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Abstract
Drug-resistantMycobacterium tuberculosis can be rapidly diagnosed through nucleic

acid amplification techniques by analyzing the variations in the associated gene

sequences. In the present study, a locked nucleic acid (LNA) probe-based real-time PCR

assay was developed to identify the mutations in the rpoB gene associated with rifampin

(RFP) resistance inM. tuberculosis. Six LNA probes with the discrimination capability of

one-base mismatch were designed to monitor the 23 most frequent rpoBmutations. The

target mutations were identified using the probes in a “probe dropout”manner (quantifica-

tion cycle = 0); thus, the proposed technique exhibited superiority in mutation detection.

The LNA probe-based real-time PCR assay was developed in a two-tube format with

three LNA probes and one internal amplification control probe in each tube. The assay

showed excellent specificity toM. tuberculosis with or without RFP resistance by evaluat-

ing 12 strains of common non-tuberculosis mycobacteria. The limit of detection ofM.

tuberculosis was 10 genomic equivalents (GE)/reaction by further introducing a nested

PCR method. In a blind validation of 154 clinical mycobacterium isolates, 142/142 (100%)

were correctly detected through the assay. Of these isolates, 88/88 (100%) were deter-

mined as RFP susceptible and 52/54 (96.3%) were characterized as RFP resistant. Two

unrecognized RFP-resistant strains were sequenced and were found to contain mutations

outside the range of the 23 mutation targets. In conclusion, this study established a sensi-

tive, accurate, and low-cost LNA probe-based assay suitable for a four-multiplexing real-
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time PCR instrument. The proposed method can be used to diagnose RFP-resistant

tuberculosis in clinical laboratories.

Introduction
The tuberculosis caused by drug-resistant strains ofMycobacterium tuberculosis has been con-
sidered as one of the most critical public health issues. The early diagnosis of drug-resistant
tuberculosis via a rapid and reliable method can facilitate the administration of effective anti-
tuberculosis drugs to patients and prevent the further spread of drug-resistant strains [1]. How-
ever, conventional culture-based drug susceptibility test requires several weeks to identify the
cases of drug-resistant tuberculosis because of the slow growth ofM. tuberculosis [2]. Over the
last two decades, studies have considerably focused on the development of new and rapid
methods that can be used to diagnose drug-resistantM. tuberculosis in a short period [3–5].

Nucleic acid amplification technique (NAAT) is currently one of the most rapid and sensi-
tive molecular diagnostic tools to detect drug-resistant tuberculosis, which is mechanically
developed on the basis of the genetic variations associated with drug resistance inM. tuberculo-
sis [6, 7]. Though the genetic basis of drug resistance is only partially understood, several genes,
such as rpoB, inhA, KatG, gyrA, and gyrB, inM. tuberculosis genome have been well docu-
mented because they have been highly implicated in drug resistance [8]. In particular, 95% of
rifampin (RFP)-resistant strains contains mutations localized in the rpoB gene that encodes the
β-subunit of the bacterial RNA polymerase. Reported mutations associated with RFP-resis-
tance in the gene were accumulated in the 81-bp (codon 507 to codon 533) region called the
rifampin resistance determination region (RRDR) [8–10]. Moreover, the most high-frequency
mutations were localized at codon 516, 526, and 531, as observed worldwide [9, 11, 12]. Conse-
quently, the rpoB genotype ofM. tuberculosis has been considered as a genetic target to detect
RFP resistance through NAATs.

Among the currently used NAATs, probe-based real-time PCR is one of the most prevalent
and reliable approaches to detect drug-resistantM. tuberculosis. This approach can detect gene
mutations associated with drug resistance by using the oligonucleotide probe, which is charac-
teristic of mutation discrimination capability. Such probes used in the previously reported
assays include the molecular beacon [13, 14], the TaqMan minor groove binder (MGB) probe
[15], the sloppy molecular beacon[10], the dual-labeled probe[16, 17], and the padlock probe
[18] and others. However, none of these probes exhibit rigid specificity to discriminate single-
base mutations in the RRDR ofM. tuberculosis in a simple manner. The molecular beacon-
based and Taqman MGB-based assays discriminated the wild-type sequences from the muta-
tions based on their differences of quantification cycles (ΔCq) [14, 15]. The sloppy molecular
beacon-based and dual-labelled probe-based approaches need additional Tm analyses after the
amplification[19]. Padlock probes were used in the rolling circle amplifications, which required
complex procedure [18]. In addition to above probes, LNA probe is another kind of probe that
has been widely used in real-time PCR to quantitatively detect pathogens [20, 21]. The LNA
probe contains oligonucleotide monomers modified with an additional methylene bridge
between 20 oxygen and 40 carbon of the ribose ring. The modified LNA monomer or monomers
in the probe can increase the thermal stability of the probe and help develop short probe
designs, which can improve capability of the probe to detect mutations [22]. The reported
advantages of the probes include superior sensitivity and specificity to detect mutation, ease of
design, and preferable signal-to-noise ratio [23, 24].
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In the study, a LNA-probe real-time PCR assay was developed to detect RFP-resistant
strains ofM. tuberculosis. Six LNA probes that can discriminate one-base mutations have been
designed to identify mutations in the RRDR of the rpoB. According to the reports [14], a total
of 23 common rpoBmutations associated with RFP-resistantM. tuberculosis, including high-
frequency mutations at codon 516, 526, and 531, were collected as the targets to evaluate the
LNA probe-based assay. The LNA probe is highly specific; thus, any one-base mismatch can be
easily identified through the amplification curves (Cq = 0), without complex determinations or
additional Tm analyses. And the proposed assay showed sufficient specificity and sensitivity to
detectM. tuberculosis and RFP-resistantM. tuberculosis, validated by a blind test of 154 clinical
isolates.

Materials and Methods

Clinical isolates
A reference strain ofM. tuberculosisH37Rv (ATCC 27294) and 142 clinical isolates ofM.
tuberculosis with well-defined information on drug susceptibility and rpoB gene sequence were
collected for the present study. The isolates were preserved and cultured at the State Key Labo-
ratory for Infectious Disease Prevention and Control, Collaborative Innovation Center for
Diagnosis and Treatment of Infectious Diseases, National Institute for Communicable Disease
Control and Prevention, and Chinese Center for Disease Control and Prevention (Beijing, P. R.
China). The 142 isolates ofM. tuberculosis were determined with 88 RFP-susceptible strains
and 54 RFP-resistant strains. DNA sequences of the RFP-resistant strains contains 17 types of
rpoBmutations (S1 Table), covering the most frequent mutations at codons 516, 526, and 531.
The RFP-susceptible strains showed no mutations in the RRDR region of the rpoB gene.

Another set of 12 clinical isolates of non-tuberculosis mycobacterium (NTM) were also col-
lected in the study, includingMycobacterium smegmatis,M. avium,M. terrae,M. shimodii,M.
kansasii,M. asiaticum,M. scrofulaceum,M. gordanea,M. chelonea,M. abscessus,M. fortuitum,
and M. phlei.

Cloning of the rpoB gene
Corresponding to the rpoB sequences from theM. tuberculosisH37Rv genome (GenBank
accession no. L27989) and the 23 common mutations associated with RFP resistance (Table 1),
rpoB segments (280 bp) containing the RRDR of wild and mutant types were synthesized and
cloned into the pUC 57 vector. The plasmid DNA was used to initially evaluate and optimize
probe specificity.

DNA extraction
Chromosomal DNA was extracted from fresh bacterial cultures via traditional cetyltrimethy-
lammonium bromide (CTAB) method [25]. In brief, the bacterial cells were digested with lyso-
zyme and proteinase K in the presence of sodium dodecyl sulfate. DNA was released from
proteins and other components by using CTAB (final concentration, 40 mM) and then
extracted using chloroform-isoamyl alcohol (24:1). The genomic DNA was then isolated
through ethanol precipitation and resuspended in Tris-EDTA buffer for storage.

Plasmid DNA was extracted using a QIAamp DNAmini kit (Qiagen, Hilden, Germany) in
accordance with the manufacturer’s instructions. The DNA samples were stored at −20°C.
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Primers and LNA probes preparation
The real-time PCR primers and probes used in the study are shown in S2 Table. The primers
used to amplify rpoB were manually designed to selectively amplify a 206 bp amplicon contain-
ing the RRDR. Six LNA probes were designed to identify any mutation in the amplicon and to
specifically hybridize with the entire 81 bp RRDR in the wild-type strains by using Beacon
Designer software 7.9 (PREMIER Biosoft). Each LNA probe was covalently labeled at the 50-
end with a unique fluorescent reporter dye [6-carboxyfluorescein (FAM), 4,4,7,20,40,50,70-hexa-
chloro-6-carboxyfluorescein (HEX), or Cy5] and a BHQ at the 30-end. All of the probes and
primers were synthesized by Huirui (Shanghai, China).

The specific primers and probes of Bacillus globigii (ATCC 9372) were also used for the
internal amplification control (IAC) and were amplified withM. tuberculosis in one real-time
PCR to detect PCR inhibitors. The oligonucleotide sequences of the primers and a Taqman
probe were designed using Primer Express 3.0 (Applied Biosystems, Foster City, CA) to target
a conserved segment of BgSP in B. globigii (GenBank accession no. L27989). The Taqman
probe was labeled with carboxy-X-rhodamine (ROX) to be distinguished from the other dyes.

Table 1. Summary of the assay performance for the detection of rpoBmutations.

Mutation codon Mutation type Cq values

LNA-P1 LNA-P2 LNA-P3 LNA-P4 LNA-P5 LNA-P6

507# Deletion N* 27.78 27.84 28.07 29.52 28.43

510 CAG-CAT 24.08 N 24.43 22.96 24.43 25.95

511 CTG-CCG 26.81 N 26.91 28.17 29.46 28.66

511# CTG-CGG 26.97 N 27.3 26.15 27.57 28.51

513 CAA-AAA 26.27 N 26.61 27.58 29.32 27.98

513# CAA-CCA 27.51 N 27.83 26.61 28.03 29.46

513# CAA-CTA 23.69 N 24.00 22.83 24.19 25.60

516 GAC-TAC 24.47 27.62 N 27.70 29.82 26.41

516 GAC-GTC 23.49 27.18 N 27.27 29.53 25.27

516 GAC-GGC 27.91 31.68 N 32.91 33.87 29.06

516–517# Deletion 22.15 23.85 N 24.11 25.42 24.15

522 TCG-TTC 23.51 20.82 23.83 N 21.36 25.27

522# TCG-CAG 29.03 25.99 29.35 N 26.32 30.73

522# TCG-TGG 26.84 24.27 27.14 N 24.60 28.03

526 CAC-TAC 26.74 28.3 27.06 28.38 N 28.43

526 CAC-AAC 25.85 25.32 26.2 25.53 N 27.45

526 CAC-GAC 26.07 27.21 26.58 27.32 N 27.33

526 CAC-TGC 24.84 26.26 25.24 26.38 N 26.35

526# CAC-CCC 23.01 22.65 23.40 23.15 N 26.49

526 CAC-CGC 26.98 29.29 27.03 29.95 N 28.71

526 CAC-CTC 25.49 26.91 25.83 26.97 N 27.03

531 TCG-TTG 27.59 28.27 27.59 29.01 29.80 N

531 TCG-TTT 23.95 26.14 24.35 26.20 26.63 N

# Plasmid DNA template;

* Negative result.

doi:10.1371/journal.pone.0143444.t001
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Evaluation of LNA probes by plasmid DNA through monoplex-probe
real-time PCR
Plasmid DNA templates, including the wild-type template and the corresponding mutant tem-
plates, were used to determine the specificity of each LNA probes through a monoplex-probe
real-time PCR amplification. The monoplex-probe real-time PCR was performed in a final
reaction volume of 25 μl containing 2× LightCycler 480-probe master mix (Roche Diagnostics),
forward primer of rpoB (rpoB-F2, 400 nM), reverse primer of rpoB (rpoB-R, 400 nM), detecting
LNA-probe (240 nM), and 2.5 μl of plasmid DNA template (3.0 × 105 copies/μl). The final vol-
ume was adjusted with distilled water. The reaction was run under the following conditions:
95°C for 5 min, followed by 45 cycles of denaturation at 95°C for 15 s, annealing at 65°C for 30
s, and a cooling down step at 37°C for 1 min.

Establishment of the multiplex-probe real-time PCR assay
Multiplex-probe real-time PCR was run in a two-tube formation (Tube A and Tube B), with
three differently labeled LNA-probes and an IAC-probe in each tube. A final reaction volume
of 30 μl was used in each tube containing 2× LightCycler 480-probe master mix, primers for
rpoB (rpoB-F2 and rpoB-R, 800 nM), primers for BgSP (BgSP-F and BgSP-R, 500 nM), a mix-
ture of probes (LNA-P6, LNA-P3, LNA-P1, and IAC-probe in Tube A, 240 nM), or a mixture
(LNA-P2, LNA-P5, LNA-P4, and IAC-probe in Tube B, 240 nM), 2.5 μl of the purified DNA
of B. globigii (1000 GE/μl), and 2.5 μl of the genomic DNA extracted from mycobacteria.

Real-time PCR was conducted using a LightCycler 480 II instrument. The conditions of
PCR amplification were as follows: initial activation at 95°C for 5 min, followed by 45 cycles of
denaturation at 95°C for 15 s, annealing at 65°C for 30 s, and a cooling down step at 37°C for 1
min. Four filter combinations (excitation spectrum–emission spectrum) were chosen and set
as follows: FAM channel (465 nm–510 nm), HEX channel (498 nm–580 nm), Rox channel
(533 nm–610 nm), and Cy5 channel (618 nm–660 nm). The fluorescence in the four channels
was determined simultaneously during the annealing step. Before fluorescence was analyzed,
color compensation was established in accordance with the manufacturer’s instructions. The
quantification cycle (Cq) was obtained by using the LightCycler software program (version
4.0) with the second derivative algorithms.

Result interpretations through the real-time PCR assay
The real-time PCR assay results are described as follows: (1)M. tuberculosis was determined by
positive signals from at least four LNA probes; (2) RFP-susceptibleM. tuberculosis was deter-
mined by positive signals from all of the six LNA probes; (3) RFP-resistantM. tuberculosis was
determined by one or two absent probe signals. (4)M. tuberculosis was precluded if signals
were absent in three or more probes. (5) Diagnoses were based on a positive signal from the
IAC probe (34< Cq< 40); otherwise, the test was considered invalid.

Determination of the assay sensitivity
The genomic DNA ofM. tuberculosisH37Rv was prepared in serial dilutions from 4,000,000
GE/μl to 4 GE/μl to evaluate the assay sensitivity. Then, 2.5 μl of the diluted DNA was used as
the template to determine sensitivity for the multiple-probe-based real-time PCR. The tem-
plates are tested in triplets at least, as described above. To achieve an improved sensitivity, the
nested PCR was introduced into the assay. The first round of the nested PCR was performed in
a 20 μl reaction volume containing 2× Light Cycler 480-probe master mix, 250 nM of each
primer (rpoB-F1, rpoB-R), 3 μl of DNA, and distilled water. The reaction was run under the
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following conditions: 95°C for 5 min, followed by 30 cycles of 10 s at 95°C, 15 s at 60°C, and
another 15 s at 72°C. The product from the first round of PCR was diluted 100 times with dis-
tilled water and used as the template for the second round of real-time PCR as mentioned
above.

Determination of the assay specificity to rpoBmutations associated with
RFP resistance
DNA samples with 23 different RRDR sequences were prepared to determine the assay capabil-
ity to discriminate rpoBmutations associated with RFP resistance. Of the templates, 15 were
from the genomic DNA of RFP-resistant strains ofM. tuberculosis among the sequenced clini-
cal isolates; the other 8 DNA templates were from the plasmid DNA prepared in the study. All
the DNA templates were diluted to the concentration ranged from 105 to 106 GE/tube or cop-
ies/tube.

Determination of the assay specificity by DNA samples from the NTMs
12 NTM strains were collected and used to confirm the detecting specificity of the proposed
assay. Genomic DNA samples were extracted from the NTMs as the templates (approximately
0.1 ng/μl) of the LNA-probe based real-time PCR. DNA sequences from drug-susceptibleM.
tuberculosis and drug-resistantM. tuberculosis were also prepared and tested as the control.

Validation of the assay by clinical isolates
A total of 154 bacteria samples, including 12 NTM strains and 142 clinical isolates with well-
defined information on drug susceptibility and rpoB sequence, were used to evaluate perfor-
mance of the assay. Each DNA sample was diluted to the concentration of 105 or 106 GE/tube
as the template of the real-time PCR. The DNA samples were coded independently and ran-
domly and tested by the assay in a blind test way.

Results

Establishment of the real-time PCR assay
As presented in the design scheme in Fig 1, six fluorescent LNA probes (LNA-P1 to LNA-P6)
were designed to identify the genetic variations in the rpoB gene ofM. tuberculosis. The probes
were assigned to monitor the RRDR region (from codon 507 to codon 533 of rpoB). The LNA
probes could identify these single-base mutations in a manner of “probe dropout” (Cq = 0); in
this way, the probe could not combine with the mutant target; as a result, negative fluorescence
signals were produced during amplification. The six LNA probes were allocated in two tubes to
consist of a two-tube form real-time PCR assay. Each tube contained three LNA probes labeled
with different dyes. The two reactions were performed simultaneously and shared the same
real-time PCR components except the included probes to detect drug-resistantM. tuberculosis.
Probe allocation was determined by comparing different probe combinations (S3 Table).
Finally, LNA-P1, LNA-P3, and LNA-P6 were placed in tube A, and LNA-P2, LNA-P4, and
LNA-P5 were placed in tube B.

An internal amplification control (IAC) based on B. globigii (ATCC 9372) was developed to
monitor PCR inhibitors in each tube. The IAC system consists of specific primers and a Taq-
man probe labeled with Rox, which were targeted at a conserved segment in BgSP of B. globigii.
Considering the amplification competition between rpoB and BgSP, we pre-added approxi-
mately 2500 GE/tube B. globigii to the reaction mixture to generate a sufficient IAC signal and
significantly reduce the interference with rpoB amplification.
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Evaluation of the LNA probe by plasmid DNA
Before the assay with multiple probes was established, the capability of each LNA probe to dis-
criminate single-base mutations was initially confirmed in monoplex-probe real-time PCR
experiments. Plasmid DNA samples, including the wild-type strains and 23 common types of
rpoB sequences with single-base mutations were prepared as template. The results showed that
the 23 types of mutant genotypes could be clearly differentiated from the wild targets on the
basis of the amplification curves; these mutant genotypes were detected through “probe drop-
out”. The Cq values of the mutant sequences were determined as negative (Cq = 0) by the

Fig 1. Schematic description of the assay andmutation discrimination capability of the six LNA probes. (a) The assay is performed in a two-tube form
with three LNA probes and one IAC probe in each tube to detectM. tuberculosis and RFP-resistantM. tuberculosis. The two tubes share the same real-time
PCR components except the included probes. (b) The LNA probes used in the assay could discriminate single-base mutations. The single-base variation in
the target sequence prevents the corresponding probe matching and combining with the target; as a result, probe dropout from the sequence occurs (Cq = 0).

doi:10.1371/journal.pone.0143444.g001
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second derivative algorithms described in the Materials and methods. The results showed the
strong capability of the LNA probe to identify single-base mutations.

All of the LNA probes could combine with the wild-type sequences and generate positive
Cq values. In addition, the Cq values of the same concentration of wild DNA (from 7.5 copies/
tube to 7.5 × 106 copies/tube) did not significantly vary, although the six probes were aimed at
different regions and emitted signals in different fluorescent channels (S1 Fig). The results
demonstrated consistent amplification efficiency (determined in accordance with the MIQE
Guidelines[26]) and quantifications in the six single-probe PCRs, which facilitate the optimiza-
tion of the following assay with multiple probes.

Sensitivity of the multiple-probe assay
The real-time PCR assay with multiple LNA probes was developed and optimized after the
capacity of each LNA probe was assessed. The genomic DNA was extracted fromM. tuberculo-
sisH37Rv and diluted in series (10 GE/tube to 1.0 × 106 GE/tube) to determine the sensitivity
of the assay. The results indicated that the limit of detection (LOD) could reach 100 GE/tube
with an average Cq value of 37.72 (S4 Table). The LOD was approximately tenfold higher than
that of the real-time PCR with single LNA probe (7.5 copies/tube). The decrease in PCR vitality
was caused by two factors. One of the factors involved the presence of the inhibitors from the
excess by-products because of the multiple-labeled probes, which may inhibit the activity of
the DNA polymerase. The other factor included the competition for the IAC amplification in
the same reaction cannot be ignored, especially when the primary rpoB target was at a low con-
centration. The nested PCR amplification was introduced to the real-time PCR assay to over-
come these problems; as a result, the LOD was increased to 10 GE/tube (Fig 2a).

The quantification curve was also established to quantitatively detectM. tuberculosis (Fig
2b). The x-axis represents the DNA concentration, and the y-axis represents the Cq values
(average of the six channels’). The curve displayed good linearity (R2 = 0.987) forM. tuberculo-
sis at a range of 1.0 × 102 GE/tube to 1.0 × 106 GE/tube. The quantification equation was
expressed by y = −3.525x + 52.270. The equation revealed an amplification efficiency of 92.2%
for the assay; thus, the multiple-probe PCR was strongly reliable.

Detection of the rpoBmutations associated with RFP resistance
The capability of the assay to discriminate rpoBmutations associated with RFP resistance was
evaluated to detect RFP-resistantM. tuberculosis. As shown in Table 1, the 23 common rpoB
genotypes with single-base mutations could be correctly detected through the assay. The
absence of any single-base mutation in the DNA caused the “dropout” of the corresponding
LNA probe during amplification (Cq = 0); by contrast, the other LNA probes worked well in
the reaction. Our results further indicated that the RFP-resistantM. tuberculosis can be identi-
fied on the basis of the “probe dropout” instead of ΔCq values that is used in most other NAAT
assays [14, 15]. Previous studies demonstrated the rpoBmutations associated with RFP resis-
tance are mainly single- or double-codon mutations, and triple or more codon mutations have
been rarely reported. Therefore, RFP-resistantM. tuberculosis could be determined as positive
if one- or two-probe dropout from the target DNA.

Specificity of the assay
The specificity of the assay toM. tuberculosis was confirmed by evaluating the DNA samples
extracted from 12 NTM strains (Fig 3). As the results show,M. tuberculosis did not have probe
dropouts (RFP-susceptibleM. tuberculosis) or did not have more than two dropouts (RFP-
resistantM. tuberculosis). However, three or more LNA probe dropouts occurred when the 12
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Fig 2. Sensitivity of the probe assay for the detection ofM. tuberculosis H37Rv. (a) Amplification curves ofM. tuberculosis (10 GE/tube to 1.0 × 106 GE/
tube) through the multiple-probe real-time PCR. The LOD could be increased to 10 GE/tube through the combination of nested PCR amplification. (b)
Quantification curve forM. tuberculosis. The curve displayed good linearity (R2 = 0.987) forM. tuberculosis at a range of 1.0 × 102 GE/tube to 1.0 × 106 GE/
tube.

doi:10.1371/journal.pone.0143444.g002

Fig 3. Assay performance withM. tuberculosis and non-tuberculosis mycobacteria (NTM).M. tuberculosis was diagnosed with no probe dropouts
(RFP-susceptibleM. tuberculosis) or no more than two dropouts (RFP-resistantM. tuberculosis). The 12 NTM DNA samples were identified with three or
more LNA probe dropouts.

doi:10.1371/journal.pone.0143444.g003
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NTMDNA samples were evaluated (S5 Table). Various degrees of homology were observed
between NTM andM. tuberculosisH37Rv by analyzing the rpoB gene sequences. As a result,
positive LNA probe signals in amplification of the NTM were observed. However, none of the
12 NTMs were identified asM. tuberculosis on the basis of the assay results (details in the
Materials and methods). Therefore, the assay was sufficiently specific forM. tuberculosis.

Validation of 154 clinical isolates through a blind test
A set of 154 clinical isolates with well-defined information on drug susceptibility and rpoB
gene sequence, including NTM strains, RFP-susceptibleM. tuberculosis strains and RFP-resis-
tantM. tuberculosis, were used to evaluate the assay performance through a blind test. As the
results show (Table 2), 12/12 (100%) of the NTM samples were correctly identified as free of
M. tuberculosis. The remaining isolates were all recognized asM. tuberculosis by the assay with
a high accuracy of 142/142 (100%). Furthermore, of the 142 strains identified asM. tuberculo-
sis, 88/88 (100%) RFP-susceptibleM. tuberculosis strains were accurately detected through the
assay. In addition, 52/54 (96.3%) of the RFP-resistantM. tuberculosis strains were correctly
determined. Of the total samples, only two RFP-resistant strains were falsely diagnosed as
RFP-susceptibleM. tuberculosis by the assay. Corresponding DNA Sequences of the RRDR
was analyzed in the two discordant samples. An rpoBmutation at codon 510 (CAG-CAC) and
a mutation codon 522 (TCG-ATG) were then found in the two RFP-resistant samples. How-
ever, both mutations were related to low level of resistance to RFP [27, 28] and were not in the
panel of the 23 common mutations. Overall, 152/154 clinical isolates (98.7%) were correctly
identified by the assay. The whole results showed a highly specific performance of the assay to
detectM. tuberculosis and RFP-resistantM. tuberculosis.

Discussion
In the study, we developed a LNA probe-based assay to determine the genotype of rpoB gene to
detectM. tuberculosis and RFP-resistantM. tuberculosis. 23 different mutations in the RRDR,
including the high-frequency mutations at codon 516, 526, and 531, were all identified by the
LNA probes and the proposed assay. The assay also showed high specificity toM. tuberculosis
by testing 12 strains of common NTMs. Sensitivity of the detection could reach 10 GE/reaction
by further introducing a nested PCR method. Through the evaluation of clinical isolates, the
assay presented a high accuracy of 152/154 (98.7%) to detectM. tuberculosis and RFP-resistant
M. tuberculosis.

The proposed assay utilized six well-designed LNA probes as the genotype detector of
RRDR. As a result, all the 23 common mutations were highly distinguished by the LNA probes
in a manner of “probe dropout”, which could be easily identified through the amplification
curves (Cq = 0), without complex determinations or additional Tm analyses. There are several
real-time PCR assays developed for the detection of drug-resistance associated mutations by
using other kinds of probes, such as the molecular beacon-based Xpert MTB/RFP assay [5],

Table 2. Assay performance with 154 clinical isolates.

Sample types Amount of samples Amount of samples detected Amount of samples undetected

not M. tuberculosis 12 12 (100%) 0

RFP-susceptible M. tuberculosis 88 88 (100%) 0

RFP-resistant M. tuberculosis 54 52 (96.3%) 2

Total 154 152 (98.7%) 2

doi:10.1371/journal.pone.0143444.t002
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However, the molecular beacon did not identify the mutations at codon 511 (CGG), codon 516
(TAC and GGC), and codon 526 (AAC and CGC) in the way of “probe dropout” [14]. To dis-
criminate these mutations, the assay still needs complex result determinations based on the
value of ΔCq between the matched and mismatched hybridization.

The assay contains seven different probes, including six LNA probes and one IAC Taqman
probe. Considering the availability of the real-time PCR instrument and easy application of the
assay, we developed a real-time PCR assay in a two-tube form instead of one tube. The design
requires only a real-time PCR instrument with four fluorescent detecting channels, such as
LightCycler 480 II, ABI 7500, SmartCycler, and CFX 96 real-time PCR detecting system. How-
ever, the assay could be improved to a single-tube format to exhibit convenience; thus, the
assay could be applicable to common instruments. Furthermore, the assay can be transferred
to an automatic diagnostic platform with the capability of “sample-in answer out,” similar to
the Cepheid GeneXpert system [29], to achieve point-of-care diagnostics ofM. tuberculosis.

In summary, six LNA probes were designed to detect drug resistance-associated mutations
in rpoB, and these probes have been validated with excellent specificity to detect the common
mutations in the RRDR. Moreover, the LNA probe-based real-time assay developed in the
study shows sufficient specificity and sensitivity to detectM. tuberculosis and drug-resistantM.
tuberculosis, which can become a powerful alternative tool to rapidly diagnose drug-resistant
tuberculosis. The assay could also be used to detect the mutations involved in the resistance to
other anti-tuberculosis drugs, such as isoniazid, ethambutol, and fluoroquinolone, through
designing corresponding specific LNA probes, in future studies.
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