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Vancomycin-resistant Staphylococcus aureus (VRSA) is thought to result from the in vivo conjugative transfer of a vanA plasmid
from an Enterococcus sp. to S. aureus. We studied bacterial isolates from VRSA cases that occurred in the United States to iden-
tify microbiological factors which may contribute to this plasmid transfer. First, vancomycin-susceptible, methicillin-resistant S.
aureus (MRSA) isolates from five VRSA cases were tested for their ability to accept foreign DNA by conjugation in mating experi-
ments with Enterococcus faecalis JH2-2 containing pAM378, a pheromone-response conjugative plasmid. All of the MRSA iso-
lates accepted the plasmid DNA with similar transfer efficiencies (�10�7/donor CFU) except for one isolate, MRSA8, for which
conjugation was not successful. The MRSA isolates were also tested as recipients in mating experiments between an E. faecalis
isolate with an Inc18-like vanA plasmid that was isolated from a VRSA case patient. Conjugative transfer was successful for 3/5
MRSA isolates. Successful MRSA recipients carried a pSK41-like plasmid, a staphylococcal conjugative plasmid, whereas the two
unsuccessful MRSA recipients did not carry pSK41. The transfer of a pSK41-like plasmid from a successful MRSA recipient to
the two unsuccessful recipients resulted in conjugal transfer of the Inc18-like vanA plasmid from E. faecalis at a frequency of
10�7/recipient CFU. In addition, conjugal transfer could be achieved for pSK41-negative MRSA in the presence of a cell-free cul-
ture filtrate from S. aureus carrying a pSK41-like plasmid at a frequency of 10�8/recipient CFU. These results indicated that a
pSK41-like plasmid can facilitate the transfer of an Inc18-like vanA plasmid from E. faecalis to S. aureus, possibly via an extra-
cellular factor produced by pSK41-carrying isolates.

Vancomycin-resistant Staphylococcus aureus (VRSA) was first
reported in 2002. To date, there have been 13 cases in the

United States (1, 2; http://www.cdc.gov/HAI/settings/lab/vrsa
_lab_search_containment.html), several reports of isolates in In-
dia (3, 4), and unconfirmed cases in Iran (5). The occurrence of
vancomycin resistance in S. aureus is a concern from a patient
management and public health perspective. Vancomycin is the
treatment of choice for serious infections caused by MRSA, and all
of the VRSA isolates have been MRSA that acquired plasmid-
borne, vanA-mediated vancomycin resistance. Often, the pres-
ence of a mobile genetic determinant conferring resistance to a
primary therapeutic agent in a common bacterial pathogen sug-
gests an impending public health crisis. However, there is no evi-
dence of VRSA transmission between patients, no patients have
died of a VRSA infection, and there are newer antimicrobial agents
that are active against VRSA (6; Centers for Disease Control and
Prevention, unpublished data). In addition, the expression of
vanA appears to have a fitness cost for MRSA. As a result, some
have questioned whether VRSA really matters (7). It is difficult to
predict the extent to which VRSA may become a public health
threat. Nevertheless, understanding how S. aureus acquired vanA
plasmids may provide important insight into the plasmid transfer
mechanisms between Gram-positive bacteria of different genera,
namely, Enterococcus spp. and S. aureus. If the plasmid transfer
that occurred in the VRSA case becomes a more frequent event,
then the potential for transfer of resistance determinants to S.
aureus could also increase.

Bacterial conjugation is an important mechanism for the hor-
izontal spread of genetic material, including antimicrobial resis-
tance genes, between bacteria. Most VRSA have occurred in poly-
microbial infections, and in many cases a vancomycin-resistant
enterococcus (VRE) isolate and a vancomycin-susceptible MRSA
isolate were recovered, along with the VRSA isolate from the case

patient. Previously, we reported an Inc18-like vanA plasmid that
was associated with at least five of seven VRSA cases in Michigan
(1), and VRE strains carrying this plasmid were found more fre-
quently in Michigan than in other states. This finding may at least
partially explain why most of the cases VRSA infection occurred in
Michigan. The VRE strains isolated from VRSA case patients are
the likely donors of vanA to S. aureus, resulting in a VRSA strain
(1, 8, 9).

Inc18 incompatibility plasmids are a family of broad-host-
range conjugative plasmids that occur naturally in isolates of En-
terococcus and Streptococcus spp. The streptococcal plasmid
pIP501 and E. faecalis plasmids pAM�1 and pRE25 are well-char-
acterized examples of this group (10). These plasmids often carry
antimicrobial resistance determinants, including ermB, which
confers resistance to macrolides. In the laboratory, Inc18-like
plasmids can be transferred by conjugation to a wide variety of
bacteria, including streptococci (11), lactococci (12), staphylo-
cocci (13), and enterococci (14), but with the exception of a few
VRSA strains that maintained the VRE Inc18-like vanA plasmid,
these plasmids have not been identified in naturally occurring
staphylococci (15).

The first U.S. VRSA isolate carried the vanA transposon,
Tn1546, on a pSK41-like plasmid (8). It was hypothesized that
vanA was transferred to S. aureus by conjugative transfer of the
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vanA plasmid from a VRE to S. aureus and then moved by the
transposition of Tn1546 to the pSK41-like plasmid of S. aureus,
and the Inc18-like vanA plasmid was then lost during replication
(1, 8).

The pSK41-like plasmids are a family of multiresistant conju-
gative plasmids of staphylococci (16, 17). The members of this
plasmid family include pSK41, pG01, and pJE1 (17). These plas-
mids were initially observed in studies characterizing gentamicin
resistance in S. aureus (17–19). Conjugative transfer of these plas-
mids was thought to be limited to Staphylococcus spp. (18, 20). In
addition to mediating their own conjugative transfer, pSK41-like
plasmids are able to mobilize coresident plasmids (21–23). Con-
jugation by pSK41 family plasmids is mediated by a transfer sys-
tem composed of �15 genes (10). The transfer mechanism of
pSK41-like plasmids is related to that of Inc18-like plasmids. Spe-
cifically, the transfer mechanisms demonstrate similar genetic or-
ganization and tra product amino acid sequences (10), especially
for the first six genes of the plasmid transfer regions. The transfer
mechanisms of pSK41-like plasmids and Inc18-like plasmids have
been categorized into the same superfamily of macromolecular
transport mechanisms, called type IV secretion systems (24).

In this study our aim was to understand VRSA occurrence by
identifying factors that contribute to conjugative transfer of vanA

plasmids from Enterococcus donor isolates to S. aureus recipient
isolates from VRSA case patients.

MATERIALS AND METHODS
Bacterial isolates. The strains used in the present study are listed in Table
1. VRSA isolates 1 to 9 all were obtained in the United States. Either
vancomycin-resistant E. faecalis or E. avium were collected from the asso-
ciated VRSA cases (1). Vancomycin-susceptible S. aureus (MRSA) isolates
are MRSA isolates that were either coisolated from the same body site as
the VRSA (MRSA5, -7, and -8) or from other body sites (MRSA1 and -3)
(see Table 1).

PCR detection of pSK41-like and Inc18-like plasmids. Two multi-
plex PCRs were performed for detection of pSK41-like and Inc18-like
vanA plasmids. PCRs were carried out according to the manufacturer’s
instruction (multiplex PCR kit; Qiagen, Valencia, CA). Briefly, PCRs were
performed in a GeneAmp PCR System 9700 (Applied Biosystems, Foster
City, CA) with the following reaction cycles: an initial denaturation step of
2 min at 94°C, followed by 30 cycles of 15 s at 95°C, 90 s at 55°C, and 90 s
at 72°C, with a final elongation for 7 min at 72°C. PCR products were
visualized on a 1% agarose gel. The primer sequences (2, 28–30) targeting
Inc18-like plasmids were as follows: vanA F (CATGAATAGAATAAAAG
TTGCTGCAATA), vanA R (CCCCTTTAACGCTAATACGATCAA),
traA F (TAATCGCAATGGCTTCTTATC), traA R (TCTGCCCAATCTT
TACGAAT), repR F (GCTTCATGACGGCTTGTTA), and repR R (TTG
GCTGCTTTGACAGATTTA) and those targeting pSK41-like plasmids

TABLE 1 Strains from VRSA cases and other strains used in this study

Case U.S. state Strain

Phenotypea

Comment(s)

PCR result

Reference(s)OXA VAN GEN
pSK41
traE/traK

Inc18
traA/repR

VR strains
1 MI VRSA1 R R R Isolated from plantar ulcer �/� �/� 2, 8

MI MRSA1 R S R Isolated from the nares swab �/� �/� 2, 8
MI VR-E. faecalis1 S R R Coisolated with VRSA from plantar ulcer �/� �/� 2, 8

2 PA VRSA2 R R S Isolated from plantar ulcer �/� �/� 2
3 NY VRSA3 R R R Isolated from urine specimen �/� �/� 2

NY MRSA3 R S R Isolated from a rectal swab �/� �/� 2, 24
4 MI VRSA4 R R S Isolated from a toe wound �/� �/� 2

MI VR-E. faecalis4 S R R Isolated from a rectal swab �/� �/� 2
5 MI VRSA5 R R S Isolated from a surgical wound site �/� �/� 2

MI MRSA5 R S S Coisolated with VRSA from wound �/� �/� 2
MI VR-E. faecalis5 S R R Coisolated with VRSA from wound �/� �/� 2

6 MI VRSA6 R R S Isolated from a plantar ulcer �/� �/� 2
MI VR-E. avium6 S R R Isolated from a rectal swab �/� �/� 2

7 MI VRSA7 R R S Isolated from a triceps wound �/� �/� 2
MI MRSA7 R S S Coisolated with VRSA from wound �/� �/� 2

8 MI VRSA8 R R R Isolated from a foot wound �/� �/� 2
MI MRSA8 R S R Coisolated with VRSA from wound �/� �/� 2

9 MI VRSA9 R R R Isolated from a surgical site wound �/� �/� 2

Other strains
JH2-2/pVREfs1 R S R E. faecalis JH2-2 transconjugant with

vanA plasmid from VR-E. faecalis1
�/� �/� This study

MRSA5/pMRSA1 R S R MRSA5 transformed with the pSK41-like
plasmid from MRSA1

�/� �/� This study

MRSA7/pMRSA1 R S R MRSA7 transformed with the pSK41-like
plasmid from MRSA1

�/� �/� This study

S. aureus RN8325-4 R S S Derived from 8325, plasmid-free strain �/� �/� 25
S. aureus RN4220 S S S Lab strain derived from S. aureus 8325-4 �/� �/� 26
S. aureus RN4220/pSK41 S S S Strain carrying the prototype pSK41

plasmid
�/� �/� 27

a OXA, oxacillin; VAN, vancomycin; GEN, gentamicin.
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were traE F (ACAAATGCGTACTACAGACCCTAAACGA), traE R (GC
CCTGCTGTTGCTGTATCCATATT), traK F (TTGCCGAAGATAGCG
AATTG), and traK R (CTGCAATACCTTCGGTCAGTTC).

DNA transformation. Plasmid DNA was isolated from 50-ml over-
night cultures of MRSA1 or S. aureus RN4220, which carried the proto-
type pSK41 plasmid using a plasmid kit (Qiagen, Valencia, CA) according
to the manufacturer’s protocol. The pSK41 plasmid DNA was introduced
by electroporation into isolates MRSA5 and -7 to generate strains
MRSA5/pMRSA1, MRSA5/pSK41, MRSA7/pMRSA1, and MRSA7/
pSK41, respectively. The electroporation was performed by preparing a
bacterial suspension in 10% glycerol electroporation buffer with 1 �g of
DNA in a 1-mm cuvette which was then subjected to a single pulse using
the Bio-Rad Gene Pulser (Bio-Rad Laboratories, Hercules, CA) set at 2.5
kV and 25 �F, with the pulse controller set at infinity. The content of the
cuvette was diluted into 2 ml of tryptic soy broth and incubated at 37°C for
2 h. After incubation, aliquots were plated onto Trypticase soy agar plates
containing 15 �g of gentamicin/ml. The gentamicin-resistant transfor-
mants were tested for the presence of pSK41-like plasmids by PCR ampli-
fication of traE and traK.

To construct an E. faecalis isolate that carried only a vanA Inc18-like
plasmid, the vanA plasmid from VR-E. faecalis1 was isolated and trans-
ferred to E. faecalis JH2-2 by electroporation. The methods were as de-
scribed above except the transformants were selected on agar containing 6
�g of vancomycin/ml.

Conjugation assay. Mating experiments between Enterococcus spp.
with an Inc18-like vanA plasmid and MRSA isolates were carried out by
combining mid-log-phase brain heart infusion (BHI) cultures at a donor
to recipient ratio of 20:1 in a volume of 200 �l, which was applied to a
0.45-�m-pore-size filter. Filters were removed from the filter unit, placed
on a BHI agar plate without antimicrobials, and incubated at 35°C for 24
h. In some experiments, 20 �l of cell-free filtrate from a bacterial culture
was added to the conjugation mixture by applying the filtrate to the filter
on the agar plate. After the 24-h incubation, filters were removed from the
agar and placed in 5 ml of BHI broth and mixed by vortexing to remove
the growth. Serial dilutions of the conjugation mixture were prepared,
and 200 �l of each dilution was plated onto agar containing antimicrobial
agents for selection. Each dilution was plated in triplicate. Transconju-
gants were selected on BHI agar with 5 �g of vancomycin/ml and 30 �g of
ampicillin/ml and analyzed by PCR for vanA, Inc18 vanA plasmid genes
(traA, repR), and pSK41 genes (traE, traK). In order to count the numbers
of donors and recipients in each mating experiment, the dilutions were
also plated onto BHI agar containing either vancomycin (5 �g/ml) or
ampicillin (30 �g/ml) for selection of VRE (donor) and S. aureus (recip-
ient) growth, respectively. Colony counts from these plates were used to
calculate the transfer efficiency, which was expressed as transformants/
recipient CFU. All mating experiments were performed in triplicate.

Cell-free filtrates were prepared by inoculating growth from an over-
night culture of S. aureus on Trypticase soy agar with 5% sheep blood to 20
ml of BHI broth and incubated for 6 to 8 h at 35°C. The culture was filtered
through a 0.45-�m-pore-size filter, and 20 �l was immediately added to
the conjugation cell mixture and plated.

For evaluation of the ability of the VRSA-associated MRSA isolates to
accept the other foreign DNA, conjugation assays were performed by
using E. faecalis JH2-2 containing pAM378 (31), a pheromone-responsive
conjugative plasmid that confers tetracycline resistance, as the donor and
the respective MRSA strains as the recipients. The conjugation procedures
were the same as those described above except the mating mix was com-
posed of 50 �l of donor to 500 �l of recipient (1:10 ratio) and the selective
plates contained BHI plus either 25 �g of ampicillin/ml (Amp), 10 �g of
tetracycline/ml (Tet), or Amp-Tet. S. aureus 8325-4 and RN4220 were
used as control recipient strains in the conjugation assays. Previous stud-
ies demonstrated that strain RN4220 can acquire this plasmid but that
the parent strain of RN4220, S. aureus 8325-4, cannot. This difference is
the result of a stop codon mutation in hsdR of RN4220 which encodes the
restriction enzyme of a type I restriction system (32).

Stability assay. The stability of vancomycin resistance in transconju-
gants was tested by subculturing one colony from nonselective BHI agar
for 10 consecutive passages and then subculturing on BHI agar containing
vancomycin at 6 �g/ml to select for cells which remained resistant to
vancomycin.

DNA sequencing. The DNA templates were prepared by a previously
reported NaOH lysis procedure (8). The primers described by Waldron
and Lindsay (32) were used to amplify and sequence hsdR from MRSA
and VRSA isolates. The target was amplified using the AccuPrime Taq
DNA polymerase kit (Invitrogen, Carlsbad, CA). The 50- �l reaction mix
included 1� buffer II, 100 nM concentrations of each primer, 3 �l of
template (1 to 200 ng), and 1 �l of AccuPrime Taq DNA polymerase. The
reaction conditions included an initial denaturation step at 94°C for 5
min, 30 cycles of 94°C for 30 s, 54°C for 30 s, and 68°C for 3 min, an
extension for 5 min at 68°C. A GeneAmp 9700 thermocycler (Applied
Biosystems) was used for all of the PCR amplifications. PCR products
were purified with QIA quick spin columns (Qiagen), and the DNA quan-
titated on an ND1000 spectrophotometer (NanoDrop, Inc., Rockland,
DE) before sequencing. PCR products served as the template for sequenc-
ing reactions with the BigDye Terminator v.3.1 cycle sequencing kits (Ap-
plied Biosystems). Centri-Sep 8 strips and 96-well plates (Princeton Sep-
aration, Adelphia, NJ) were used to remove excess dye terminators from
the sequencing reactions before the sequence was determined on an
ABI 3130xl automated DNA genetic Analyzer (Applied Biosystems).
DNA sequences were aligned and compared using Sequencher soft-
ware (GeneCodes Corp., Ann Arbor, MI).

Susceptibility testing. Susceptibility to vancomycin and other antimi-
crobial agents was determined by reference broth microdilution using
in-house prepared panels with cation-adjusted Mueller-Hinton broth
(BD Diagnostics Systems, Sparks, MD). The susceptibility methods and
interpretation were performed according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines (33, 34).

RESULTS
Conjugation frequency of VRSA parent strains. To determine
whether VRSA parent strains were more likely to acquire foreign
DNA than a control S. aureus strain, five MRSA strains, which
were isolated from five different VRSA cases (1, 3, 5, 7, and 8),
were chosen as recipient strains for conjugation experiments,
since in each case the MRSA isolate demonstrated a SmaI PFGE
pattern that was the same as the PFGE pattern from the VRSA
isolate of the same case except for a band corresponding to the
vanA plasmid (Table 1) (1; CDC, unpublished data). Therefore,
these MRSA isolates likely represent the vancomycin-susceptible
parent of the VRSA strain. The donor strain was E. faecalis JH2-2
carrying the conjugative plasmid pAM378, which confers a tetra-
cycline resistance.

The MRSA isolates from VRSA cases 1, 3, 5, and 7 acquired
pAM378 from E. faecalis at a frequency of 10�7 to 10�8/donor
(Table 2). No transconjugants were isolated when the MRSA iso-
lates from VRSA case 8 was the recipient strain. Conjugation fre-
quencies were compared to those for control strains S. aureus
RN4220 and S. aureus 8325-4, which were previously character-
ized for their ability to acquire pAM378 via conjugation (32). Our
results are consistent with the previous results demonstrating that
strain RN4220 can acquire this plasmid but the parent strain of
RN4220, S. aureus 8325-4, cannot. None of the VRSA case-asso-
ciated MRSA isolates acquired the plasmid at the same frequency
of RN4220 (10�6/donor) and, unlike RN4220, no stop codon mu-
tations were identified in the hsdR genes of the MRSA isolates
(data not shown).

Transfer of Inc18-like vanA plasmids from different VRE do-
nor isolates to a single MRSA recipient. To determine whether
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vanA plasmids could be transferred in vitro from VRE to S. aureus,
we attempted in vitro conjugations using a single S. aureus recip-
ient isolate, MRSA1, in conjugation experiments with one of four
different VRE isolates from VRSA case patients as donors: VR-E.
faecalis1, VR-E. faecalis4, VR-E. faecalis5, and E. avium6 (Table 3).
All of these VRE isolates carried vanA on Inc18-like plasmids (1,
2). Conjugations were successful in all four experiments with a
frequency of transfer of �10�7 per donor cell in each experiment.

Since it is possible that the VRE donor isolates in these exper-
iments carry plasmids other than the vanA Inc18-like plasmid that
facilitate conjugal transfer of the Inc18-like plasmid from the En-
terococcus isolate to the S. aureus isolate, we constructed a strain
that only carried a Inc18-like vanA plasmid, VR-E. faecalisJH2-2/
pVREfs1. This strain was also used as a donor strain in a conjuga-
tion experiment with MRSA1 as the recipient. Transconjugants
were isolated at the same frequency described above.

Transconjugants were characterized by PCR for vanA, Inc18-
like plasmid markers traA and repR, pSK41-like plasmid markers
traE and traK, and the E. faecalis-specific ddl gene (35) and by
vancomycin susceptibility testing. The results of this analysis in-
dicate that all transconjugants were positive for vanA and resistant
to vancomycin, were positive for both an Inc18-like plasmid and a
pSK41-like plasmid, and were not contaminated with VRE donor
cells (i.e., negative by PCR for E. faecalis ddl) (Table 3). Plasmids

from the transconjugants were analyzed by restriction analysis
(Fig. 1). These results confirm that the Inc18-like plasmids were
maintained, along with the naturally occurring pSK41-like plas-
mid from MRSA1. This is in contrast to the first VRSA isolates in
which a VRE vanA plasmid was not detected, but the Tn1546-like
vanA element was inserted in the pSK41-like plasmid (1, 8).

Stability of the Inc18-like vanA plasmid in transconjugants was
tested by consecutive subculture of the transconjugants on non-
selective BHI agar for 10 passages. Two transconjugants from each
conjugation experiments 1 to 4 (Table 3) were analyzed for the
stability of the vancomycin resistance. The results indicated that 6
of 8 tested transconjugants lost vancomycin resistance after 10
passages, and only two (MRSA1/pVREfs4 and MRSA1/pVREav6)

TABLE 2 Conjugation assays for the ability of S. aureus to accept
pAM378 from E faecalis JH2-2

Recipient

Transfer frequency (recipient/donor)
Avg transfer
frequencyExpt 1 Expt 2 Expt 3

MRSA1 9.9 � 10�7 9.0 � 10�8 6.3 � 10�8 3.8 � 10�7

MRSA3 4.3 � 10�8 1.8 � 10�7 5.2 � 10�8 9.1 � 10�8

MRSA5 3.3 � 10�8 2.6 � 10�7 2.1 � 10�8 1.4 � 10�7

MRSA7 1.4 � 10�7 4.2 � 10�8 — 9.1 � 10�8

MRSA8 —a — — NAb

S. aureus 8325-4 — — — NA
S. aureus RN4220 2.5 � 10�6 3.5 � 10�7 5.6 � 10�7 1.1 � 10�6

a –, No transformants.
b NA, not applicable.

TABLE 3 Characteristics of the donors (VRE), recipient (MRSA1), and transconjugants

Expt Isolate Purpose of isolate

PCR result

Vancomycin MIC
(�g/ml)vanA Inc 18 traA/repR pSK41 traE/traK

ddl (VR-E.
faecalis)

MRSA1, recipient Recipient in expts 1 to 5 � �/� �/� � 1

1 VR-E. faecalis1 Donor � �/� �/� � 512
MRSA1/pVREfs1 Transconjugant � �/� �/� � 1,024

2 VR-E. faecalis4 Donor � �/� �/� � 512
MRSA1/pVREfs4 Transconjugant � �/� �/� � �512

3 VR-E. faecalis5 Donor � �/� �/� � 1,024
MRSA1/pVREfs5 Transconjugant � �/� �/� � �512

4 VR-E. avium6 Donor � �/� �/� � 512
MRSA1/pVREav6 Transconjugant � �/� �/� � �512

5 E. faecalis JH2-2/pVREfs1 Donor � �/� �/� �
MRSA1/pJH2-2, VREfs1 Transconjugant � �/� �/� � �512

FIG 1 Comparison of the HindIII restriction profiles of plasmids from do-
nors, recipients, and their transconjugants. Lane 1, 1-kb DNA marker; lane 2,
VRSA1; lane 3, recipient MRSA1; lane 4, transconjugant MRSA1/pVR-Efs1;
lane 5, donor VR-E. faecalis1; lane 6, transconjugant MRSA1/pVR-Efs 4; lane
7, donor VR-E. faecalis4; lane 8, transconjugant MRSA1/pVR-Efs5; lane 9,
donor VR-E. faecalis5; lane 10, transconjugant MRSA1/pVR-Ev6; lane 11, do-
nor VR-E. avium6.
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were still resistant to vancomycin. Plasmid analysis indicated that
the vancomycin-susceptible transconjugant derivatives lost the
Inc18-like vanA plasmid, while the two resistant transconjugants
still retained the plasmid (data not shown).

Conjugative transfer of an Inc18-like vanA plasmid from E.
faecalis to different S. aureus recipients. To determine whether
all VRSA-associated MRSA isolates were equally functional as re-
cipients of an Inc18-like vanA plasmid, we conducted conjugation
experiments with a single donor, VR-E. faecalis4, which carries an
Inc18-like vanA plasmid, with five different VRSA-associated

MRSA isolates from cases 1, 3, 5, 7, and 8. The Inc18-vanA plasmid
transferred from E. faecalis to only three MRSA isolates (MRSA1,
-3, and -8) at a frequency of �10�7/recipient CFU. Despite re-
peated experiments, there was no detectable vanA transfer from
the VRE donor to two original MRSA isolates, MRSA5 and -7. In
all of the successful conjugation experiments, the MRSA recipient
strain naturally carried a pSK41-like plasmid and in all cases where
the conjugation failed, the MRSA isolate was negative for a pSK41-
like plasmid (Table 4).

We investigated whether the presence of a pSK41-like plasmid
in the recipient strain facilitated conjugation of the vanA plasmid
by introducing such a plasmid into MRSA5 and -7 and repeating
the conjugation experiments. Two different pSK41-like plasmids
were tested: either the pSK41-like plasmids isolated from MRSA1
or the prototype plasmid isolated from S. aureus strain RN4220.
Conjugation of the vanA plasmid was successful when MRSA5
and -7 carried either pSK41-like plasmid (Table 5).

The presence of a pSK41-like plasmid in the recipient S. aureus
strain was necessary for in vitro conjugal transfer of an Inc18-like
vanA plasmid. However, MRSA5 and -7, which were naturally
negative for a pSK41-like plasmid, were also the likely recipient
strains of an Inc18-like vanA plasmid in the fifth and seventh
VRSA cases. It could be that conjugation of an Inc18-like vanA
plasmid to a pSK41-negative S. aureus strain might be promoted

TABLE 4 Conjugative transfer of an Inc18-like vanA plasmid from E.
faecalis to different S. aureus recipientsa

Recipient
pSK41-like plasmid
in recipient

Avg transfer frequencyb (no. of successful
conjugation expts/total no. of expts)

MRSA1 � 1.9 � 10�7 (3/3)
MRSA3 � 8.7 � 10�7 (3/3)
MRSA5 � NA (0/3)
MRSA7 � NA (0/3)
MRSA8 � 7.9 � 10�7 (3/3)
a The donor strain in all experiments was VR-E. faecalis4.
b The transfer frequencies were expressed as the number of transconjugants per
recipient. NA, not applicable because there were no successful conjugation experiments,
the lower level of detection was 10�10.

TABLE 5 Conjugative transfer of different plasmids to MRSA5 and MRSA7a

Recipient

Transfer frequencyb (no. of successful conjugation expts/no. of expts)

None Culture of MRSA1 MRSA5 MRSA5/pMRSA1 RN4220
RN4220/pSK41
prototype

Mating expts with VR-E. faecalis4 as donor
MRSA5 NA (0/3) �1.8 � 10�8 (2/3) NA (0/3) 1.5 � 10�8 (3/3) NA (0/3) �2.8 � 10�8 (2/3)

Inc18 traA/repR PCR NA �/� NA �/� NA �/�
pSK41 traE/traK PCR NA �/� NA �/� NA �/�

MRSA5/pMRSA1 2.5 � 10�7 (3/3) ND4 ND ND ND ND
Inc18 traA/repR PCR �/� NA NA NA NA NA
pSK41 traE/traK PCR �/� NA NA NA NA NA

MRSA5/pSK41 prototype 1.7 � 10�7 (3/3) ND ND ND ND ND
Inc18 traA/repR PCR �/� NA NA NA NA NA
pSK41 traE/traK PCR �/� NA NA NA NA NA

MRSA7 NA (0/3) �10�9 (2/3) NA (0/3) �1.6 � 10�9 (1/3) NA (0/3) �1.3 � 10�9 (1/3)
Inc18 traA/repR PCR NA �/� NA �/� NA �/�
pSK41 traE/traK PCR NA �/� NA �/� NA �/�

MRSA7/pMRSA1 1.8 � 10�8 (3/3) ND ND ND ND ND
Inc18 traA/repR PCR �/� NA NA NA NA NA
pSK41 traE/traK PCR �/� NA NA NA NA NA

MRSA7/pSK41 prototype 10�8 (3/3) ND ND ND ND ND
Inc18 traA/repR PCR �/� NA NA NA NA NA
pSK41 traE/traK PCR �/� NA NA NA NA NA

Mating expts with E. faecalis
JH2-2/pAM373 as donor

MRSA5 1.4 � 10�7 (3/3)c ND ND ND ND ND
MRSA5/pMRSA1 �2.1 � 10�8 (1/3) ND ND ND ND ND
MRSA7 �9.1 � 10�8 (2/3) ND ND ND ND ND
MRSA7/pMRSA1 �1.4 � 10�8 (2/3)c ND ND ND ND ND

a All transformants were positive for vanA and negative for E. faecalis ddl by PCR. PCR results for Inc18- and pSK41-specific genes in transconjugants are listed under each
successful conjugation experiment.
b The transfer frequencies were expressed as the number of transconjugants per recipient. Average transfer frequencies were reported when more than one conjugation experiment
was successful. The cell-free filtrate added to the conjugation mixture is indicated in the subheadings. Some of these results are also in Table 4, but they are repeated here for
reference purposes. NA, not applicable because there were no successful conjugation experiments (the lower level of detection was 10�10); ND, not done.
c These results were also in Table 1, but they are repeated here as a reference.
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by a helper cell, e.g., a third cell that carried pSK41. To test this
hypothesis, we repeated the conjugation experiments with
MRSA5 and -7 as recipients but added a cell-free filtrate from a
bacterial culture to determine whether any of the cell-free filtrate
facilitated conjugal transfer of the vanA plasmid. Transfer of vanA
was evaluated in the presence of a cell-free filtrate from a culture of
MRSA1 that carries a pSK41-like plasmid, from a culture of
MRSA5, from a culture of MRSA5 transformed with the pSK41-
like plasmid from MRSA1 (MRSA5/pMRSA1), from a culture of
RN4220, and from a culture of RN4220 transformed with the
pSK41 prototype plasmid. Successful conjugal transfer of vanA to
MRSA5 and MRSA7 was observed in the presence of a cell-free
culture filtrate when the bacterial strain carried a pSK41-like plas-
mid (MRSA1, MRSA5/pMRSA1, and RN4220/pSK41). Not all
conjugation attempts were successful and the conjugation fre-
quency was close to the limit of detection (e.g., a frequency of 10�9

transconjugants per recipient cell with a lower level of detection of
10�10). No transconjugants were detected when the cell extract
was from a culture of MRSA5 or RN4220.

We investigated whether the presence of a pSK41-like plasmid
could affect conjugation of the pheromone responsive, non-
Inc18-like plasmid, pAM378. Mating experiments were con-
ducted using MRSA5/pMRSA1 and MRSA7/pMRSA1 as recipi-
ents. The presence of a pSK1-like plasmid in MRSA5 and -7 did
not appear to affect the conjugation frequencies (Table 5).

DISCUSSION

Previously, we reported the association of Inc18-like vanA Entero-
coccus plasmids with VRSA cases. A total of 13 VRSA cases have
been identified in the United States and an Inc18-like vanA plas-
mid was identified in the VRE or VRSA isolates from 8 of 13 cases.
The presence of this plasmid in Enterococcus appears to be impor-
tant for the in vivo transfer of vanA from Enterococcus to S. aureus.
In the present study we identified a characteristic of the recipient
S. aureus that is necessary for in vitro transfer of this Enterococcus
plasmid to S. aureus. Three VRSA-associated MRSA isolates
(MRSA1, -3, and -8) which naturally carry the pSK41-like plas-
mids could accept the Inc18-like vanA plasmids from enterococci,
while the other two isolates (MRSA5 and -7), which carry no
pSK41-like plasmids had no detectable conjugative transfer. How-
ever, when these two isolates were transformed with pSK41-like
plasmids or conjugation experiments were performed in the pres-
ence of the culture filtrate from S. aureus containing a pSK41-like
plasmid, transfer was successful. Furthermore, our results (Table
2) showed that pSK41 did not promote the transfer frequency of
pAM378, a sex pheromone-responsive conjugative plasmid.

There is much to learn about the transfer of foreign DNA to S.
aureus. In the present study, we used MRSA from VRSA case pa-
tients as the recipient strains of the Inc18-like vanA plasmid. We
did this because our purpose in conducting these studies was to
understand how VRSA arise in nature rather than a study of
Gram-positive conjugation. For this reason, we limited conjuga-
tion experiments to naturally occurring donor and recipient
strains. As a result, we have not ruled out other characteristics that
may be specific to these strains which contribute to their ability to
acquire the Inc18-like vanA plasmid. Others have shown that mu-
tations in genes of the SauI type I restriction-modification system
(32, 36) or mutations in the CRISPR (clustered, regularly inter-
spaced, short palindromic repeat) loci can increase a strain’s abil-
ity to accept foreign DNA (37, 38). In the present study, conjuga-

tion experiments with pAM378 demonstrated that most MRSA
acquire foreign DNA at a rate that is somewhere between control
strains RN4220 and its parent strain 8325-4. Unlike its parent
strain, S. aureus RN4220 has a critical stop codon in the hsdR gene
of the SauI restriction-modification system that allows the strain
to accept foreign DNA at a rate that is higher than its parent strain
and most clinical isolates of S. aureus. In fact, the conjugation rates
reported here are consistent with the conjugation rates for clinical
isolates of S. aureus reported by Waldron and Lindsay (32). In-
deed, by these criteria, one MRSA strain, MRSA8, is below average
in its ability to accept foreign plasmid DNA. However, this strain
was able to acquire the Inc18-like vanA plasmid, suggesting that a
feature other than a general ability to acquire foreign DNA was at
play.

The observation that pSK41-like plasmids can promote conju-
gation of an Inc18-like plasmid from another cell to the pSK41-
like plasmid host cell is novel. Similarly, the ability of pSK41-like
plasmids to promote conjugation via diffusion of gene products in
a cell-free culture filtrate is also novel. Our experiments suggest
that the strain carrying a pSK41-like plasmid produces an extra-
cellular substance that promotes conjugation. It should be noted
that the effect of the cell-free culture filtrate on conjugation was a
bit weaker than the effect of a pSK41-like plasmid in the recipient
strain. All of these conjugations were infrequent events, but the
conjugations that occurred in the presence of a cell-free filtrate
were at the lower limit of detection. It could be that the transfer of
Inc18-like vanA plasmids occurs just below our detection level
and that by repeating the experiments enough times we were able
to detect this low frequency event. However, our controls suggest
some benefit of using a cell extract from a pSK41-like positive
strain and having pSK41-like plasmid in the recipient clearly pro-
moted conjugation.

Additional studies are needed to understand the role and
mechanism of pSK41 in this process. The extracellular factor pro-
duced by strains carrying a pSK41-like plasmid may be the pher-
omone-like lipoprotein encoded by pSK41 (39). Pheromones
promote conjugation of pheromone-responsive plasmids be-
tween enterococci by inducing aggregation of the donor and re-
cipient strains and in vitro pheromones can induce aggregation of
the donor strain alone. Inc18-like plasmids are not pheromone
responsive, and it was previously shown that S. aureus with
pSK41-like plasmids do not induce aggregation of VRE with
Inc18-like vanA plasmids (1, 31). If this lipoprotein is the extra-
cellular substance that promotes conjugation, the mechanism is
unclear, but it may be involved in an intracellular signal pathway
that ultimately promotes conjugation (40).

pSK41- and Inc18-like plasmids do have homologous conju-
gation systems which encode a type IV secretion system. In gen-
eral, type IV secretion systems facilitate cell-to-cell transfer of in-
tracellular material, such as a conjugative plasmid or a protein.
There are three components to this system: a coupling protein that
recognizes and binds the intracellular material, a transport chan-
nel that allows the material to pass through the cellular mem-
brane, and a cell surface adhesion or pilus that facilitates cell-
to-cell contact. Although both plasmids have homologous
conjugation systems, pSK41-like plasmids are only found in
staphylococci, and Inc18-like plasmids are found in streptococci
and enterococci, which suggests that these plasmids lack some
component that is necessary for transfer between these different
groups of bacteria. We hypothesize that pSK41 may promote
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Inc18 plasmid conjugation to S. aureus by complementing the
missing component of the Inc18 type IV secretion system (10, 24).
We also propose that this missing component may be an extracel-
lular protein that can be supplied via a nongenetic mechanism in
a cell-free culture filtrate, perhaps an adhesion or pilus that is
necessary for cell-to-cell contact. Little is known about the me-
chanics of Gram-positive conjugation, but the role of a pilus in the
conjugation of pInc18-like plasmids has been hypothesized (41).

The positive effect of a cell-free culture filtrate on conjugation
raises the possibility that the recipient strain does not need to carry
a pSK41-like plasmid. Evidence for a pSK41-like plasmid in the
recipient strain, (i.e., the VRSA is positive for the plasmid or both
the VRSA and a related MRSA are positive for the plasmid) only
exists for five VRSA cases—i.e., cases 1, 3, 8, 9, and 11 (the present
study; CDC, unpublished). In four VRSA cases— cases 2, 4, 6, and
12—no pSK41-like plasmid was found in the VRSA isolates, and a
related MRSA isolate was not identified from the case (the present
study; CDC, unpublished). It could be that the recipient isolate
was either pSK41 negative or lost the plasmid either in vivo or in
vitro. For three VRSA cases— cases 5, 7, and 10 —no pSK41-like
plasmid was identified in the VRSA isolate or the related MRSA
isolates. Again, these isolates could have lost the plasmid, but here
the case for the recipient never carrying pSK41 is a bit stronger
because both the MRSA isolates and the VRSA isolates are nega-
tive. All of the VRSA isolates described here occurred in polymi-
crobial infections, which provides an opportunity for products
from another microbe to contribute to conjugative transfer. We
do not know whether other isolates in these infections were posi-
tive for a pSK41-like plasmid and may have acted as “helper cells”
for conjugation. It is also possible that the beneficial effect derived
from pSK41 could be overcome by another mechanism. For ex-
ample, if pSK41 does facilitate cell-cell adhesion, this limitation
could potentially be overcome by the physical proximity of strains
in a biofilm.

We found that the presence of vanA in our transconjugants was
relatively unstable, and yet most of the naturally occurring VRSA
isolates stably maintained vanA (data not shown). For the first
VRSA, it was hypothesized that the Inc18-like vanA plasmid
moved by conjugation into the S. aureus isolate and then Tn1546
transposed from the Inc18-like plasmid to the pSK41-like plas-
mid. The Inc18-like plasmid was not maintained in the S. aureus
recipient, but the Tn1546-carrying pSK41-like plasmid was main-
tained. Thus, the pSK41-like plasmid appears to have served a role
in rescuing the resistance marker. This may also be the case for
three of the first nine VRSA isolates, where vanA was found on a
pSK41-like plasmid (1; the present study). Characterization of
subsequent VRSA isolates is ongoing.

If our hypothesis for how pSK41-like plasmids contribute to
conjugation of Inc18-like plasmids from E. faecalis to S. aureus is
correct, then conjugative transfer of other Inc18-like plasmids to
S. aureus should also be possible when other pSK41-like plasmids
are present. It should also be possible to identify the conjugation-
promoting factor of pSK41-like plasmids, synthesize it in vitro and
promote conjugation transfer by supplying the purified product
in trans. The implication of understanding Gram-positive conju-
gation in greater detail can have very real public health impact.
Right now, VRSA isolates are occurring at a slow rate. This could
be because the number of potential donor VRE with Inc18-like
vanA plasmids is low, �2% among vanA-positive VRE strains
isolated from intensive care unit patients (2). Likewise, in a survey

of 2,455 methicillin-resistant S. aureus isolates from invasive in-
fections, �4% of the isolates were potential recipients positive for
a pSK41-like plasmid (29). In addition to the relatively low num-
bers, even when these strains do happen to meet, the conjugation
transfer is infrequent. These factors may explain the low frequency
at which VRSA isolates are identified. However, bacteria are very
good adapters, and if this plasmid transfer between Enterococcus
and Staphylococcus becomes more efficient, then we could en-
counter a resistance problem in S. aureus similar to that we are
currently encountering with Enterobacteriaceae where multidrug-
resistant plasmids are circulating and intergenus plasmid transfer
is common. Understanding conjugation at the molecular level
may reveal opportunities to disrupt plasmid transmission and in
turn slow the dissemination of resistance.
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