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Multidrug-resistant Mycobacterium tuberculosis strains are widespread and present a challenge to effective treatment of this
infection. The need for a low-cost and rapid detection method for clinically relevant mutations in Mycobacterium tuberculosis
that confer multidrug resistance is urgent, particularly for developing countries. We report here a novel test that detects the ma-
jority of clinically relevant mutations in the beta subunit of the RNA polymerase (rpoB) gene that confer resistance to rifampin
(RIF), the treatment of choice for tuberculosis (TB). The test, termed TB ID/R, combines a novel target and temperature-depen-
dent RNase H2-mediated cleavage of blocked DNA primers to initiate isothermal helicase-dependent amplification of a rpoB
gene target sequence. Amplified products are detected by probes arrayed on a modified silicon chip that permits visible detection
of both RIF-sensitive and RIF-resistant strains of M. tuberculosis. DNA templates of clinically relevant single-nucleotide mutations in
the rpoB gene were created to validate the performance of the TB ID/R test. Except for one rare mutation, all mutations were unambig-
uously detected. Additionally, 11 RIF-sensitive and 25 RIF-resistant clinical isolates were tested by the TB ID/R test, and 35/36 samples
were classified correctly (96.2%). This test is being configured in a low-cost test platform to provide rapid diagnosis and drug suscepti-
bility information for TB in the point-of-care setting in the developing world, where the need is acute.

The global incidence of drug-resistant tuberculosis (TB), par-
ticularly multidrug-resistant (MDR) and extremely drug re-

sistant (XDR) strains, is a major worldwide issue. Rates of MDR
TB have been estimated to be 4.8% of the 9.8 million TB infections
(42), but rates as high as 55% have been observed for previously
treated patients (4). TB can be treated effectively if properly iden-
tified (28, 29). However, delayed initiation of appropriate treat-
ment in suspected MDR TB cases is associated with excess mor-
bidity and nosocomial transmission (39). It has been determined
that the main contributor to delay in treatment is poor sensitivity
of diagnostic tests (26); the average sensitivity of sputum micros-
copy is �60% for immunocompetent patients and lower for HIV
infected patients. The frequency of smear-negative disease in-
creases the difficulty of detecting HIV-associated TB as well (33).
While mycobacterium culture is much more sensitive, it has a very
slow turnaround time of 2 to 8 weeks and is technically complex
(33). Nucleic acid amplification-based tests have improved detec-
tion sensitivity and time to results but historically have been dif-
ficult to implement effectively (21, 30–32, 37–38). A recently de-
scribed real-time PCR approach brings ease of use but at a high
cost (6).

To address the need to bring sensitive and specific diagnostic
testing closer to the patient in the developing world, we have de-
signed a novel approach for the detection of Mycobacterium tuber-
culosis and mutations within the rpoB gene that confer resistance
to the first-line drug rifampin (RIF). Described here is the perfor-
mance of the benchtop version of the assay, termed TB ID/R.
Target DNA sequences within the rpoB gene are amplified using a
novel method, blocked-primer-mediated helicase-dependent am-
plification (bpHDA), which utilizes the isothermal amplification
method HDA (2) coupled with a blocked-primer/RNase H2-me-
diated target-specific “hot start” (10) to exponentially amplify tar-
get DNA sequences. bpHDA utilizes modified blocked primers,
which are constructed with a single ribonucleotide linkage in-
serted 4 bases upstream of a 3=-end block added to prevent primer

extension. Once blocked primers hybridize to complementary
target sequences, thermostable RNase H2 derived from Pyrococcus
abyssi is activated, cleaving the ribonucleotide linkage in the
primer present in duplex DNA. The short segment of the primer
3= of the ribonucleotide dissociates, liberating the block and cre-
ating a free 3=-hydroxyl that is now capable of primer extension.
The RNase H2 used here has very little activity at temperatures
below 40°C and is highly active at 65°C, the temperature required
for HDA to amplify target sequences optimally (10). Because
primer/primer hybrids are unstable at elevated temperatures, no
primer artifact is amplified. After bpHDA, the resultant amplicons
are detected by hybridization to a probe set arrayed on a modified
silicon chip surface that detects mutations in the amplified region
of the rpoB gene. Intermolecular interactions on the chip trigger
colorimetric intensity changes, permitting visual detection of at-
tomole quantities of nucleic acids (19).

MATERIALS AND METHODS
Capture probe design. A set of overlapping probes was designed covering
the core region of the rpoB gene, where the majority of mutations that
confer rifampin resistance occur and which is highly conserved in the
Mycobacterium tuberculosis complex (Fig. 1). We designed the probe set to
be perfectly matched to the wild-type (WT) rpoB gene sequence of Myco-
bacterium tuberculosis (27) (GenBank accession no. L27989). DNA cap-
ture probes were designed using MeltCalc (36, 41), which uses nearest-
neighbor calculations to optimize the discrimination of all potential
mutations. Criteria were set for a melting temperature (Tm) of 58 to 60°C
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under our assay conditions of 825 mM monovalent cation. Higher Tms
(68°C) were required for probes covering the 3= end of the amplicon
(probes 5.7 and 7.5), due to the presence of competing secondary struc-
ture in the amplicon. Each probe was screened to maximize the discrim-
ination (�Tm) of the major rifampin resistance mutations that it was
designed to detect.

Chip production. Crystalline silicon wafers were coated with the poly-
mer amino functional T-structure polydimethyl siloxane (TSPS; United
Chemical Technologies, Bristol, PA) and were cured at 150°C for 24 h.
The TSPS-coated wafer was further prepared as described previously (44)
to create an aldehyde-functionalized surface and was stored at room tem-
perature.

Probes were synthesized by Integrated DNA Technologies, Inc. (Cor-
alville, IA). The 5= end of the probes was modified with a reactive hydra-
zide group designed to interact and attach to the aldehyde-functionalized
surface of the silicon wafers (44). Probes in spotting buffer (0.1 M phos-
phate buffer [pH 7.8], 10% glycerol) were printed (75 nl) on the succin-
imidyl formyl benzoate (SFB)-coated silicon wafer using a BioDot dis-
penser (model AD5000). A biotin-labeled probe was spotted as a
detection control (DC) to control for the activity of the horseradish per-
oxidase (HRP)-conjugated anti-biotin antibody and for tetramethylben-
zidine (TMB) performance. A hybridization control (HC), which controls
for the stringency of the hybridization step by reacting with a biotin-
labeled complementary probe present in the hybridization buffer (�HC),
was also spotted. After incubation for 2 h, the wafers were washed with
0.1% sodium dodecyl sulfate (SDS) solution, dried, scribed into 6.5-mm2

chips (DynaTek), and stored in nitrogen-purged bags prior to use.
DNA templates and genomic DNA samples. Single-stranded 128-

base synthetic DNA templates covering the region of the rpoB gene were
amplified using the TB ID/R assay. The wild-type sequence and 28 mutant
sequences were designed and synthesized by Integrated DNA Technolo-
gies (7, 8, 12, 13, 14, 16, 20, 23–25, 34, 35, 43). Within a DNA template, the
mutated base is denoted by a capital letter, with wild-type bases in lower-
case letters. The reference wild-type M. tuberculosis H37Ra genomic DNA
(gDNA) template, strains of noncognate mycobacterium (NTM) species,
and other bacterial genera for the specificity test were provided by the
American Type Culture Collection (ATCC) (Table 1). All other genomic
DNA templates (from the 10 wild-type and 26 mutant clinical isolates)
were isolated from clinical samples by ZeptoMetrix (Buffalo, NY). De-
tailed genotypic information for those isolates is given in Table 2.

Primers and blocked-primer helicase-dependent amplification
(bpHDA). Primers were designed against the wild-type rpoB gene se-
quence of Mycobacterium tuberculosis by using previously published pa-
rameters for HDA design (2), with Primer 3 software. Due to the high GC
content of the M. tuberculosis genome, constraints were relaxed for primer
GC content, product Tm, and product length. The blocked primers are
rpoB1502F63 (5=-CGA TCA AGG AGT TCT TCG GCrA CCA G/iSpC3-
3=) and rpoB1629F52 (5=-/5BioTEG/GGC ACG CTC ACG TGA CAG
ArCC GCC/iSpC3-3=), where iSpC3 indicates a C3 (3-carbon spacer arm)
block at the 3= end of the primer sequence. The unblocked primers used
were rpoB1502F1 (5=-CGA TCA AGG AGT TCT TCG GC-3=) and mtb-
9R1 (5=-GGC ACG CTC ACG TGA CAG A-3=). All primers were synthe-
sized by Integrated DNA Technologies, Inc.

Amplification reactions were performed at 65°C using 1� ABII buffer
(3.85 mM MgSO4, 40 mM NaCl, 0.4 mM IsoAmp deoxynucleoside
triphosphates [dNTPs]), 1� IsoAmp enzyme mixture (BioHelix), 10 �l

RN2 master mix (Great Basin) containing the enzyme RNase H2, 0.01%
Tween 20, 0.01% Triton X-100, 200 nM rpoB1502F63, and 400 nM
rpoB1629F52. For real-time amplification, EvaGreen dye (Biotium, Inc.)
was added to a final amount of 0.2� for each reaction, and fluorescence
was monitored using the LC 480 instrument (Roche). To determine am-
plification efficiency, the amount of input genomic DNA for the amplifi-
cation reaction was plotted against the crossing time (the amplification
time required to generate a detectable fluorescence signal) and fitted to a
linear curve fit. The slope of the curve was used to calculate efficiency
10(�1/slope) � 1.

The natural log of the amount of genomic DNA was plotted against the
natural log of the crossing time. The doubling rate (in minutes) is deter-
mined from the slope of a linear curve fit.

Chip assay and imaging. The chip assay was performed using chips
immobilized in 96-well plates with flat, square-bottom wells (Whatman).
Twenty microliters of the amplicon and 80 �l of the hybridization buffer
(5� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 5 mg/ml
alkaline-treated casein, 0.05% Tween 20, 0.03% ProClin 300 preservative,
and 250 pM biotin-labeled reverse complementary sequence for the hy-
bridization control probe [��C]) were added and briefly mixed in the
well for each chip, and then the plate was incubated for 6 min in an oven
(Torrey Pines Scientific) set at 95°C to denature the amplicon. After de-
naturation, the plate was immediately transferred to a second hybridiza-
tion oven set at 53°C for 10 min. After hybridization, the wells were briefly
washed 3 times (200 �l each time) with wash buffer A (0.1� SSC, 0.1%
SDS), followed by 3 washes (200 �l each time) with wash buffer B (0.1�
SSC, 0.01% Tween 20). After the wash, 100 �l of a peroxidase-conjugated
mouse monoclonal antibody against biotin (Jackson ImmunoResearch
Laboratory, Inc.) in 75 mM sodium citrate, 500 mM sodium chloride,
10% fetal bovine serum, 5 mg/ml alkaline-treated casein, and 0.5% Pro-

FIG 1 Alignment of probes with the 81-bp core sequence of the rpoB gene. The rpoB gene of M. tuberculosis has an 81-bp core sequence (including codons 508
to 534) that harbors the majority of the mutations clinically relevant for reported drug-resistant TB cases. A 128-bp fragment containing this core region was
amplified using bpHDA technology as described above. Probes hybridize to the indicated regions of the amplicon.

TABLE 1 List of strains for specificity testing

Species or straina Source
Hybridization
for TB

Mycobacterium bovis BCG ATCC 19015 Wild type
Mycobacterium microti ATCC 11152 Wild type
Mycobacterium africanum ATCC 35711 Wild type

ATCC 25420 Wild type
Mycobacterium abscessus ATCC 19977 Negative
Mycobacterium fortuitum ATCC 35754 Negative
Mycobacterium genavense ATCC 51234 Negative
Mycobacterium chelonae ATCC 35749 Negative
Mycobacterium celatum ATCC 51131 Negative
Clostridium difficile ATCC BAA-1382D-5 Negative
Bacillus subtilis ATCC 23857D-5 Negative

Staphylococcus aureus
MRSA ATCC 1005-22-03 Negative
MSSA ATCC 3555D-5 Negative

Homo sapiens Roche
(catalog no. 11691112001)

Negative

Saccharomyces cerevisiae Novagen (catalog no. 69240-3) Negative
a MRSA, methicillin-resistant S. aureus; MSSA, methicillin-susceptible S. aureus.
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Clin 300 preservative was first added to the well and then incubated at
room temperature for 10 min. The wells were further washed briefly 3
times (200 �l each time) with wash buffer B at room temperature. Then
100 �l of TMB substrate (BioFX/SurModics) was added, and the mixture
was incubated at room temperature for 5 min. Finally, the wells were
rinsed twice with distilled water and methanol, respectively. The chips
were dried using compressed air, and images were taken using a charge-
coupled device (CCD) camera controlled by the �Eye software package
(IDS Imaging Development Systems).

Quantitative analysis of chip data. ImageJ (National Institutes of
Health) (http://imagej.nih.gov/ij/) was used to quantify the chip spot sig-
nal intensity. A circle was drawn around the spot, and the average signal
pixel intensity was measured. The same circle was then dragged out to the
neighboring nonspot area, and the average pixel intensity was measured
to generate a background pixel value. The adjusted average spot signal
intensity was obtained by subtracting the background value from the re-
acted spot signal intensity. For each probe with a signal intensity of �100
pixels, the result was determined to be wild type. Those values were then

averaged to determine a mean wild-type signal. Any probe signal with an
intensity of �50 pixels was determined to cover a mutant allele. The mean
wild-type signal was divided by the mutant signal to determine a signal-
to-noise ratio for each mutation. For a result to be considered a valid test
for the presence of the M. tuberculosis complex, at least three probes had to
have signals of �100 pixels within 2-fold of each other. A ratio of �2
indicated the presence of a mutation.

rpoB gene sequencing. A DNA sequencing template (440 bp) contain-
ing the rpoB amplicon region was PCR amplified from 100 ng of genomic
DNA using 500 nM primers (rpoB1375F [5=-CTGATCCAAAACCAGAT
CCG-3=] and rpoB1814R [5=-TACACGATCTCGTCGCTAAC-3=]) in the
Roche LightCycler 480 SYBR green I master kit and was then gel purified.
The DNA templates were bidirectionally sequenced (SeqWright, Inc.)
using the rpoB gene-specific primers rpoB1402F (5=-ATGTCGCGGAT
GGAGCGGGTG-3=) and rpoB1721R (5=-GAGCCGATCAGACCGATG
TTG-3=).

RESULTS
bpHDA principle and characterization. Because the M. tubercu-
losis genome has a high GC content (65%) (data available at http:
//tuberculist.epfl.ch/), a primer artifact is a major potential com-
peting side reaction in target amplification approaches lacking
“hot-start” capabilities, impacting assay sensitivity and the ability
to multiplex. To demonstrate the impact on target amplification
performance of the utilization of RNase H2 in bpHDA reactions
to unblock primers at elevated temperatures, we amplified se-
quences in wild-type M. tuberculosis genomic DNA both by
bpHDA and by the standard HDA approach. bpHDA and HDA
reactions using 50 nM primer concentrations displayed similar
amplification kinetics. Under these conditions, amplification re-
actions were slow, requiring 	60 min to obtain detectable signal
for 30,000 copies of genomic DNA in real-time amplification ex-
periments (Fig. 2B). Additionally, sensitivity was poor, with the
inability to amplify genomic DNA amounts below 100 copies even
after a 90-min reaction time. In an effort to speed the amplifica-
tion reactions and improve the limits of detection, higher primer
concentrations were tested. In standard HDA reactions, only a
primer artifact was amplified, even with larger amounts of the
genomic DNA template (Fig. 2A). In bpHDA reactions, a specific
product was produced with little competing artifact; moreover,
the bpHDA reactions were more rapid, with a crossing time of
29.7 min versus 57.1 min at lower primer concentrations (Fig. 2B).
Additionally, it was possible to amplify small amounts of genomic
DNA, with amplification of 1 copy detectable by real-time analysis
within 50 min. The speed and efficiency of the blocked-primer
approach were measured by amplifying various known quantities
of wild-type genomic DNA in a real-time detection instrument.
Plotting of genomic DNA amounts versus crossing time reveals a
highly efficient exponential amplification system (95 to 100%),
with a rapid doubling time of 78 s. Even after the amplification
reaction mixture was allowed to sit at room temperature for 30
min, no primer artifact was generated by use of blocked primers,
further confirming that the RNase H2 must be at elevated temper-
atures to become active.

Analytical performance of the TB ID/R assay. To detect mu-
tations present within the region of the rpoB gene amplified here,
we created a set of overlapping probes with perfect complemen-
tarity to wild-type Mycobacterium tuberculosis, arrayed on a mod-
ified silicon chip. If a mutation is present in the amplicon, the
hybridization signal for the probe that is complementary to the
mutated region will be dramatically reduced or eliminated. For

TABLE 2 Genotypic information for clinical isolates

Sample IDa

rpoB gene
sequencing
result

TB ID/R assay result

WT/mutant
ratio(s) Determination

Single infections
H37Ra WT 1 WT
8545 WT 1 WT
24504 WT 1 WT
24507 WT 1 WT
24609 WT 1 WT
26933 WT 1 WT
26934 WT 1 WT
26938 WT 1 WT
27625 WT 1 WT
27628 WT 1 WT
27632 WT 1 WT
18918 L511P 143.3 Mutant
21479 L511P 186.3 Mutant
1868 514-515 insert 171.7 Mutant
18460 D516V 22.8 Mutant
20626 H526D 24.6 Mutant
21072 H526D 87.4 Mutant
17718 H526L 38.6 Mutant
14191 H526R 28.7 Mutant
14269 H526R 57.5 Mutant
19752 H526R 125.6 Mutant
565 H526Y 87.4 Mutant
4557 H526Y 23.1 Mutant
13554 H526Y 53.63 Mutant
10460 S531L 13.8 Mutant
20324 S531L 12.9 Mutant
26848 S531L 29.0 Mutant
8600 L533P 5.3 Mutant

Mixed infections
8094 L511P, D516G 234.2, 233.2, 232.4 Mutant
18740 S512R, S531W 13.0, 13.0 Mutant
27950 D515G, L533P 8.1, 112.1 Mutant
27951 D515G, L533P 6.9, 154.8 Mutant
15606 H526N, L533V 15.7 Mutant
11230 H526N, WT 2.6 Mutant
19680 H526R, WT 85.6 Mutant
16866 H526Y, WT 1.6 WT

a ID, identification number.
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those mutations that are covered by two overlapping probes, both
probes could be affected (Fig. 1). To validate the sensitivity and
specificity of the final array, a set of full-length, single-stranded
templates was designed representing �95% of all known muta-
tions in the rpoB core sequence of M. tuberculosis (7, 8, 12, 13, 16,
20, 23–25, 34, 35, 43). Each was tested by the TB ID/R assay, and
each chip image was captured using a CCD camera. As seen in Fig.
3, probe signals were visually unambiguous; the wild-type ampli-
con displayed clear and balanced signals for all probes. For the
target sequences with mutations in codons 509 to 531, a complete
loss of signal was observed in the probes that covered the mutant
allele. Significant, but not complete, reductions in signals were
observed for the various mutations in codon 533. For all of the
point mutations tested, a single probe lost signal except in the case
of mutations within codons 516 and 518, which affected the two
probes that overlap those alleles. One mutation, 508Gcc, could
not be distinguished with this probe set.

Due to the virtually binary responses of the probes to muta-
tions, visual discrimination is straightforward: if a spot is missing

or very faintly present, then a mutation is present. However, the
array is still visually complex, so image analysis was also investi-
gated to generate an automated call. Probe pixel intensities were
determined from the CCD image, corrected for background, and
plotted for each sample tested (Fig. 4). CCD image analysis veri-
fied the visual interpretation of the assay performance; all muta-
tions tested except for those in codon 533 have signal dropout
(�10 pixels). Analysis of each mutant sample reveals signal-to-
noise ratios of �20 for the dropouts, 5.2 for 533Gtg, and 9.4 for
533cCg, allowing for unambiguous discrimination (Fig. 4).

The limit of detection was determined by titrating known
quantities of purified, wild-type M. tuberculosis genomic DNA
using the TB ID/R assay. To detect a single copy of genomic DNA,
40 min of amplification time was required (Fig. 5).

Additionally, we determined reactivity with other Mycobacte-
rium species, including those within the M. tuberculosis complex
(Table 1). All members of the M. tuberculosis complex tested, in-
cluding Mycobacterium bovis, Mycobacterium microti, and two
strains of Mycobacterium africanum, generated signals on all
probes. By the criteria that at least three probes must have signals
of �100 pixels and within 2-fold of each other, none of the 5
Mycobacterium species that do not belong to the M. tuberculosis
complex were detected. However, Mycobacterium genavense yielded
strong signals on two probes and a very weak signal on another.
Testing of several non-Mycobacterium genomic DNA samples, in-
cluding human DNA, displayed no signal (Table 1).

Clinical-isolate testing. To further verify this assay, we tested
genomic DNA from clinical isolates for 11 wild-type and 25 RIF-
resistant specimens (Table 2). The TB ID/R assay correctly classi-
fied 11/11 wild-type samples (100% specific; 95% confidence in-
terval [95% CI], 67.9 to 100%) and 24/25 RIF-resistant samples
(96.0%; 95% CI, 77.7 to 98.7%) relative to the reference method of
rpoB gene sequencing. The wild-type amplicons displayed strong
signals on each probe, with less than 2-fold variability across 11
unique isolates (data not shown). For each of the clinical samples
containing a single mutation, levels of discrimination similar to
those obtained using synthetic templates were observed. Signal

FIG 2 Amplification reactions were performed as described in Materials and Methods. (A) Gel analysis of amplicons. Lanes 1 and 14, 25-bp DNA ladder; lanes
2 to 4, 50 nM/50 nM unblocked HDA primers; lanes 5 to 7, 50 nM/50 nM bpHDA primers; lanes 8 to 10, 200 nM/400 nM unblocked HDA primers; lanes 11 to
13, 200 nM/400 nM bpHDA primers. Lanes 2, 5, 8, and 11, no-template control; lanes 3, 6, 9, and 12, 30 copies of input genomic DNA from M. tuberculosis H37a;
lanes 4, 7, 10, and 13, 30,000 copies of H37a genomic DNA. (B) Real-time amplification analysis. Circles, 200 nM/400 nM bpHDA primers; squares, 50 nM/50
nM bpHDA primers; diamonds, 50 nM/50 nM unblocked HDA primers. All open symbols indicate that the reaction mixtures contained no-template controls,
and all filled symbols indicate that they contained 30,000 copies H37a genomic DNA.

FIG 3 rpoB gene SNP discrimination by the TB ID/R test. Synthetic 128-bp
templates were amplified using bpHDA as described above and were hybrid-
ized to the chip, and CCD camera images were captured. (A) Representative
images of mutations that affect each probe. NTC, no-template control; WT,
wild-type M. tuberculosis. Capitalized bases indicate mutant positions. (B)
Array map. HC, hybridization control; DC, detect control; F
DC, fiducial
marker mixed with the detect control.
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dropout was observed for mutations in codons 511 to 526. Dis-
crimination for the amplicon from genomic DNA of the S531L
mutant was not as good as that for the synthetic template, but the
mutant was easily discriminated, with a signal-to-noise ratio of 19
as an average for three unique strains. The amplicon with the
L533P mutation performed similarly to the synthetic template,
with a signal-to-noise ratio of 5.3.

The TB ID/R assay was further challenged with 8 clinical sam-
ples that contained multiple mutations in the rpoB core region as
determined by rpoB gene sequencing. The TB ID/R assay correctly
classified 7/8 samples as mutant. An unexpected probe response in
a sample with H526N and L533V (sample 15606) was observed,
with signal loss observed only with probe 7.5, when both probes
5.7 and 7.5 should have been affected. Sample 11230 was correctly

reported as mutant by the TB ID/R test, but with a very low ratio,
2.6. Sequencing of this sample revealed a mixed base at the mutant
position, indicating the presence of two unique alleles, explaining
the low ratio for this mutation. The mixed sample (sample 16866)
that was discordant between the TB ID/R assay and the initial rpoB
gene sequencing was subjected to repeat sequencing of the rpoB
gene. Sample 16866 was misidentified as wild type by the TB ID/R
assay. Resequencing confirmed the initial sequencing determina-
tion for the sample to be a mixed WT/H526Y result.

DISCUSSION

Here we have described a novel amplification method that adds a
hot-start component to the isothermal amplification method
bpHDA, permitting more-rapid amplification and a potentially

FIG 4 Performance of the TB ID/R assay for detecting synthetic mutants with mutations in the rpoB locus. Synthetic templates with mutations (indicated by
capital letters) were amplified, tested by the TB ID/R assay, and subjected to CCD imaging, and images were analyzed as described above. Signals for each probe
on each chip were plotted. Filled diamonds, probe WT1.3; open squares, probe WT2.2; filled triangles, probe WT3.4; open triangles, probe WT4.6; filled squares,
probe WT5.7; open circles, probe WT7.5. Signals below 10 pixels are difficult to detect by the unaided eye.

FIG 5 Limit of detection of the assay. The limit of detection was determined by using a wild-type (H37Ra) genomic template with an amplification time of 40
min. (Top) Hybridization control for assay performance. (Bottom) Signal from one probe (WT1.3) as a function of the input copy number of genomic DNA to
the TB ID/R assay.
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greater level of multiplexing. By use of this blocked-primer ap-
proach, initiation of DNA amplification is DNA target dependent,
improving sensitivity and specificity by mitigation of competing
primer artifact amplification. Analysis revealed a highly efficient
exponential amplification system with short doubling times, sug-
gesting that the initiation of HDA by RNase H2-mediated cleavage
of blocked primers is rapid and not rate-limiting. Amplified prod-
ucts were detected using a silicon chip modified with a polymer
coating to create a surface with optical properties such that the
surface-bound DNA hybrids effect a permanent change in color
intensity on the chip surface visible to the unaided eye. Addition-
ally, the surface is molecularly flat and chemically inert, reducing
nonspecific interactions and thus allowing for highly sensitive and
specific detection. This allows for discrimination of single-nucle-
otide polymorphisms (SNPs) as demonstrated here, and with pi-
comolar limits of detection, only short hybridization reactions are
required with target sequences amplified by bpHDA to generate
detectable surface-bound hybrids. Because the signal response to
mutations is effectively binary, results can be determined using
either a noninstrumented visual approach or an inexpensive CCD
or complementary metal oxide semiconductor (CMOS) camera-
based imaging system.

The analytical performance of the TB ID/R assay is similar to
those of other recently described molecular methods for the de-
tection of M. tuberculosis complex strains, including those with
mutations in the rpoB gene associated with RIF resistance. A com-
prehensive set of mutant templates was constructed based on a
survey of the literature (7, 8, 12, 13, 16, 20, 23–25, 34, 35, 43), and
all mutations tested here were distinguished except for one,
508Gcc. Nearest-neighbor analysis revealed that this probe set was
unable to distinguish this mutation (�Tm, 0°C). Fortunately, this
is a very rare mutation, accounting for less than 0.1% of the re-
ported rifampin resistance cases in TB. Alternative designs, in-
cluding the addition of secondary mutations in the probe or
primer sequences, are currently being tested to improve the dis-
crimination of this mutation as well as that of codon 533, where
the discrimination is also not binary. Testing of genomic DNA
isolated from clinical specimens displayed excellent sensitivity for
the detection of RIF-resistant strains and excellent specificity for
RIF-sensitive strains. In contrast to other recently described mo-
lecular diagnostic methods, such as real-time PCR (13) and loop-
mediated isothermal amplification (LAMP) (17), with limited
multiplex detection capabilities, more information can be added
to the TB ID/R assay to detect additional M. tuberculosis resistance
mechanisms, potentially aiding in appropriate management and
treatment of greater numbers of infected patients, and further
reducing transmission risks. Diagnosis of MDR TB requires infor-
mation on isoniazid (INH) resistance in addition to RIF resis-
tance, and mutations in the katG and inhA genes have been de-
scribed for the detection of INH resistance (15), while XDR TB
may be diagnosed by detecting mutations in the gyrA and gyrB
genes for fluoroquinolone resistance and the rrs gene for resis-
tance to aminoglycosides, in addition to the RIF and INH muta-
tions. These markers have been shown to detect XDR TB with high
sensitivity using another scalable test platform, the reverse line
blot hybridization (RLBH) assay (1, 3, 15). However, the RLBH
test is time-consuming and technically complex, limiting its use-
fulness in the point-of-care setting.

Multiple mutations within a sample, presumably from infec-
tions with more than one TB strain or from individual strains with

multiple mutations, present potential challenges for genotypic de-
tection approaches. If two or more mutations exist within a single
TB isolate, detection is straightforward, but if there is a mixture of
multiple unique RIF-resistant strains or mixtures of RIF-resistant
and RIF-sensitive populations, resistance detection could be com-
plicated. To illustrate this point, we tested two isolates that had a
mixture of wild-type and mutant genomic templates (H526R/WT
and H526Y/WT) and obtained very different results. Both the
H526R and H526Y mutations create a signal dropout for probe
5.7 in an isolate with a single mutation; thus, they are strongly
discriminated. We detected the H526R/WT sample unambigu-
ously, indicating that the assay is tolerant of the presence of some
amount of competing wild-type allele. However, the identification
of the H526Y/WT sample as wild type by the TB ID/R assay sug-
gests that if the ratio of the wild-type allele to the mutant allele is
higher, the potential for missing a mutation exists. Similarly, sam-
ple 15606 was correctly identified as a mutant sample, but not all
of the mutations were detected, suggesting that more than one
infecting organism was the source of the mutations. In the two
samples with D516G and L533P mutations, we were able to detect
each mutation with the same level of discrimination as if they were
singly mutated isolates, suggesting that they both occurred in the
same organism. It has been observed previously, in an assay with a
similar probe design, that the strength of discrimination of a given
mutation has a strong effect on the ability to detect mutations in a
mixed sample (5). This factor, combined with the fraction of each
allele present, is critical for correct detection in RIF-resistant sam-
ples containing more than one infecting organism.

The need for improved point-of-care testing for drug resis-
tance in M. tuberculosis is acute. Increasing the initial test sensitiv-
ity from 35% (microscopy sensitivity for an HIV-positive patient)
to 95% (molecular diagnostic approaches) would decrease the
mean delay in diagnosis by approximately 25 days and reduce the
dropout rate (the proportion of infected individuals who cease
seeking medical treatment) by approximately 30% (26). By pro-
viding drug resistance information during the initial diagnostic
test, the delay to appropriate treatment, a critical factor in reduc-
ing mortality attributable to infectious diseases, would be reduced
further (22). To address the need for an easy-to-use, highly sensi-
tive diagnostic test for M. tuberculosis identification and drug sus-
ceptibility information, we are developing the TB ID/R test in a
disposable cartridge on a small, inexpensive, electromechanically
simple, and potentially battery-powered device. This test is being
automated in a manner that is consistent with the ASSURED goals
for developing world point-of-care testing for drug-resistant TB
(40). The combination of isothermal amplification with chip-
based, eye-visible detection allows for the use of low-cost heaters
and imaging equipment. Additionally, we are utilizing low-cost,
highly stable, and robust reagents, with measured stability at 37°C
for 9 months so far, with no loss in activity (data not shown).
These reagents have been used in commercially successful assays
performed in the point-of-care setting for test-and-treat indica-
tions such as viral and respiratory pathogens that require rapid,
accurate results (11). Furthermore, the chips can be produced
inexpensively on a very large scale by utilizing well-established
semiconductor processes (18). Early work with an appreciably
similar device we are developing has shown excellent performance
for identifying staphylococcal species and the presence of the
mecA gene in Gram-positive cocci in cluster-positive blood cul-
tures from hospitalized patients (9). A low-cost, easy-to-use de-
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vice that can detect RIF resistance could have a tremendous im-
pact on reducing the community spread of the disease, as well as
improving outcomes for infected patients by providing appropri-
ate treatment sooner.
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