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Abstract
Detection of multi-drug resistant tuberculosis (MDR-TB), a frequent cause of treatment failure, takes
two or more weeks to identify by culture. Rifampicin (RIF) resistance is a hallmark of MDR-TB,
and detection of mutations in the rpoB gene of Mycobacterium tuberculosis using molecular beacon
probes with real-time quantitative PCR (qPCR) is a novel approach that takes ≤ 2 days. However,
qPCR identification of resistant isolates, particularly for isolates with mixed RIF-susceptible and
RIF-resistant bacteria, is reader-dependent and limits its clinical use. The aim of this study was to
develop an objective, reader independent method to define rpoB mutants using beacon qPCR. This
would facilitate the transition from a research protocol to the clinical setting, where high-throughput
methods with objective interpretation are required. For this, DNAs from 107 M. tuberculosis clinical
isolates with known susceptibility to RIF by culture-based methods were obtained from two regions
where isolates have not previously been subjected to evaluation using molecular beacon qPCR: The
Texas-Mexico border and Colombia. Using coded DNA specimens, mutations within an 81 bp hot-
spot region of rpoB were established by qPCR with five beacons spanning this region. Visual and
mathematical approaches were used to establish whether the qPCR cycle threshold (Ct) of the
experimental isolate was significantly higher (mutant) compared to a reference wild-type isolate.
Visual classification of the beacon qPCR required reader training for strains with a mixture of RIF-
susceptible and resistant bacteria. Only then, the visual interpretation by an experienced reader had
100% sensitivity and 94.6% specificity versus RIF-resistance by culture phenotype, and 98.1%
sensitivity and 100% specificity versus mutations based on DNA sequence. The mathematical
approach was 98% sensitive and 94.5% specific versus culture, and 96.2% sensitive and 100%
specific versus DNA sequence. Our findings indicate the mathematical approach has advantages over
the visual reading, in that it uses a Microsoft Excel template to eliminate reader bias or inexperience,
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and allows objective interpretation from high-throughput analyses even in the presence of a mixture
of RIF-resistant and RIF-susceptible isolates without the need for reader training.

Keywords
Mycobacterium; tuberculosis; molecular beacon; real-time polymerase chain reaction; MDR-TB;
Texas-Mexico border; Colombia; rifampicin resistance

1. Introduction
Approximately 1/3 of the world's population is infected with Mycobacterium tuberculosis, with
more than 2 million deaths among those who progress to active tuberculosis (TB) (Stop TB
Partnership and World Health Organization, 2006). One of the most serious threats to the global
control of TB is emergence of multidrug resistant tuberculosis (MDR-TB) isolates, resistant
to at least isoniazid (INH) and rifampicin (RIF) (World Health Organization, 2008). Most of
the 500,000 annual cases of MDR-TB are not detected or treated properly (World Health
Organization, 2009). A major reason for treatment failure and fatal clinical outcome is
resistance to RIF, an antibiotic with excellent early bactericidal effect on metabolically active
M. tuberculosis, as well as late sterilizing action on semi-dormant organisms undergoing short
bursts of metabolic activity. Most RIF-resistant isolates are also resistant to INH, also a first
line bactericidal agent that upon activation produces a range of damaging reactive radical
species. Therefore, detection of RIF-resistance predicts MDR-TB (Somoskovi et al., 2001).

Improvement of current TB control programs requires the development of simple and rapid
methods for MDR-TB detection, enabling prompt initiation of appropriate TB treatment
(Nikolayevskyy et al., 2007). The current “gold standard” to assess MDR-TB is based on
culture phenotype: growth of M. tuberculosis on media containing the corresponding antibiotic.
The advent of liquid media has expedited the turnaround time of culture methods, but results
still take at least 11 days for MDR-TB detection (Robledo et al., 2008), and drug resistance
culture-based testing is not always available in developing countries, particularly those
classified as `high-burden' for TB by the World Health Organization (WHO, 2009).

Approximately 96% of the RIF-resistant isolates have a mutation in the 81 bp core region of
the rpoB gene, facilitating detection of mutations associated with RIF resistance (Piatek et al.,
2000; Piatek et al., 1998). Various molecular techniques have been proposed to detect these
mutations. Some are limited to experimental use due to technical complexity, including
conventional sequencing (Palomino, 2006), pyrosequencing (Jureen et al., 2006) and high-
resolution thermal melt analysis (Hoek et al., 2008; McCammon et al., 2005). Solid-phase
hybridization methods have been developed for diagnostic use (Genotype M. tuberculosis DR,
Hain Lifescience, Nehren, Germany; and INNO-LiPa Rif TB assay, Innogenetics, Gent,
Belgium). The increased simplicity of these assays depends on their capability to detect only
the most common mutations worldwide, leading to variation in susceptibility between
geographical regions (Ahmad et al., 2000; Ahmad and Mokaddas, 2005; Bartfai et al., 2001;
Cavusoglu et al., 2002; Cooksey et al., 1997; Hirano et al., 1999; Hoek et al., 2008; Matsiota-
Bernard et al., 1998; Nikolayevskyy et al., 2007; Ozkutuk et al., 2007). Another technique,
real-time quantitative PCR (qPCR) using molecular beacons as probes has the potential for
experimental and diagnostic use (Piatek et al., 2000; Piatek et al., 1998; Lin et al., 2004; Varma-
Basil et al., 2004). Its use in research comes from its capacity to detect any mutation in the
81bp region of rpoB. For the purposes of diagnosis, molecular beacon qPCR can be used to
screen TB patients for MDR-TB in the increasing number of laboratories worldwide with real
time PCR capability. In settings where qPCR is not available, molecular beacons can still be
used by amplification in enclosed tubes, and then measuring fluorescence with an appropriate
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light source in a fluorometer (Piatek et al., 1998; Tyagi and Kramer, 1996). Recent adaptations
using a simpler, more operator-friendly platform have become available. (Cepheid, Sunnydale,
CA) (Stop TB Partnership and World Health Organization, 2008).

The expanded use of beacon qPCR from a research tool to the clinical setting will require a
systematic approach for its interpretation that is not operator-dependent. In this study we
evaluated the performance of the method in M. tuberculosis isolates from two geographical
sites not evaluated previously using this PCR-based method: The Texas-Mexico border and
Medellin, Colombia. We observed that visual interpretation of the assay is affected by the PCR
experience of the reader. We developed a mathematical approach to circumvent reader
misinterpretation and implemented its use by designing a Microsoft Excel template to
automatically classify isolates based on qPCR output. We compared the performance of visual
reading and mathematical analysis, and highlight the observed advantages and potential
applications of the mathematical approach.

2. Methods
2.1. Bacterial isolates

One hundred and seven M. tuberculosis clinical isolates with known susceptibility to RIF by
microbiological methods (see below) were identified from The Texas-Mexico border and from
Medellin, Colombia. These are two distant geographical regions where beacon PCR had not
been used previously for assessment of RIF resistance. We selected isolates from patients from
The Texas-Mexico border (n=53) that were previously characterized for MDR-TB using the
rapid BACTEC-460TB radiometric system (Becton Dickinson, Paramus, N.J.) and had their
rpoB gene sequenced (McCammon et al., 2005; Quitugua et al., 2002). Isolates from Colombia
(n=54) were obtained during the routine isolation and drug-susceptibility testing of M.
tuberculosis from clinical specimens submitted to the Corporación para Investigaciones
Biológicas (CIB) in Medellin between 1997 and 2006. Conventional antibiotic susceptibility
testing was performed at CIB using the Centers for Disease Control and Prevention version of
the agar proportion method (Kent and Kubica, 1985). Resistance was defined as greater than
1% growth in the presence of 1 μg/ml of RIF.

2.2. DNA isolation, purification and quantification
DNA from The Texas-Mexico border isolates was extracted by boiling (Quitugua et al.,
2002), and purified with phenol:chloroform:isoamyl alcohol (Eickbush and Moudrianakis,
1978). DNA from the Colombian isolates was isolated at CIB laboratories prior to shipping to
Brownsville as described previously (van Soolingen et al., 1991). Mycobacterial DNA from
both study sites was resuspended in 0.1x TE buffer (1 mM Tris-HCl, 0.1 mM EDTA, pH 8.0)
for PCR. Mycobacterial DNA was quantified using Picogreen (Molecular Probes, Eugene, OR)
and the mycobacterial DNA quantity and quality was assessed by absorbance using both
260:280 (between 1.8 – 2.2) and 260:230 (1.6 – 2.0) ratios (ND-1000 spectrophotometer;
NanoDrop Tech, Wilmington, DE) prior to qPCR analysis.

2.3. Oligonucleotide sequences
The sequences of the primers and molecular beacon probes A thru D were described previously
(El-Hajj et al., 2001; Piatek et al., 2000). The primers covered a 189 bp core of the rpoB gene
from M. tuberculosis (accession no. Z95972). The molecular beacon MB531 (Beacon E in this
study) was designed by Lin and collaborators (Lin et al., 2004). The combination of beacons
A through E hybridize to an 83 bp wild-type region within the rpoB gene core (accession no.
AE000516; locus tag MT0695; nucleotides 762,988–763,177), except for a gap in 5 nucleotides
between beacons D and E (codons 447 and 448). A sixth molecular beacon for the 16S rRNA
gene confirms the presence of M. tuberculosis (Piatek et al., 1998). All beacons were labeled
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with a reporter (6 – Carboxyfluorescein; 6-FAM) on the 5' end and quencher (Dabcyl) on the
3' end. Beacons were synthesized by Sigma-Genosys (Sigma-Aldrich, St. Louis, MO).

2.4. Assay conditions
Real time quantitative PCR (qPCR) assays were performed in 96-well plates (ABgene,
Rochester, NY). All reactions were run in a 7900HT Sequence detector (Applied Biosystems,
Foster City, CA), with each 25 μl reaction containing 10 mM Tris/HCl pH 8.0, 50 mM KCl,
200 μM dNTP mix, 400 nM each primer, 100 nM of the molecular beacon, 0.65 units of hot
start JumpStart Taq DNA polymerase (Sigma-Aldrich, St. Louis, MO), ROX as a reference
dye and either 4 mM MgCl2 for the rpoB beacons, and 5 mM MgCl2 for 16SrRNA. Conditions
for amplification were 1 cycle at 95°C for 2 min, followed by 40 cycles at 95°C for 15 s for
denaturation, 62°C for 30 s for primer and molecular beacon annealing and detection, and 72°
C for 20 s for primer extension. Each run included experimental samples (103 copies/well), a
no-DNA negative control (water instead of mycobacterial DNA to exclude contamination of
the qPCR reagents) and a positive control (103 genomes of CDC1551 wild type strain, RIF-
susceptible). Fluorescence was measured during each annealing step throughout the course of
the 40 cycles. The spectral data were automatically analyzed using the SDS 2.1 software
(Applied Biosystems, Foster City, CA) to determine the fluorescence intensity contributed by
each beacon. The background fluorescence of each probe (calculated from thermal cycles 1
through 15) was subtracted. The threshold cycle (Ct) was then set up manually for all beacons
by setting the threshold point at a ΔRn of 0.1 which was i) above the background from all
beacons, ii) within the geometric phase of the amplification curve for all beacons for the
reference CDC1551 strain.

2.5. DNA sequencing
The 83-bp region of rpoB was sequenced for all isolates from Colombia as had been previously
done for all isolates from Texas. For this a standard PCR was run using assay conditions
identical to those described for qPCR, except for absence of beacons, in a MJ Research
PTC-200 thermocycler (Bio-Rad, Hercules, CA). Primers and unincorporated dNTPs were
then removed from the amplicon by filtration (Montage PCR filter units, Millipore Corp,
Billerica, MA). Amplicons were quantified at A260 (ND-1000 spectrophotometer; NanoDrop
Tech, Wilmington, DE) and shipped to SeqWright DNA technology services (Houston, TX)
where sequencing was performed with the same amplification primers in an ABI Prism 3730xl
DNA sequencer (Applied Biosystems, Foster City, CA). Sequences were analyzed with
CLUSTAL X Multiple Sequence Alignment Program (version 2.0.10) (Larkin et al., 2007).

2.6. Data analysis
The number of cycles required for each amplicon to reach the Ct was recorded using SDS 2.1
(Applied Biosystems) (Heid et al., 1996). Mutations in the 83-bp rpoB region were established
using two approaches. The first was visual inspection of the amplification plots, with mutations
identified when there was either an absence or a compromise in amplification (subjective
reading) of any of the five beacons (A–E) in a given isolate (Figs 1C–D). The second was a
mathematical approach to objectively establish the Ct cut-off for defining mutations for each
beacon after data on SDS 2.1 was exported into Microsoft Excel 2007. Details on the
development of the second approach are provided in the Results section. Kappa statistic was
conducted to establish the concordance between the standard drug-susceptibility
characterization methods by culture or DNA sequencing, and the beacon approach. Descriptive
statistics are provided. Positive predictive value (number of true positives/(number of true
positives + number of false negatives), and negative predictive values (number of true
negatives/(number of true negatives + number of false negatives) were calculated.
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3. Results
3.1. Study design

We adapted a molecular beacon qPCR assay and compared the performance of a visual and a
mathematical analysis for prompt identification of RIF-resistance in isolates from two
geographical regions not tested previously by this method: The Texas-Mexico border (n=32
RIF- susceptible and 21 RIF-resistant) and Medellin, Colombia (n=24 RIF-susceptible and 30
RIF-resistant). Our molecular team was blinded for the previous RIF-resistance. Total DNA
from each M. tuberculosis isolate was quantified and 103 genomes per qPCR reaction were
submitted to amplification with six molecular beacon assays: five spanning an 83-bp rpoB
region (A, B, C, D, E) and one specific for M. tuberculosis 16SrRNA. Each 96-well plate was
set up with DNA from CDC1551 and six experimental isolates, each run in duplicates (Fig
S1). After amplification of M. tuberculosis DNA was confirmed with the 16S rRNA beacon,
two strategies were used to determine the Ct cut-off for presence or absence of mutations in a
beacon: visual or mathematical analysis. As a `gold-standard' reference we used the
microbiological classification of drug resistance or the presence of DNA mutations in the
rpoB target based on DNA sequence.

3.2. Characteristic distribution of amplification curves
The distribution of the amplification plots from all isolates revealed that classification of
isolates as RIF-susceptible or –resistant required careful observation. First, despite placing
“103” M. tuberculosis genomes per qPCR well, there were variations in the amplification signal
efficiency between isolates that could lead to difficulties in comparing the amplification curves
of each isolate with the reference strain. Second, the signal efficiency was slightly variable
between the five beacons for the reference strain CDC1551: consistently stronger for beacon
A, and weaker for B and E (Fig 1A and S2). Third, the amplification curves from the
experimental isolates behaved in one of three ways when compared to CDC1551 (Fig. 1A): i)
Ct similar to the reference strain (wild-type; Fig. 1B), ii) no Ct value for at least one beacon
when the curve did not reach the threshold value (Fig. 1C), indicating a mutation in the sequence
covered by that beacon in nearly 100% of the M. tuberculosis cells, or iii) at least one beacon
with detectable but “clearly higher” Ct than that for CDC1551 (Fig. 1D), suggesting a possible
mixture of wild type (mixed RIF-susceptible) and mutant (RIF-resistant) bacteria for the
sequence covered by that molecular beacon. Twenty eight of the 51 mutant isolates fell into
this category (data not shown). This was particularly common for beacon E, where 15/16
isolates with mutations in this region had a detectable Ct.

These observations led us to the realization that beacon interpretation by visual inspection
could be compromised by inherent bias of the reader, particularly for isolates with higher but
detectable Ct compared to the wild-type. This was supported after four volunteers (two with
qPCR experience and two without) were given a guide to detect mutations using molecular
beacon qPCR, and asked to record their interpretation of the amplification plots from all the
isolates evaluated in this study (Table S1). All their misclassifications were for isolates that
had at least one beacon with detectable Ct. The most frequent discordance between readers
was for beacon E.

3.3. Visual detection of mutations
The varying characteristics of the amplification curves described in the previous section were
the basis on which we designed a strategy for visual classification of RIF-resistant or –
susceptible isolates. First, within each 96-well plate, the distribution of beacons A–E for strain
CDC1551 were used as reference for the other five experimental isolates run in parallel, to
avoid inter-plate variations. Second, taking into account the distribution of beacon signals for
the wild type strain(s) (Fig 1A), we then evaluated each experimental isolate to determine
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whether any of the beacons had a Ct that was either undetectable or “clearly higher” (mutant)
than the others with a lower Ct (wild-type regions). Since we noted that among the 51 isolates
with nucleotide mutations, 50 had mutations that spanned up to two different beacons (Table
1), the amplification curves from the remaining three or four beacons that appeared to span
wild-type sequences were used as internal Ct reference for each isolate. This intra-isolate
comparison controlled for Ct variations between isolates, due to inherent differences in the
amount of DNA loaded per well (even though 103 genomes were routinely loaded per qPCR
reaction), and/or efficiency of amplification of each DNA preparation. Isolates with mutations
in at least one beacon were classified as RIF-resistant. Using these rules, our qPCR operator
interpreted the molecular beacons for each isolate without knowledge of culture phenotype,
and then compared the results to RIF-resistance by culture as reference. Beacon qPCR was
100% sensitive and 94.6% specific, with 94.2% positive predictive value and 100% negative
predictive value. Discordance was attributed to three isolates, RIF-susceptible by culture, but
RIF-resistant by visual beacon classification (isolates 5514, 3300 and T106; Tables 1 and 2).

To explore possible explanations for discordance between both techniques, and identify the
nucleotide changes conferring RIF-resistance in isolates from each geographical region,
analysis of the 83-bp rpoB DNA sequence was conducted. Mutations were more frequent in
codon 450 for Colombian isolates (18/30), and codon 445 for the Texas-Mexico border isolates
(12/21; Table 2). One Texas isolate (2308) had a 6 nucleotide (two codon) deletion. Three
Texas isolates (3300, 3573, 4384) had silent mutations: two were RIF-susceptible, and one
was RIF-R due to the presence of another mutation (Table 2; Table S2). Coincidently, the five
nucleotide region containing these two silent mutations was within a 5 nucleotide gap between
beacons D and E. The qPCR visual method had a sensitivity of 98.1% and specificity of 100%
when compared to mutations by DNA sequence (Table 2). Discordance was attributed to one
isolate with no detectable mutation with beacons but a nucleotide substitution (CAC→GAC;
His→Asp) based on DNA sequence. This isolate (870) was reported as susceptible using
traditional methods. DNA sequence analysis explained the discordance between visual beacon
interpretation and culture phenotype for isolate 3300, which had a silent mutation, but not for
isolates 5514 or T106, which contained mutations resulting in amino acid changes (Table 1).

3.4. Mathematical approach to define a Ct cut-off for mutant classification
Even though the visual interpretation of mutations provided sensitivities and specificities
higher than 94%, we noted that classification of isolates with mixed populations of RIF-
resistant and RIF-susceptible bacteria (Fig 1C) was somewhat subjective and varied depending
on the reader training and qPCR experience (Table S1). Therefore, we explored the possibility
of setting an automated cut-off Ct value for classification of mutants that would eliminate
reader bias. The strategy was to design a set of rules to objectively determine the Ct cut-off for
isolates evaluated in the 18 96-well plates of this study. First, beacon A had the lowest raw Ct
(mean±SEM; 32.2±0.10), followed by C (32.8±0.10), D (33.3±0.13), B (33.7±0.14) and E
(34.0±0.12; Fig. S1). Therefore, we adjusted the efficiency of detection of each beacon so the
Ct for beacons A–E would be comparable. The adjustment factor was based on data from
CDC1551 from each plate, to account for the inherent variation in the efficiency of
amplification of each experiment (run in duplicates; Fig 2A). Beacon A was arbitrarily chosen
as reference, and the conversion factor to adjust for efficiency of amplification of all other
beacons was estimated by dividing the mean Ct for the duplicates of beacon A by the mean Ct
of beacons B, C, D or E (e.g. Conversion factor for beacon B= mean Ct for beacon A/mean Ct
for beacon B; Table 3, Conversion factor using A as reference). Then the raw Ct for each beacon
from the experimental isolates in the same plate was adjusted by multiplying by its
corresponding adjustment factor (Adjusted Ct in Table 3; Fig 2B).
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Second, we established the cut-off Ct value for each isolate in a given plate, using as gold
standard the 83 bp rpoB DNA sequence (and not culture phenotype), given the presence of
silent mutations (Table S1). By visual inspection we noticed that 98% (50/51) of the RIF-
resistant isolates had mutations that would be detected by one or two beacons (Table 1).
Therefore, to estimate the average Ct that represented the average amplification of the wild-
type region of rpoB within a given isolate, we identified three beacons within each isolate that
were not spanning a mutant region. These would be used to determine the optimal Ct cut-off
that distinguishes mutants from wild-type isolates. To do this, we first calculated the average
of adjusted Ct for the five beacons in a given experimental isolate (Mean of all adjusted Ct's
in Table 3), and selected the three beacons that had an adjusted Ct closest to this overall mean
(beacons A, C and D as example in Table 3). Then we calculated the mean of the adjusted Ct
from these three beacons (mean-Ct-adjusted). Using this mean-Ct-adjusted value as a
reference, we evaluated the sensitivity and specificity of the assay for the five beacons from
the 105 isolates evaluated in this study by adding either 0.5, 1.0, 1.5 or 2.0 additional cycles.
Receiver-operator curves (ROC) were used to establish the cut-off providing the best sensitivity
and specificity for most isolates. The selected thresholds comprised the addition of 1.5 cycles
for beacons A–D, and 0.5 cycles for beacon E (Table 4). The formulas for the mathematical
approach were inserted into a Microsoft Excel template. Since all experiments had an identical
96-well plate set-up, once a qPCR run was finished, data were directly downloaded from the
ABI7900 SDS software to the Microsoft Excel template, followed by automated calculation
of Ct threshold and final classification of each isolate. This mathematical approach was 98%
sensitive and 94.5% specific versus culture phenotype, and 96.2% sensitive and 100% specific
versus DNA sequence (Table 2). When compared to the visual analysis, the mathematical
approach only failed to detect one RIF-resistant isolate by culture and DNA sequence (MD643).

4. Discussion
We propose an objective, simple and reader-independent mathematical approach for a
molecular beacon qPCR method for detection of rpoB mutations associated with RIF-resistant
as a surrogate marker of MDR-TB. The mathematical method provided 98% sensitivity and
94.5% specificity versus traditional drug susceptibility by culture. Most importantly, this
method did not require reader training, which is particularly critical for interpretation of isolates
with mixed populations of RIF-resistant and RIF-susceptible bacteria, which accounted for
51% of the RIF-R specimens evaluated in this study. In the process, we also showed a sensitivity
of 96.2% and specificity of 100% versus DNA sequence analysis among M. tuberculosis
isolates from two geographical regions not tested previously using this beacon qPCR approach.

The final strategies for visual and mathematical interpretation of mutations proposed in this
study involved evaluation of several approaches. For visual analysis, we compared the
amplification curves for a given beacon (e.g. beacon A) for all the isolates tested in the project
to identify those that would “stand out” with a higher Ct (mutant). However, this method was
only suitable for comparisons for a given operator and required at least 10 plates to determine
a reliable Ct threshold. A second visual analysis was based on comparison of isolates run in a
single 96-well plate to adjust for operator variability, reagents and experimental conditions.
Comparison of each experimental isolate, one beacon at a time, to the corresponding beacon
from the CDC1551 reference was not reliable since there were differences in DNA
concentration and/or efficiency of amplification for each isolate, despite attempts to load the
same amount of DNA per qPCR well. These experiments, together with the observations of
the distribution of the amplification curves (Fig 1), led us to establish a visual analysis method
which compared the Ct of the five beacons from a given isolate, allowing for inherent variations
in the efficiency of each beacon. In our hands this approach had nearly 100% sensitivity and
specificity, but the method required substantial reader experience since there were marked
differences between beacon curves, particularly with mixed isolates (Table S1).
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We therefore developed several mathematical approaches before designing the final model
described in this study. The ability to create a “universal” Ct for each beacon based on the
mean Ct from the 18 plates from CDC1551 was limited by the inherent variations in
amplification of each isolate, despite attempts to load the same number of genomes per qPCR
well (estimated <10% variation; data not shown). Amplification efficiency was not associated
with the DNA extraction method for isolates from both sites (data not shown). We also tried
designating a threshold based on the area under the amplification curve by reading Rn or delta
Rn (Rn adjusted for background fluorescence and amplification in the first 15 cycles) and
taking into account differences in the signal intensity of each beacon (consistently higher for
A). However, not all curves had the same shape, with notable variation between isolates, and
therefore, differences in total fluorescence despite similar Ct values. Beacon E was particularly
problematic due to the narrow difference between a “wild-type” versus “mutant” Ct. In fact,
in the process of adapting the published assay conditions for the five beacons (Lin et al.,
2004; El-Hajj et al., 2001; Piatek et al., 2000), optimal efficiency of amplification of all
beacons, including E, required careful titration of MgCl2 and dimethyl sulphoxide (data not
shown).

Our beacon qPCR results had a similar sensitivity and specificity to that reported for MDR-
TB detection of strains from different geographical regions (Lin et al., 2004; Piatek et al.,
2000; Varma-Basil et al., 2004). However, previous studies had not addressed the importance
of reader training and experience, particularly for interpretation of amplification curves with
detectable but clearly higher Cts. This is critical for transition of research protocols to the
clinical setting. These limitations are overcome by the mathematical method we propose: it
was reproducible regardless of date of assay, master mix batch or different operators. This
approach is suitable for high-throughput screening of MDR-TB, and only limited by the number
of plates that can be run simultaneously. Our proposed mathematical model could be tailored
to other software platforms, a step required for semi-automation of molecular beacon
technology. The capacity of taking qPCR to this level is illustrated by the recent development
of a field-method for automated RIF-resistance detection using the GeneXpert device and Xpert
M. tuberculosis cartridge (Cepheid, Sunnyvale, CA)(Stop TB Partnership and World Health
Organization, 2008).

The most common rpoB mutations in the literature are in codon 450 (31–67%), followed by
codon 445 (7–48%), with variations between geographical regions (Ahmad et al., 2000; Ahmad
and Mokaddas, 2005; Bartfai et al., 2001; Cavusoglu et al., 2002; Cooksey et al., 1997; Hirano
et al., 1999; Matsiota-Bernard et al., 1998; Nikolayevskyy et al., 2007; Ozkutuk et al., 2007).
Our isolates from Colombia were randomly selected and followed this frequency distribution.
That was not the case for the isolates from Texas, which were selected to include isolates with
mutations that spanned the regions probed by all beacons. However, in a previous study with
a larger collection of isolates from the Texas-Mexico border, the distribution of mutations was
similar to those from Colombia and other regions of the world (McCammon et al., 2005).
Where resources are limited, but distribution of mutations known, screening assays might be
limited to beacons D and E, which would detect about 50–70% of the RIF-resistant (and MDR-
TB) isolates.

Even though the ultimate goal for diagnosis is to determine resistance, the quantitative nature
of the molecular beacon qPCR method provides an insight into the complex biology of drug
resistance. It is possible that each patient carries a mixed population of susceptible and resistant
isolates, and the proportion of these varies. Detection of small numbers of resistant organisms
in a mixed population exposed to RIF might be used to predict resistance not yet detectable
clinically or phenotypically. Among the 51 mutant isolates evaluated in this study, 28 (55%)
had a detectable Ct (beacon A, n=1; beacon B, n=6; beacon C, n=2; beacon D, n=3; beacon E,
n=16). As a preliminary approach to assess the potential for quantification of molecular beacon
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qPCR, we mixed different ratios of RIF-resistant and RIF-susceptible bacteria for beacon B,
and were able to detect and quantify as few as 30% of RIF-resistant among a total of 103

bacterial genomes per qPCR well (Table S3). We anticipate a similar quantification potential
for beacons A–D, but most likely the need to modify beacon E to ensure its Ct reflects the
proportion of mutants. This opens up the possibility of following the dynamics of drug
resistance during the course of treatment, including prediction of treatment failure.

A potential study limitation is that we assumed that the changes in the Ct of a given isolate
were attributed to the presence of bacteria with mixed resistance. Microbiological confirmation
of the proportion of resistant bacteria in each isolate would be ideal, but this was not considered
necessary for several reasons: First, our findings when mixing known quantities of “resistant”
and “sensitive” bacteria provided the expected, proportional change in the Ct of the wild-type
beacon PCR output, as observed in patient specimens. Second, it is well-recognized that drug-
resistance arises from random mutations in a given bacterium that eventually multiplies to
become more frequent than the drug-susceptible bacteria- this is the basis for the classical
“proportions” method for assessing drug resistance of M. tuberculosis. Third, changes in the
Ct were consistent with mutations detected by DNA sequence. Another limitation of our
proposed beacon qPCR is the 5-nucleotide gap between beacons D and E, with failure to detect
mutations in this region. In our hands the previously described beacon “E” by Piatek and
collaborators was problematic (Piatek et al., 2000), and hence, the development of a beacon
for this region is needed.

In summary, we propose a simple and objective, Microsoft Excel-based automated approach
to standardize the identification of mutations associated with RIF-resistance using molecular
beacon qPCR. This method would ease the expansion of the beacon qPCR technique from a
research tool towards a standardized assay for prompt MDR-TB screening in clinical reference
laboratories. The next step will be to test the mathematical approach on an extended number
of isolates from different geographical regions, and across laboratories. Finally, the quantitative
nature of this technique could be further developed into an assay to monitor or predict MDR-
TB development.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Distribution of amplification plots for beacons A–E for CDC1551 and representative
experimental isolates. The average delta Rn for duplicates of each beacon is shown for the 40
thermal cycles run for each isolate in a given plate. A, The signal efficiency was slightly
variable between beacons for the reference strain CDC1551: strongest for beacon A (blue),
followed by C (green), D (purple), B (red) and E (light blue). B, Similar beacon distribution
was observed for the wild-type experimental isolate T138. C, Isolate MD465 showed similar
distribution for beacons A, B, C, and E, but beacon D did not reach the threshold of fluorescence
indicating a mutation in the sequence covered by that beacon. D, Isolate MD540 had a similar
distribution for beacons A–D, but beacon E had a detectable but clearly higher Ct when
compared to that for CDC1551, suggesting a mixed RIF-S and RIF-R population. Horizontal
lines with arrows represent threshold set point at a delta Rn of 0.1.
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Figure 2.
Adjustment of Ct based on variable signal efficiency between beacons A – E for isolates
evaluated in one 96-well plate. A, Raw Ct for beacons A–E for CDC1551 and six experimental
isolates run in the same plate. B, Adjusted Ct based on the amplification efficiency of beacons
A–E from strain CDC1551 as reference. Bars indicate the mean of the duplicate Ct for each
beacon from each isolate. The solid horizontal lines in panel B indicate the Ct cut-off (avg-Ct-
adj plus 1.5 cycles for beacons A–D, and 0.5 cycles for beacon E) based on our mathematical
approach.
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