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We identified a novel plasmid-borne gene (designated gacJ) encoding resistance to quaternary ammonium
compounds (QACs) in three staphylococcal species associated with chronic infections in four horses. gacJ was
located on a 2,650-bp plasmid (designated pNVHO01), a new member of the pC194 family of rolling-circle
replication plasmids. The 107-amino-acid protein, QacJ, showed similarities to known proteins of the small
multidrug resistance family: Smr/QacC (72.5%), QacG (82.6%), and QacH (73.4%). The benzalkonium chloride
MIC for a gacJ-containing recombinant was higher than those for otherwise isogenic recombinants expressing
Smr, QacG, or QacH. Molecular epidemiological analyses by pulsed-field gel electrophoresis suggested both
the clonal spread of a gac/-harboring Staphylococcus aureus strain and the horizontal transfer of pNVHO01
within and between different equine staphylococcal species. The presence of pNVHO1 of identical nucleotide
sequence in different staphylococcal species suggests that recent transfer has occurred. In three of the horses,
a skin preparation containing cetyltrimethylammonium bromide had been used extensively for several years;
this might explain the selection of staphylococci harboring the novel QAC resistance gene.

The coagulase-positive species Staphylococcus aureus and
Staphylococcus intermedius are associated with various infec-
tious diseases in horses, particularly skin and bone disorders
(27, 30). Lesions of the limbs caused by trauma may be infected
with staphylococci normally present on the skin, resulting in
localized suppurating infections. Various pathogenic staphylo-
cocci are frequently isolated from skin lesions and are often
mixed with other bacteria or dermatophytes (4).

Quaternary ammonium compounds (QACs) are widely used
as disinfectants and antiseptics for control of bacterial growth
in domestic households, health care settings, and the food
industry. Benzalkonium chloride (BC) and cetyltrimethylam-
monium bromide (CTAB) are active components in various
preparations commonly used in veterinary medicine (2; J. Bjor-
land, and M. Sunde, Abstr. Summer Conf. Antibiot. Biocide
Resist. Bacteria, abstr. P45, 2001). Antiseptic preparations for
horses are widely used to prevent or treat bacterial skin infec-
tions. Most of these preparations are commercially available
without a prescription from a veterinarian, and information on
the active disinfectant component is usually not supplied in the
table of contents on the container label.

Staphylococcal resistance to QACs is known in human med-
icine and has been reported from the food industry (9, 15, 28,
29). Three different QAC genes from clinical human isolates of
S. aureus and coagulase-negative staphylococci (CoNS) have
been characterized: qacA, gacB, and smr (qacC) (13, 14, 19).
Two additional genes, qacG and gacH, have been found in
isolates of CoNS from the food industry (7, 8). Staphylococcal
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QAC resistance genes are, in general, plasmid borne; and the
smr, gacG, and gacH genes are normally harbored by small
plasmids less than 3 kb and encode efflux proteins belonging to
the small multidrug resistance (SMR) family (7, 8, 22). The
proteins expel hydrophobic drugs including QACs, the inter-
calating dye ethidium bromide (EBR), and some other cationic
biocides by means of an H*/drug antiport mechanism (3).

Our knowledge about resistance to QACs in bacteria asso-
ciated with disease in animals is limited. Recently, smr was
found in bovine S. aureus isolates (2) and gacA was found in
bovine and feline Staphylococcus haemolyticus isolates (1).
Staphylococcus warneri, which contains both gacA/qacB and
smr, and Staphylococcus epidermidis, which contains smr, were
found to be associated with bovine clinical mastitis (Bjorland
and Sunde, Abstr. Summer Conf. Antibiot. Biocide Resist.
Bacteria, 2001). Here we report on the identification and char-
acterization, as well as some epidemiological aspects, of a
novel QAC resistance gene, designated gac/, harbored by the
novel staphylococcal plasmid pNVHO1, present in both coag-
ulase-positive staphylococci and CoNS associated with various
infectious diseases in four horses.

MATERIALS AND METHODS

Animals and bacterial isolates. During a 14-month period, 50 equine staph-
ylococcal isolates recovered from clinical specimens subjected to bacteriological
examination at the National Veterinary Institute or The Norwegian School of
Veterinary Science, Oslo, Norway, were screened for QAC resistance as de-
scribed below. Twelve isolates were QAC resistant and were further examined by
PCR with plasmid DNA as the template. Seven of these isolates, in which neither
qacAlqacB, smr, nor gacH was detected but in which a faint PCR product was
obtained when gacG-specific primers were used, were selected for further ge-
netic studies. The seven isolates were cultivated from single specimens from each
of four horses (horses A, B, C, and D) on three equine operations in eastern
Norway. Horses A and B (on the same operation) had dermatitis, horse C had
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TABLE 1. Bacterial strains and plasmids used or identified in the study

Species and strain or
plasmid®

Remarks

Source or referenceb

S. intermedius
119-r
139-r
139-s

S. aureus
120-r
120-c
140-r
140-s
538-r
538-c
184-r
RN4220
RN4220(pSK265)
RN4220(pSK265) smr
RN4220(pSK265) qacG
RN4220(pSK265) gacH
RN4220(pSK265) gacl

S. simulans 138-r

E. coli DH5«

Plasmids
pNVHO1

pUCI8 Smal/BAP
pSK265

Wild-type strain, pNVHO1
Wild-type strain, pNVHO1
Closely related to 139-r, but plasmid free

Wild-type strain, pNVHO1

Isogenic to 120-r but cured for plasmid
Wild-type strain, pNVHO1

Isogenic to 140-r but plasmid free

Wild-type strain, pNVHO1

Isogenic to 538-r but cured for plasmid
Wild-type strain, pNVHO1
Restriction-deficient, plasmid-free host strain
RN4220 containing cloning vector pSK265
RN4220 containing smr gene and promoter
RN4220 containing gacG gene and promoter
RN4220 containing gacH gene and promoter
RN4220 containing gacJ gene and promoter

Wild-type strain, pNVHO1
Host strain for pUC18
2.650-kb; contains gacJ

2.686-kb cloning vector
3.0 kb cloning vector

This study, A
This study, B
This study, B

This study, A
This study, A
This study, B
This study, B
This study, C
This study, C
This study, D
12

11

8

8

7

This study

This study, B
Life Technologies
This study

Amersham Biosciences
11

pSK265/qact 3.6 kb with gacJ gene and promoter This study

“1, QAC resistant; s, QAC sensitive; ¢, cured for pNVHO1.
> A, B, C, and D refer to the horses from which the strains were isolated.

a postoperative wound infection, and horse D had arthritis. According to infor-
mation given by the care personnel in the different equine operations, a skin
preparation containing CTAB had been used for several years on three of the
horses (horses A, B, and D). For epidemiological purposes, two QAC-susceptible
staphylococcal isolates from horse B, recovered from the same specimen as the
QAC-resistant isolates, were also included in the study. The bacterial strains and
plasmids used or identified in the study are shown in Table 1.

Screening procedure. Mueller-Hinton (MH) agar plates containing BC or
CTAB were used for screening as described previously (1), except that 50 wl of
diluted culture (10° CFU/ml) was spread on each MH agar plate. Isolates show-
ing confluent or semiconfluent growth on MH agar containing CTAB at =5.5
pg/ml and BC at =3.5 pg/ml were grown at 37°C on MH agar containing EBR
(0.5 pg/ml), followed by inspection for fluorescence under UV light, as described
previously (31). Cells accumulating EBR had a red fluorescence and were con-
sidered QAC sensitive; cells that did not accumulate EBR were white and were
thus defined as QAC resistant.

DNA isolation and analysis. Plasmid DNA was isolated with the QIAprep
Spin Miniprep kit (QIAGEN, Hilden, Germany). Cells were lysed with lyso-
staphin (Sigma-Aldrich, St. Louis, Mo.), which was added to the resuspension
buffer to a final concentration of 40 wg/ml, and were incubated at 37°C for 90
min. Plasmid DNA was restricted with Haelll and SspI (Life Technologies,
Paisley, United Kingdom). The sizes of the unrestricted plasmids and DNA
fragments were estimated after agarose gel electrophoresis, with bacteriophage
N\ Hindlll, $X174 Haelll, and a supercoiled DNA ladder (Life Technologies)
used as molecular weight markers.

Curing of QAC resistance plasmid. Curing of plasmids from two S. aureus
isolates (isolates 120-r and 538-r), one S. intermedius isolate (isolate 119-r), and
the Staphylococcus simulans isolate was performed by plating out frozen stocks
(—80°C) directly onto MH agar containing EBR (0.5 wg/ml). The plates were
subsequently incubated at 37°C overnight. The colonies were inspected for flu-
orescence as described previously (31). Colonies that fluoresced red and that
accumulated EBR and white colonies that did not accumulate EBR were ana-
lyzed for their plasmid contents and resistance to QAC.

Species determination. Identification of staphylococci was based on standard
laboratory criteria and the use of the Staph-Zym biochemical test kit (Rosco,
Tastrup, Denmark). Additionally, PCR amplification and sequencing of 583 bp
of the 16S rRNA gene were carried out with the primers (Life Technologies) 16S
rRNA-For (5'-CGGCGTGCCTAATACATGC-3") and 16S rRNA-Rev (5'-CG
TGGGCTTTCACATCAGAC-3"). The primers were designed after comparison
of the 16S rRNA gene sequences from the topical species to ensure reliable
species identification. Sequencing was carried out with an ABI PRISM 377
sequencer (ABI Biosystems, Perkin-Elmer Cetus Corp., Norwalk, Conn.), and
the sequences were compared by use of the Sequencer (version 3.1) software
package (Gene Codes Corporation, Ann Arbor, Mich.).

Cloning and sequencing of pNVHO1. Plasmids from all QAC-resistant isolates
(except isolate 184-r) that harbored the novel QAC resistance determinant were
cloned and sequenced. The 2.65-kb plasmids in isolates 138-r and 538-r were
separated from the other plasmids by gel electrophoresis, followed by purifica-
tion with the QIAgen Gel Extraction kit (QIAGEN). The plasmid was linearized
with Haelll (Life Technologies), followed by several unsuccessful attempts to
clone the complete 2.65-kb plasmid into pUCIS8 digested with Smal-bacterial
alkaline phosphatase (Amersham Biosciences, Uppsala, Sweden). Restriction
analysis with SspI (Life Technologies) demonstrated three fragments of approx-
imately 1,450, 1,130, and 70 bp, respectively. Blunt-end-digested plasmid frag-
ments were ligated into pUC18 digested with Smal-bacterial alkaline phospha-
tase (Amersham Biosciences) and transformed into competent Escherichia coli
DH5a as described previously (6). Transformants were selected by cultivation on
Luria-Bertani agar containing ampicillin (50 wg/ml). Insert-containing vectors
were isolated with the QIAprep Spin Miniprep kit (QIAGEN) and subjected to
cycle sequencing with the BigDye Terminator kit (ABI Biosystems, Foster City,
Calif.) and pUCI8 universal primers (3.2 pmol/ul). All sequencing reaction
mixtures were purified with the DyeEx Spin kit (QIAGEN) to remove unincor-
porated dye terminators prior to sequencing on an ABI 310 Genetic Analyzer
(ABI Biosystems) with polymer POP-6. Complete double-stranded plasmid se-
quences were obtained by a primer walking strategy in combination with se-
quencing of the PCR products to obtain overlapping sequences between the
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various inserts. The raw data were exported from the ABI 310 analyzer into the
Lasergene software package (DNASTAR, Madison, Wis.). All sequence assem-
bly, comparisons, and alignments were done with this software, which addition-
ally performed online searches for related sequences via the National Center for
Biotechnology Information BLAST server.

Recombinant gacJ construct for promoter gene comparisons. The S. aureus
RN4220(pSK265) gacJ clone was constructed by standard molecular techniques.
PCR was used to amplify a 677-bp fragment containing the gacJ gene and
promoter region by using primers with BamHI and EcoRI restriction sites (in
boldface): gacJ-BamHI (5'-ATCGGATCCATAAAAAGCCCCCAGTTTTG-3")
and qacJ-EcoRI (5'-TCAGTCGACGAGCTCGAATTCTTAATGACTTGATC
CAAA-3"). The PCR product was digested (EcoRI and BamHI), purified with
the QIAgen Gel Extraction kit (QIAGEN), and ligated into vector pSK265
before being electroporated into S. aureus RN4220 as described previously (23).
In order to confirm that the gac/ and the promoter insert sequences were
identical to the original plasmid sequence, both strands of the insert were se-
quenced.

Antimicrobial susceptibility. The MICs of BC and CTAB were determined in
a microtiter assay at 0.5-p.g/ml concentration intervals from 0 to 18 pg/ml in MH
broth as described previously (31) and were repeated at least twice. The MIC
analyses were performed with wild-type staphylococci, plasmid-cured derivatives,
and S. aureus RN4220 transformants. The MICs of the following antibiotics for
the wild-type strains were determined by E-test (AB Biodisk, Solna, Sweden):
benzylpenicillin, streptomycin, tetracycline, trimethoprim, chloramphenicol, en-
rofloxacin, gentamicin, cephalothin, clindamycin, erythromycin, fusidic acid, and
oxacillin. Production of B-lactamase was determined by a nitrocefin test (AB
Biodisk).

PFGE. Molecular fingerprinting of staphylococci was performed by pulsed-
field gel electrophoresis (PFGE) with a CHEF-DRIII apparatus (Bio-Rad Lab-
oratories, Hercules, Calif.). Smal-digested DNA was separated on 1% SeaKem
Gold agarose (BioWhittaker Molecular Applications, Vallensbaek Strand, Den-
mark) for 18 h at 14°C and 6 V/cm with pulse times of 1 to 40 s at an angle of
120°. Low Range PFG Marker (New England BioLabs Ltd., Hitchin, United
Kingdom) was used as a fragment size marker. The gel was stained with EBR and
photographed under UV transillumination. PFGE patterns were compared by
visual examination and were interpreted according to recommended guidelines
(32).

Nucleotide sequence accession number. The sequence reported in this paper
was submitted to GenBank and assigned accession no. AJ512814.

RESULTS

Identification of a novel, plasmid-borne QAC resistance
gene. The screening of 50 staphylococcal isolates for QAC
resistance revealed 12 resistant isolates and 38 sensitive iso-
lates. Seven of the QAC-resistant isolates each contained an
approximately 2.65-kb plasmid, and the plasmids had appar-
ently identical endonuclease restriction patterns. PCR resulted
in a faint PCR product when gacG-specific primers were used,
indicating the possible existence of gacG or a closely related
gene in these seven isolates. Furthermore, originally QAC-
resistant isolates became susceptible following plasmid curing,
strongly suggesting that the resistance was associated with the
2.65-kb plasmid in three different staphylococci species. Spe-
cies determination, confirmed by 16S rRNA sequencing, iden-
tified three S. intermedius isolates (isolates 119-r, 139-r, and
139-s), five S. aureus isolates (isolates 120-r, 140-r, 140-s, 538-r,
184-r), and one S. simulans isolate (isolate 138-r) (Table 1).

Nucleotide sequence analysis of plasmid pNVHO1. The nu-
cleotide sequence of the S. aureus (isolate 120-r) QAC resis-
tance plasmid, designated pNVHOL1, is presented in Fig. 1. The
novel 2,650-bp plasmid contains two open reading frames
(OREFs), designated repNVHOI and qacJ. The smaller ORF
(nucleotides [nt] 1428 to 1748) encodes a putative protein
(designated QacJ) of 107 amino acids (aa). An alternative start
codon in gac/ is present at nt 1419 to 1421, potentially encod-
ing a 110-aa protein. The larger ORF transcribed in the op-
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posite direction (nt 100 to 1104) and encoded a putative pro-
tein of 334 aa with extensive similarities to previously described
replication proteins of rolling-circle replicating plasmids. The
—35 and —10 regions were difficult to point out due to the low
degree of homology to previously suggested consensus promot-
ers of gram-positive organisms (5). Figure 2 shows the align-
ment between the QacJ protein and other known staphylococ-
cal proteins of the SMR family. A search for homology and
analysis with the BLAST server revealed certain degrees of
identity to known proteins belonging to the SMR family: Smr
(72.5%), QacG (82.6%), and QacH (73.4%). Similarities in
both coding and noncoding regions were also evident at the
nucleotide level, with the highest degree of resemblance (93%)
being to gacG-containing plasmid pST94 (8).

Complete nucleotide sequencing of gacJ-harboring resis-
tance plasmids in five other isolates belonging to three differ-
ent staphylococcus species was performed. The plasmids in
isolates 139-r and 120-r (Fig. 1) were found to be identical.
One nucleotide substitution was observed in each plasmid
from the following three isolates: 119-r (nt 1590), 140-r (nt
2374), and 138-r (nt 400). Three nucleotide substitutions (nt
1021, 1119, and 1135) and one nucleotide deletion (nt 1373)
were observed in the plasmid from isolate 538-r. Three of the
seven nucleotide variations were located within the protein-
coding regions, and one of these gave rise to an amino acid
substitution (nt 1590 in isolate 119-r) in the gacJ sequence:
ATC (Ile) to CTC (Leu). Two mutations (at nt 400 and 1021)
were silent: GCA to GCT and CGC to CGG, respectively. The
control sequencing of the gacJ gene and promoter construct
revealed one mutation (A to C) at position —283 of the gac/
gene. This mutation is not located in the coding region or the
basic promoter and is therefore considered of no relevance for
gene expression.

Susceptibility testing. The MICs of BC ranged from 3.5 to
4.5 pg/ml for resistant wild-type strains and between 1.0 and
1.5 pg/ml for sensitive and cured strains. The MICs of CTAB
ranged from 7.5 to 10.5 wg/ml for resistant wild-type strains
and from 2.0 to 4.0 pg/ml for sensitive and cured strains. The
MICs were reproducible within a range of 1.0 pg/ml. Despite
several attempts, we did not manage to cure pNVHO1 from the
S. simulans (138-r) and S. intermedius (119-r) isolates. The
MIC:s of the QAC:s for the various RN4220 recombinants are
presented in Table 2. S. aureus isolate 538-r was resistant to
benzylpenicillin, because of B-lactamase production, and to
streptomycin, with MICs of >256 and 96 pg/ml, respectively.
All isolates showed moderate resistance to sulfadiazine (MICs
> 128 pg/ml), and the S. intermedius and S. simulans isolates
were moderately resistant to trimethoprim (MICs > 4 pg/ml).
All nine isolates were susceptible to chloramphenicol, enro-
floxacin, gentamicin, tetracycline, cephalothin, clindamycin,
erythromycin, fusidic acid, and oxacillin.

Molecular epidemiology. The sources and PFGE types of
the seven isolates that contained gac/ and the two QAC-sus-
ceptible isolates are shown in Table 3. Among the S. aureus
isolates, identical or nearly identical PFGE fingerprints were
obtained for both epidemiologically related isolates (horses A
and B) and unrelated isolates (horse D). Plasmid pNVHO1 was
present in S. aureus and S. intermedius strains with different
PFGE fingerprints. These results suggest recent intra- and
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CAAATTAAAATTTTCATAGTAAAACTGGGCAACCATGCCGGTTGAARCGCTATAGTTCCCGCAGGGGCAARAATACATAAARAAAAACGCTAGCTTTTAAGC

TAACGTTTCAAATCTTTTAAGTAATAATTTTGTTTTTCAARATTCCARATTGCAGTAATTGAATGTGCTTTTTCTTCTTCATCAGTTGTTTTATCTTCGT
*R K L DKL Y Y N Q K E F N W I AT I S HAE KETETETDTT X D E
CACTTGTATTAATTAAATTGCCATCTTCGGCATCGTCTAAATTTAAAATTTTATGTTTTTGTTTAAGCAATCCACCATAACTCAACATACGTTTTCGATA
b s TWNTILNGDUEO ADUDU LW NL I K HZ K Q K L L 6 G Y 8 L M R K R Y
TARACCTTTTTCTAAATCACTAACAATCTCTGAATCTTTTTCACTATCTCCAGTTAAATAATCTGATGACTTAACCGAATATTTCGAGGTCTCTTTGATT
L 6 XK EL D S$ V I E S D KESDGTIL Y D S8 8 KV S Y K S T E K I
GCTGCTTGAATATCTTTATCGCCTTTTTGGTTTGGTTTGATCGCTTTAATATTTGCTACTGGTCGATAATTAACTTGTAATGCTTTTTGCCATAAATTAA
A A Q I DK DG K QN P K I A K I NAV P R Y NV Q L A K Q W L N
CCCATTCTTCTTGAGTTATATAATTAGTTTTATTCTTAARATAGCTATTTTCAACACACAATARAACGTGCATATGTTGATTATAACTACCGTCATTTTT
vV W E E Q T I ¥ N T K N K F Y 8 N e VvV ¢ L L VX M H Q N Y 8 G D N K
ACTAACTGTTACTTCGGTTGAACGTAAAAARACCAATTAAATTCTTTTTAACTTTTGTATACATTTTTAATTTATTAAAAGCCTTAGACATATGTTTTAAA
s v T vV E T 8§ R L F 66 I L N K K VvV K T Y M K L K N F A K 8 M H K L
CTTTGTTCTAAATGTTCACCGTCTATTGCATTTCTTGTTGATAGTGTAAGARATAACCAACGTGCTTTTGGCTTTTCTTTCACAACTTCTTCAATCACTT
S ¢ E L B EGD I ANURTS L TILF L WRAIEKUPE XK EI KV V EETI V
TTTGAGCTTGATAACTATTTTTCATAGCACGTCTCCAATTACAAACTGGGCATAATTTTGATTTACAARACCATGTTTTATGTAATTTTAAATAACCTTC
K 0 A QY S N XM ARRWNDNTCGCV?PCULEK S K CUFWTI KHTILI KTUL Y G E
ATCAGTCGGCTTGAACTCTAAGACGTTACCACATTGTTTTACGTTATAAGCCTTTTTTATTTTTAAAATTTCCAGTATATCTGCATAACTTACATTATCT
b TP K F EL VNG CQ kKkV Ny A K K I KL I E L I DAY S V N D
ATTTTCTTTTCTCTCCATGGGCGTTGTTTCGCACTTTTCGTCATATCTTTTAATGTTTCACTATCTTGATTTTCGTCTATATATCTAGTAGTATTATATT
I K K ER W P R Q K G S K TMUDI KL TE S D QDN ED I Y R T TN Y
GCATATAAAAAGCCCCCAGTTTTGATTTTGATTCGACACCTTAATCATATAACTGGGGTTTTTTCATGTCAAATTTTCTTTCARCGACAAARACAACTAA

Qo M <« rep +ori
ARATACTGTAGTATCAACGTTCAAGTGACTTTTTATATCTTTGAGTTATTTCTATATAGTATCAAGACAAGAAGAAACTCGTTTT CAACTCGTTTCAAAA
T

ACCCCCTCAAATTTTTGAAATCACAAAAATCAATACCTCGCGAATCACAAGAARAATACAAGGCTTTTATTTTAATCCCACATAAGCTAAAATTTAAATT

RBS
ATTAAACTTTAAAARAGGATGATAATAATGCCTTACTTATATTTAGTAATAGCGATTATAACTGARATAATAGGAACTAGTTTCTTARAAACAGCAGAAG

gacd — M p v I ¥ L Vv I a2 I I TE I I 6T S F L K T A E G
GATTTACAAAACTTTGGCCAACATTAGGCACACTTATTTCATTCGGGATATGTTTCTATTTTTTAAGTGTAACTATGAAATATTTACCACTCAATGTATC

F T K L w? T L G T L I S F 6 1 ¢ F Y F L 8V T M K Y L P L N V S

TTATGCAACTTGGGCAGGGTTAGGACTAGTTCTTACAACARTAGTTTCAGT TGTAATTTTCARAGAAAGCGTCAATTTAATTAGTATATTTTCAATAATC
Yy AT WA GL GL VL TTTIUV SV VI F KU ES SV NTLTISTIUF S I I
TTAATTATTATTGGTGTTGTGCTTCTTAACGTTTTTGGATCAAGTCATTAPTTGCTTTATTCCAATTGCTTTATTGACGTTGAGCCTCGGAACCCTTAAq
L 1 1 I 6V VvV L L NV F G S S H *

EATCCCAAAACTTGTCGAATGGTCGGCTTAATAGCTCACGCTATGCCGACATTCGTCTGCAAGTTTAGTTAAGGGTTCTTCTCAACATCAATAAATTTTd

GTGTCTATGCGTAGACATGGAGACACTCCGAAATTATGGAGTTCATAACTTCACTCCA’I‘TTAGAAACAAACGAAAAAGTGGAGTGAT
TACATGAGTTTAACTATTTTTCTTTATTCAGTTTTAGCAAGTTTATTAGCAAATTATATCTATGARAAATCTTCAAAATARAATAACTTTTGGGTCTACTT
TGTACACTTTGTCTACCTGGTAGACCCGATTGTTATTGCTTTACAGGTCTAATCTTCGTCGTTATAATCTAGTTARATCCCGTAAGGGCGCATTTACACG
TCGGATAAATCGACGTGTGCAAAACCGTAATCGA;CTTCGTCGATTTTTTATCTTAATTTTAAGTAATCGGTGTTGTAGCACAGATACAAAAATTAATAC
TACATTTATCAGAATCGGCGTTGTGGCGCAGATACAAAAATTAATACTGCATTAACTAGAATCGACGTTGTAGCGTAGATATAARAATCAATACTACATT
AAAATTTAACTAAGATTTAAGCTACTAGTTTTTGCTAGTAGCTTTTTATTTTATTAATCTTCAAATGCCTTTATTTTGAATTTTAAGGGGTCATTTTAAA
GATTTAGGGGTAAATCATATAGTTTTATACCTAAAAACATACATAAGCTTTTAARACGCAAATATGATCARAATARATACATCTCATTTTTACAAACARA

AATTCGAGCAAATCCAGTGTTGATTTTTTAAGACACTGCCCATCTACATG

FIG. 1. Nucleotide sequence of pNVHO01 (GenBank accession no. AJ512814) containing two ORFs. The smaller ORF (gac/; nt 1428 to 1748)
encodes a putative protein (QacJ) of 107 aa. An alternative transcription start codon is present at nt 1419 to 1421 and potentially encodes a 110-aa
protein. The larger ORF transcribed in the opposite direction (nt 100 to 1104) encodes a putative protein of 334 aa. The putative ribosome binding
site (RBS) and the +ori sequence (including the potential replication nick site indicated by a vertical arrow) are underlined. The conserved
single-stranded origion (SSO ,; previously known as pal4) is boxed. Direct repeat sequences are in boldface.

interspecies horizontal plasmid transfer, in addition to the similarities between the putative Qacl] protein and known
clonal spread of gacJ. staphylococcal proteins shown in Fig. 2 suggest that QacJ is a

new member of the SMR family.
The discovery of yet another member of the SMR family

DISCUSSION supports the view that there is a high degree of freedom con-

A novel staphylococcal plasmid-borne gene, designated cerning amino acid substitutions in SMR proteins. The only
qacJ, encoding efflux-mediated resistance to QACs was iden- obvious restriction is conservation of hydrophobic amino acids
tified and sequenced. The gac/ gene was located on a plasmid within the four transmembrane-spanning segments (TMSs).
of 2,650 bp in S. aureus, S. intermedius, and S. simulans. The Protein sequence analysis of more than 60 members of the
nucleotide sequence of pNVHOI from the first isolate col- SMR family has resulted in a proposed consensus for the

lected, S. aureus strain 120-r, is shown in Fig. 1. The sequence TMSs (TMS1 to TMS4) (17). The study revealed that the
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50 60 70 80
41 T CF Y F L S KT MGQUHTLTPTLNTITZYATMWATGTLTGTLUVTILTTUVUV S I I I F KFE Sur/QacC
41 I CF Y F L S T L PLNTITVYATUWAGTILGTILUVUILTT 5 I F K E QacG
41 I CFYFLSKTWMOQHTIL®PTULNTIT YA WAGILGILVLTT VS I F K E QacH
41 I CF Y F L S T M L P L N Yy a T WAGTULGTILV L T T vV 3 I F K E QacJd
N L I T s I LI G V Vv L N F G s H -
90 100
81 Q I N L I T I Vv S 11IUVTLTITIVGUVUVSLNTITFTGTSH Smr/QacC
81 N L I[8)I[T]s I[G]L I G VvV V[L]L N[V]F G[E]|S H QacG
81 0 I N L 1|s|1{I|s I|1|L T I G V V|L|L N|T|F G|s|s H QacH
81 N L IfS|{1|F|S I|I|L I I G V VIL{L N|V|F G|S|s H QacJ

FIG. 2. Alignment of different staphylococcal QAC resistance-related proteins. The amino acids that differ from those in Smr are boxed. The
completely conserved amino acids in all four proteins are denoted on the line above the alignment. The different SMR proteins consist of four
TMSs, TMS1 to TMS4, comprising amino acid residues 3 to 20, 30 to 47, 58 to 74, and 86 to 103, respectively. The only charged TMS amino acid

residue is highly conserved glutamate-13 (in boldface).

glutamate at position 13 or 14 is the only conserved amino acid
throughout all sequences. Interestingly, the Cys-42 deviation
from the proposed SMR family consensus sequence is con-
served in all staphylococcal SMR proteins and has been shown
to be of importance for proper SMR protein function (20). Not
surprisingly, both the conserved Glu-13 and the Cys-42 devia-
tion are present in the putative QacJ protein.

The gene promoter studies followed by MIC determinations
suggest that QacJ confers an increased level of resistance to
BC compared with the level of resistance conferred by Smr,
i.e., MICs of 6.0 and 3.5 pg/ml, respectively, but these two
proteins mediate nearly identical levels of resistance to CTAB
(Table 2). These results indicate an amino acid substitution
affecting the substrate specificity rather than a transcriptional
change caused by a mutation in the gac/ promoter. Such a
promoter mutation would most likely have led to a propor-
tional increase or decrease in resistance to both BC and
CTAB. Differences in resistance phenotypes have been ob-
served among otherwise isogenic strains expressing similar pro-
teins, QacG, QacH, or Smr. The compact size and the number
of genetic and phenotypic variants within this homogeneous
group of efflux proteins should make these proteins suitable for
further functional analyses.

Small staphylococcal plasmids containing genes encoding

TABLE 2. MICs? of BC and CTAB for S. aureus
RN4220 recombinants

MIC (pg/ml)
Isolate

BC CTAB
RN4220 smr =35 =155
RN4220 gqacG =5.0 =155
RN4220 gacH =35 =8.0
RN4220 gacJ =6.0 =16.0
RN4220(pSK265)° =1.0 =25

proteins of the SMR family are structurally very similar, with
highly conserved gene orientations and localizations. These
plasmids are built up of sequence cassettes typical for plasmids
of the pC194 family of rolling-circle replicating plasmids (18,
24). The various cassette-like regions interspersed with other
stretches of sequences most often show extensive homology to
regions present in both small and large plasmids. We observed
complete conservation in regions reported to take part in plas-
mid replication and maintenance. This is the case for the sin-
gle-stranded origin SSO 4 (previously termed palA), involved in
lagging-strand replication of rolling-circle replicating plasmids
and the putative +ori sequence (Fig. 1). The SSO, region is
located just downstream of the QAC resistance determinants
in all reported plasmids that harbor smr, gacG, or gacH; and
this was also observed in pNVHOI.

A longer stretch in which the sequences were nearly identi-
cal (96% identity) was observed between nt 1105 and 1300 of
pNVHO1 and the equivalent sequence of pST94 (putative rep-

TABLE 3. PFGE types (Smal) of nine staphylococcal isolates, with
or without the gacJ gene, recovered from four horses on three
different equine operations

Operation Horse Isolate Species qacl PFGE type

1 A 120-r S. aureus + SA-la*
119-r S. intermedius + SI-1

1 B 140-r S. aureus + SA-1b
140-s S. aureus - SA-1b
139-r S. intermedius + SI-2a®
139-s S. intermedius - SI-2b
138-r S. simulans + SS-1

2 C 538-r S. aureus + SA-2

3 D 184-r S. aureus + SA-1b

“ MICs were reproducible within a maximum range of 1.0 pg/ml.
b Negative control.

“ Closely related to SA-1b (three-fragment difference).
b Closely related to SI-2b (two-fragment difference).
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lication gene promoter region). A sequence identity similar to
that of pST94 extended from nt 2463 to 1 and the replication
gene. In the downstream region (nt 1301 to the initiation
codon gacJ at nt 1428) comprising the gac/ promoter region,
no relatedness to other plasmids was observed. Interestingly,
both the direct repeats (nt 1276 to 1284 plus nt 1287 to 95 and
nt 2282 to 2301 plus nt 2329 to 2348) and inverted repeats (nt
1293 to 1301 plus nt 1312 to 1320 and nt 2419 to 2428 plus nt
2435 to 2444) are located close to the junctions between the
homologous and nonhomologous sequences. The possible role
of repeat structures in plasmid recombination is unknown,
although they may play a role in the integration and excision of
cassettes typical for members of the pC194 plasmid family. The
presence of regions with sequences with extensive identity to
the sequences of other staphylococcal plasmids, including both
small and large plasmids, suggests frequent recombination be-
tween various plasmids and lateral DNA transfer, at least
within the genus Staphylococcus. These events may explain the
many variants of small QAC resistance plasmids that have
been reported (2, 7, 8, 10, 13, 15).

Our findings suggest that the spread of pNVHO1 (containing
qacl) is due to both the dissemination of a pNVHO01-containing
S. aureus clone and plasmid transfer within and between var-
ious equine staphylococcal species (Table 3). The contagious
nature of certain S. aureus strains is well documented in both
veterinary and human medicine (26, 28, 33). There are strong
indications of host specificity among S. aureus clones (16), but
rare cases of human-to-horse transmission of staphylococcal
infections have been reported (25). Our results suggest direct
or indirect contact between animals as likely factors for the
spread of QAC-resistant S. aureus clones between and within
equine operations.

Interestingly, nucleotide sequencing showed a nearly iden-
tical pNVHO1 plasmid in three different staphylococcal species
(S. aureus, S. intermedius, and S. simulans). Comparisons re-
vealed a maximum of 2 nucleotide differences among five iso-
lates (including three different staphylococcal species) from
the same operation, substantiating the assumption that the
pNVHO1 plasmids harbored by these isolates were of a recent
common origin. The sequence of pNVHO1 from the remaining
isolate, recovered from another operation, differed at four or
five positions from the sequences of each of the other isolates.
Isolates with and without pNVHO1 were observed among par-
ticular S. aureus and S. intermedius clones, indicating that the
plasmid is rather easily acquired or lost. We tried to cure
pNVHO1 from various isolates. The plasmid was not elimi-
nated from the S. intermedius and S. simulans isolates; how-
ever, the plasmid was easily cured from the S. aureus isolates.
This indicates that the stability of maintenance of small plas-
mids may vary between different strains or species. Although
pNVHO1 does not contain any genetic elements enabling self-
transmission, the plasmid apparently has a potential for dis-
persion. The mechanism of transfer of these small plasmids is
not known. An in vitro study found that the sub-MIC of CTAB
significantly enhanced the transduction of pWG613 in S. au-
reus in the recovery medium (21). This increase in transduction
efficiency might be explained in part by an effect of the mem-
brane-active agent that leads to increased access to receptor
sites for transduction (21). The prevalence of staphylococci
harboring gacJ and the mechanisms for transfer of this gene
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within and between staphylococcal species should be further
investigated.

Results from recent studies in Norway suggest that QAC
resistance genes are common in human clinical staphylococci
and that a direct linkage between resistance to QACs and
resistance to penicillin occurs in clinical isolates of human and
animal origin as well as in food-related staphylococci (1, 28,
29). No evidence of such linkage between QAC resistance and
antibiotic resistance was found in our study. However, in hu-
man hospital environments, staphylococci resistant to BC have
been shown to be more resistant to certain antibiotics than
BC-sensitive isolates (28). Therefore, it would be of interest to
investigate if long-term exposure to QAC-containing prepara-
tions could represent a driving force for the selection of bac-
terial strains resistant to antibiotics in horse environments as
well as in other environments where QAC-based antiseptics
and disinfectants are being extensively applied.
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