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In this work, we describe a multiplex PCR assay for the detection of clinically relevant antibiotic resistance
genes harbored by some Staphylococcus aureus isolates and for the simultaneous identification of such isolates
at the species level. Conditions were optimized for the simultaneous detection of the 310-, 456-, and 651-bp
regions of the mecA (encoding high-level methicillin resistance), ileS-2 (encoding high-level mupirocin resis-
tance), and femB (encoding a factor essential for methicillin resistance) genes, respectively, from a single
colony in a single reaction tube. The femB PCR fragment allows the specific identification of S. aureus.
Validation of the method was performed using 50 human isolates of methicillin-resistant S. aureus (MRSA) and
the appropriate control strains. This assay offers a rapid, simple, feasible, specific, sensitive, and accurate
identification of mupirocin-resistant MRSA clinical isolates and could be systematically applied as a diagnostic
test in clinical microbiology laboratories, facilitating the design and use of antibiotic therapy.

The selective pressure resulting from the extensive use of
antibiotics over the last 50 years has led to the emergence of
bacterial resistance and to the dissemination of resistance
genes among pathogenic microorganisms (2, 17, 18). The pro-
gressive emergence and rapid dissemination of antibiotic re-
sistance in staphylococci and its association with the use and
consumption of antibiotics constitute a major health concern
and have been considered a global crisis (7, 11, 16, 32). Staph-
ylococci are ubiquitous microorganisms present in the respira-
tory tract and on the skin of a high percentage of adults.
However, several population groups are at serious risk of suf-
fering pathogenic staphylococcal infections. Within the genus
Staphylococcus, S. aureus is the causal agent of most staphylo-
coccal infections and is associated with serious community-
acquired and nosocomial diseases. Serious complications occur
because of multiple-antibiotic-resistant S. aureus. The intro-
duction of new antibiotics in the fight against staphylococcal
infections has stimulated a remarkable case of bacterial evo-
lution in the face of changing selective pressures. Thus, the use
of a new drug has always been followed by the prompt appear-
ance of new staphylococcal resistance.

The first semisynthetic penicillin, namely, methicillin, was
introduced in 1959 to overcome the problems that arose from
the increasing prevalence of penicillinase-producing S. aureus
resistant to penicillin (15). During the 1980s, methicillin-resis-
tant S. aureus (MRSA) started to constitute a widespread hu-
man health concern (7). Methicillin resistance in S. aureus is
primarily mediated by the overproduction of PBP2a, an addi-
tional altered penicillin-binding protein with low affinity for
beta-lactam antibiotics. The mecA gene, the structural deter-
minant encoding PBP2a, is therefore considered a useful mo-
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lecular marker of putative methicillin resistance in S. aureus.
MRSA is one of the most important pathogens that cause
nosocomial infections worldwide. Moreover, S. aureus strains
have a tendency to accumulate additional resistance determi-
nants, resulting in the formation of multiple-antibiotic-resis-
tant MRSA strains, which are creating increasing therapeutic
problems, limiting the choice of therapeutic options.

One of the few antibiotics that are still active against MRSA
is mupirocin (pseudomonic acid A), a natural antibiotic de-
rived from Pseudomonas fluorescens (1, 7). Mupirocin inhibits
bacterial growth by binding isoleucyl tRNA-synthetase (encod-
ed by the ileS gene) and is used as a topical agent to avoid
MRSA spread. Moreover, during the last few years it has also
been proposed as an advisable antibiotic to be applied when
invasive surgeries are employed, since it could prevent MRSA
colonization (1, 7, 15). Unfortunately, 2 years after introduc-
tion of this drug, high-level mupirocin resistance appeared and
is slowly increasing (7, 20). Such resistance is usually mediated
by a conjugative plasmid-associated ileS-2 gene, which encodes
an additional isoleucyl tRNA-synthetase that is not bound by
mupirocin (3, 9).

Multiple-antibiotic-resistant S. aureus strains constitute a
major health care problem; therefore, the availability of sen-
sitive and specific methods for the accurate detection of anti-
biotic resistance in these bacteria has become an important
tool in clinical diagnosis. Since phenotypic typing methods are
not discriminating enough and are highly dependent on growth
conditions, it is essential to use molecular techniques to stop
the spread of multiple-antibiotic-resistant S. aureus. These
techniques allow a rapid, accurate identification of staphylo-
cocci and their resistance type. Thus, fast, sensitive, and spe-
cific molecular methods will be an essential diagnostic tool for
microbiology laboratories. The use of PCR for the sensitive
and specific detection of microorganisms and antibiotic resis-
tance genes is increasing in clinical microbiology laboratories.
There are several reports in the literature describing the use of
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FIG. 1. Agarose gel electrophoresis patterns showing single PCR and MPCR amplification products for the S. aureus genes femB, ileS-2, and
mecA amplified from a highly methicillin- and highly mupirocin-resistant S. aureus isolate. Lanes 1 to 3, PCR amplicons from femB, ileS-2, and
mecA, respectively; lane 4, triplex PCR amplicons, i.e., femB, ileS-2, and mecA simultaneously amplified; lane M, DNA molecular size marker
(100-bp ladder). No bands were present in the negative control (data not shown). A schematic representation of the fragments amplified is shown

on the lefthand side of the figure.

multiplex PCR (MPCR) for detection of MRSA strains, but
most of these protocols are designed to detect only one or two
gene fragments from overnight liquid cultures (20, 27, 30).

Here, we describe a rapid and simple MPCR assay for si-
multaneous detection of femB (fragment specific for S. aureus),
mecA (encoding high resistance to methicillin), and ileS-2 (en-
coding high-level resistance to mupirocin) in a single reaction
tube and using a method of extracting DNA from a single
colony.

(Part of this work was presented during the 10th European
Congress on Biotechnology, Madrid, Spain, July 2001.)

MATERIALS AND METHODS

Bacterial isolates. A total of 50 staphylococcal isolates were used in this study.
Included were 2 reference strains of methicillin- and mupirocin-susceptible S.
aureus (ATCC 29213 and ATCC 25923), 9 clinical isolates of methicillin- and
mupirocin-susceptible S. aureus, 2 clinical isolates of highly methicillin-resistant
and intermediately mupirocin-resistant S. aureus, 23 clinical isolates of highly
methicillin-resistant and mupirocin-susceptible S. aureus, 13 clinical isolates of
highly methicillin- and highly mupirocin-resistant S. aureus, 3 clinical isolates of
coagulase-negative staphylococci (1 methicillin- and mupirocin-susceptible
Staphylococcus epidermidis isolate, 1 highly methicillin-resistant, mupirocin-sus-
ceptible S. epidermidis isolate, and 1 highly methicillin- and highly mupirocin-
resistant S. epidermidis isolate). All of them were biochemically identified. These
strains were all provided by the Microbiology Service of Nuestra Sefiora de
Candelaria Hospital.

Identification of staphylococcal isolates and susceptibility testing. Screening
for methicillin resistance was done by 1-pg oxacillin disk diffusion testing, in
which the disk was placed on Mueller-Hinton agar (Difco Laboratories, Detroit,
Mich.) and incubated for 24 h at 30°C following the NCCLS guidelines (19).
Intermediate resistance (disk zone diameter between 11 and 12 mm) was con-
firmed by the MIC determined with oxacillin E-test strips (AB Biodisk). Isolates
of MRSA were screened for mupirocin resistance by the disk diffusion method
(Oxoid, Basingstoke, England): 5-ug disks of mupirocin were used to detect
low-level resistance, and resistant isolates were then screened against 200-pg
disks in order to detect high-level resistance. Later confirmation of high resis-
tance was performed with E-test strips (AB Biodisk). Moreover, the E-tests
yielded the exact MIC for every highly mupirocin-resistant isolate, the MIC

always being above 1,024 pg/ml. Biochemical identifications of staphylococci
were performed according to standard laboratory criteria.

Rapid DNA extraction method. After overnight culture on brain heart infusion
(Difco Laboratories) agar plates, one colony of each sample was resuspended in
25 pl of sterile distilled water and the suspension was then placed in a 100°C heat
block for 15 min. From this suspension, a 5-ul volume was directly used as a
template for PCR amplification.

Oligonucleotide primers. The oligonucleotide primers used in this study have
been previously described (3, 10, 14) and were obtained from a commercial
source (Roche Diagnostics): FemB1 (5'-TTA CAG AGT TAA CTG TTA CC-
3’) and FemB2 (5'-ATA CAA ATC CAG CAC GCT CT-3") (14) for femB,
MecAl (5'-GTA GAA ATG ACT GAA CGT CCG ATA A-3") and MecA2
(5'-CCA ATT CCA CAT TGT TTC GGT CTA A-3") (10) for mecA, and MupA
(5'-TAT ATT ATG CGA TGG AAG GTT GG-3') and MupB (5'-AAT AAA
ATC AGC TGG AAA GTG TTG-3') (3) for ileS-2 (Fig. 1).

MPCR amplification. MPCR assays were all directly performed from the
bacterial suspension obtained after the rapid DNA extraction method described
above. An aliquot of 5 ul of this suspension was added to 45 ul of PCR mixture
consisting of 1X reaction buffer [16 mM (NH,),SO,, 67 mM Tris-HCI (pH 8.8)],
a 0.2 mM concentration of each of the four deoxyribonucleoside triphosphates
(dATP, dCTP, dGTP, and dTTP) (Promega Corp., Madison, Wis.), 3 mM
MgCl,, 75 pmol of each femB primer, 20 pmol of each ileS-2 and mecA primer,
and 1.25 U of Tag DNA polymerase (Bioline). For each sample, one reaction was
performed with the fernB pair of primers to identify S. aureus strains and with the
mecA and ileS-2 pairs of primers to detect both resistance markers. In order to
reduce the formation of nonspecific extension products, a hot-start PCR protocol
was used; the tubes were placed in the thermal cycler when the denaturing
temperature was reached. All MPCR assays were carried out with a negative
control containing all of the reagents without DNA template. DNA amplification
was carried out in a GeneAmp PCR system 2400 and in a GeneAmp PCR system
9700 thermocycler (PE Applied Biosystems, Foster City, Calif.) with the follow-
ing thermal cycling profile: an initial denaturation step at 94°C for 5 min was
followed by 10 cycles of amplification (denaturation at 94°C for 30 s, annealing
at 64°C for 30 s, and extension at 72°C for 45 s) and 25 cycles of amplification
(denaturation at 94°C for 45 s, annealing at 50°C for 45 s, and extension at 72°C
for 1 min) ending with a final extension step at 72°C for 10 min. After PCR
amplification, 5 pl was removed and subjected to agarose gel electrophoresis
(2% agarose, 1X Tris-borate-EDTA, 100 V, 100 min) to estimate the sizes of the
amplification products by comparison with a 100-bp molecular size standard
ladder (Roche Diagnostics). The gel was stained with ethidium bromide, and the
amplicons were visualized using a UV light box.
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FIG. 2. Agarose gel electrophoresis patterns showing MPCR amplification products from different S. aureus and S. epidermidis isolates. Lane
1, negative control; lanes 2 and 3, mupirocin-resistant MRSA isolates; lanes 4 and 5, mupirocin-susceptible MRSA isolates; lane 6, mupirocin-
intermediate MRSA isolate; lane 7, methicillin-resistant and mupirocin-resistant S. epidermidis isolate; lane 8, methicillin-susceptible and mupi-
rocin-sensitive S. aureus strain (ATCC 29213); lane 9, methicillin-resistant and mupirocin-susceptible S. epidermidis isolate; lane 10, methicillin-
susceptible and mupirocin-sensitive S. epidermidis isolate; lane M, DNA molecular size marker (100-bp ladder).

RESULTS

Rapid DNA extraction method. In order to accelerate the
procedure of identification in clinical microbiology laborato-
ries, it is very important to have a simple and rapid method for
DNA extraction. There are several reports in the literature
describing methods of extracting DNA from overnight liquid
cultures (20, 27, 30). In this report, we describe a rapid method
for bacterial DNA extraction directly from a single colony that
gave quality DNA for PCR in as little as 15 min. This protocol
yielded good-quality target DNA for PCR amplification. Am-
plifications using that DNA gave rise to good quantities of the
expected PCR fragments. When PCR was performed using
DNA obtained by this method or previously reported methods
(12, 20), no differences were observed (data not shown).

MPCR for detection of selected staphylococcal genes. The
reaction conditions for the MPCR assay were optimized to
ensure that all of the target gene sequences were satisfactorily
amplified. The primers used in this study differ in annealing
temperatures, which increased the possibility of occurrence of
unwanted bands originating from nonspecific amplification.
Therefore, we performed both a hot start and two rounds of
amplification with different annealing temperatures. On the
other hand, there is evidence that MPCR with targets that
differ widely in size often favors amplification of the shorter
target over the longer one, resulting in different amounts of
amplified products (4, 20). For this reason, to optimize the
conditions for the MPCR analysis, we assayed different primer
concentrations, template DNA preparations, and MgCl, con-
centrations. As described in Materials and Methods, the final
quantities that we used to obtain optimal results were 3 mM
MgCl,, 75 pmol of each femB primer, 20 pmol of each ileS-2
and mecA primer, and 5 pl of the DNA solution obtained with
our DNA extraction method.

Previous to the optimization of the triplex PCR, we ensured
that our PCR protocol was adequate for the individual ampli-
fication of all three DNA fragments. Each individual amplifi-
cation yielded the fragment of the expected size, i.e., 651, 310,
and 456 bp, respectively (Fig. 1). Figure 2 shows an agarose gel
stained with ethidium bromide to illustrate the typical results

obtained with the optimized MPCR assay. Amplification of
femB, ileS-2, and mecA targets produced distinct bands corre-
sponding to their respective molecular sizes that were easily
recognizable. The femB fragment was always amplified in the
case of S. aureus strains and never in the case of S. epidermidis
strains (Fig. 2). With respect to the mecA fragment, it was
detected in all the strains exhibiting high methicillin resistance.
Finally, amplification of the ileS-2 target always occurred for
highly mupirocin-resistant strains but did not occur in the case
of intermediate-resistance isolates, since intermediate resis-
tance levels were not due to the ileS-2 gene. Intermediate
resistance levels could be due to mutations in the endogenous
ileS gene or to the presence of any additional chromosomal
gene encoding an extra isoleucyl-tRNA synthetase (3, 21). This
protocol, including the rapid DNA extraction method from a
single colony and electrophoretic analysis of the amplified
products on an agarose gel, was performed in less than 5 h.

Correlation between susceptibility testing and the multiple
PCR assays. We compared oxacillin and mupirocin suscepti-
bility results determined by the disk diffusion method and
E-test for 50 staphylococcal isolates with the results obtained
by the MPCR assays for the detection of antibiotic resistance
genes. All cases in which high resistance to oxacillin or mupi-
rocin was detected, using these phenotypic assays, were later
confirmed by our PCR protocol. Moreover, in the case of
borderline strains that did not yield a clear phenotypic result,
the MPCR described here allowed us to confirm the presence
or absence of the mecA or the ileS-2 gene. Thus, for the strains
included in this study, we have found a 100% concordance
between microbiological and PCR results (Table 1).

DISCUSSION

During the last decade, many studies have demonstrated the
extremely high capacity of PCR for specifically detecting bac-
teria and genes of interest (22). That ability has revealed PCR
as a powerful tool in clinical microbiology studies (8). Several
authors have already shown the feasibility of the PCR meth-
odology for the identification of S. aureus strains and for the
detection of antibiotic resistance genes (8, 12, 31). PCR iden-
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TABLE 1. Correlation between phenotypic groups and PCR results

Resistance phenotype®

No. of Presence of fragment:

Species isolat
Methicillin -~ Mupirocin ~ SO€S  yecd  ileS-2  femB
S. aureus S S 9 - - +
R I 2 + - +
R S 23 + - +
R R 13 + + +
S. epidermidis S S 1 - - -
R S 1 + - -
R R 1 + + -

“ R, highly resistant; I, intermediately resistant; S, susceptible.

tification of S. aureus has been based on the detection of
different specific target sequences such as nuc (6) and coaA
(24, 25) or factors essential for methicillin resistance such as
femA (5, 13, 29, 30) or femB (5, 13). On the other hand,
different studies have also shown the applicability of PCR to
the detection of staphylococcal antibiotic resistance genes (3,
5). Our aim was to develop an MPCR for the simultaneous
identification of S. aureus strains and detection of the genes
conferring high methicillin and mupirocin resistance, namely,
mecA and ileS-2, respectively. For the identification of S. au-
reus, we employed PCR primers targeted to the femB gene.
Although the femB gene encodes an important enzyme in-
volved in the cross-linking of peptidoglycan in various Staphy-
lococcus spp., previous studies had demonstrated the feasibility
of these primers for the unequivocal identification of this bac-
terial species (12, 14). Indeed, Staphylococcus auricularis also
would yield a PCR fragment using these primers, but this
staphylococcal species is not of clinical importance and ap-
pears not to colonize body sites normally screened for MRSA
(12).

Currently, multiple-antibiotic-resistant S. aureus strains con-
stitute a major health care problem, since they are the etiologic
agent of several nosocomial and community-acquired patho-
logical infections. For that reason, accurate and fast detection
of resistant isolates constitutes a critical goal of clinical micro-
biology, and therefore, PCR assays have become an essential
tool in laboratory programs. Although previous reports have
evidenced the utility of PCR for the accurate detection of the
mecA gene (23, 27) and the possibility of simultaneous identi-
fication of S. aureus and detection of mecA (10, 12, 22, 26, 28,
31), few studies have also included the detection of the ileS-2
gene (3, 20). Only one previous report describes the simulta-
neous detection of ileS-2 and mecA in one tube and fernA in
another tube (20). Furthermore, fast DNA extraction methods
have also been reported, but normally they are not performed
from a single colony and most of them need the use of lytic
enzymes, e.g., lysostaphin, and organic solvents, e.g., phenol-
chloroform (3, 30, 31). Since the convenience of performing all
three PCR amplifications in a single tube and from a single
colony is obvious, we focused on optimizing the triplex PCR
herein described. Thus, we firstly optimized a quick method of
extracting DNA from a single colony which yielded enough
DNA for optimal PCR amplification without the need of over-
night liquid culture, a lytic enzyme, or an organic solvent and
without PCR bias due to inhibitory substances. When PCR was
performed using DNA obtained by this method or by previ-
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ously reported ones (3, 12, 20), no differences were observed
(data not shown).

For the strains included in this study, we have found a 100%
concordance between microbiological susceptibility testing and
PCR results (Table 1). However, other authors have detected
isolates presenting the ileS-2 fragment but not high mupirocin
resistance (2, 3). In other cases, discrepancies between the
PCR results and the mupirocin MICs appeared to be due to
the selection of bacterial colonies with mixed mupirocin sus-
ceptibilities derived from lack of expression of the ileS-2 gene
in a proportion of the cells (3). For these reasons, we believe
that only a combination of both approaches should be used for
a reliable identification of mupirocin-resistant MRSA isolates.

Nowadays, with only a few antibiotics such as mupirocin
constituting the last defense against MRSA, and due to the
increasing incidence and spread of MRSA, it is absolutely
necessary that fast and sensitive laboratory methods be avail-
able for the immediate detection of multiple-antibiotic-resis-
tant MRSA. As our results showed, the method herein de-
scribed is highly sensitive, specific, fast, and feasible. Hence,
considering that it represents a rapid, simple, and cost-effective
method, it could be systematically applied in clinical microbi-
ology laboratories for the identification of mupirocin-resistant
MRSA, bringing insights into antibiotic therapy design and
helping treatment to be initiated without delay.
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