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Current clinical assays for determining antibiotic susceptibility in Mycobacterium tuberculosis require many
weeks to complete due to the slow growth of the bacilli. Here we demonstrate an extremely sensitive single-tube
PCR assay that takes less than 3 h and reliably identifies rifampin-resistant M. tuberculosis in DNA extracted
directly from sputum. Ninety-five percent of mutations associated with rifampin resistance occur in an 81-bp
core region of the bacterial RNA polymerase gene, rpoB. All mutations that occur within this region result in
rifampin resistance. The assay uses novel nucleic acid hybridization probes called molecular beacons. Five
different probes are used in the same reaction, each perfectly complementary to a different target sequence
within the rpoB gene of rifampin-susceptible bacilli and each labeled with a differently colored fluorophore.
Together, their target sequences encompass the entire core region. The generation of all five fluorescent colors
during PCR amplification indicates that rifampin-susceptible M. tuberculosis is present. The presence of any
mutation in the core region prevents the binding of one of the molecular beacons, resulting in the absence of
one of the five fluorescent colors. When 148 M. tuberculosis clinical isolates of known susceptibility to rifampin
were tested, mutations associated with rifampin resistance were detected in 63 of the 65 rifampin-resistant
isolates, and no mutations were found in any of the 83 rifampin-susceptible isolates. When DNA extracted
directly from the sputum of 11 patients infected with rifampin-resistant tuberculosis was tested, mutations
were detected in all of the samples. The use of this rapid assay should enable early detection and treatment of
drug-resistant tuberculosis in clinical settings.

The worldwide increase in drug-resistant tuberculosis poses
a major public health threat (16). First-line antituberculosis
treatment often fails in patients with rifampin-monoresistant
or multidrug-resistant tuberculosis (13). Inappropriate treat-
ment can result in the development of resistance to additional
antibiotics (3, 4) and in increased mortality (15, 26). Because
Mycobacterium tuberculosis grows extremely slowly (5, 17), con-
ventional susceptibility testing can require many weeks to com-
plete (9). There is thus an urgent need to develop a rapid,
simple, and accurate assay to assess drug resistance in M.
tuberculosis (7).

Rifampin resistance is an excellent marker for multidrug-
resistant tuberculosis because all of these strains are resistant
to rifampin (23). Therefore, a screening assay does not need to
test susceptibility to all antituberculosis drugs. Rifampin resis-
tance is particularly amenable to detection by rapid genotypic
assays because 95% of all rifampin-resistant strains contain
mutations localized in an 81-bp region of the bacterial RNA
polymerase gene, rpoB, which encodes the active site of the
enzyme (14, 21). Moreover, all mutations that occur in this
region result in rifampin resistance. By contrast, all rifampin-
susceptible M. tuberculosis isolates have the same wild-type
nucleotide sequence in this region (14, 22). Thus, it is only
necessary to detect a mutation in the rpoB core region to know
that the bacilli are rifampin resistant. A number of novel assays

based on the PCR have been developed to detect these muta-
tions (2, 24, 25). However, they are technically difficult and
have been of limited clinical utility.

We have now developed a single-tube PCR assay that de-
tects all mutations that occur in the M. tuberculosis rpoB core
region in real time. The assay is simple, rapid, specific, and
extremely sensitive. In less than 3 h, it reliably detects resis-
tance mutations in DNA extracted directly from sputum. The
assay is based on previous work of members of our group that
demonstrated that fluorogenic nucleic acid hybridization
probes, called molecular beacons (27), can be used to detect
mutations in the M. tuberculosis rpoB gene (18, 19). The assay
utilizes five differently colored molecular beacons, each of
which binds to a different target segment within the rpoB core
region. Together, the five probes interrogate the entire 81-bp
core. Each molecular beacon was designed to be so specific
that it does not bind to its target if the target sequence differs
from the rifampin-susceptible sequence by as little as a single
nucleotide substitution (12, 28). Since molecular beacons flu-
oresce only when they are bound to their targets, the absence
of any one of the five colors in the assay indicates that the
bacilli in the sample are rifampin resistant.

MATERIALS AND METHODS

Molecular beacons and primers. Both conventional and wavelength-shifting
molecular beacons were prepared by solid-phase DNA synthesis on an Applied
Biosystems (Foster City, Calif.) 394 DNA/RNA synthesizer. The nucleotide
sequences of the six molecular beacons that were synthesized were as follows:
Probe A, 5�-Texas red-TTTTTT-fluorescein-CGAGCTCAGCTGGCTGGTGC
GCTCG-dabcyl-3�; Probe B, 5�-tetrachlorofluorescein-GCTACGGAGCCAAT
TCATGGACCAGACGTAGC-dabcyl-3�; Probe C, 5�-tetramethylrhodamine-
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TTTTTT-fluorescein-CCGACGCCGACAGCGGGTTGTTCGTCGG-dabcyl-3�;
Probe D, 5�-rhodamine-TTTTTT-fluorescein-CCACGCTTGTGGGTCAACCC
CCGTGG-dabcyl-3�; Probe E, 5�-fluorescein-CCTGCCGCCGACTGTCGGCG
CTGGCAGG-dabcyl-3�; and a 16S probe, 5�-fluorescein-GCGCCCGCGGCCT
ATCAGCTTGTTGGTGGCGC-dabcyl-3�; underlines identify the arm
sequences.

During synthesis, controlled-pore glass columns (Biosearch Technologies, No-
vato, Calif.) were used to incorporate dabcyl at the 3� end of the oligodeoxyri-
bonucleotides, fluorescein phosphoramidites (Glen Research, Sterling, Va.)
were used to incorporate internal fluorescein moieties, and tetrachlorofluores-
cein phosphoramidites were used to incorporate tetrachlorofluorescein at the 5�
end. A thiolmodifier phosphoramidite (Glen Research) was incorporated at the
5�-terminal position when fluorescein or tetramethylrhodamine was used as a
label, while an aminomodifier phosphoramidite (Glen Research) was incorpo-
rated at the 5�-terminal position when rhodamine or Texas red was used as a
label. Iodoacetylated fluorescein or tetramethylrhodamine (Molecular Probes,
Eugene, Ore.) was then coupled to the 5�-thiol groups, or succinimidyl esters of
rhodamine or Texas red (Molecular Probes) were coupled to the 5�-amino
groups. All probes were purified by gel exclusion chromatography through a
NAP-5 Sephadex column (Amersham Pharmacia Biotech, Piscataway, N.J.),
followed by high-pressure liquid chromatography on a Beckman Coulter (Ful-
lerton, Calif.) System Gold chromatograph through a C-18 reverse-phase column
(Waters Corporation, Milford, Mass.). A detailed protocol for molecular beacon
synthesis is available (www.molecular-beacons.org).

The nucleotide sequences of the primers that were used to amplify a 189-bp
segment of the rpoB gene that contains the entire core region were 5�-GGAG
GCGATCACACCGCAGACGTT-3� and 5�-ACCTCCAGCCCGGCACGCTC
ACGT-3�; and the nucleotide sequences of the primers that were used to amplify
a 209-bp segment of the mycobacterial 16S rRNA gene that contains a conserved
sequence were 5�-GAGATACTCGAGTGGCGAAC-3� and 5�-GGCCGGCTA
CCCGTCGTC-3�.

Sample preparation. One or two colonies of previously well-characterized M.
tuberculosis clinical isolates that were grown on Löwenstein-Jensen slants were
lysed by boiling in 1 ml of H2O for 20 min. Five microliters of each lysate was
used as a template for each PCR assay.

Purified DNA from other Mycobacterium species was also used in the assay.
The species were the following: M. africanum, M. asiaticum, M. avium, M.
celatum, M. chelonae, M. flavescens, M. fortuitum, M. gastri, M. genavense, M.
intracellulare, M. kansasii, M. leprae, M. lufu, M. malmoense, M. marinum, M.
phlei, M. scrofulaceum, M. senegalense, M. simiae, M. smegmatis, M. szulgai, M.
thermoresistibile, M. triviale, M. vaccae, and M. xenopi. Between 0.1 and 1 ng of
DNA was used as a template for each PCR assay, to mimic the concentration
expected to occur in sputum samples.

Expectorated sputum samples were collected from patients in Rio de Janeiro
who had a previous diagnosis of pulmonary tuberculosis and who were smear
positive for multidrug-resistant M. tuberculosis after 3 months of treatment. Drug
resistance was confirmed by conventional mycobacterial culture and susceptibil-
ity testing (6). The sputum samples were lysed and detoxified with N-acetylcys-
teine and NaOH (9). One-milliliter samples from 11 different patients were
brought to New York and spun in a Shelton Scientific VSB-14 microcentrifuge
(Shelton, Conn.) at 13,000 rpm for 5 min, and each pellet was resuspended in 100
�l of 1 M NaOH in 2% Triton X-100. The samples were then boiled for 8 min
and neutralized by the addition of 10 �l of 30% glacial acetic acid and 190 �l of
Tris-HCl (pH 8.0). DNA was extracted from each sample using a Geneclean II
kit (BIO 101, Carlsbad, Calif.), following the manufacturer’s instructions, and
was then eluted into 20 �l of H2O. Five microliters of eluant was used as a
template for each PCR assay.

Assay conditions. PCRs were performed in 96-well microtiter plates (Applied
Biosystems). Each well contained a total of 50 �l of 1� PCR buffer (Applied
Biosystems), 4 mM MgCl2, 250 �M dATP, 250 �M dCTP, 250 �M dGTP, 250
�M dTTP, 2.5 U of AmpliTaq Gold DNA polymerase (Applied Biosystems), a
500 nM concentration of each primer, a 200 nM concentration of each molecular
beacon, and 5 �l of template DNA. The wells were hermetically sealed prior to
amplification to prevent cross-contamination of untested samples. Amplification
was performed in an Applied Biosystems 7700 Prism spectrofluorometric ther-
mal cycler. The reaction mixtures were incubated for 10 min at 95°C to activate
the DNA polymerase, followed by 40 to 50 cycles of 95°C denaturation for 30 s,
58°C annealing for 60 s, and 72°C extension for 30 s.

Fluorescence was measured in every well during each annealing step through-
out the course of each reaction. The spectral data were automatically analyzed by
the computer program controlling the spectrofluorometric thermal cycler to
determine the fluorescence intensity contributed by each of the differently col-
ored molecular beacons. The background fluorescence of each probe (calculated

from the readings that were taken between the 8th and the 15th thermal cycles)
was then subtracted. These fluorescence intensities were then normalized to
correct for intrinsic well-to-well variation by multiplying all of the fluorescence
readings in each well by a factor that adjusted the maximum fluorescence inten-
sity in each well to the same arbitrary value. The threshold cycle was automat-
ically determined by the computer program controlling the spectrofluorometric
thermal cycler to be the number of thermal cycles required before the intensity
of the fluorescence signal exceeded six times the standard deviation of the
background.

RESULTS
Design of the assay. Molecular beacons (27) are oligonucle-

otides that contain a probe sequence embedded within “arm”
sequences that are unrelated to the probe. The arms are cho-
sen to be complementary to each other, so that under assay
conditions they hybridize to form a stem-and-loop secondary
structure in which the probe sequence is located in the loop. A
fluorophore is covalently linked to the end of one arm, and a
nonfluorescent quencher is covalently linked to the end of the
other arm. The fluorophore and the quencher are so close
together in the stem helix that fluorescence is suppressed (28).
However, when the probe binds to its complementary target, it
forms a probe-target helix that is longer and stronger than the
stem helix. Since double-stranded DNA is relatively rigid, it is
topologically impossible for the probe-target helix and the
stem helix to coexist. Consequently, the molecular beacon un-
dergoes a conformational reorganization that causes the arms
to unwind. This separates the fluorophore from the quencher,
and the probe fluoresces brightly.

In order to detect any deletion, insertion, or nucleotide
substitution that may occur in the rpoB core region, it was
necessary to design the molecular beacons so that they each
could hybridize only to the wild-type sequence. This was ac-
complished by choosing short probe sequences that form
probe-target helices that are just strong enough to overcome
the strength of the stem helix. The presence of a mutation in
the target creates a mismatched base pair that weakens the
probe-target helix, favoring the retention of the stem helix.
Because molecular beacons can exist in two different stable
states (probe-target hybrid or stem-and-loop structure), they
are “finicky” and form a probe-target hybrid only if the target
is perfectly complementary to the probe (12, 28). Furthermore,
it does not matter where the mismatch occurs within the probe-
target hybrid. The melting temperature of a mismatched hy-
brid is significantly lower than the melting temperature of a
perfectly complementary hybrid, irrespective of the identity or
location of the mismatch (1). Thus, the presence of a mutation
anywhere within the rpoB core region will prevent the binding
of one of the molecular beacons, and the characteristic fluo-
rescence of that molecular beacon will not occur.

Five different molecular beacons were synthesized, each per-
fectly complementary to a different segment of the wild-type
rpoB core. Together, the five molecular beacons covered the
entire core sequence. In order to carry out the assay in a single
tube, each of the molecular beacons was labeled with a differ-
ently colored fluorophore. Because five different colors needed
to be detected in the same assay, it was highly desirable that
each type of fluorophore emit a signal of comparable strength.
However, we used a spectrofluorometric thermal cycler to
carry out the assays that employs a blue argon-ion laser to
stimulate fluorescence. Although energy from blue light is well
absorbed by fluorophores that emit green or yellow fluores-
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cence, this energy is not efficiently absorbed by fluorophores
that emit orange or red fluorescence, resulting in relatively
weak signals. We therefore used two conventional molecular
beacons to generate a green signal and a yellow signal, and we
used three “wavelength-shifting” molecular beacons to gener-
ate differently colored signals in the orange-red portion of the
spectrum (29). Figure 1 compares wavelength-shifting and con-
ventional molecular beacons. In conventional molecular bea-
cons, a single fluorophore carries out the dual functions of
absorbing energy from the stimulating light and then emitting
that energy as fluorescent light of a longer wavelength. In
wavelength-shifting molecular beacons, two fluorophores are
present on one arm of the probe. A “harvester” fluorophore
efficiently absorbs energy from the blue laser light, and that

energy is then rapidly transferred to an “emitter” fluorophore
(by fluorescence resonance energy transfer), which then fluo-
resces brightly at its own characteristic (orange or red) wave-
length. Figure 2 shows the two complementary strands of the
rpoB core region and identifies the target sequence for each of
the five molecular beacons.

The assay was designed to work as follows: DNA from a
clinical sample is amplified in the presence of the five differ-
ently colored molecular beacons. If all five fluorescent colors
occur, then rifampin-susceptible M. tuberculosis is present in
the sample; if one or more probes fail to fluoresce, then ri-
fampin-resistant M. tuberculosis is present; and if no fluores-
cence occurs, then M. tuberculosis is not present. In addition,
the assay was designed to be sufficiently sensitive to detect even
a single bacillus in a sputum sample; fluorescence measure-
ments are taken throughout the course of the amplification, in
order to precisely determine the number of bacilli in the sam-
ple.

Detection of rifampin resistance. Genomic DNA from 148
previously well-characterized M. tuberculosis clinical isolates
was tested. Conventional culture-based analysis had identified
83 of these isolates as being rifampin susceptible and 65 as
being rifampin resistant. Fluorescence signals developed in all
148 assays. All five colors appeared in each of the 83 assays
carried out with DNA from the rifampin-susceptible isolates.
Of the 65 rifampin-resistant isolates that were tested, one color
failed to develop in 59 isolates, two colors failed to develop in
four isolates (indicating the presence of two different muta-
tions), and two isolates developed all five colors, despite being
rifampin resistant. Subsequent nucleotide sequence analysis of
these two isolates showed that there were no mutations in their
rpoB core region. Thus, they were among the 5% of rifampin-
resistant clones whose resistance is due to a mutation outside
of the core region. The development of a multicolored signal
confirms that rpoB amplicons were synthesized. No fluores-
cence developed in control reactions that did not contain tem-
plate DNA. Figure 3 shows representative results obtained
from two rifampin-susceptible isolates and four rifampin-resis-
tant isolates (one of which possessed two mutations).

Species specificity. To determine whether the assay is spe-
cific for M. tuberculosis, we tested DNA that was isolated from
26 different mycobacterial species. The results (Fig. 4) show
that only M. tuberculosis and the closely related M. africanum
(a member of the M. tuberculosis group, all of which cause
tuberculosis) elicited a positive response from each of the
differently colored rpoB molecular beacons that were present
(the fluorescein-labeled rpoB molecular beacon was purposely
omitted). Significantly, none of the rpoB molecular beacons

FIG. 1. Comparison of conventional molecular beacons (top dia-
grams) to wavelength-shifting molecular beacons (lower diagrams).
The fluorescence of both conventional and wavelength-shifting molec-
ular beacons is well quenched when the probes are free in solution (left
diagrams), yet both types of probes undergo a conformational reorga-
nization and fluoresce brightly when they bind to their target (right
diagrams). When a conventional molecular beacon is bound to a tar-
get, its fluorophore absorbs energy from the stimulating light, stores
the energy for a few nanoseconds, and then emits that energy as bright
fluorescent light of a longer wavelength. However, if the particular
fluorophore that is chosen for a conventional molecular beacon does
not efficiently absorb energy from the stimulating light, then its fluo-
rescence signal will be weak (for example, when blue laser light is used
to stimulate the fluorescence of a red fluorophore). In wavelength-
shifting molecular beacons, however, the harvester fluorophore is cho-
sen because it efficiently absorbs energy from the stimulating light (for
example, fluorescein efficiently absorbs energy from blue light), and
the emitter fluorophore (usually orange or red) is chosen because it is
able to efficiently accept energy from the harvester fluorophore, store
the energy for a few nanoseconds, and then emit that energy as bright
fluorescent light at its own characteristic wavelength.

FIG. 2. Location of the target sequence for each of the five molecular beacons on the complementary strands of the 81-bp M. tuberculosis rpoB
core region. Probe B (labeled with tetrachlorofluorescein) and Probe E (labeled with fluorescein) were conventional molecular beacons, while
Probe A (labeled with Texas red), Probe C (labeled with tetramethylrhodamine), and Probe D (labeled with rhodamine) were wavelength-shifting
molecular beacons.

VOL. 39, 2001 DETECTION OF RIFAMPIN RESISTANCE IN M. TUBERCULOSIS 4133



gave a positive signal with the other 24 species. To confirm that
the absence of these fluorescence signals was due to species-
specific differences in the rpoB sequence, rather than being due
to PCR failure, each reaction was designed to generate an
additional signal that served as an amplification control. The
reactions contained a second set of primers specific for a con-
served region of the 16S rRNA gene of mycobacteria and a
fluorescein-labeled molecular beacon to detect the resulting
amplicon. This molecular beacon gave a signal with all 26
species tested. Taken together, the results imply that positive
signals will occur only when M. tuberculosis or other members
of the M. tuberculosis group are present.

Sensitivity of the assay. To determine the ability of the assay
to provide quantitative results, we prepared samples contain-
ing 10-fold serial dilutions of M. tuberculosis genomic DNA.
The most concentrated sample contained an amount of DNA
equivalent to 2,000,000 bacilli, and the least concentrated sam-
ple contained an amount of DNA equivalent to two bacilli. The
lower the initial DNA concentration, the greater the number of
thermal cycles required to generate a detectable fluorescence
signal (the threshold cycle). The results demonstrate (Fig. 5)
that the logarithm of the number of target DNA molecules
initially present is inversely proportional to the threshold cycle
(8). The assay is thus quantitative over an extremely wide range
of target concentrations, and it is sufficiently sensitive to detect
the DNA from two bacilli.

When preparing samples by serial dilution, it is difficult to
obtain a sample containing exactly two genomic DNA equiva-
lents. A test reaction can, by chance, contain a greater or
smaller number of DNA molecules. We therefore prepared 10
different samples designed to contain two genomic DNA

equivalents and found that 8 of the 10 samples gave positive
signals. In addition, we prepared 10 different samples designed
to contain two-tenths of a genomic DNA equivalent and found
that 1 of the 10 samples gave a positive signal. These results
imply that the assay can detect a single target molecule if it is
present in the sample.

Determination of rifampin susceptibility in sputum sam-
ples. DNA was extracted from 11 smear-positive sputum sam-
ples obtained from patients infected with rifampin-resistant M.
tuberculosis and was used as a template in the assay. A control
sample containing DNA extracted from a rifampin-susceptible
M. tuberculosis laboratory strain was evaluated in parallel. All
five differently colored molecular beacons gave a fluorescence
signal with the rifampin-susceptible control, while one of the
five differently colored molecular beacons failed to give a sig-
nal with each of the 11 rifampin-resistant samples (Fig. 6).
Subsequent nucleotide sequence analysis of the rpoB core re-
gion of the amplicons generated from each sputum sample
showed that a mutation was present within the target sequence
of whichever molecular beacon failed to produce a fluores-
cence signal.

DISCUSSION

The results demonstrate that rifampin-resistant M. tubercu-
losis can be detected in DNA isolated from sputum samples in
a single-tube assay that takes less than 3 h to perform. The
assay is extremely specific and extraordinarily sensitive. More-
over, the assay is simple to perform and readily automatable
for high-throughput screening. The results that are obtained
from the assay indicate whether a patient is infected with M.

FIG. 3. Detection of mutations that cause rifampin resistance in M. tuberculosis by the amplification of the rpoB core region in the presence
of five differently colored molecular beacons. All of the probes hybridized to the amplicons and generated strong fluorescence signals when
rifampin-susceptible strains were tested. However, one or two molecular beacons failed to provide a fluorescence signal when rifampin-resistant
strains were tested. In all, 148 different M. tuberculosis clinical isolates were tested. The results obtained from six of these isolates are shown.
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tuberculosis, what concentration of bacilli is present in the
sample, and whether the bacilli are rifampin resistant. Because
all multidrug-resistant M. tuberculosis strains are rifampin re-
sistant (23), the results of the assay enable an immediate de-

cision to be made as to whether to prescribe a more rigorous
course of antibiotic treatment. Furthermore, the assay pro-
vides quantitative results, which could eliminate the need to
perform sputum microscopy for routine tuberculosis screening.

FIG. 4. Determination of the specificity of the assay. Twenty-six mycobacterial species were tested (representative results from eight of the
species are shown). Only M. tuberculosis (strain H37Rv) and the closely related M. africanum (which is a member of the M. tuberculosis group)
elicited fluorescence from the four differently colored rpoB probes that were present (a fifth rpoB probe, labeled with fluorescein, was omitted).
The reactions also contained primers for the amplification of a region of the 16S rRNA gene that is conserved in all mycobacteria and a
fluorescein-labeled molecular beacon that was complementary to that region. The presence of fluorescence from the fluorescein-labeled probe
(plotted in green) served as a control signal that confirmed that the absence of the other four colors was due to significant differences between the
rpoB sequence of M. tuberculosis and the rpoB sequence in each of the other species and not due to PCR failure.

FIG. 5. Determination of the sensitivity of the assay. Eight PCR assays were initiated with different quantities of DNA obtained from the M.
tuberculosis laboratory strain, H37Rv. The amount of DNA added as a template to each of the eight reactions was calculated to be equivalent to
the amount of genomic DNA contained in 0, 2, 20, 200, 2,000, 20,000, 200,000, and 2,000,000 bacilli, respectively. Primers were present to amplify
the rpoB core region, and probe E was used to detect the amplicons in real time. The results (shown in the left panel) demonstrate that the number
of amplification cycles required to generate a detectable fluorescence signal decreases as the number of target molecules initially present in a
reaction increases. A control reaction, which did not contain any template DNA, did not give a signal. The results (shown in the right panel)
demonstrate that: (i) the threshold cycle is inversely proportional to the logarithm of the number of target molecules initially present, (ii)
quantitative results can be obtained over a wide range of target concentrations, and (iii) the assay is sufficiently sensitive to detect as few as two
bacilli.
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We utilized wavelength-shifting molecular beacons to pro-
vide strong fluorescence signals in the orange and red portion
of the visible spectrum. This was necessitated by our use of the
Applied Biosystems 7700 spectrofluorometric thermal cycler,
which employs a blue argon-ion laser to stimulate fluorescence.
However, a number of other instruments are capable of car-
rying out multiplex real-time gene amplification assays utilizing
multicolored light sources for stimulating fluorescence (for
example, the Bio-Rad iCycler iQ, the Cepheid Smart Cycler,
and the Stratagene Mx4000). All of the probes used in the
assay can be conventional molecular beacons if one of these
instruments is used. Although the spectrofluorometric instru-
ments used to carry out these assays are relatively expensive,
they are becoming common in clinical diagnostic laboratories
as a result of an increasing awareness of the broad applicability
of closed-tube gene amplification techniques (20, 25, 30).

It should also be possible to replace the multitemperature
PCR that is used in the assay with an isothermal gene ampli-
fication protocol. For example, molecular beacons provide
strong signals with amplicons produced during nucleic acid
sequence-based amplification (10), rolling-circle amplification
(11, 32), and strand-displacement amplification (31).

Commercial versions of the assay should include a sixth
uniquely colored probe that provides a positive signal to con-
firm that gene amplification is taking place. Ultimately, these
assays will enable more rapid diagnosis, earlier treatment, and
prompt implementation of infection control procedures to re-
duce the morbidity, mortality, and spread of drug-resistant
tuberculosis.
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