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Genetic manipulation of emerging bacterial pathogens, such as coagulase-negative staphylococci (CoNS), is a major hurdle in
clinical and basic microbiological research. Strong genetic barriers, such as restriction modification systems or clustered regu-
larly interspaced short palindromic repeats (CRISPR), usually interfere with available techniques for DNA transformation and
therefore complicate manipulation of CoNS or render it impossible. Thus, current knowledge of pathogenicity and virulence
determinants of CoNS is very limited. Here, a rapid, efficient, and highly reliable technique is presented to transfer plasmid DNA
essential for genetic engineering to important CoNS pathogens from a unique Staphylococcus aureus strain via a specific S. au-
reus bacteriophage, ®187. Even strains refractory to electroporation can be transduced by this technique once donor and recipi-
ent strains share similar ®187 receptor properties. As a proof of principle, this technique was used to delete the alternative tran-

scription factor sigma B (SigB) via allelic replacement in nasal and clinical Staphylococcus epidermidis isolates at high
efficiencies. The described approach will allow the genetic manipulation of a wide range of CoNS pathogens and might inspire
research activities to manipulate other important pathogens in a similar fashion.

C oagulase-negative staphylococci (CoNS), such as human
skin-colonizing Staphylococcus epidermidis or Staphylococcus
lugdunensis, are frequently isolated from hospital-associated in-
fections and represent emerging bacterial pathogens (1, 2). Many
CoNS, in particular hospital-associated S. epidermidis, are resis-
tant to available antibiotics, such as methicillin (=75% of S. epi-
dermidis isolates), clindamycin, tetracycline, trimethoprim, mac-
rolides, and aminoglycosides (3). Such strains typically cause a
variety of complicated infections, particularly infections associ-
ated with indwelling medical devices in combination with strong
biofilm formation or, even more alarming, life-threatening sys-
temic disease, such as endocarditis or sepsis (2, 4-6).

Genetic engineering of the well-studied pathogen Staphylococ-
cus aureus has revolutionized research activities in the field of
staphylococci in the past. However, current knowledge of the
physiology and pathogenicity of CoNS is very limited because
most available techniques used for genetic manipulation (e.g.,
electroporation of shuttle plasmids) often fail, most likely because
of strong genetic barrier mechanisms, such as restriction-modifi-
cation (R-M) systems or clustered regularly interspaced short pal-
indromic repeats (CRISPR), previously shown to impede hori-
zontal gene transfer (HGT) events between bacteria (7, 8).
However, specifically engineered Escherichia coli strains lacking
the dcm gene required for cytosine methylation of DNA have been
developed to produce plasmid DNA that is not degraded upon
electroporation of S. aureus or of specific S. lugdunensis strains, or
even of the clinical S. epidermidis isolate RP62A (9, 10). This ap-
proach is promising but requires large amounts of plasmid DNA
(typically 5 ug) and seems to be limited to specific CoNS isolates.
An alternative to electroporation is protoplast transformation,
which is very ineffective in the case of S. epidermidis because of its
natural insensitivity to lysostaphin, an enzyme used to degrade
staphylococcal cell walls (11). Equally problematic is transduc-
tion. Although transducing S. epidermidis phages have been de-
scribed in the past (12—14), they are suitable solely for DNA trans-
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fer among S. epidermidis isolates, but not for DNA introduction
from genetically more amenable organisms, such as S. aureus. For
such approaches, interspecies transduction events are required,
which have been reported, for example, between S. aureus and S.
epidermidis isolates via S. aureus phage ®80 (15). However, be-
cause most S. aureus DNA donor strains synthesize ribitol-phos-
phate wall teichoic acid (WTA) phage receptors distinct from
those of most CoNS recipients, phage adsorption of S. aureus
transducing phages, such as ®80 or ®11, to CoNS is usually
blocked, rendering HGT impossible (16-19). Thus, the available
techniques are highly challenging and require multiple attempts
or, as is more often the case, completely fail with clinical CoNS,
which represents a major hurdle for the molecular characteriza-
tion of CoNS.

Recently, phage-mediated HGT of S. aureus pathogenicity is-
lands (SaPIs) between major bacterial pathogens has been re-
ported (17). Surprisingly, the S. aureus ST395 lineage-specific
phage ®187 has been capable of transferring SaPIs between ST395
isolates and many CoNS because of shared properties in the WTA
cell surface receptors (17). Genomic and biochemical analyses of
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the ST395 WTA biosynthesis pathway have further suggested the
occurrence of previous HGT events between ST395 isolates and
CoNS, most likely via ®187-related phages (20). Because most
pathogenic CoNS, such as S. epidermidis, have a glycerol-phos-
phate WTA backbone resembling that of ST395 isolates, ®187
might be a suitable tool to transfer plasmid DNA to CoNS strains
that are otherwise difficult to transform.

Here, a highly efficient method to introduce plasmid DNA into
important CoNS pathogens for genetic manipulation is described.
The method aims to transfer plasmid DNA via phage 187 from a
genetically engineered ST395 isolate to major clinical CoNS iso-
lates, and even to strains refractory to electroporation protocols,
for their genetic engineering.

MATERIALS AND METHODS

Bacterial strains and growth media. All the bacterial strains listed in
Table 1 were grown at permissive temperatures in basic medium (BM)
(1% tryptone, 0.5% yeast extract, 0.5% NaCl, 0.1% K,HPO,, 0.1% glu-
cose) or in lysogeny broth (Becton Dickinson) supplemented with appro-
priate antibiotics (10 pg/ml for chloramphenicol, 12.5 pg/ml for tetracy-
cline, or 100 pg/ml for ampicillin). For experiments performed on solid
medium, BM agar plates containing 5% sheep blood were used unless
otherwise noted.

Molecular genetic methods. Plasmid transformation was performed
according to the method of Winstel et al. (17). Briefly, plasmids were
isolated from appropriate E. coli, Staphylococcus carnosus TM300, S. au-
reus RN4220, or S. aureus PS187 AhsdR AsauUSI donor strains by using
standard techniques, purified, and electroporated into electrocompetent
recipient strains using a 1-mm-gap electroporation cuvette. The cells were
pulsed at 1,000 V, and subsequently, 950 pl prewarmed BM (37°C) was
added. Bacteria were grown for 70 min at 37°C, plated onto selective
medium, and grown overnight at 37°C (or 30°C for knockout plasmids).
Transformants were counted to calculate the transformation efficiency.

For the construction of ermB-bearing S. epidermidis sigB mutants, an
ermB resistance cassette was amplified from plasmid pEC2 (21) with
primers lox66erm and lox71erm (Table 2) and ligated with the Smal-
digested pKORI-like knockout plasmid pBASE6 (22), resulting in
plasmid pBASE6-erm/lox2. The flanking regions of sigB were ampli-
fied from genomic DNA of S. epidermidis TU3298 with primer pairs
sigflank1 and sigflank2 (digested with BspEI and Acc65I) (Table 2) and
sigflank3 and sigflank4 (digested with Nhel and Sall) (Table 2), respec-
tively. The digested flanking regions were consecutively ligated with
the identically digested knockout plasmid, resulting in pBASE6-sigB-
ko2, which was used to transform E. coli DC10B (9) and S. aureus PS187
AhsdR AsauUSI cells.

Experiments with phage. To propagate ®187, its cognate host strain
S. aureus PS187 wild type (w.t.) was grown overnight in BM and diluted in
®187-containing lysates (1 X 10° PFU/ml; titrated on PS187 wild type as
described previously [17]) to a final optical density at 600 nm (ODy,) of
0.4. After the addition of CaCl, (final concentration, 4 mM), the bacteria-
phage suspension was incubated without shaking at 37°C for 30 min and
subsequently for at least 3 h at 30°C with slight agitation until complete
lysis occurred. Cell debris was pelleted via centrifugation (10 min; 5,000 X
g), and phage-containing supernatants were filter sterilized (0.02 wm) and
stored at 4°C or subsequently used to infect overnight cultures of pKOR1-,
pRB474-, or pTX15-bearing S. aureus PS187 AhsdR AsauUSI grown in
BM (obtained via electroporation [see above]). The infection parameters
were as described before, except that bacteria were diluted in phage lysates
to a final ODg, of 1.0 and incubated at 30°C, which usually required at
least 5 h for lysis to occur. Plasmid-bearing phage particle (PBPP) lysates
were clarified via centrifugation (10 min; 5,000 X g), filter sterilized, and
titrated on PS187 wild type.

For plasmid transfer to CoNS, the bacterial densities of overnight cul-
tures of plasmid recipient strains (e.g., S. epidermidis TU3298) were ad-
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justed to an ODy, of 0.5 in BM. Approximately 8.0 X 107 bacteria were
centrifuged and resuspended in 200 wl phage buffer (4 mM CaCl,, 1 mM
MgSO,, 50 mM Tris-HCI, pH 7.8, 100 mM NaCl, 0.1% gelatin), mixed
with 100 pul PBPP lysate (~1 X 10° PFU/ml), and incubated at 37°C for 15
min with slight agitation, allowing phage particle adsorption to bacterial
host cells. Afterward, the bacteria-phage suspension was plated onto se-
lective media containing appropriate antibiotics and incubated for 24 h at
37°C (or 48 h at 30°C for knockout plasmids). The resulting transductants
were counted to calculate transduction efficiencies, which are given as
transductants per milliliter of phage lysate.

Phage ©187 adsorption efficiencies were determined as described pre-
viously with minor modifications (17). Briefly, adsorption rates were an-
alyzed using a multiplicity of infection (MOI) of 0.1, and the adsorption
rate (percent) was calculated by determining the number of unbound
PFU in the supernatant and subtracting it from the total number of input
PFU as a ratio to the total number of input PFU.

Ultracentrifugation of PBPP lysates. For enrichment of PBPP, lysates
were ultracentrifuged for 2 h at 25,100 rpm (73,000 X g) at 4°C using a
Beckman 45Ti ultracentrifuge rotor. Subsequently, the PBPP-containing
pellet was resuspended in an appropriate amount of TMN buffer (10 mM
Tris-HCI, pH 7.5, 10 mM MgSO,, 500 mM NaCl), and the lysates were
titrated on PS187 wild type and used for plasmid transfer experiments, as
previously described.

Tests for natural competence and “pseudotransformation.” To an-
alyze the natural competence of selected S. epidermidis isolates, PBPP
lysates (containing pTX15) were treated with 20 U DNase I for 1 h at 37°C
to digest extracellular DNA and subsequently used for plasmid transfer to
strain TU3298, 101 b, or 204/70131537, as previously described. In a sec-
ond approach, and to inactivate phage particles but not DNA, PBPP ly-
sates (containing pTX15) were heat inactivated for 10 min at 70°C, chilled,
and subsequently used for plasmid transfer to selected S. epidermidis
strains. Controls were not heat inactivated or lacked DNase I treatment.
To determine phage-mediated “pseudotransformation,” selected S. epi-
dermidis strains were incubated with 1.0 g purified pTX15 plasmid in the
presence or absence of @187 w.t. particles (~1 X 10° PEU/ml) for 15 min
at 37°C. ®187 w.t. particles were previously propagated on S. aureus
PS187 w.t., which lacks pTX15, pRB474, and pKORI plasmids. The bac-
teria-phage suspension was plated onto selective medium containing the
appropriate antibiotic and incubated for 24 h at 37°C. Transductants were
counted to calculate the transduction efficiency, as previously described.

Allelic replacement. Allelic replacement was performed as previously
described with minor modifications (23). Briefly, S. aureus PS187 AhsdR
AsauUSI bearing a sigB knockout plasmid was infected with ®187 to
create a PBPP lysate, as previously described, which was subsequently
used for plasmid transfer to S. epidermidis. The knockout plasmid was
integrated into the genome of the target strain in the presence of chlor-
amphenicol (10 pg/ml) at a temperature of 42°C. Following plasmid in-
tegration, two consecutive counterselection steps using anhydrotetracy-
cline at concentrations of 0.2 pg/ml and 1.0 pg/ml were performed. The
resulting colonies were transferred to BM agar plates with or without
chloramphenicol (10 pg/ml). Chloramphenicol-sensitive colonies were
used for PCR analysis to confirm the sigB deletion.

Statistical analysis. Statistics were performed using GraphPad Prism
(version 5.04; GraphPad Software, Inc., La Jolla, CA, USA). Statistically
significant differences were calculated using the unpaired two-tailed Stu-
dent £ test.

RESULTS AND DISCUSSION

Inactivation of restriction systems converts S. aureus strain
PS187 into a suitable intermediary host for plasmid DNA. S.
aureus ST395 isolate PS187 accepts S. aureus RN4220-derived
plasmid DNA at low efficiencies, but inactivation of the restriction
systems HsdR and SauUSI has rendered the strain highly suscep-
tible to plasmid transformation (17). Lack of both restriction
systems may also enable direct electroporation of strain PS187
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TABLE 1 Strains and phages used in this study

Bacterial strain or phage Description Source or reference

E. coli
DH5a pRB474 DH5a; bears pRB474 plasmid Strain collection, Peschel laboratory
DB 3.1 pKOR1 DB3.1 strain; bears pKORI plasmid Olaf Schneewind, Chicago, IL
DC10B E. coli DH10B Adcm 9
DC10B pBASE6-sigB-ko2 DC10B strain; bears pBASE6-sigB-ko2 plasmid This study

S. carnosus TM300 pTX15

Wild type; bears pTX15 plasmid

Strain collection, Peschel laboratory

S. aureus
RN4220 pRB474 Wild type; deficient in restriction, capsule, and prophage; This study
bears pRB474 plasmid
RN4220 pTX15 Wild type; deficient in restriction, capsule, and prophage; This study
bears pTX15 plasmid
PS187 Wild type; clinical ST395 isolate 27
PS187 AhsdR AsauUSI PS187 deficient in type IV and type I restriction systems 17
PS187 AhsdR AsauUSI pRB474 PS187 deficient in type IV and type I restriction systems; This study
bears pRB474 plasmid
PS187 AhsdR AsauUSI pTX15 PS187 deficient in type IV and type I restriction systems; This study
bears pTX15 plasmid
PS187 AhsdR AsauUSI pKOR1 PS187 deficient in type IV and type I restriction systems; This study
bears pKOR1 plasmid
PS187 AhsdR AsauUSI pBASE-sigB-ko2 PS187 deficient in type IV and type I restriction systems; This study
bears pBASE-sigB-ko2 plasmid
. epidermidis
TU3298 Wild type; epidermin producer 28
ATCC 14990 Wild type; nasal isolate ATCC strain collection
ATCC 12228 Wild type ATCC strain collection
RP62A; ATCC 35984 Wild type; clinical isolate ATCC strain collection
1457 Wild type; clinical isolate 29
047 Wild type; clinical isolate 30
IVK7 Wild type; nasal isolate 31
VK45 Wild type; nasal isolate 31
IVK79 Wild type; nasal isolate 31
IVKS83 Wild type; nasal isolate 31
1b Wild type; clinical isolate 32
26b Wild type; clinical isolate 32
33b Wild type; clinical isolate 32
36b Wild type; clinical isolate 32
79b Wild type; clinical isolate 32
84b Wild type; clinical isolate 32
101b Wild type; clinical isolate 32
104 b Wild type; clinical isolate 32
1/70102704 Wild type; clinical isolate Evgeny Idelevich, Muenster, Germany
5/70107982 Wild type; clinical isolate Evgeny Idelevich, Muenster, Germany
144/70215041 Wild type; clinical isolate Evgeny Idelevich, Muenster, Germany
181/70247761 Wild type; clinical isolate Evgeny Idelevich, Muenster, Germany
204/70131537 Wild type; clinical isolate Evgeny Idelevich, Muenster, Germany
. lugdunensis
HKU09-01 Wild type; clinical isolate 33
N920143 Wild type; clinical isolate 34
IVK12-3 Wild type; nasal isolate Bernhard Krismer, Tuebingen, Germany
IVK13-1 Wild type; nasal isolate Bernhard Krismer, Tuebingen, Germany
IVK14-2 Wild type; nasal isolate Bernhard Krismer, Tuebingen, Germany
IVK14-6 Wild type; nasal isolate Bernhard Krismer, Tuebingen, Germany
IVK15-2 Wild type; nasal isolate Bernhard Krismer, Tuebingen, Germany
IVK28 Wild type; nasal isolate 31
IVK38-2 Wild type; nasal isolate Bernhard Krismer, Tuebingen, Germany
IVK39-2 Wild type; nasal isolate Bernhard Krismer, Tuebingen, Germany
IVK68 Wild type; nasal isolate Bernhard Krismer, Tuebingen, Germany
IVK84 Wild type; nasal isolate Bernhard Krismer, Tuebingen, Germany
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TABLE 1 (Continued)

Source or reference

Bacterial strain or phage Description

S. caprae
BK16134/12 Wild type; clinical isolate
VA18305/14 Wild type; clinical isolate
BK3880/14 Wild type; clinical isolate
BK1538/14 Wild type; clinical isolate
BK1057/14 Wild type; clinical isolate
BK14568/12 Wild type; clinical isolate

S. warneri BK15472/12 Wild type; clinical isolate

S. haemolyticus 51-14 Wild type; clinical isolate

S. saprophyticus BK5803/14 Wild type; clinical isolate
S. simulans ATCC27848

S. pseudintermedius ED99
S. epidermidis IVK83 AsigB
S. epidermidis 33 b AsigB

S. aureus phage ®187

Wild type; animal isolate

Wild type

Wild type; human skin isolate

sigB deletion mutant in IVK83 background
sigB deletion mutant in 33 b background

University Medical Center Hamburg-
Eppendorf, Hamburg, Germany
University Medical Center Hamburg-
Eppendorf, Hamburg, Germany
University Medical Center Hamburg-
Eppendorf, Hamburg, Germany
University Medical Center Hamburg-
Eppendorf, Hamburg, Germany
University Medical Center Hamburg-
Eppendorf, Hamburg, Germany
University Medical Center Hamburg-
Eppendorf, Hamburg, Germany

University Medical Center Hamburg-
Eppendorf, Hamburg, Germany
University Medical Center Hamburg-
Eppendorf, Hamburg, Germany
University Medical Center Hamburg-
Eppendorf, Hamburg, Germany
ATCC strain collection

35
This study
This study
36

with plasmid DNA from sources other than S. aureus. To this end,
various plasmids widely used for targeted mutagenesis (pKOR1
[23]), overexpression (pTX15 [24]), or complementation (pRB474
[25]) studies were isolated from either E. coli or S. carnosus using
standard techniques and introduced into S. aureus PS187 wild
type and its restriction-deficient mutant PS187 AhsdR AsauUSI
via electroporation. PS187 wild type was resistant to electropora-
tion with DNA derived from E. coli, while deletion of restriction
systems resulted in robust transformation efficiency (Fig. 1).
PS187 wild type could also be transformed at low efficiency
with plasmid DNA derived from S. carnosus TM300, although
the absence of restriction systems significantly increased the elec-
troporation frequency. Thus, S. aureus PS187 AhsdR AsauUSI is
easily transformable and represents a suitable alternative to the
S. aureus strain RN4220 conventionally used as an intermediary
host for plasmid DNA.

Most CoNS are refractory to common electroporation pro-
tocols. In addition to alterations of WTA structure that diminish
phage infection and CRISPR loci that degrade foreign DNA, R-M
mechanisms involving distinct DNA methylation patterns repre-

TABLE 2 Primers used in this study

Primer Sequence

sigflank 1 TTTAATATCCGGAGTTGCTTCATTTTGAG

sigflank 2 GCGGTACCGTAAACGAGTTGTTAACAG

sigflank 3 CGTTTGCTAGCTGTTGTTTAATCCATTGG

sigflank 4 AAGCATATGCGTCGACAGGATATAGTTCA

lox66erm TACCGTTCGTATAATGTATGCTATACGAAGTT
ATGTTAACCCTAAAGTTATGG

lox7lerm TACCGTTCGTATAGCATACATTATACGAAGTT

ATGATCAAATTCCCCGTAGGCGC
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sent significant barriers to HGT. The fact that ST395 isolates are
capable of exchanging DNA with certain CoNS has led to the
assumption that ST395 and CoNS share similar DNA methylation
pathways, enabling phage-mediated HGT between donors and
recipients with shared WTA structures (17). Therefore, S. aureus
PS187 AhsdR AsauUSI-derived plasmid DNA (or RN4220-de-
rived plasmid DNA, used as a control) might be suitable for elec-
troporation of CoNS. When plasmids pRB474 and pTX15 from

10°
JpRB474 pTX15 pKOR1
]
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FIG 1 Lack of restriction systems converts S. aureus strain PS187 into a suit-
able intermediary host for plasmid DNA. Shown are the electroporation fre-
quencies of S. aureus PS187 wild type (w.t.) and its restriction system-deficient
mutant PS187 AhsdR AsauUSI. Cells were electroporated with purified E. coli
DH5a-derived pRB474, E. coli DB3.1-derived pKORI, or S. carnosus TM300-
derived pTX15 plasmid. The values represent transformants per microgram of
DNA and are given as means and standard deviations (SD) (n = 3). Statistically
significant differences calculated by the unpaired two-tailed Student ¢ test are
indicated: **, P < 0.001 to 0.01; ****, P < 0.0001.

April 2015 Volume 81 Number 7


http://aem.asm.org

Manipulation of Coagulase-Negative Staphylococci

>

Staphylococcus epidermidis

104 3— 10*
i TU3298 101b sxxx 1 204/70131537
] Fkkk | L.J '
1
1 *%k *
Fkk * 103
Q 3 LI * 1
‘a 16 3 *% * -
0 ] T & — — | — =
> 1 *% Q
= ] = T T ns 7
E ] ' ns ' 4
2 . s L1023
E 107 —ns_ E10% 3
® ] lﬁ\ =
S ] 4
fi ] s
« 1 K ® o ? & © o ® 9 1
5 1073 £ £ £ £ £ £ &£ £ £ 10
3 8 s 8 8 8§ 8§ 8 g 8
Jd K] Q e Qo Q Q Q Ko} Q
] [] [ [o] ] [ [o] [o] o [
[ (] [ (] (] [ (] [ [}
E = = = c [ = = | =~ = =
] o ] o o o o [] o
10° T A — — —5 10°
Method EP EP TD EP EP TD EP EP TD EP EP D EP EP EP EP TD EP EP EPTEPTTD
DNA derived from RN42|20 PS1B7 i RN42|20 PS187 i RN42l20 PS187 ; RN42]20 PS187 i RN4|220 PS187 RN4220 PS187 i RN4|220 PS187 RN4220 PS187 i
Plasmid pTX15 pRBA474 pIX15 pRBA74 pTX15 PRBA474
B Staphylococcus lugdunensis
1053 105
3 N920143 — %% 1IVK39-2 VK28
9 *%k% *%k%k
1 m——— [ —
T *k%k
1043 =3 104
Q 3
® 3 -
= 1033 s —*  L10° @
E 3 * ' ns ' * o
(2] ] — — =
2 3 * ns 3
c —
© 4 ns [Y)
‘5 2 T s ns 2 !?F
S 1025 s 102 G
B 3 &
% 1 kel kel T kel T T T T kel kel kel T T kel
N - Q [ [ Q Q [ [ [} Q Q [ [ [} Q Q
= . £ £ £ £ £ £ E E £ £ £ E £ £ E ;
109 s s 8 8 8 8 8 8 8 8§ 8 8 8§ 8§ 8 10
J Qo Q Q Q Q o) o) Q2 Q Q Q Q Q2 Q Q
3 [ [o] [o] o [ [o] [o] o o [ [o] [o] o [ [
4 O [ [} [} [} [ [ Q (] [} (] [ [ [} [}
= = { [ =  — = { [ = [ c = (-] =
1 o [] [] o [] [] [e] [} o [] [] [] o ] []
0 = | = = o = = { = = o = [ = [ = = c = 0
10 ] 1 1 1 ] ] 1 ] ] ] ] 1 + 10
Method EP EP TD EP EP TD EP EP TD EP EP TD EP EP EP EP TD EP EP EP* EP TD
DNA derived from RN42[2D PS187I RN42IZO PS187 i RN42I20 PS187I RN42120 F’S187I RN4I220 PS187 RN4220 PS187 RN4220 PS187 RN4220 PS187 i
Plasmid pTX15 PRB4T4 pIX15 PRBAT4 pTX15 PRB4T4

FIG 2 Benefits of ®187-mediated plasmid transfer to important CoNS pathogens. Shown is a comparison of plasmid electroporation (EP) (hatched bars) and
®187-mediated plasmid transfer (transduction [TD]) in various S. epidermidis (A) and S. lugdunensis (B) strains. Purified pTX15 (gray bars) or pRB474 (black
bars) plasmids were isolated from S. aureus strain RN4220 or PS187 AhsdR AsauUSI and used to electroporate electrocompetent CoNS (EP™ indicates
application of 2.5 g DNA). For transduction experiments, PBPP lysates contained ~1 X 10° PFU/ml. The lysates were titrated on S. aureus PS187 w.t. The values
represent transductants per milliliter of phage lysate (for TD experiments; plated on sheep blood-supplemented agar plates) or transformants per microgram of
DNA (for EP experiments) and are given as means and SD (n = 3). Statistically significant differences calculated by the unpaired two-tailed Student ¢ test are
indicated: ns, not significant (P > 0.05); *, P < 0.01 to < 0.05; **, P < 0.001 to 0.01; ***, P < 0.001; ****, P < 0.0001.

one of the two strains were used to electroporate various CoNS S. aureus phage ®187 facilitates plasmid transfer to untrans-
isolates, the majority of test strains could hardly be transformed, formable CoNS via transduction. As an alternative to electropo-
and some were not even detectably transformable under the elec-  ration, phage-mediated transduction of DNA can be used to ma-
troporation conditions used in this study (Fig. 2A and B). Thus, nipulate bacteria. The ability of the ST395-specific S. aureus phage
most CoNS are refractory to electroporation even if plasmid DNA ~ ®187 to transfer SaPIs from ST395 to CoNS suggested the use of
is derived from ST395 clone PS187. @187 as a molecular shuttle for plasmid transfer to CoNS. There-
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FIG 3 Plasmid transfer to CoNS is facilitated by @187 via transduction. (A) Analysis of natural competence of selected S. epidermidis isolates. PBPP lysates
(containing pTX15) were treated with DNase I (+) or untreated (—) and subsequently used for plasmid transfer to strain TU3298, 101 b, or 204/70131537. (B)
Effect of heat treatment of PBPP lysates (containing pTX15). PBPP lysates were heat inactivated (+) or not (—), chilled, and subsequently used for plasmid
transfer to selected S. epidermidis strains. (C) Analysis of selected S. epidermidis isolates to undergo “pseudotransformation.” Purified pTX15 plasmid was
incubated with selected S. epidermidis strains in the presence (+) or in the absence (—) of @187 wild-type particles lacking plasmids. The lysates contained ~1
X 10° PFU/ml. The values represent transductants per milliliter of phage lysate plated on sheep blood-supplemented agar plates and are given as means and SD
(n = 3). Statistically significant differences calculated by the unpaired two-tailed Student ¢ test are indicated: ns, not significant.

fore, ®187 was freshly propagated on its cognate host strain S.
aureus PS187 wild type and used to infect plasmid-bearing S. au-
reus PS187 AhsdR AsauUSI to create PBPP lysates, which were
used to infect a variety of CoNS strains. Surprisingly, the novel
approach facilitated highly efficient plasmid transfer at frequen-
cies up to ~10* transductants per ml of PBPP lysate to many
CoNS and even to strains usually refractory to electroporation
(Fig. 2A and B). Moreover, enrichment of PBPP lysates via ultra-
centrifugation resulted in both higher phage titers (up to 1 X 10"
PFU/ml) and more efficient plasmid transfer frequencies (see Fig.
S1A in the supplemental material). Although plasmid transfer
with ultracentrifuged PBPP lysates is reccommended, titers of 10°
PFU/ml were usually sufficient to accomplish plasmid transfer.
Interestingly, the use of BM agar plates containing 5% sheep blood
increased the plasmid transfer efficiency (see Fig. SIB in the sup-
plemental material). This effect might be a consequence of sup-
plements other than CaCl, present in whole blood that facilitate
more efficient phage adsorption and infection.

To confirm that plasmid transfer was indeed accomplished via
®187-mediated transduction and not by a phage-independent
mechanism involving, for example, uptake of free DNA (a process
that is very rare among staphylococci but has recently been docu-
mented in S. aureus under specific conditions [26]), PBPP lysates
were treated with DNase I. While DNase I treatment of PBPP
lysates did not alter the efficiency of plasmid transfer to different S.
epidermidis strains (a test for natural competence), heat inactiva-
tion of phage particles in PBPP lysates rendered plasmid transfer
undetectable (Fig. 3A and B). Plasmid transfer to CoNS failed even
when naked plasmid DNA (pTX15) lacking phage particles or
naked DNA was combined with ®187 particles propagated on
PS187 wild type without plasmids (a test for “pseudotransforma-
tion” [26]), thereby confirming that plasmid transfer was accom-
plished via @187, which is in line with a transduction process (Fig.
3C). Thus, ®187 is capable of transducing plasmid DNA from
ST395 isolates to CoNS, even those strains that are usually refrac-
tory to electroporation.

Clinically relevant CoNS pathogens can be transduced via
phage ®187, facilitating their genetic manipulation. The new
approach was tested with a broad panel of CoNS, including S.
epidermidis and S. lugdunensis clinical and nasal isolates (details
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are provided in Table 1). Notably, the majority of S. epidermidis
(65.2%) and S. lugdunesis (75.0%) strains could be transduced
using various ®187-based PBPP lysates (Fig. 4A and B). While
some S. epidermidis (e.g., TU3298) or S. lugdunensis (e.g.,
N920143) strains underwent highly efficient ®187-mediated plas-
mid transfer, some isolates (e.g., S. epidermidis ATCC 14990 or S.
lugdunensis HKU09-01) could be transduced only with certain
plasmids or were completely resistant, most likely because of ge-
netic barriers inactivating the invading plasmid DNA. However,
high-frequency plasmid transfer clearly correlated with strong
@187 adsorption or, in contrast, failed when no or weak phage
adsorption occurred (see Fig. S2A and B in the supplemental ma-
terial). In agreement with these observations, ®187 adsorption to
clinical Staphylococcus caprae isolates and Staphylococcus simulans
correlated with transduceability. In contrast, non-®187-binding
species, such as Staphylococcus saprophyticus, Staphylococcus war-
neri, or Staphylococcus haemolyticus, could not be transduced by
@187, suggesting that similar cell surface receptor properties in
the DNA donor and recipient are necessary for ®187-mediated
plasmid transfer to CoNS (Fig. 4C; see Fig. S2C in the supplemen-
tal material).

Finally, a plasmid for targeted mutagenesis was constructed
and transduced to clinical and nasal S. epidermidis isolates using
this approach. The gene encoding the alternative transcription
factor sigma B (sigB) was used as a test gene. Notably, rapid gene
deletion was achieved at high efficiency (Table 3). Thus, ®187 is a
suitable tool for transferring plasmids to important clinical CONS
pathogens and represents a novel tool for their genetic manipula-
tion.

In summary, the new approach represents a major technical
advance for plasmid transfer to important CoNS pathogens, al-
lowing their genetic manipulation in the future. Although prior
work from 1965 reported interspecies plasmid transfer events be-
tween S. aureus and S. epidermidis (15), the phenomenon seems to
be limited to a small minority of S. epidermidis isolates and has
hardly been used since. In contrast, the majority of important
clinical CoNS isolates, including strong biofilm-producing S. epi-
dermidis strains 1457 and RP62A and, equally important, ge-
nome-sequenced strains, can be transduced by the approach pre-
sented here in a highly efficient and reliable fashion. In addition,
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FIG 4 S. aureus phage ®187 facilitates plasmid transfer to many untransformable staphylococcal pathogens. Bacteriophage ®187 propagated on S. aureus donor
strain PS187 AhsdR AsauUSI bearing plasmid pRB474 (black), pTX15 (gray), or pKORI1 (red) was used to transduce a broad panel of S. epidermidis (A) and S.
lugdunensis (B) strains and other CoNS (C). The PBPP lysates contained ~1 X 10° PFU/ml. The values represent transductants per ml of phage lysate plated on
sheep blood-supplemented agar plates and are given as means and SD (n = 3). No transductants were observed in controls lacking PBPP lysates, and naturally

antibiotic-resistant clones are indicated (resistant).

the transfer of knockout plasmids via 187 will strongly facilitate
the genetic manipulation of CoNS in the future. Additionally,
®187 might be capable of transducing chromosomal markers
from ST395 to CoNS in conserved genomic regions shared by
ST395 and CoNS to facilitate rapid gene disruption in CoNS. Al-
though some CoNS isolates and species could not be transduced,
most likely because of distinct phage receptor properties, lack of
plasmid replication in the recipient strains, or other genetic bar-
riers limiting HGT, the technique described here is applicable to
most important and clinically relevant CoNS, including S. epider-
midis and S. lugdunensis. This approach may prompt research ac-
tivities to manipulate other important bacterial pathogens in a
similar fashion.

TABLE 3 Genetic engineering of S. epidermidis using phage
®187-mediated plasmid transfer

Counterselection sigB mutagenesis
Bacterial strain efficiency (%)” efficiency (%)?
S. epidermidis 33b 100 85.7
S. epidermidis IVK83 96.4 42.8

“ Counterselection efficiency was calculated after anhydrotetracycline selection by
dividing the number of chloramphenicol-sensitive clones by the total number of tested
isolates.

b Mutagenesis efficiency was calculated after PCR analysis by dividing the number of
sigB deletion mutants by the total number of tested isolates.
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