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We have developed a multiplex assay, based on multiplex ligation-dependent probe amplification (MLPA),
that allows simultaneous detection of multiple drug resistance mutations and genotype-specific mutations at
any location in the Mycobacterium tuberculosis genome. The assay was validated on a reference panel of
well-characterized strains, and the results show that M. tuberculosis can be accurately characterized by our
assay. Eighteen discriminatory markers identifying drug resistance (rpoB, katG, inhA, embB), members of the
M. tuberculosis complex (16S rRNA, IS6110, TbD1), the principal genotypic group (katG, gyrA), and Haarlem
and Beijing strains (ogt, mutT2, mutT4) were targeted. A sequence specificity of 100% was reached for 16 of the
18 selected genetic targets. In addition, a panel of 47 clinical M. tuberculosis isolates was tested by MLPA in
order to determine the correlation between phenotypic drug resistance and MLPA and between spoligotyping
and MLPA. Again, all mutations present in these isolates that were targeted by the 16 functional probes were
identified. Resistance-associated mutations were detected by MLPA in 71% of the identified rifampin-resistant
strains and in 80% of the phenotypically isoniazid-resistant strains. Furthermore, there was a perfect corre-
lation between MLPA results and spoligotypes. When MLPA is used on confirmed M. tuberculosis clinical
specimens, it can be a useful and informative instrument to aid in the detection of drug resistance, especially
in laboratories where drug susceptibility testing is not common practice and where the rates of multidrug-
resistant and extensively drug resistant tuberculosis are high. The flexibility and specificity of MLPA, along
with the ability to simultaneously genotype and detect drug resistance mutations, make MLPA a promising tool
for pathogen characterization.

Effective tuberculosis (TB) control requires firstly that pa-
tients be identified and placed on proper antituberculosis ther-
apy and secondly that good epidemiological information be
available for infection control. Early detection of drug resis-
tance and the genotype would allow appropriate treatment of
the patient and could thereby reduce the incidence of multi-
drug-resistant TB (MDR-TB) or extensively drug resistant TB
(XDR-TB) and secondary cases. Mathematical models have
suggested that each year, approximately 70% of prevalent in-
fectious MDR-TB cases must be detected and treated, and
80% cured, in order to interrupt the transmission of MDR-
and XDR-TB (11).

Sputum microscopy is widely used to confirm pulmonary TB
disease, but unfortunately, microscopy provides no informa-
tion on drug resistance, genetic background, or even the spe-
cies of the mycobacterium detected. As a consequence, almost
all new patients are initially placed on standard therapy with
first-line drugs, leading to the further spread of drug-resistant
strains in areas where primary MDR-TB infections are preva-
lent.

Methods that can identify the mycobacterial genotype or
detect most resistance to the primary first-line antibiotics are
available (18, 21, 24, 31, 42, 46). However, the phenotypic or

genotypic characterization of every Mycobacterium tuberculosis
isolate or even every sputum sample containing acid-fast bacilli
(AFB) is currently time-consuming as well as costly and is
practical only in countries with a low burden of TB.

Unlike many other bacterial pathogens, M. tuberculosis is a
clonal organism with no evidence of horizontal gene transfer
and with a low recombination rate (3, 34). In addition, the
majority of drug resistance in M. tuberculosis is due to the
acquisition of point mutations (23, 27, 30, 37, 40). These traits
make M. tuberculosis especially suitable for characterization via
single nucleotide polymorphism (SNP) analysis (2, 13, 16, 20).

Over the years, many important genetic markers for the
genotype (e.g., IS6110, gyrA, katG, and TbD1), drug resistance
(e.g., rpoB, katG, inhA, and embB), and possibly increased
adaptive potential (e.g., mutT2, mutT4, and ogt) have been
identified. The ability to determine all these aspects in one
assay would be advantageous for transmission studies, molec-
ular biology research, and the selection of optimal treatment
regimens. Multiplex PCR enables simultaneous amplification
of two or more genetic loci in one reaction. Unfortunately,
multiplex PCRs are difficult to optimize, because separate
primer pairs are required for every targeted locus, each requir-
ing a different optimal combination of reagents.

Here we report the design, development, validation, and
initial application of a multiplex assay based on multiplex li-
gation-dependent probe amplification (MLPA), allowing si-
multaneous genotyping and detection of drug resistance mu-
tations for M. tuberculosis. MLPA is a simple and robust assay
that allows multiplexed identification of multiple SNPs by the
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amplification of sequence-specific MLPA probes rather than
target DNA (32). The specificity of the assay is ensured by an
initial ligation step, and its sensitivity is ensured by PCR am-
plification. The sizes of the resulting MLPA products corre-
spond to the targeted SNPs. The MLPA products can subse-
quently be identified by capillary electrophoresis.

Currently MLPA is widely used for many applications
involving the screening of human DNA (12, 19), but to date
there have been no reports of the use of MLPA for the char-
acterization of bacterial genomes. This type of assay offers
significant advantages over PCR-based methods in that multi-
ple mutations distributed throughout the genome can be tar-
geted in a single assay without compromising the sensitivity,
specificity, or simplicity of the method. Therefore, MLPA will
allow a more extensive characterization of cultured M. tuber-
culosis isolates than is currently practical.

In addition, the application of MLPA directly to AFB-pos-
itive clinical material would be of particular value in regions
with a high or increasing incidence of primary drug resistance,
allowing patients with MDR-TB to be identified and managed
more effectively.

MATERIALS AND METHODS

Selection of strains/DNA targets. A panel of 10 representative M. tuberculosis
strains and 2 other members of the M. tuberculosis complex were used for
validation of the MLPA probes (Table 1). This reference panel contains wild-
type and mutant forms of all the targeted loci and was chosen from a library of
laboratory-generated mutants (1) and clinical isolates from Brazil (33). The
sequences targeted by MLPA probes were determined by dideoxy sequencing. In
addition to the M. tuberculosis strains, DNA samples from three other bacterial
species were included in the reference panel as negative controls: Escherichia coli

(strain K-12), Staphylococcus aureus (strain 3347-1), and Mycobacterium
malmoense (strain MOTT 1)

To validate MLPA as a tool for genotyping and determination of drug resis-
tance, we also selected a panel of clinical isolates on the basis of their spoligo-
types and/or drug resistance profiles (Table 2). All 47 strains selected were at
least phenotypically resistant to isoniazid (INH).

Strains 1 to 29 were selected for their specific spoligotypes and were used to
determine the correlation between MLPA, the spoligotype, and the sequence of
ogt codon 15 (a marker for the M. tuberculosis Haarlem genotype [26]), as an
example of the performance of the genotype-specific probes included in the
assay. Strains 14 to 47 were selected for their drug resistance profiles and were
used to determine the correlation between MLPA and phenotypic drug resis-
tance. Targeted drug resistance genes and ogt codon 15 were sequenced after the
results of MLPA were known in order to check the proportion of SNPs correctly
identified by MLPA.

DNA isolation and sequencing. (i) Preparation of DNA from cultured bacte-
ria. Mycobacteria were inoculated from pure colonies on Löwenstein-Jensen or
Coletsos slopes and were grown for 10 to 14 days in Middlebrook 7H9 medium
(Difco, BD, Sparks, MD) supplemented with OADC Enrichment (BBL, BD,
Sparks, MD). From each culture 150 �l was taken and centrifuged at 5,000 � g
for 3 min. Cells were lysed by replacing the supernatant with 150 �l Tris-EDTA
buffer containing 1% Triton X-100 (BDH Laboratory Supplies, Poole, England)
and heating at 95°C for 30 min. After lysis, cells were spun down at 5,000 � g for
3 min, and 130 �l of the supernatant was collected as a DNA sample.

To increase the specificity of the assay, 1 �l of 5-mg/ml DNase-free RNase
(Roche Diagnostics GmbH, Mannheim, Germany) was added to each DNA
sample at least 30 min prior to the MLPA assay.

(ii) Sequencing of targeted loci. All genes targeted by MLPA probes were
sequenced in selected strains from the collection to confirm the sequence spec-
ificity of the MLPA assay. The primers used to amplify and sequence these genes
are described in Table 3. Cycle sequencing of PCR products was performed in
both directions according to protocols published previously (1).

Design of probes. (i) Selection of genetic markers or loci. Eighteen discrimi-
natory markers were selected, and MLPA probes were designed accordingly,
providing information about drug resistance, principal genotypic group (PGG)
(37), and (mycobacterial) species (Table 4).

TABLE 1. Sequences of targeted codons or base pairs of strains in the reference panel as determined by dideoxy sequencing or from publicly
available databases

Strain Origin

Sequence of targeted codon or nucleotidea

embB
306

katG
315

inhA
(�15)

16S
rRNA
(208)

rpoB
176

rpoB
531

rpoB
526

rpoB
522

IS6110
(1288)

katG
463

gyrA
95

mutT2
58

mutT4
48

ogt
12

ogt
15

ogt
37 TbD1

MTB72 M. tuberculosis
laboratory strain

ATG AGC C A GTC TCG CAC TCG TCA CGG ACC GGA CGG GGG AGC CGC NP

MTB213 M. tuberculosis
laboratory strain

ATG AGC C A GTC TCG CAC TCG TCA CTG ACC GGA GGG GGG ACC CTC NP

MTB217 M. tuberculosis
laboratory strain

ATG AGC C A GTC TCG CAC TCG TCA CTG ACC CGA GGG GGA ACC CGC NP

R2 M. tuberculosis
laboratory strain

ATG AGC C A GTC TCG TAC TCG TCA CGG ACC GGA CGG GGG AGC CGC NP

R4 M. tuberculosis
laboratory strain

ATG AGC C A GTC TCG GAC TCG TCA CGG ACC GGA CGG GGG AGC CGC NP

R46 M. tuberculosis
laboratory strain

ATG AGC C A GTC TTG CAC TCG TCA CGG ACC GGA CGG GGG AGC CGC NP

RB14 M. tuberculosis
laboratory strain

ATG AGC C A TTC TCG CAC TTG TCA CGG ACC GGA CGG GGG AGC CGC NP

H37Rv M. tuberculosis
laboratory strain

ATG AGC C A GTC TCG CAC TCG TCA CGG AGC GGA CGG GGG ACC CGC NP

ES-3793 M. tuberculosis clinical
isolate, Brazil

ATA ACC C A GTC TCG GAC TCG TCA CGG ACC GGA CGG GGG AGC CGC NP

RS-353 M. tuberculosis clinical
isolate, Brazil

GTG AGC T A GTC TCG CAC TCG TCA CGG ACC GGA CGG GGG ACC CGC NP

M. bovis 13 Laboratory strain ATG AGC C A GTC TCG CAC TCG TCA CTG ACC GGA CGG GGG ACC CGC TAT
MOTT 1 Laboratory strain ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
M. africanum 3 Laboratory strain ATG ND ND A ND ND ND ND TCA ND ND ND ND ND ND ND TAT
S. aureus 3347-1 Laboratory strain ND ND ND ND ND ND ND ND NP ND ND ND ND ND ND ND NP
E. coli K-12 Laboratory strain ND ND ND ND ND ND ND ND NP ND ND ND ND ND ND ND NP

a For inhA, IS6110, and the 16S rRNA gene, the number of the targeted nucleotide is given in parentheses. The numbering of M. tuberculosis reference strain H37Rv
was used. Sequences that correlate exactly with the sequence of the probe and are thus expected to generate ligation products with MLPA are boldfaced. ND, not done;
NP, sequence not present in the genome. MOTT, mycobacterium other than M. tuberculosis.
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Drug resistance markers (targeted by probes rpoB-522, rpoB-526G, rpoB-
526T, rpoB-531, rpoB-176, inhA-15, katG-315, and embB-306) were chosen on
the basis of their in vivo prevalence and the importance of the drug to which they
confer resistance. It is estimated that with the selected markers, in a typical
collection of clinical isolates, 70 to 85% of rifampin (RIF) resistance, 65 to 80%
of INH resistance, and 45 to 65% of ethambutol (EMB) resistance would be
identified (23, 28, 30, 38, 40). All drug resistance probes target the drug resis-
tance-conferring mutation, with the exception of probe embB-306. This probe
targets the wild-type sequence, since many different base pair changes can occur
in this codon (27, 38).

Genotypic markers (gyrA codon 95, katG codon 463) were chosen because of their
abilities to discriminate between the three PGGs (10, 37) and to identify putative
virulent strains, such as Haarlem (ogt codon 15) and the various Beijing lineages
(mutT2 codon 58, mutT4 codon 48, ogt codon 12, ogt codon 37) (26) (Fig. 1).

We also included discriminatory regions (specific to members of the M. tuber-
culosis complex) of the 16S rRNA gene and IS6110, an insertion element used
for restriction fragment length polymorphism typing of M. tuberculosis (42).
Probes targeting these regions are included both as internal controls and as
determinants of mycobacterial species.

Finally, a probe targeting TbD1, a region that is absent in the genome of
“modern” M. tuberculosis strains but present in all other members of the M.
tuberculosis complex (3, 5), was included.

(ii) Preparation of probes. MLPA probes targeting selected regions or mark-
ers were manufactured by MRC-Holland (Amsterdam, The Netherlands) ac-
cording to previously published protocols (32). Details of the MLPA probes used
in this study can be found in Table 4.

The sizes of the probes were selected in such a way that MLPA products are
clustered according to characteristic (e.g., rifampin resistance or genotyping).

TABLE 2. Spoligotypes, nucleotide changes in drug resistance genes and ogt codon 15, and phenotypic drug resistance profiles as determined
by drug susceptibility testing of selected clinical strains from Brazila

Strain
INH

resistance
profile

Change in katG
sequence

Change in inhA
sequence

RIF
resistance

profile
Change in rpoB sequence

EMB
resistance

profile

Change in ogt
codon 15
sequence

Spoligotypeb

1 R — — — — — ACC15AGC Haarlem3
2 R — — — — — wt X2
3 R — — — — — wt LAM6
4 R — — — — — ACC15AGC Haarlem1
5 R — — — — — ACC15AGC Haarlem3
6 R — — — — — ACC15AGC Haarlem3
7 R — — — — — wt Beijing
8 R — — — — — wt LAM9
9 R — — — — — ACC15AGC Haarlem3
10 R — — — — — ACC15AGC Haarlem3
11 R — — — — — wt S
12 R — — — — — ACC15AGC Haarlem3
13 R — — — — — ACC15AGC Haarlem3
14 R CTG300CCG C(�15)T — CAC526GAC — wt LAM4
15 R wt C(�15)T — TCG531TTG — wt T1
16 R wt C(�15)T — TCG531TTG — wt T1
17 R AGC315ACC wt R TCG531TGG R wt LAM2
18 R AGC315ACC wt R TCG531TTG — wt LAM3
19 R wt C(�15)T S wt R wt T1
20 R wt C(�15)T S wt S wt LAM9
21 R AGC315ACC wt R ACC525ACG, CAC526TCC,

AAG527CAG
S wt LAM9

22 R wt wt S wt S wt LAM4
23 R wt C(�15)T S wt S wt LAM2
24 R AGC315ACC C(�15)T — CAC526TCC — wt T1
25 R AGC315ACC C(�15)T — CAC526TAC — wt LAM1
26 R AGC315ACC wt R TCG531TTG — ACC15AGC Haarlem1
27 R AGC315ACC C(�15)T R CAC526TAC S wt LAM4
28 R wt wt R GAC516TAC R wt U
29 R AGC315ACC wt R GAC516GTC S wt LAM3/S
30 R AGC315ACC C(�15)T — CAC526TAC — — —
31 R AGC315ACC wt R CAC526CTC R — —
32 R AGC315ACC wt R TCG531TTG R — —
33 R AGC315ACC wt R TCG531TTG R — —
34 R wt wt R wt R — —
35 R AGC299GGC wt R TCG531TTG R — —
36 R wt wt S wt R — —
37 R wt wt — ATG515ATT, GAC516TAC — — —
38 R wt C(�15)T R TCG531TTG S — —
39 R wt C(�15)T — TCG531TTG — — —
40 R wt C(�15)T — TCG531TTG — — —
41 R AGC315ACC wt R GTC176TTC — — —
42 R AGC315ACC wt R GAC516GAG, TCG522TTG S — —
43 R wt wt R TCG531TTG R — —
44 R wt C(�15)T R TCG531TTG R — —
45 R AGC315ACC wt R TCG531TTG S — —
46 R AGC315ACC wt R CAC526GAC S — —
47 R AGC315ACC wt S wt R — —

a R, resistant; S, susceptible; —, not determined or data not available; wt, wild type.
b See reference 6.
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DST. Drug susceptibility testing (DST) was performed using the proportion
method on Löwenstein-Jensen medium, according to the standard procedures;
final drug concentrations in the medium were 0.2 �g/ml for INH, 40.0 �g/ml for
RIF, and 2.0 �g/ml for EMB (8). The antibiotics were obtained in pure powder
form (Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands). Stock solu-
tions were prepared at 10 mg/ml by dissolving INH and EMB in sterile distilled
water and RIF in methanol. The stock solutions were stored at �20°C until use.

Spoligotyping. Mycobacterium tuberculosis strains were spoligotyped by using a
commercial kit (Isogen Bioscience BV, Maarssen, The Netherlands) and follow-
ing the method of Kamerbeek et al. (21). The results were recorded both in a
43-digit binary format representing the 43 spacers and as an octal code, as
previously described (6, 9). The person who performed the spoligotyping was
blinded to the results of DST. The spoligotyping patterns were compared with an
updated SpolDB4 international spoligotype database of the Pasteur Institute of
Guadeloupe (the initial version is available at http://www.pasteur-guadeloupe
.fr:8081/SITVITDemo).

MLPA analysis. MLPA was performed according to the standard protocol
developed by MRC-Holland with minor modifications (32). Briefly, DNA sam-
ples were treated with RNase, and 2 to 3 �l of each extract was used for analysis.
The melting of the template DNA, prior to addition of the probe mix, was
extended to 10 min at 98°C. The DNA of mycobacterial species has a high GC
content; extension of the melting time increased the general signal strength and
thereby the sensitivity of the MLPA assay. This extension was also described
earlier for methylation-specific MLPA, due to the high GC content of CpG-
islands (25).

After the sample DNA was denatured, it was hybridized to MLPA probes
overnight (�16 h) at 60°C in 8-�l reaction mixtures, followed by ligation of the
probes, performed in 40-�l reaction mixtures at 54°C for 15 min and then at 98°C
for 5 min to inactivate the ligase. During ligation, only probes that are completely
hybridized to the target DNA are ligated; if the target DNA differs at the ligation
site, the probes should not be ligated. Subsequently, an aliquot (10 �l) of the
ligated products was amplified by PCR (35 cycles of 30 s at 95°C, 30 s at 60°C, and
60 s at 72°C, followed by a final 20 min at 72°C), for which only 1 primer pair was
needed, since all probes carry the same primer sequence. Only the ligated probes
are amplified in this step, thus selecting for either the mutant or the wild type to
be identified.

Each mutation is represented by a probe of a different length, so the fragments
can easily be separated and identified by electrophoresis (32). For this study, the
amplified products were analyzed by capillary electrophoresis (one of the MLPA
primers is labeled with 6-carboxyfluorescein).

All MLPA reagents were manufactured and supplied by MRC-Holland
(Amsterdam, The Netherlands).

RESULTS

Being the first to adapt MLPA for the screening of bacterial
DNA, we encountered some problems that either were not
observed or were negligible in experiments with human DNA.

The initial results were not encouraging, with a lack of spec-
ificity mainly for probes targeting the 16S rRNA gene and RIF
resistance markers. These observations suggested that RNA
present in the crude DNA extracts was either interfering with
probe-target hybridization, leading to false-negative results, or
binding incorrectly to the probes, leading to false-positive re-
sults. After RNA digestion of the DNA samples, both the
sequence specificity and the sensitivity of the assay increased
significantly. Further validation of the assay was therefore per-
formed on RNase-treated samples.

Validation of the multiplex assay on reference strains. The
performance of the M. tuberculosis-specific MLPA assay was
tested on a panel of representative strains chosen on the basis
of their specific sequences targeted by MLPA probes, using all
18 probes (Tables 1 and 4).

With each of the 10 selected M. tuberculosis strains, we
observed 100% sequence specificity for all probes except
embB-306 and mutT4-48 (Table 5). The mutT4-48 probe ap-

TABLE 3. Primers used in this study for PCR and sequencing of the loci targeted by MLPA probes

Primera Sequence Product size (bp) Locus

katG-315 FW 5�-CATGAACGACGTCGAAACAG-3� 233 katG codon 315
katG-315 RV 5�-CGAGGAAACTGTTGTCCCAT-3�

katG-463 FW 5�-TCCCGTTGCGAGATACCTT-3� 300 katG codon 463
katG-463 RV 5�-AGGGTGCGAATGACCTTG-3�

embB-306 FW 5�-CTCCTCCTCAGGCCGTTC-3� 293 embB codon 306
embB-306 RV 5�-AGACTGGCGTCGCTGACAT-3�

gyrA-95 FW 5�-GGTGCTCTATGCAATGTTC-3� 236 gyrA codon 95
gyrA-95 RV 5�-GGGCTTCGGTGTACCTCAT-3�

inhA-15 FW 5�-CGAAGTGTGCTGAGTCACACCG-3� 203 inhA regulatory region �15
inhA-15 RV 5�-TCCGGTAACCAGGACTGAAC-3�

ogt FW 5�-GAAGATCGCATGATTCACTAC-3� 234 ogt codons 12, 15, and 37
ogt RV 5�-GTCGGTTCCCCGGAGGTCAAG-3�

mutT2 FW 5�-GAACTTCCCGGCGGTAAGGTC-3� 149 mutT2 codon 58
mutT2 RV 5�-AGCGTCGTCGTGCCGTTCAAC-3�

mutT4 FW 5�-GAATCACATGGACGCCCAACC-3� 132 mutT4 codon 48
mutT4 RV 5�-AACCCTCCAGCCGATGTTTCG-3�

rpoB 2F 5�-CCCAGGACGTSGAGGCSATCAC-3� 537 rpoB codons 522, 526, and 531
rpoB 2R 5�-GGCGSGGYGASACGTCCATGTA-3�

rpoB 7F 5�-CTTCTCCGGGTCGATGTCGTTG-3� 365 rpoB codon 176
rpoB 7R 5�-CGCGCTTGTCGACGTCAAACTC-3�

a FW, forward; RV, reverse.
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peared to be nonfunctional (see below). The embB-306 probe
was unusual in the panel in that it targets the wild-type se-
quence. Eight of the 10 strains had a wild-type codon 306 in
embB, and MLPA correctly resulted in a ligated and amplified
product. Strains RS-353 and ES-3793 each carry a mutation in
codon 306, but only in strain RS-353 was the embB-306 prod-
uct absent. The specific mutation present in ES-3793 (G3A)
did not prevent the ligation of this probe, although this resis-
tance-conferring mutation was situated at the ligation site (the
T or the G in codon 306). In strain RS-353 the first nucleotide
was mutated (A3G); this mutation should not have affected
ligation, but it did.

For some of the probes, the signal strength was initially
below the detection limit (data not shown). Increasing the
probe concentration resolved this issue for probes rpoB-526G,
rpoB-526T, IS6110, and ogt-15 but not for probe mutT4-48.
Both MTB213 and MTB217 carry the targeted mutation but
failed to generate a specific signal for probe mutT4-48 (Table
5 and Fig. 2).

The probes 16S rRNA, IS6110, embB-306, TbD1, and
gyrA-95 all target wild-type M. tuberculosis sequences and were
chosen to discriminate between the different bacterial species.

The TbD1 region is absent in modern M. tuberculosis strains
but present in all other members of the M. tuberculosis com-
plex, represented in the selected panel by Mycobacterium afri-
canum and Mycobacterium bovis. As expected, the TbD1 probe
was specific for M. bovis and M. africanum (Table 5; Fig. 2),
whereas the gyrA-95, IS6110, and 16S rRNA probes were
ligated not only with M. tuberculosis but also with M. bovis and
M. africanum. For strain MOTT 1, only embB-306 resulted in
a product (Table 5).

For the two strains included in the reference panel that were
not related to M. tuberculosis, S. aureus and E. coli, we did not
detect any MLPA products (Table 5; Fig. 2).

Validation of the probe mixture on clinical isolates. (i) Geno-
type-specific mutations. We selected 47 clinical isolates from
Brazil to validate MLPA for purposes of genotyping and drug
resistance determination (Table 2). Spoligotype profiles were
available for 29 strains of this panel (strains 1 to 29), which
were used to determine the performance of the current MLPA
with regard to genotyping. This selection included 9 strains
with a Haarlem spoligotype, 12 with a LAM (Latin-American/
Mediterranean) spoligotype, and 8 with miscellaneous spoligo-
types (Table 2). A specific marker for the Haarlem genotype,

TABLE 4. Summary of the MLPA probes designed and used in this studya

Probe Length
(bp) Target-specific sequence Target or information provided (reference)

embB-306 142 GTCGGACGACGGCTACATCCTGGGCATggcccgagtcgc
cgaccacgccggctac

EMB resistance marker (38)

katG-315 160 caccggaaccggtaaggacgcgatcaccaCCGGCATCGAGGTCGT
ATGGACGAACACCCC

INH resistance marker (27)

inhA-15 178 CGATTTCGGCCCGGCCGCGGCGAGATgataggttgtcggg
gtgactgccacagcc

INH resistance marker (27)

16S rRNA 202 CACGGGATGCATGTCTTGTGGTGGAAAgcgctttagcggt
gtgggatgagcccgcggc

16S rRNA gene, M. tuberculosis complex specific

rpoB-176 229 cacgttcatcatcaacgggaccgagcgtgtggtgTTCAGCCAGCTGGT
GCGGTCGCCC

RIF resistance marker (1)

rpoB-531 256 GTTGACCCACAAGCGCCGACTGTTggcgctggggcccggcg
gtctgtcacgt

RIF resistance marker (27)

rpoB-526G 265 caacccgctgtcggggttgaccGACAAGCGCCGACTGTCGGCG
CTGGGGCC

RIF resistance marker (27)

rpoB-526T 274 caacccgctgtcggggttgaccTACAAGCGCCGACTGTCGGCG
CTGGGGCC

RIF resistance marker (27)

rpoB-522 283 agccaattcatggaccagaacaacccgctgtTGGGGTTGACCCACA
AGCGCCGAC

RIF resistance marker (1)

IS6110 301 GTCGAACTCGAGGCTGCCTACTACGCTcaacgccagaga
ccagccgccggctgaggtctcagat

Insertion element IS6110, M. tuberculosis complex
specific

katG-463 319 GATTGCCAGCCTTAAGAGCCAGATCCGggcatcgggatt
gactgtctcacagctagtttcgacc

Genotype marker, specific for PGG 2 and 3 (37)

gyrA-95 328 GCACGGCGACGCGTCGATCTACGACACcctggtgcgcat
ggcccagccctgg

Genotype marker, specific for PGG 1 and 2 (37)

mutT2-58 355 CCCGAGAGCTCGCCGAAGAACTGCgactcgaggtcgccga
cctcgcggtggg

Genotype marker, specific for Beijing 2 (26)

mutT4-48 364 CGACCCCGGCAACGGCGAAGGggtcccggtcccgctcacctcg
tcgcgggt

Genotype marker, specific for Beijing 1, 2, and 3
(26)

ogt-12 373 CGCACCATCGATAGCCCCATCGGAccattaaccctggccggg
catggctcggtgttga

Genotype marker, specific for Beijing 2 (26)

ogt-15 382 taccgcaccatcgatagccccatcgggccattaaGCCTGGCCGGGCAT
GGCTCGGTGTTGA

Genotype marker, specific for Haarlem (26)

ogt-37 391 cctgcggatgctcgagcagacgtatgagccaagccTCACACACTGGAC
ACCCGACCCC

Genotype marker, specific for Beijing 3 and 4 (26)

TbD1 418 GCGGTCGCGGGATTCAGCGTCTATcggttgcacggcatcttc
ggctcgcacgaca

Absent in modern M. tuberculosis strains

a Probes are named after the gene and specific codon or region that they target. Target-specific sequences of probes include sequences targeted by the M13-derived
probe (lowercase letters) and the synthetic probe (capital letters), as well as the SNP/ligation site sequence (boldface). Sequences for the 16S rRNA gene, IS6110, and
TbD1 were derived from the M. tuberculosis reference strain H37Rv.
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ogt codon 15 (26), was included in the MLPA assay, and the
sequence of this codon was determined for all 29 strains to
confirm the results obtained for probe ogt-15. For the various
Beijing genotypes, there were also specific markers included in
the set of MLPA targets (Fig. 1) (26), but since Beijing strains
are not prevalent in Brazil, only one strain was present in this
collection for this experiment; it was correctly identified by the
MLPA.

The 29 spoligotyped isolates were tested using the MLPA
probe mixture containing all 18 probes (Table 4). Only the nine
isolates with a Haarlem spoligotype were positive for the typ-
ical ogt codon 15 mutation by MLPA (Table 6). These results
were confirmed by sequencing of ogt (Table 2).

The single Beijing strain present in the panel (strain 7) was

negative for the katG codon 463 mutation but positive for gyrA
codon 95, which is indeed typical for PGG 1 (Fig. 1) (37). In
addition, strain 7 was also positive for mutT2 codon 58 and ogt
codon 12, a pattern that is characteristic for Beijing 2.

(ii) Drug resistance mutations. To validate MLPA for the
detection of (primary) drug resistance in M. tuberculosis, we per-
formed the MLPA assay on 34 clinical strains from Brazil with
various known phenotypic or genotypic resistance profiles for
RIF, INH, and EMB (Table 2, strains 14 to 47). The same probe
mixture as that for the reference panel was used. The sequences
of the drug resistance markers targeted by the assay were deter-
mined in order to confirm the results obtained by MLPA.

Of the 34 strains that were selected, 28 either were resistant
to RIF, as determined by DST, or carried a mutation in rpoB

FIG. 1. Divergence of modern M. tuberculosis strains into the three PGGs, based on characteristic SNPs and the loss of TbD1. The SNPs shown
in this diagram were selected for inclusion in the M. tuberculosis-specific MLPA assay described in this study. The diagram gives the expected
MLPA products for each subgroup. The subdivision of Beijing strains is not officially recognized or correlated to the main genotyping methods but
is done here simply to illustrate the different subtypes that can be distinguished on the basis of the mutations in these genes. The data are abstracted
from references 26 and 37.

TABLE 5. Results of MLPA for strains from the reference panela

Strain

MLPA result obtained with probe:

embB-
306

katG-
315

inhA-
15

16S
rRNA

rpoB-
176

rpoB-
531

rpoB-
526G

rpoB-
526T

rpoB-
522 IS6110 katG-

463
gyrA-

95
mutT2-

58
mutT4-

48
ogt-
12

ogt-
15

ogt-
37 TbD1

MTB72 � � � � � �
MTB213 � � � � � �
MTB217 � � � � � � �
R2 � � � � � � �
R4 � � � � � � �
R46 � � � � � � �
RB14 � � � � � � � �
H37Rv � � � �
ES-3793 � � � � � � � �
RS-353 � � � � � �
M. bovis 13 � � � � �
MOTT 1 �
M. africanum 1 � � � � �
S. aureus 3347-1
E. coli K-12

a See Fig. 2 for an example of analysis by capillary electrophoresis. �, a product was obtained for the targeted SNP or region; �, no product was obtained, although
one was expected based on the sequence. Where there is no symbol, no product was detected.
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that is known to confer resistance to RIF (Table 2). Among
these 28 strains, 20 carried mutations targeted by MLPA
probes, and indeed all these mutations (20/20) were identified
by MLPA (Table 6).

All 34 strains were resistant to INH, as determined by DST
or sequencing (Table 2). Of these 34 strains, 19 carried a
resistance-conferring mutation in katG, 17 of which were katG
S315T, the SNP targeted by MLPA. The second most preva-
lent INH resistance-conferring mutation (14, 23), inhA
C(�15)T, occurred in 14 of the 34 resistant strains. MLPA
correctly identified all (17/17) of the katG 315 mutants and all
(14/14) of the inhA(�15) mutants (Table 6).

Unfortunately, phenotypic resistance data for EMB were
not available for this collection of strains (Table 2), and the
embB gene was not sequenced. Therefore, the sequence spec-
ificity of probe emb-306 could not be determined for this panel
of strains.

For 4/34 strains, probe embB-306 did not result in a product,
whereas for the other 30 strains, a product was observed (Table
6). The experiments with MLPA on the reference strains (Ta-
ble 5) showed that not all mutations can be detected with the
current probe, but that at least mutations of the A in codon 306
resulted in the absence of a product for probe embB-306. This,
in combination with the results obtained and described here,
suggests that the four strains not resulting in an embB-306
product carry a mutation in codon 306.

DISCUSSION

Although with the provision of DOTS (directly observed
treatment, short course) the incidence of TB is stabilizing and

in some countries even declining, drug-resistant TB is rapidly
emerging in a significant number of areas (45, 44, 47). Under
standard treatment regimens it is often not possible to identify
primary drug-resistant cases, and these regimens are therefore
unsuitable for the control of drug-resistant strains. Improved
TB control thus relies on improvement of TB detection and
early detection of drug-resistant TB, preferably with rapid and
accurate screening tools.

Mycobacterial typing methods have been developed for ep-
idemiological purposes (21, 39, 42), and molecular methods
that can detect most drug resistance to the primary first-line
drugs are available (18, 31, 46), since the majority of clinical
drug resistance is due to a limited range of diagnostic point
mutations (23, 30, 35). Currently, mutations in mycobacterial
genes are generally identified by PCR and subsequent analysis,
typically by reverse hybridization to macroarrays (24), melting
point analysis, or sequencing. These methods, although highly
effective for certain applications, generally target clustered
SNPs and do not lend themselves to significant multiplexing;
i.e., the identification of mutations widely dispersed in the
bacterial genome.

Because M. tuberculosis is a clonal organism, point muta-
tions accumulate and are preserved in the different lineages (5,
34). A range of genotype-specific point mutations have been
identified and provide excellent markers (3, 37), some of which
may even have implications for the virulence or adaptability of
specific lineages (26). Identification of MDR and mycobacte-
rial genotype by multiplexed mutation detection could benefit
current control measures and prevent a further spread of the
epidemic.

Unfortunately, the countries with high burdens of TB and

FIG. 2. Example of MLPA performed on reference samples as analyzed by capillary electrophoresis (compare Table 5). Peaks represent the
presence of targeted SNPs or regions in the DNA. The lengths of the resulting products (in base pairs) are given above the peaks. See Table 4
for detailed information on MLPA probes. (A) RB14; (B) MTB217; (C) MTB213; (D) RS-353; (E) M. bovis 13; (F) E. coli K-12.
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MDR-TB usually have limited resources, leaving little or no
possibility of implementing modern methods. Especially in
these areas, there is a need for robust, rapid, and cost-effective
new methods for the detection of MDR-TB and of the noso-
comial spread of the infection.

Standard culturing of clinical samples could allow for a more
complete diagnosis and drug resistance testing if the detection
and screening methods following culture are rapid and afford-
able. MLPA is such a method; the turn-around time is less than
24 h. It is estimated that the screening of one isolate for as
many as 40 loci will cost less than 10 euros.

The most suitable place for implementation of the MLPA

assay would be the central laboratories in these high-burden
areas, where it could be used to rapidly screen confirmed
clinical specimens, allowing the spread of drug resistance and
prevalent genotypes to be monitored.

We have shown that with MLPA it is possible to rapidly and
accurately screen M. tuberculosis DNA samples from culture.
The assay reached 100% sequence specificity for all other
probes except mutT4-48 and embB-306, making it a promising
tool for the multiplexed detection of both dispersed and clus-
tered SNPs in bacterial genomes.

With M. tuberculosis-specific MLPA, we were able to accu-
rately identify members of the M. tuberculosis complex, classify

TABLE 6. Results of MLPA for drug-resistant clinical M. tuberculosis isolates from Brazila

Strain

MLPA result obtained with probe:

embB-
306

katG-
315

inhA-
15

16S
rRNA

rpoB-
176

rpoB-
531

rpoB-
526G

rpoB-
526T

rpoB-
522 IS6110 katG-

463
gyrA-

95
mutT2-

58
ogt-
12

ogt-
15

ogt-
37 TbD1

1 � � � � � � �
2 � � � � �
3 � � � � � �
4 � � � � � � �
5 � � � � � � � � �
6 � � � � � �
7 � � � � � � �
8 � � � � � � �
9 � � � � � � �
10 � � � � � � � �
11 � � � � � �
12 � � � � � � �
13 � � � � � � �
14 � � � � � � �
15 � � � � � �
16 � � � � � �
17 � � � � �
18 � � � � � � �
19 � � � � � �
20 � � � � � �
21 � � � � � �
22 � � � � �
23 � � � � � �
24 � � � � � � �
25 � � � � � � �
26 � � � � � � � �
27 � � � � � � � �
28 � � � � �
29 � � � � �
30 � � � � � � � �
31 � � � � � �
32 � � � � � � �
33 � � � � � �
34 � � � � � �
35 � � � � � � �
36 � � � � � �
37 � � � � �
38 � � � � � � �
39 � � � � � � �
40 � � � � � � �
41 � � � � � � �
42 � � � � � � �
43 � � � � � �
44 � � � � � � �
45 � � � � � � �
46 � � � � � � �
47 � � � � � �

a �, a product was obtained for the targeted SNP or region. Where there is no symbol, no product was detected. Genotyping data and data on phenotypic and
genotypic drug resistance are given in Table 2.
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isolates into the three PGGs, and identify the major Haarlem
and Beijing types and subtypes. All of the drug-resistant strains
carrying mutations targeted by MLPA were detected, account-
ing for 71% (20/28) of the sequenced RIF-resistant strains and
82% (27/34) of the sequenced INH-resistant strains. In a pre-
vious study (43), 90% of MDR-TB cases were identified by
merely targeting rpoB codon 531, rpoB codon 526, and katG
codon 315, three codons that are included in the assay. Specific
mutations in these codons are generally the dominant mecha-
nisms of MDR in many regions, but their prevalence, and thus
the percentage of MDR identified with these codons, may
differ considerably between regions (4, 7, 22, 29, 36). This may
be partially a consequence of the genetic background of prev-
alent strains (14, 17).

Moreover, MLPA allowed us to characterize fully, in one
assay, strains for which the drug susceptibility profile or the
genotype had not been determined previously. For strains 1 to
13 (Table 2), only the spoligotype and the sequence of ogt
codon 15 were known, but MLPA results revealed that addi-
tional mutations were present in embB codon 306 for at least 3
strains, in katG codon 315 for 11 strains, in rpoB codon 531 for
5 strains, and in rpoB codon 526 for 1 strain (Table 6). In the
panel where spoligotyping data was missing (Table 2, strains 30
to 47), another three Haarlem strains were identified by MLPA
(Table 6). This indicates the versatility of MLPA.

An additional advantage of MLPA over other molecular
tools is that the complete assay is performed in a liquid system.
This means that the dynamic equilibrium is toward that of
accurate hybridization (and ligation), reducing the incidence of
false-positive or false-negative results. Since the probe mixes
can be prepared in batches and assayed for performance using
well-characterized strains, the problems of dropout are signif-
icantly less than with reverse hybridization systems, where cer-
tain probes may be damaged or missing from individual strips.
In addition, the composition of probes (and thus targeted loci)
can be adapted to the prevalence of certain mutations in the
local population, simply by addition or removal of probes from
the master mix.

We believe that besides the analysis of DNA derived from
culture, it is also feasible to perform MLPA on DNA di-
rectly derived from sputum samples. Initial experiments
with diluted DNA samples suggest that the sensitivity of
MLPA is comparable to that of PCR. However, with MLPA,
information on drug resistance and the genotype can be
obtained simultaneously. The optimal use of MLPA would
be to characterize mycobacterial DNA derived from AFB-
positive sputa or from cultures, complementing current di-
agnostic methods by allowing combined epidemiology and
identification of MDR strains.

MLPA products can also be analyzed by gel electrophoresis;
the resolution on an agarose gel allows 15 to 20 loci to be
accurately targeted. In our assay, MLPA products are clus-
tered according to characteristic for this reason. Unfortu-
nately, the longer probes, such as IS6110, katG-463, and gyrA-
95, differ by only a few base pairs in length, making it difficult
to confidently distinguish them on a gel (data not shown). For
this study we set out to validate the performance of the probes,
and we therefore chose to perform the analysis by capillary
electrophoresis, since the resolution is better and the products
can be easily separated and accurately identified (Fig. 2). How-

ever, the use of capillary electrophoresis increases the cost and
handling time to complete analysis, making it less suitable for
lower-income countries. Allocating a different size to some of
the probes (e.g., IS6110 and katG-463) would be a simple and
efficient way to allow accurate identification of these products
on an agarose gel.

When capillary electrophoresis is available for analysis, as
many as 40 loci can be targeted simultaneously (32). The ad-
dition of more probes (and thus more targets) allows for a
more detailed screening of M. tuberculosis, enabling the iden-
tification of an extended spectrum of drug resistance mutations
or more precise genotyping (3, 10, 13, 20). This could be useful
for several applications in molecular biology and epidemiol-
ogy, involving mutation detection, in areas where research is
being carried out and adequate resources are available.

MLPA, first described in 2002, is currently in use for the
diagnosis of numerous human genetic disorders (12, 19). To
our knowledge, we are the first to have adapted MLPA for the
characterization of bacterial DNA.

The predictive value of M. tuberculosis-specific MLPA de-
pends on which and how many markers are chosen. For opti-
mal use of MLPA as a tool for multiplexed mutation detection,
knowledge of the distribution and frequency of locally preva-
lent genotypes and drug resistance mutations is essential. For
this proof-of-principle study, MLPA probes that target the
most prevalent and discriminative mutations were chosen. De-
pending on the application, a wider range of mutations can be
targeted, resulting in more detailed characterization of strains
(15, 16, 41). We have shown that, conceptually, MLPA is highly
sequence specific and has the potential to be a rapid, flexible,
and robust tool useful for the early detection and typing of
MDR-TB in a single assay.
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