
JOURNAL OF CLINICAL MICROBIOLOGY,
0095-1137/02/$04.00�0 DOI: 10.1128/JCM.40.1.96–100.2002

Jan. 2002, p. 96–100 Vol. 40, No. 1

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Multiplex LightCycler PCR Assay for Detection and
Differentiation of Bordetella pertussis and Bordetella parapertussis

in Nasopharyngeal Specimens
Lynne M. Sloan,1 Marlene K. Hopkins,1 P. Shawn Mitchell,1 Emily A. Vetter,1 Jon E. Rosenblatt,1,2

W. Scott Harmsen,3 Franklin R. Cockerill,1,2 and Robin Patel1,2*
Division of Clinical Microbiology,1 Division of Infectious Diseases,2 and Section of Biostatistics,3 Mayo Clinic,

Rochester, Minnesota

Received 18 July 2001/Returned for modification 23 September 2001/Accepted 21 October 2001

A rapid real-time multiplex PCR assay for detecting and differentiating Bordetella pertussis and Bordetella
parapertussis in nasopharyngeal swabs was developed. This assay (LC-PCR-IS) targets the insertion sequences
IS481 and IS1001 of B. pertussis and B. parapertussis, respectively, and is performed using the LightCycler
(Roche Molecular Biochemicals, Indianapolis, Ind.). The analytical sensitivity is less than one organism per
reaction. Results for Bordetella culture and/or direct fluorescent antibody testing and a second LightCycler
PCR assay (target, pertussis toxin gene) were compared to results of the LC-PCR-IS assay for 111 nasopha-
ryngeal swabs submitted for pertussis testing. Of the specimens, 12 were positive (9 B. pertussis and 3 B.
parapertussis) and 68 specimens were negative by all methods. Three other specimens were positive for B.
pertussis by at least two of the methods (including the LC-PCR-IS assay), and another 28 specimens were
positive for B. pertussis by the LC-PCR-IS assay only. No specimens were negative by the LC-PCR-IS assay and
positive by the other methods. A conventional PCR method (target, IS481) was also compared to the LC-
PCR-IS assay for a different group of nasopharyngeal swab specimens (n � 96): 44 specimens were positive and
41 specimens were negative for B. pertussis with both PCR methods. Nine specimens were positive for B.
pertussis by the LC-PCR-IS assay and negative by the conventional PCR assay, and two specimens were positive
for B. pertussis by the conventional PCR assay and negative by the LC-PCR-IS assay. Positivity of the two assays
was not significantly different (P � 0.0654). The insertion sequence IS481 is also present in Bordetella holmesii;
specimens containing B. holmesii may yield false-positive results. The LC-PCR-IS assay takes approximately 45
min to complete post-nucleic acid extraction, compared to 24 h for the conventional PCR assay previously used
in our laboratory. The LC-PCR-IS assay is easier to perform than the conventional PCR assay, and the closed
system decreases the chance of contamination. All of these characteristics represent a significant improvement
in the detection of B. pertussis and B. parapertussis in nasopharyngeal specimens.

The wide prevalence of pertussis and its changing epidemi-
ology have highlighted the need for rapid and sensitive meth-
ods for diagnosing Bordetella pertussis infection. Laboratory
criteria for the diagnosis of pertussis include either isolation of
B. pertussis from a clinical specimen or a positive PCR assay
result for B. pertussis (1). Isolation and identification of B.
pertussis by culture may take 3 to 7 days and, though specific,
lack sensitivity due to the fastidious nature of the organism.
Successful recovery by culture is dependent on the type of swab
and transport system used, the time delay between specimen
collection and inoculation, prior antimicrobial treatment, the
stage and duration of the illness, and the immune status of the
patient (4, 6, 16). Direct fluorescent antibody (DFA) testing
has been used as a rapid tool for diagnosis but also lacks
sensitivity. Such limitations of conventional diagnostic testing
have led to the development of PCR assays for detection of B.
pertussis. These assays have been developed to identify B. per-
tussis directly in nasopharyngeal specimens. Different regions
of the B. pertussis genome have been used as targets for mo-

lecular diagnostic assays, including the insertion sequence
IS481, the pertussis toxin gene (PTG), the porin gene, and the
adenylate cyclase toxin gene (3, 5, 6, 7, 10, 12, 14). A myriad of
studies have shown that PCR is more sensitive than culture for
diagnosing B. pertussis infection (11, 12, 18). Bordetella para-
pertussis may also cause a pertussis-like illness.

We developed a rapid (45-min post-nucleic acid extraction)
real-time multiplex LightCycler PCR assay (LC-PCR-IS) for
detection of B. pertussis and B. parapertussis in nasopharyngeal
swabs. Primers and probes that target the insertion sequence
(IS481) of B. pertussis and the insertion sequence (IS1001) of
B. parapertussis were used. Detection of B. pertussis and B.
parapertussis using the LC-PCR-IS assay was compared to that
by conventional DFA testing, culture, and other PCR-based
assays.

(This work was presented in part at the 40th Interscience
Conference on Antimicrobial Agents and Chemotherapy, To-
ronto, Ontario, Canada, 17 to 20 September 2000, and at the
101st General Meeting of the American Society for Microbi-
ology, Orlando, Fla., 20 to 24 May 2001.)

MATERIALS AND METHODS

Bacterial strains. Stock cultures of reference strains and clinical isolates of B.
pertussis and B. parapertussis (Table 1) were stored at �70°C on porous beads
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(Pro-Lab Diagnostics, Austin, Tex.). Dilutions of these organisms were used to
optimize PCR conditions, evaluate analytical sensitivity, and perform inhibition
studies. B. pertussis and B. parapertussis were grown on charcoal agar containing
10% defibrinated sheep blood and 40 �g of cephalexin/ml. Other Bordetella spp.
and a panel of organisms representing commonly isolated pathogenic and non-
pathogenic respiratory isolates identified by the Clinical Microbiology Labora-
tory were used to evaluate analytical specificity (Table 1).

Clinical specimens. Between July and November 1999, the Mayo Clinic Bac-
teriology Laboratory received 111 nasopharyngeal swabs for culture and/or DFA
testing for B. pertussis. The majority of the swabs were rayon tipped with wire
shafts and were submitted in Amies charcoal agar transport medium (StarPlex
Scientific, Inc., Etobicoke, Ontario, Canada). Time from collection of the swab
to receipt in the laboratory was 1 to 7 days. After processing for culture and/or
DFA testing, the swabs were replaced in the transport medium and held at 4°C
until DNA extraction. Ninety-six nasopharyngeal specimens received in the
Mayo Clinic Molecular Microbiology Laboratory for the detection of B. pertussis
by conventional PCR were also tested by LC-PCR-IS. Culture and/or DFA
testing was not performed on these specimens. Seventy-three of these swabs were
received in 1999, and 23 were received from 1996 to 1998. The swabs were placed
in 500 �l of IsoQuick sample buffer (Orca Research, Inc., Bothell, Wash.), of
which 400 �l was used for DNA extraction for detection of B. pertussis by the
conventional PCR assay. The remaining specimen was stored at �70°C until
DNA was extracted for this study. Specimen processing was performed in a room
separate from reagent preparation. Specimens from Minnesota residents who
declined use of their specimens for research were not studied (Minnesota Statute
144.335).

Culture. The 93 nasopharyngeal swabs submitted for Bordetella culture were
inoculated onto selective charcoal agar plates containing cephalexin and sheep
blood and trypticase soy agar plates with 5% sheep blood (TSAII; BBL Micro-
biology Systems, Cockeysville, Md.). The plates were incubated at 35°C and
checked daily for up to 7 days for the presence of typical colonies.

Fluorescent antibody testing. Fluorescent antibody testing was used to confirm
colonies on culture plates as either B. pertussis or B. parapertussis and for direct
detection of B. pertussis and B. parapertussis in nasopharyngeal swabs (DFA
testing). Seventy-two nasopharyngeal swabs submitted for DFA testing were
placed in 1% Casamino Acids for 1 h prior to smearing two spots marked with
a china pencil on a microscope slide. For a culture isolate, the organism was
suspended in phosphate-buffered saline before spreading two spots marked with
a china pencil on a microscope slide. One spot was stained with fluorescein
isothiocyanate-conjugated B. pertussis antiserum, and the other spot was stained
with B. parapertussis antiserum (Difco Laboratories, Detroit, Mich.).

Conventional PCR. The 96 nasopharyngeal swabs submitted for B. pertussis
DNA detection by the conventional PCR assay were swished in 500 �l of
IsoQuick sample buffer. DNA was extracted from two separate 200-�l aliquots of
this specimen with the IsoQuick nucleic acid extraction kit. Each of the two
extracts was subjected to conventional PCR. A 262-bp target sequence from
IS481 of B. pertussis was amplified (primers: B. pertussis 642, 5� CTT CAC CGA
CAT CCA CCC CGA CGA G 3� ; B. pertussis 879, 5� GTG AGC GTA AGC
CCA CTC ACG CAA G 3� ), electrophoresed in a 2% agarose gel, and Southern
blotted using a B. pertussis IS481-specific probe (174 bp, positions 671 to 844,
IS481) (A. Algeciras, C. P. Kolbert, and D. H. Persing, Abstr. 94th Gen. Meet.
Am. Soc. Microbiol. 1994, abstr. C-26, p. 495, 1994). Concordant positive or
negative results between the two conventional PCR assays run on each patient
specimen were recorded as positive or negative, respectively. Discordant results
were resolved by repeat testing of the original specimen. Conventional PCR was
performed in a room separate from the reagent preparation room and the
specimen processing room.

Specimen preparation for LightCycler PCR. The swabs obtained after culture
and/or DFA testing were swished in 500 �l of IsoQuick sample buffer; 200 �l of
IsoQuick sample buffer was added to the specimens originally processed for
conventional PCR testing. DNA was extracted from the nasopharyngeal swab,
using the IsoQuick nucleic acid extraction kit according to the manufacturer’s
instructions, and reconstituted in 100 �l of sterile water. Extracted DNA was
either tested immediately or stored at �20°C until testing was performed.

Primers and probes. The LC-PCR-IS primers and probes used in this study,
LightCycler—Bordetella pertussis/parapertussis, Primers/Hybridization Probes,
are available from Roche Molecular Biochemicals (Indianapolis, Ind.). Primers
and probes were designed from GenBank sequences M28220 for B. pertussis and
X66858 for B. parapertussis to target the insertion sequence IS481 of B. pertussis
and the insertion sequence IS1001 of B. parapertussis, respectively. Probes were
synthesized by IT Biochem (Salt Lake City, Utah).

Controls. Pure culture isolates of B. pertussis ATCC 9797 and B. parapertussis
ATCC 15311 were used as PCR controls. Bacterial colonies were suspended in
sterile water to approximately an 0.5 McFarland standard before lysis at 100°C
for 10 min. Tenfold dilutions of the supernatant were analyzed, and the control
extracts were used at a final dilution of �100 organisms/reaction. The sterile
water used to suspend the extracted DNA pellet was used as the negative control
and comprised 10% of specimens included in each run.

LC-PCR-IS assay. The reaction mixture was prepared in a controlled access
reagent preparation room and consisted of 15 �l of PCR master mix plus 5 �l of
DNA extract per cuvette. The PCR master mix consisted of 4 mM MgCl2, 50 mM
KCl, 20 mM Tris-HCl (pH 8.4), 0.2 mM PCR Nucleotide MixPLUS (1� dATP,
dCTP, and dGTP and 3� dUTP [Roche Molecular Biochemicals]), 0.75 �M
(each) primers, 0.025% bovine serum albumin (Sigma, St. Louis, Mo.), 0.2%
HK-UNG thermolabile uracil-N-glycosylase (Epicentre Technologies, Madison,
Wis.), 0.2 �M (each) fluorescein probe, 0.3 �M (each) LC Red-640 probe, 0.5%
dimethyl sulfoxide (Sigma), and 0.03 U of Platinum Taq DNA polymerase (Life
Technologies, Rockville, Md.)/�l. The carousel containing the sealed cuvettes
was centrifuged and placed in the LightCycler. The cycling protocol consisted of
1 cycle of 37°C for 5 min and 95°C for 3 min (activation and inactivation,
respectively, of uracil-N-glycosylase), followed by 40 cycles of 95°C for 0 s, 60°C
for 20 s, and 72°C for 14 s. A melting curve was generated by measuring the
fluorescent signal generated while raising the temperature slowly from 55 to
85°C. Since the same fluorophores were used to detect both insertion sequences,
melting curve analysis was used to differentiate the two insertion sequences,
hence the two species of Bordetella. The LightCycler software was used to
analyze the amplification and melting curve generated in the assay.

Cross-reactivity and inhibition studies. Boiled lysates of different isolates of
common respiratory organisms, other nonrespiratory organisms, and other Bor-

TABLE 1. Bacterial strains studied

Bacterial sp. Straina

Bordetella spp.
Bordetella avium
Bordetella bronchiseptica (2 strains)................ATCC 19395, CDC

AB9-D19-80b

Bordetella holmesii (4 isolates)c.......................ATCC 51541
Bordetella parapertussis (4 isolates).................ATCC 15311
Bordetella pertussis (5 isolates) ........................ATCC 9797

Common respiratory and other
nonrespiratory isolates

Acinetobacter species
Aeromonas hydrophila
Burkholderia cepacia complex
Campylobacter jejuni
Chlamydia pneumoniae.....................................ATCC VR1310
Escherichia coli ..................................................ATCC 25922
Haemophilus influenzae (3 strains) .................ATCC 49247, ATCC

49766, ATCC 10211
Klebsiella oxytoca
Klebsiella pneumoniae
Legionella jordanis.............................................ATCC 33623
Legionella pneumophila ....................................ATCC 33152
Listeria monocytogenes
Moraxella catarrhalis
Morganella morganii
Mycoplasma hominis
Mycoplasma pneumoniae
Proteus mirabilis
Proteus vulgaris
Pseudomonas aeruginosa ..................................ATCC 27853
Pseudomonas fluorescens
Staphylococcus epidermidis ...............................CDC AB4-BID-84b

Stenotrophomonas maltophilia .........................CDC AB9-D19-80b

Streptococcus pneumoniae
Streptococcus pyogenes
Streptococcus spp. viridans group

a If not otherwise specified, strains represent isolates from the Mayo Clinic
Clinical Microbiology Laboratory.

b Survey isolates identified by standard microbiologic test methods.
c Three isolates were recovered from the blood of Mayo Clinic patients.
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detella species (Table 1) were tested for cross-reactivity in the LC-PCR-IS assay.
The presence of amplifiable DNA was confirmed using broad-range 16S rRNA
gene amplification by standard methods (8). A specific PCR assay was used to
verify the presence of nucleic acid in the Chlamydia pneumoniae extracted (data
not shown). Negative DNA extracts from patient specimens spiked with low
concentrations (approximately 10 organisms/�l) of B. pertussis and B. paraper-
tussis were used to assess PCR inhibition. Inhibition was indicated by a loss of
amplification signal or appearance of a signal at a later cycle number than noted
with similar concentrations of organisms, diluted in sterile water.

LC-PCR-PTG assay. The LightCycler PCR PTG (LC-PCR-PTG) assay, tar-
geting the PTG, was performed as previously described (L. M. Sloan, M. K.
Hopkins, P. S. Mitchell, E. A. Vetter, and F. R. Cockerill, Abstr. 40th Intersci.
Conf. Antimicrob. Agents Chemother., abstr. D-885, p. 147, 2000) using the 111
nasopharyngeal swabs submitted for culture and/or DFA testing. Briefly, a
320-bp target sequence was amplified using primers PTG 2314 (5� CAA GGA
TCT CAA GCG TCC 3�) and PTG 2615 (5� TGA TTC TG CCC TTC AGTT
3�). The amplified product was detected with a 46-bp (positions 2387 to 2433 of
PTG) B. pertussis PTG-specific probe. The probe is positioned over a region
containing a 1-bp change in sequence from B. pertussis to B. parapertussis. This
results in a melting temperature shift allowing differentiation of the two Borde-
tella species.

Statistical method. The positivity rates of the assays were compared using a
McNemar test for the samples. The alpha level was set at 0.05 for statistical
significance. Agreement of the positivity result by the assays was assessed with a
kappa statistic, and a 95% confidence interval was calculated. Interpretations of
the relative meaning of the kappas calculated refer to a paper by Cohen (2).

RESULTS

Analytical sensitivity, analytical specificity, and inhibition
rates of LC-PCR-IS assay. The analytical sensitivity of the
LC-PCR-IS assay was evaluated using a 10-fold dilution series
(105 to 10�1 organism/�l) of B. pertussis and B. parapertussis in
water. A sensitivity of approximately 0.75 B. pertussis organ-
isms (or 60 IS481 copies) per reaction and approximately 0.75
B. parapertussis organisms (or 15 IS1001 copies) per reaction
was demonstrated. The LC-PCR-IS assay was able to detect
both B. pertussis and B. parapertussis in the same tube at less
than one organism per reaction.

A panel of 25 common respiratory isolates and other non-
respiratory isolates (Table 1) showed no cross-reactivity in the
LC-PCR-IS assay. Seven isolates of three species of Bordetella
(Bordetella bronchiseptica, Bordetella avium, and Bordetella
holmesii) were also tested. The primer and probe set detecting
the insertion sequence IS481 of B. pertussis cross-reacted with
all four B. holmesii isolates tested. No cross-reactivity with the
other Bordetella species was detected.

Fifty-two nucleic acid extracts of the original sample, from
patients negative for B. pertussis and B. parapertussis, were
spiked with a low concentration of B. pertussis and B. paraper-
tussis organisms and assayed by the LC-PCR-IS to test for the
presence of inhibitors. Complete inhibition of LC-PCR-IS am-
plification was demonstrated for 5 of the 52 (9.6%) specimens.
Repeat testing of the 52 specimens generated the same results.

Detection and discrimination of B. pertussis and B. paraper-
tussis. The LC-PCR-IS assay was designed to detect and dif-
ferentiate B. pertussis from B. parapertussis in a single tube
using primer and probe sets. This multiplexing did not affect
the analytical sensitivity of the assay compared to performing
the B. pertussis and B. parapertussis assays in separate tubes.
The difference in the melting temperature between B. pertussis
(75 � 2°C) and B. parapertussis (65 � 2°C) in the multiplex
assay was 10°C.

Clinical specimen studies. Of the 111 nasopharyngeal
specimens tested by culture and/or DFA testing and the
LC-PCR-IS and LC-PCR-PTG assays (hereafter referred to
as the “combined test panel”), 12 (11%) were positive for B.
pertussis by at least one culture and/or DFA testing or the
LC-PCR-PTG assay as well as the LC-PCR-IS assay (Fig. 1).
Of the 111, 71 (64%) were negative for B. pertussis by the
combined test panel. Two of the 12 nasopharyngeal speci-
mens referred to above were positive for B. pertussis by the
LC-PCR-IS and LC-PCR-PTG assays but not by culture
and/or DFA. One of the 12 specimens was positive for B.
pertussis by the LC-PCR-IS and culture but not by the LC-
PCR-PTG assay. Twenty-eight of the 111 specimens were
positive for B. pertussis by the LC-PCR-IS assay but negative
by culture and/or DFA testing and the LC-PCR-PTG assay.
A significantly higher positivity for the LC-PCR-IS assay was
seen (P � 0.0001). There was fair agreement between the
assays as measured with the kappa statistic, � 	 0.35 (95%
confidence interval: 0.20, 0.51). Three specimens were pos-
itive and 108 specimens were negative for B. parapertussis by
the combined test panel.

Ninety-six nasopharyngeal specimens were used to compare
B. pertussis detection by the conventional PCR assay with that
by the LC-PCR-IS assay. Neither culture nor DFA testing was
performed on these specimens. Forty-four specimens were
positive and 41 specimens were negative for B. pertussis by both
methods. Nine specimens were positive for B. pertussis by the
LC-PCR-IS assay and negative by the conventional PCR assay,
and two specimens were negative by the LC-PCR-IS assay and
positive by the conventional PCR assay. The positivity rates of
the two assays were not significantly different (P 	 0.0654).
There was substantial agreement between the two assays as
measured by the kappa statistic, � 	 0.77 (95% confidence
interval: 0.65, 0.90). Two specimens negative for B. pertussis by
the conventional PCR assay were positive for B. parapertussis
by the LC-PCR-IS assay. The conventional assay was not de-
signed to detect B. parapertussis.

FIG. 1. B. pertussis detection using culture and/or DFA testing and
the LC-PCR-IS and LC-PCR-PTG assays (test panel). Seventy-one
specimens yielded negative results by the test panel.
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DISCUSSION

PCR has consistently been demonstrated to be the most
sensitive means of detecting B. pertussis infection (11, 12, 18).
The LightCycler PCR assay described herein represents an
advance beyond conventional PCR because it takes 45 min
(post-nucleic acid extraction) to complete, is easier to perform
than a conventional assay, and is performed in a closed system,
decreasing the chance of contamination. A further strength of
this assay is that it detects and differentiates B. pertussis and B.
parapertussis. As a result of these advantages, this assay has
become the primary diagnostic test for pertussis at our insti-
tution.

While our study did not specifically resolve the status of
specimens that were positive by the LC-PCR-IS assay and not
by culture, DFA testing, or the LC-PCR-PTG assay, several
points support the specificity of the LC-PCR-IS assay. First, a
previous study where such discrepant results were resolved by
review of patient histories concluded that PCR is a highly
specific method for the detection of B. pertussis (M. J. Loef-
felholz, C. J. Thompson, K. S. Long, and M. J. R. Gilchrist,
Letter, J. Clin. Microbiol. 38:467, 2000). Second, the disparity
in sensitivities between the two LightCycler assays, the LC-
PCR-IS and the LC-PCR-PTG assays, may reflect the copy
number of IS481 in the B. pertussis chromosome (50 to 100
copies) and the copy number of IS1001 in the B. parapertussis
chromosome (35 to 50 copies) versus the single copy of the
PTG in B. pertussis and B. parapertussis. The sensitivity of the
LC-PCR-PTG assay is �10 organisms per reaction for B. per-
tussis and �100 organisms per reaction for B. parapertussis
(Sloan et al., 40th ICAAC). Third, the comparability of results
generated by the LC-PCR-IS assay to those generated using a
conventional PCR assay supports the specificity of the LC-
PCR-IS assay.

One limitation of the insertion sequence IS481 as a target
for B. pertussis detection is that this insertion sequence is also
present in B. holmesii. However, in our opinion, the sensitivity
for detecting B. pertussis provided by IS481 outweighs this limit
in specificity. Specimens positive for B. pertussis IS481 DNA by
PCR could be subjected to a second PCR assay which uses
another target such as PTG; however, given that the PTG
target is a less sensitive target, this approach is of limited use.
B. holmesii was first described in 1995 (19) and has been asso-
ciated with septicemia, endocarditis, and respiratory symptoms
(15). Cephalexin, an antimicrobial currently recommended for
the isolation of Bordetella spp., is widely used in various culture
media and has an inhibitory effect on B. holmesii, which likely
explains why most laboratories have not isolated B. holmesii
from nasopharyngeal specimens submitted for pertussis cul-
ture (13). In a recently published study, B. holmesii was iso-
lated from 0.3% of nasopharyngeal specimens (versus B. per-
tussis, which was isolated from 7% of nasopharyngeal
specimens) from patients suspected of having pertussis (20).
Further studies are needed to determine the role of B. holmesii
in causing cough and the prevalence of asymptomatic naso-
pharyngeal carriage of B. holmesii.

The change from culture-based techniques to PCR-based
techniques for detection of B. pertussis and B. parapertussis
requires a reevaluation of what represents a suitable specimen
for testing. Collection of nasopharyngeal specimens for culture

and DFA testing is uncomfortable for the patient; although
throat swabs are not ideal for B. pertussis culture, a reassess-
ment of throat swabs for B. pertussis detection using PCR
should be considered (4). The ideal swab and transport me-
dium for PCR-based assays remains to be defined; calcium
alginate fibers and aluminum shaft components have been
shown to inhibit some PCR assays used to detect B. pertussis
(17). This issue needs to be reevaluated in the context of the
specific nucleic acid extraction method used. The optimal nu-
cleic acid extraction method for pertussis PCR also needs to be
defined. All of these issues are being evaluated in our laboratory.

A final point must be considered if PCR-based assays are
used as stand-alone diagnostic tests for detection of B. pertus-
sis. Isolates of B. pertussis will not be available for conventional
antimicrobial susceptibility testing and nucleic acid fingerprint-
ing for epidemiological purposes. Despite recent isolated re-
ports of erythromycin resistance in B. pertussis, routine anti-
microbial susceptibility testing of B. pertussis isolates is not
currently recommended (9). Culture and erythromycin suscep-
tibility testing could be performed from specimens that are
positive by PCR or in cases of therapeutic failure. Molecular
biology-based assays could be designed to detect erythromycin
resistance-associated rRNA gene mutations.
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