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A novel ABC transporter gene, vga(C), was identified on the 14,365-bp multiresistance plasmid pKKS825 in
a porcine methicillin (meticillin)-resistant Staphylococcus aureus isolate of sequence type 398. The vga(C) gene
encodes a 523-amino-acid protein which confers resistance not only to streptogramin A antibiotics but also to
lincosamides and pleuromutilins. Plasmid pKKS825 also carries the resistance genes aadD, tet(L), and dfrK,
which may enable the coselection of vga(C) under selective pressure by kanamycin/neomycin, tetracyclines, and
trimethoprim.

Methicillin (meticillin)-resistant Staphylococcus aureus
(MRSA) strains of sequence type 398 (ST398) are predomi-
nantly found in pigs, where they commonly occur as colonizers
and are only rarely associated with infections (19–22). In the
BfT-GermVet study 2004–2006, 248 coagulase-positive and
-variable staphylococci associated with acute disease condi-
tions in pigs and cats/dogs were investigated for their suscep-
tibility to 24 antimicrobial agents (16). Only five MRSA strains
had been identified, all of which were from pigs and were
assigned to ST398 (16, 18). These five porcine MRSA ST398
strains were multiresistant and originated from infections of
the skin or the urinary/genital tract, including metritis-mastitis-
agalactia syndrome (16, 18). Further screening of these strains
for transferable antimicrobial resistance led to the identifica-
tion of the multiresistance plasmid pKKS825. The strain car-
rying this plasmid originated from a pig suffering from a skin
infection and was isolated in September 2004 in Lower Saxony,
Germany (18).

Southern blot hybridization experiments revealed that plas-
mid pKK825 carried at least the tetracycline resistance gene
tet(L) and the recently discovered trimethoprim resistance
gene dfrK. Plasmid pKKS825 was transferred by protoplast
transformation into the recipient strain Staphylococcus aureus
RN4220 and transformants were selected on regeneration
plates supplemented with either 20 �g/ml tetracycline or 30
�g/ml trimethoprim (10). The plasmid was sequenced com-
pletely on both strands by primer walking, starting with primers
from the dfrK gene. Susceptibility testing of the pKKS825
transformants was conducted by either broth microdilution or
broth macrodilution according to CLSI recommendations (5).
S. aureus ATCC 29213 served as the quality control strain.

A sequence analysis revealed that plasmid pKKS825 con-
sisted of 14,365 bp and exhibited 10 reading frames of �150
amino acids (aa). The schematic presentation of plasmid

pKKS825 is shown in Fig. 1. The initial 3,215 bp corresponded
closely (99.4% identity) to the sequence of plasmid pSCFS1
from Staphylococcus sciuri (9). This segment contained reading
frames for a 408-aa protein with homology to putative re-
combinase/mobilization proteins, a 453-aa plasmid replica-
tion protein and a 167-aa protein whose N-terminal 73 aa
corresponded exactly to the TnpB transposase protein of Tn554.
Further downstream, a reading frame for a 393-aa protein was
detected whose C-terminal 217 aa were indistinguishable from
the RepU sequences of plasmids pUB110 (11), pBC16 (13, 14),
and pKKS2187 (8). Three antimicrobial resistance genes were
detected downstream of this repU-related reading frame: (i)
the aadD gene coding for a 256-aa aminoglycoside adenyl-
transferase which confers resistance to kanamycin and neomy-
cin, (ii) the tet(L) gene encoding a 459-aa protein of the major
facilitator family and mediating resistance to tetracyclines, and
(iii) the dfrK gene coding for a recently described dihydrofolate
reductase of 163 aa which confers trimethoprim resistance.
This arrangement �repU-tet(L)-dfrK was almost identical (99.5%
identity) to that of plasmid pKKS2187 (8), which also origi-
nated from a porcine MRSA ST398 strain. An analysis of the
pKKS825 sequence, however, showed that a 1,036-bp segment
encompassing the aadD gene was inserted between the repU
and the tet(L) gene sequences. At the junctions of pKKS2187-
homologous to -nonhomologous sequences, direct duplications
of 7 bp were detected (Fig. 1). Since this 7-bp sequence, 5�-C
GGGCCA-3�, was also present in pKKS2187, it might have
served as the integration of the aadD region into a pKKS2187-
like repU-tet(L) sequence. Further downstream of this resis-
tance gene region, another two reading frames were detected:
one coding for a 409-aa protein which was distantly related to
the Mob proteins of pBC16 and pUB110 (37.8% identity and
60.0% similarity) (11, 13) and the other for a putative plasmid
replication protein of 271 aa which was related to the Rep
protein of Macrococcus caseolyticus (48.9% identity and 67.5%
similarity) (3). The largest reading frame of plasmid pKKS825
coded for a protein of 523 aa. This protein revealed the typical
features of a class 2 ABC transporter consisting of two ATP-
binding cassettes, each with the Walker A and B motifs as well

* Corresponding author. Mailing address: Institute of Farm Animal
Genetics, Friedrich-Loeffler-Institute (FLI), Höltystr. 10, 31535 Neu-
stadt-Mariensee, Germany. Phone: 49-5034-871-241. Fax: 49-5034-
871-246. E-mail: stefan.schwarz@fli.bund.de.

� Published ahead of print on 26 May 2009.

3589



as the signature motif involved in ATP binding and hydrolysis
(15). Structural comparisons identified closest similarity to the
similar-sized Vga(A) variants of staphylococci (62.3% to
65.5% amino acid identity) (2, 4, 6, 7, 12) and only 39.2%
identity to Vga(B) (1). Based on this comparatively low iden-
tity to previously known Vga proteins, the novel ABC trans-
porter was designated Vga(C) by the MLS nomenclature cen-
ter (http://faculty.washington.edu/marilynr/). The homology
tree shown in Fig. 2 identified the Vga(C) protein on a sepa-

rate branch between the Vga(A) variants and the Vga(B) pro-
tein. Since some of the Vga(A) variants had been reported to
also mediate reduced susceptibility or resistance to lincos-
amides and/or pleuromutilins (4, 6, 12), S. aureus RN4220
and its pKKS825 transformant were comparatively investi-
gated for their MICs to virginiamycin M1, lincomycin, pirli-
mycin, clindamycin, tiamulin, and valnemulin in addition to
neomycin, kanamycin, trimethoprim, tetracycline, and, for con-
trol purposes, erythromycin (Table 1). Based on the MIC in-
creases seen in the presence of plasmid pKKS825, Vga(C)
mediated resistance not only to the streptogramin A antibiotic
virginiamycin M1 but also to the lincosamides lincomycin, pirli-
mycin, and clindamycin as well as the pleuromutilins tiamulin
and valnemulin. A comparative analysis of S. aureus RN4220
transformants harboring plasmid pKKS2187, which carries
only tet(L) and dfrK (8), or plasmid pSTS7, which carries only
tet(L) and aadD (17), confirmed the expected increases in the
MICs of tetracycline and trimethoprim or tetracycline and
kanamycin/neomycin, respectively, while no increases in the
MICs of streptogramin A, lincosamides, or pleuromutilins
were seen. This observation confirmed that Vga(C) mediates
resistance to streptogramin A antibiotics, lincosamides, and
pleuromutilins.

The structural analysis of plasmid pKKS825 identified four
different resistance genes which confer resistance to members
of six different classes of antimicrobial agents. Given the fact
that this plasmid was identified in an MRSA strain that addi-
tionally carried a mecA gene for �-lactam resistance, a tet(M)
gene for resistance to tetracycline/minocycline, an erm(A) gene
for combined resistance to macrolides, lincosamides, and

FIG. 2. Homology tree of the staphylococcal Vga(A) (2, 4, 6, 7, 12),
Vga(B) (1), and Vga(C) (this study) proteins. Database accession
numbers of the various Vga proteins are indicated. The branching
order follows the amino acid exchanges observed in a multisequence
alignment. The percentages of identity are rounded up or down to the
nearest integral percent values.

FIG. 1. Comparison of the plasmid pKKS825 (EMBL accession no. FN377602) identified in the present study with the tet(L)-dfrK segment of
plasmid pKKS2187 (accession no. FM207105). The arrows indicate the extents and directions of the transcription of the genes rep, repU (plasmid
replication), tet(L) (tetracycline resistance), dfrK (trimethoprim resistance), pre/mob (plasmid recombination/mobilization), and �tnpB (truncated
transposase B). The different rep and pre/mob genes are displayed in different shadings to underline their structural differences. The IS257 elements
in the map of pKKS2187 are shown as black boxes with the white arrows indicating the transposase tnp genes. The regions of �99% homology
between pKKS825 and pKKS2187 are marked by gray shading. The sequences at the junctions of pKKS2187-homologous and -nonhomologous
parts in pKKS825 are shown in comparison to the corresponding pKKS2187 sequence between the two maps; the 7-bp direct repeats are shown
in boxes.
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streptogramin B antibiotics, and an aacA-aphD gene for resis-
tance to gentamicin, kanamycin, and tobramycin (18), thera-
peutic options to control infections due to such an MRSA
strain are limited. Thus, the monitoring of multiresistance plas-
mids, such as pKKS825, among MRSA strains is required to
determine their prevalence and dissemination.

Nucleotide sequence accession number. The sequence of the
14,365-bp plasmid pKKS825 has been deposited in the EMBL
database under accession number FN377602.
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TABLE 1. Comparative analysis of the MICs of S. aureus RN4220 and the S. aureus RN4220 transformants carrying the plasmids pKKS825,
pKKS2187, and pSTS7

Bacterial strain Resistance genes
MIC (�g/ml)a

VIR M1 TIA VAL CLI PIR LIN ERY TET KAN NEO TMP

S. aureus RN4220 4 0.06 0.03 �0.12 0.25 1 0.25 0.06 4 �1 0.5
S. aureus RN4220(pKKS825) aadD, tet(L), dfrK,

vga(C)
32 �128 �128 2 4 64 0.25 64 32 64 �512

S. aureus RN4220(pKKS2187) tet(L), dfrK 4 0.06 0.03 �0.12 0.25 1 0.25 64 4 �1 �512
S. aureus RN4220(pSTS7) aadD, tet(L) 4 0.06 0.03 �0.12 0.25 1 0.25 64 32 64 0.5

a Antimicrobial agents are abbreviated as follows: VIR M1, virginiamycin M1; TIA, tiamulin; VAL, valnemulin; CLI, clindamycin; PIR, pirlimycin; LIN, lincomycin;
ERY, erythromycin; TET, tetracycline; KAN, kanamycin; NEO, neomycin; and TMP, trimethoprim.
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