. 1986. Surface proteins in the transduction
of groups A and G streptococci. J Med Microbiol 21:69-74. https://doi
.0rg/10.1099/00222615-21-1-69.

Valero-Rello A, Lopez-Sanz M, Quevedo-Olmos A, Sorokin A, Ayora S.
2017. Molecular mechanisms that contribute to horizontal transfer of
plasmids by the bacteriophage SPP1. Front Microbiol 8:1816. https://doi
.org/10.3389/fmicb.2017.01816.

Martinez-Rubio R, Quiles-Puchalt N, Marti M, Humphrey S, Ram G, Smyth
D, Chen J, Novick RP, Penadés JR. 2017. Phage-inducible islands in the
Gram-positive cocci. ISME J 11:1029-1042. https://doi.org/10.1038/ismej
.2016.163.

Fillol-Salom A, Martinez-Rubio R, Abdulrahman RF, Chen J, Davies R,
Penadés JR. 2018. Phage-inducible chromosomal islands are ubiquitous
within the bacterial universe. ISME J 12:2114-2128. https://doi.org/10
.1038/541396-018-0156-3.

Ram G, Chen J, Ross HF, Novick RP. 2014. Precisely modulated pathogenic-
ity island interference with late phage gene transcription. Proc Natl Acad
SciU'S A 111:14536-14541. https://doi.org/10.1073/pnas.1406749111.

. Dearborn AD, Wall EA, Kizziah JL, Klenow L, Parker LK, Manning KA,

Spilman MS, Spear JM, Christie GE, Dokland T. 2017. Competing scaffold-
ing proteins determine capsid size during mobilization of Staphylococcus
aureus pathogenicity islands. Elife 6:230822. https://doi.org/10.7554/
elife.30822.

Tormo-Mas MA, Mir |, Shrestha A, Tallent SM, Campoy S, Lasa |, Barbé J,
Novick RP, Christie GE, Penadés JR. 2010. Moonlighting bacteriophage pro-
teins derepress staphylococcal pathogenicity islands. Nature 465:779-782.
https://doi.org/10.1038/nature09065.

Manning KA, Dokland T. 2020. The gp44 ejection protein of Staphylo-
coccus aureus bacteriophage 80« binds to the ends of the genome

msphere.asm.org 17


https://doi.org/10.1111/j.1574-6968.1993.tb06180.x
https://doi.org/10.1111/j.1574-6968.1993.tb06180.x
https://doi.org/10.1128/JB.01637-06
https://doi.org/10.1128/JB.01085-12
https://doi.org/10.1186/1471-2164-13-228
https://doi.org/10.1186/1471-2164-13-228
https://doi.org/10.1017/s0022172400022737
https://doi.org/10.1099/00222615-5-1-9
https://doi.org/10.1099/00222615-5-1-9
https://doi.org/10.1007/978-1-60327-565-1_7
https://doi.org/10.1007/978-1-60327-565-1_7
https://doi.org/10.1128/JVI.01328-19
https://doi.org/10.1073/pnas.0501140102
https://doi.org/10.1046/j.1365-2958.2000.02169.x
https://doi.org/10.1111/j.1365-2958.2006.05441.x
https://doi.org/10.1016/j.virol.2010.08.036
https://doi.org/10.1099/00222615-4-4-413
https://doi.org/10.1099/00222615-4-4-413
https://doi.org/10.1111/j.1432-1033.1992.tb16740.x
https://doi.org/10.1111/j.1432-1033.1992.tb16740.x
https://doi.org/10.1128/genomeA.00450-17
https://doi.org/10.1128/genomeA.00450-17
https://doi.org/10.1128/JB.187.7.2426-2438.2005
https://doi.org/10.1128/JB.187.7.2426-2438.2005
https://doi.org/10.1038/305709a0
https://doi.org/10.3389/fmicb.2020.02061
https://doi.org/10.1128/AAC.00428-09
https://doi.org/10.1007/978-1-62703-736-5_15
https://doi.org/10.1007/978-1-62703-736-5_15
https://doi.org/10.1016/j.mib.2014.11.019
https://doi.org/10.1128/JVI.37.2.795-801.1981
https://doi.org/10.1128/JB.187.3.1091-1104.2005
https://doi.org/10.1111/mmi.12445
https://doi.org/10.1128/AEM.00209-19
https://doi.org/10.1038/srep27581
https://doi.org/10.1016/j.chom.2016.08.010
https://doi.org/10.1016/j.chom.2016.08.010
https://doi.org/10.3389/fcimb.2012.00006
https://doi.org/10.3389/fcimb.2012.00006
https://doi.org/10.1016/j.resmic.2018.11.004
https://doi.org/10.1016/j.resmic.2018.11.004
https://doi.org/10.1038/srep46319
https://doi.org/10.1038/srep46319
https://doi.org/10.1099/00222615-21-1-69
https://doi.org/10.1099/00222615-21-1-69
https://doi.org/10.3389/fmicb.2017.01816
https://doi.org/10.3389/fmicb.2017.01816
https://doi.org/10.1038/ismej.2016.163
https://doi.org/10.1038/ismej.2016.163
https://doi.org/10.1038/s41396-018-0156-3
https://doi.org/10.1038/s41396-018-0156-3
https://doi.org/10.1073/pnas.1406749111
https://doi.org/10.7554/eLife.30822
https://doi.org/10.7554/eLife.30822
https://doi.org/10.1038/nature09065
https://msphere.asm.org

FiSarova et al.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

May/June 2021

and protects it from degradation. Viruses 12:563. https://doi.org/10
.3390/v12050563.

Marraffini LA, Sontheimer EJ. 2008. CRISPR interference limits horizontal
gene transfer in staphylococci by targeting DNA. Science 322:1843-1845.
https://doi.org/10.1126/science.1165771.

Costa SK, Donegan NP, Corvaglia AR, Francois P, Cheung AL. 2017.
Bypassing the restriction system to improve transformation of Staphylo-
coccus epidermidis. ) Bacteriol 199:e00271-17. https://doi.org/10.1128/JB
.00271-17.

Xia G, Wolz C. 2014. Phages of Staphylococcus aureus and their impact
on host evolution. Infect Genet Evol 21:593-601. https://doi.org/10
.1016/j.meegid.2013.04.022.

Stverakova D, Sedo O, Benesik M, Zdrahal Z, Doskar J, Pant(icek R. 2018.
Rapid identification of intact staphylococcal bacteriophages using ma-
trix-assisted laser desorption ionization-time-of-flight mass spectrome-
try. Viruses 10:176. https://doi.org/10.3390/v10040176.

Ng LK, Martin I, Alfa M, Mulvey M. 2001. Multiplex PCR for the detection
of tetracycline resistant genes. Mol Cell Probes 15:209-215. https://doi
.org/10.1006/mcpr.2001.0363.

Kuntova L, Panticek R, Réjova J, Ruzickova V, Petrds P, Maslanova |,
Doskar J. 2012. Characteristics and distribution of plasmids in a clonally
diverse set of methicillin-resistant Staphylococcus aureus strains. Arch
Microbiol 194:607-614. https://doi.org/10.1007/500203-012-0797-y.
Monk IR, Shah IM, Xu M, Tan MW, Foster TJ. 2012. Transforming the
untransformable: application of direct transformation to manipulate ge-
netically Staphylococcus aureus and Staphylococcus epidermidis. mBio 3:
€00277-11. https://doi.org/10.1128/mBi0.00277-11.

Blair JE, Williams RE. 1961. Phage typing of staphylococci. Bull World
Health Organ 24:771-784.

Winstel V, Liang C, Sanchez-Carballo P, Steglich M, Munar M, Broker
BM, Penadés JR, Nubel U, Holst O, Dandekar T, Peschel A, Xia G. 2013.
Wall teichoic acid structure governs horizontal gene transfer between
major bacterial pathogens. Nat Commun 4:2345. https://doi.org/10
.1038/ncomms3345.

Pajunen M, Kiljunen S, Skurnik M. 2000. Bacteriophage phiYe03-12,
specific for Yersinia enterocolitica serotype O:3, is related to coliphages
T3 and T7. J Bacteriol 182:5114-5120. https://doi.org/10.1128/jb.182
.18.5114-5120.2000.

Sambrook J, Fritsch EF, Maniatis T. 1989. Molecular cloning: a laboratory
manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Wingett SW, Andrews S. 2018. FastQ Screen: a tool for multi-genome
mapping and quality control. F1000Res 7:1338. https://doi.org/10
.12688/f1000research.15931.2.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics 30:2114-2120. https://doi.org/10
.1093/bioinformatics/btu170.

Chen S, Zhou Y, Chen Y, Gu J. 2018. Fastp: an ultra-fast all-in-one FASTQ

preprocessor. Bioinformatics 34:i884-i890. https://doi.org/10.1093/
bioinformatics/bty560.
Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial

genome assemblies from short and long sequencing reads. PLoS Com-
put Biol 13:e1005595. https://doi.org/10.1371/journal.pcbi.1005595.
Brettin T, Davis JJ, Disz T, Edwards RA, Gerdes S, Olsen GJ, Olson R,
Overbeek R, Parrello B, Pusch GD, Shukla M, Thomason JA, 3rd, Stevens
R, Vonstein V, Wattam AR, Xia F. 2015. RASTtk: a modular and extensible
implementation of the RAST algorithm for building custom annotation
pipelines and annotating batches of genomes. Sci Rep 5:8365. https://
doi.org/10.1038/srep08365.

Mitchell AL, Attwood TK, Babbitt PC, Blum M, Bork P, Bridge A, Brown SD,
Chang HY, El-Gebali S, Fraser MI, Gough J, Haft DR, Huang H, Letunic |,
Lopez R, Luciani A, Madeira F, Marchler-Bauer A, Mi H, Natale DA, Necci
M, Nuka G, Orengo C, Pandurangan AP, Paysan-Lafosse T, Pesseat S,
Potter SC, Qureshi MA, Rawlings ND, Redaschi N, Richardson LJ, Rivoire
C, Salazar GA, Sangrador-Vegas A, Sigrist CJA, Sillitoe |, Sutton GG,
Thanki N, Thomas PD, Tosatto SCE, Yong SY, Finn RD. 2019. InterPro in
2019: improving coverage, classification and access to protein sequence
annotations. Nucleic Acids Res 47:D351-D360. https://doi.org/10.1093/
nar/gky1100.

Kall L, Krogh A, Sonnhammer EL. 2007. Advantages of combined trans-
membrane topology and signal peptide prediction—the Phobius web
server. Nucleic Acids Res 35:W429-W432. https://doi.org/10.1093/nar/
gkm256.

Zimmermann L, Stephens A, Nam SZ, Rau D, Kubler J, Lozajic M, Gabler
F, Soding J, Lupas AN, Alva V. 2018. A completely reimplemented MPI

Volume 6 Issue3 e00223-21

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

mSphere

bioinformatics toolkit with a new HHpred server at its core. J Mol Biol
430:2237-2243. https://doi.org/10.1016/j.jmb.2017.12.007.

Afgan E, Baker D, Batut B, van den Beek M, Bouvier D, Cech M, Chilton J,
Clements D, Coraor N, Gruning BA, Guerler A, Hillman-Jackson J,
Hiltemann S, Jalili V, Rasche H, Soranzo N, Goecks J, Taylor J, Nekrutenko
A, Blankenberg D. 2018. The Galaxy platform for accessible, reproducible
and collaborative biomedical analyses: 2018 update. Nucleic Acids Res
46:W537-W544. https://doi.org/10.1093/nar/gky379.

Sullivan MJ, Petty NK, Beatson SA. 2011. Easyfig: a genome compari-
son visualizer. Bioinformatics 27:1009-1010. https://doi.org/10.1093/
bioinformatics/btr039.

Petkau A, Stuart-Edwards M, Stothard P, Van Domselaar G. 2010. Interactive
microbial genome visualization with GView. Bioinformatics 26:3125-3126.
https://doi.org/10.1093/bioinformatics/btq588.

Lee I, Ouk Kim Y, Park SC, Chun J. 2016. OrthoANI: an improved algo-
rithm and software for calculating average nucleotide identity. Int J Syst
Evol Microbiol 66:1100-1103. https://doi.org/10.1099/ijsem.0.000760.
Lemoine F, Correia D, Lefort V, Doppelt-Azeroual O, Mareuil F, Cohen-
Boulakia S, Gascuel O. 2019. NGPhylogeny.fr: new generation phyloge-
netic services for non-specialists. Nucleic Acids Res 47:W260-W265.
https://doi.org/10.1093/nar/gkz303.

Garneau JR, Depardieu F, Fortier LC, Bikard D, Monot M. 2017. Phage-
Term: a tool for fast and accurate determination of phage termini and
packaging mechanism using next-generation sequencing data. Sci Rep
7:8292. https://doi.org/10.1038/s41598-017-07910-5.

Larsen MV, Cosentino S, Rasmussen S, Friis C, Hasman H, Marvig RL,
Jelsbak L, Sicheritz-Ponten T, Ussery DW, Aarestrup FM, Lund O. 2012.
Multilocus sequence typing of total-genome-sequenced bacteria. J Clin
Microbiol 50:1355-1361. https://doi.org/10.1128/JCM.06094-11.

Feil EJ, Li BC, Aanensen DM, Hanage WP, Spratt BG. 2004. eBURST: inferring
patterns of evolutionary descent among clusters of related bacterial geno-
types from multilocus sequence typing data. J Bacteriol 186:1518-1530.
https://doi.org/10.1128/jb.186.5.1518-1530.2004.

Argemi X, Martin V, Loux V, Dahyot S, Lebeurre J, Guffroy A, Martin M,
Velay A, Keller D, Riegel P, Hansmann Y, Paul N, Prevost G. 2017. Whole-
genome sequencing of seven strains of Staphylococcus lugdunensis
allows identification of mobile genetic elements. Genome Biol Evol
9:1183-1189. https://doi.org/10.1093/gbe/evx077.

Premkrishnan BNV, Junqueira ACM, Uchida A, Purbojati RW, Houghton
JNI, Chenard C, Wong A, Kolundzija S, Clare ME, Kushwaha KK, Panicker
D, Putra A, Gaultier NE, Heinle CE, Vettath VK, Drautz-Moses DI, Schuster
SC. 2018. Complete genome sequence of Staphylococcus haemolyticus
type strain SGAir0252. Genome Announc 6:00229-18. https://doi.org/
10.1128/genomeA.00229-18.

Khokhlova OE, Hung WC, Wan TW, Iwao Y, Takano T, Higuchi W,
Yachenko SV, Teplyakova OV, Kamshilova VV, Kotlovsky YV, Nishiyama
A, Reva IV, Sidorenko SV, Peryanova OV, Reva GV, Teng LJ, Salmina AB,
Yamamoto T. 2015. Healthcare- and community-associated methicillin-
resistant Staphylococcus aureus (MRSA) and fatal pneumonia with pedi-
atric deaths in Krasnoyarsk, Siberian Russia: unique MRSA's multiple vir-
ulence factors, genome, and stepwise evolution. PLoS One 10:e0128017.
https://doi.org/10.1371/journal.pone.0128017.

Yarwood JM, McCormick JK, Paustian ML, Orwin PM, Kapur V, Schlievert
PM. 2002. Characterization and expression analysis of Staphylococcus
aureus pathogenicity island 3. Implications for the evolution of staphylo-
coccal pathogenicity islands. J Biol Chem 277:13138-13147. https://doi
.org/10.1074/jbc.M111661200.

Kuroda M, Ohta T, Uchiyama |, Baba T, Yuzawa H, Kobayashi I, Cui L,
Oguchi A, Aoki K-i, Nagai Y, Lian J, Ito T, Kanamori M, Matsumaru H,
Maruyama A, Murakami H, Hosoyama A, Mizutani-Ui Y, Takahashi NK,
Sawano T, Inoue R-l, Kaito C, Sekimizu K, Hirakawa H, Kuhara S, Goto S,
Yabuzaki J, Kanehisa M, Yamashita A, Oshima K, Furuya K, Yoshino C,
Shiba T, Hattori M, Ogasawara N, Hayashi H, Hiramatsu K. 2001. Whole
genome sequencing of meticillin-resistant Staphylococcus aureus. Lan-
cet 357:1225-1240. https://doi.org/10.1016/S0140-6736(00)04403-2.
Sato'o Y, Omoe K, Ono HK, Nakane A, Hu DL. 2013. A novel comprehen-
sive analysis method for Staphylococcus aureus pathogenicity islands.
Microbiol Immunol 57:91-99. https://doi.org/10.1111/1348-0421.12007.
Li Z, Stevens DL, Hamilton SM, Parimon T, Ma Y, Kearns AM, Ellis RW,
Bryant AE. 2011. Fatal Staphylococcu aureus hemorrhagic pneumonia:
genetic analysis of a unique clinical isolate producing both PVL and TSST-
1. PLoS One 6:€27246. https://doi.org/10.1371/journal.pone.0027246.
Viana D, Blanco J, Tormo-Mas MA, Selva L, Guinane CM, Baselga R,
Corpa J, Lasa I, Novick RP, Fitzgerald JR, Penadés JR. 2010.

msphere.asm.org 18


https://doi.org/10.3390/v12050563
https://doi.org/10.3390/v12050563
https://doi.org/10.1126/science.1165771
https://doi.org/10.1128/JB.00271-17
https://doi.org/10.1128/JB.00271-17
https://doi.org/10.1016/j.meegid.2013.04.022
https://doi.org/10.1016/j.meegid.2013.04.022
https://doi.org/10.3390/v10040176
https://doi.org/10.1006/mcpr.2001.0363
https://doi.org/10.1006/mcpr.2001.0363
https://doi.org/10.1007/s00203-012-0797-y
https://doi.org/10.1128/mBio.00277-11
https://doi.org/10.1038/ncomms3345
https://doi.org/10.1038/ncomms3345
https://doi.org/10.1128/jb.182.18.5114-5120.2000
https://doi.org/10.1128/jb.182.18.5114-5120.2000
https://doi.org/10.12688/f1000research.15931.2
https://doi.org/10.12688/f1000research.15931.2
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1038/srep08365
https://doi.org/10.1038/srep08365
https://doi.org/10.1093/nar/gky1100
https://doi.org/10.1093/nar/gky1100
https://doi.org/10.1093/nar/gkm256
https://doi.org/10.1093/nar/gkm256
https://doi.org/10.1016/j.jmb.2017.12.007
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/bioinformatics/btq588
https://doi.org/10.1099/ijsem.0.000760
https://doi.org/10.1093/nar/gkz303
https://doi.org/10.1038/s41598-017-07910-5
https://doi.org/10.1128/JCM.06094-11
https://doi.org/10.1128/jb.186.5.1518-1530.2004
https://doi.org/10.1093/gbe/evx077
https://doi.org/10.1128/genomeA.00229-18
https://doi.org/10.1128/genomeA.00229-18
https://doi.org/10.1371/journal.pone.0128017
https://doi.org/10.1074/jbc.M111661200
https://doi.org/10.1074/jbc.M111661200
https://doi.org/10.1016/S0140-6736(00)04403-2
https://doi.org/10.1111/1348-0421.12007
https://doi.org/10.1371/journal.pone.0027246
https://msphere.asm.org

Phage Transduction in Staphylococcus epidermidis msphere®

Adaptation of Staphylococcus aureus to ruminant and equine hosts Staphylococcus aureus. J Clin Microbiol 45:1505-1510. https://doi.org/10

involves SaPl-carried variants of von Willebrand factor-binding pro- .1128/JCM.01984-06.

tein. Mol Microbiol 77:1583-1594. https://doi.org/10.1111/j.1365 109. Lassen SB, Lomholt HB, Bruggemann H. 2017. Complete genome

-2958.2010.07312.x. sequence of a Staphylococcus epidermidis strain with exceptional antimi-
108. O'Neill AJ, Larsen AR, Skov R, Henriksen AS, Chopra I. 2007. Characteriza- crobial activity. Genome Announc 5:e00004-17. https://doi.org/10.1128/

tion of the epidemic European fusidic acid-resistant impetigo clone of genomeA.00004-17.

May/June 2021 Volume 6 Issue3 e00223-21 msphere.asm.org 19


https://doi.org/10.1111/j.1365-2958.2010.07312.x
https://doi.org/10.1111/j.1365-2958.2010.07312.x
https://doi.org/10.1128/JCM.01984-06
https://doi.org/10.1128/JCM.01984-06
https://doi.org/10.1128/genomeA.00004-17
https://doi.org/10.1128/genomeA.00004-17
https://msphere.asm.org

	RESULTS
	Characterization of S. epidermidis transducing phages.
	Phage growth characteristics.
	Mobilization and transfer of a chromosomal island.
	Plasmid transductions.
	Application of transducing phages for genetic studies.

	DISCUSSION
	MATERIALS AND METHODS
	Phages and bacterial strains.
	Growth medium and phage propagation.
	Morphological and proteomic characterization.
	Horizontal gene transfer experiments.
	Electroporation.
	Lysogenization.
	Determination of host range, phage adsorption, and one-step growth curve.
	Statistical analysis.
	Genome analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

