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Fig. 2 Molecular methods for detecting gene mutations associated with resistance to anti-TB drugs. A—E are typical examples of final results obtained by
PCR-based mutation screening methods. The DNA template can be pure DNA extracted from a culture, sputum or crude DNA templates prepared from
culture or sputum. In all the examples PCR amplification of the DNA is followed by the different mutation detection methods (A-E). A: ARMS-PCR analysis
of embB gene. Lane 1 and 8 = Molecular marker and Samples 5 and 6 are mutants. B: Molecular beacon genotyping of the rpoB gene showing a T—»C
mutation. C: Sequence analysis showed a C—T mutation at nt161 in the pncA gene D: SSCP analysis with samples having different mutations (visualized as
different band mobility shifts) in the of rpoB gene. Heteroduplex analysis would give similar band mobility shifts on the gel. E: DOT-BLOT analysis with rpsL
43 mutant probe showing wild type (lane D8) and mutant (lane C8) controls and mutant (STR resistant) clinical isolates in B1, B3, C4, D5, C6 and C8.

Sequencing

PCR amplification followed by DNA sequencing is the most
widely used technique to identify mutations associated
with drug resistance in TB (Victor et al., 2002). This
technique is costly and require expertise, which make it
unpractical for use in routine laboratories, especially in
developing countries, where simple, cost effective drug
susceptibility testing is needed (Victor et al., 2002).

Probe-based hybridization methods

Inthese assays, amplified PCR products of genes known to
confer drug resistance are hybridized to an allele-specific
labeled probe that is complementary to the wild type or
mutant sequence of the gene. This can then be visualized
by autoradiography, enhanced chemiluminescence,
alkaline phosphatase or other detection systems. These
methods include the Dot-blot and Line blot essays and
the commercially available INNO-LIPA RIF-TB test
(Innogenetics, Belgium) (Victor et al., 1999; Mokrousov
et al., 2004).

PCR-restriction fragment length polymorphism (PCR-
RFLP)

Mutations associated with resistance can be identified
by digestion of amplified PCR products with a restriction
enzyme that cuts at the specific polymorphic DNA
sequence followed by gel electrophoresis. Since not all
mutations result in the gain or loss of a restriction site,
general use of RFLP to screen for mutations associated
with drug resistance is limited (Victor et al., 2002).

Single stranded conformation polymorphism analysis
(SSCP)

SSCPis agelbased method that can detect short stretches
of DNA approximately 175-250bp in size. Small changes
in a nucleotide sequence result in differences in secondary
structures as well as measurable DNA mobility shifts that
are detected on a non-denaturing polyacrylamide gel. To
date various studies have applied PCR-SSCP to identify
mutational changes associated with drug resistance in M.
tuberculosis for frontline drugs like, RIF and INH (Kim et
al., 2004; Cardoso et al., 2004; Fang et al., 1999; Heym
et al., 1995; Pretorius et al., 1995). However, PCR-SSCP
analysis has been found to be technically demanding and
not sufficiently sensitive. Furthermore SSCP conditions
must be carefully evaluated since not all mutations will be
detected under the same conditions.

Heteroduplex analysis (HA)

HA depends on the conformation of duplex DNA when
analysed in native gels. Heteroduplexes are formed when
PCR amplification products from known wild type and
unknown mutant sequences are heated and re-annealed.
The DNA strand will form a mismatched heteroduplex if
there is a sequence difference between the strands of the
wild type and tested DNA. These heteroduplexes have
an altered electrophoretic mobility when compared to
homoduplexes, since the mismatches tend to retard the
migration of DNA during electrophoresis. There are two
types of heterodoplexes. The “bubble” type is formed
between DNA fragments with single base differences
and the bulge type is formed when there are deletions



or insertions present within the two fragments. Recently,
temperature mediated HA has been applied to the
detection of mutations associated with mutations in rpoB,
katG, rpsL, embB and pncA genes (Mohamed et al., 2004;
Cooksey et al., 2002). Neither HA nor the SSCP analysis
are 100% sensitive although Rosetti et al. found that HA
detected more mutants (Nataraj et al., 1999). However,
HA has certain disadvantages in that it has been found
to be insensitive to G-C rich regions and is very time
consuming (Nataraj et al., 1999).

Molecular beacons

Molecular beacons are single-stranded oligonucleotide
hybridization probes which can be used as amplicon
detector probes in diagnostic assays. A beacon consists
of a stem-loop structure in which the stem contains a
fluorophore on one arm and a quencher on the other
end of the arm. The loop contains the probe which is
complementary to the target DNA. If the molecular beacon
is free in a solution it will not fluoresce, because the stem
places the fluorophore so close to the non-fluorescent
quencher that they transiently share electrons, eliminating
the ability of the fluorophore to fluoresce. However, in
the presence of complementary target DNA the probe
undergo a conformational change that enables them to
fluoresce brightly. Different colored fluorophores (different
primers) can be used simultaneously to detect multiple
targets (each target will give a different color) in the same
reaction. Molecular beacons are very specific and can
discriminate between single nucleotide substitutions. Thus
they are ideally suited for genotyping and have been used
in the detection of drug resistance in M. tuberculosis (El
Haijj et al., 2001; Piatek et al., 2000; Piatek et al., 1998).

Amplification refractory mutation system (ARMS)-PCR
ARMS also known as allelic specific PCR (ASPCR) or
PCR amplification of specific alleles (PASA) is a well
established technique used for the detection of any
point mutation or small deletions (Newton et al., 1989).
ARMS-PCR, is usually a multiplex reaction where three
(or more) primers are used to amplify the same region
simultaneously. One of the three primers is specific for the
mutant allele and will work with a common primer during
amplification. The mismatch is usually located at or near
the 3’ end of the primer. The third primer will work with the
same common primer to generate an amplified fragment
which is larger than the fragment from the mutant allele
primer — this serves as an internal control for amplification.
Amplification is detected by gel electrophoresis and
the genotypic classification is determined by assessing
which amplification products are present. An amplification
product should always be present in the larger internal
control amplified fragment; if this is the case then the
absence or presence of the smaller product will indicate
the presence or absence of a mutant allele. This technique
has successfully been used for the detection of mutations
associated with RIF resistance in M. tuberculosis (Fan et
al., 2003). Fig. 2A indicates how the amplified products in
the multiplex reaction are distinguished on a gel.

Applications
One of the major advantages of PCR based methods is
the speed by which the result can be obtained (Siddiqi et
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al., 1985; Snider, Jr. et al., 1981; Tarrand and Groschel,
1985). It is envisaged that molecular techniques may be
important adjuncts to traditional culture based procedures
to rapidly screen for drug resistance. Prospective
analysis and intervention to prevent transmission may
be particularly helpful in areas with ongoing transmission
of drug resistant strains as reported previously (van Rie
et al., 1999). In addition, molecular prediction may also
be useful in drug surveillance studies to further improve
the confidence limit of the data in these studies if this
test is performed on a subset of the samples. Enhanced
efforts are necessary to better understand the molecular
mechanisms of resistance to second line anti-TB drugs
in clinical isolates. However, implementation for both
rapid diagnosis and surveillance requires proper quality
control guidelines and controls, which is currently not in
place yet for molecular prediction of drug resistance in
TB. Although molecular methods are more rapid, and can
be done directly from a clinical sample there are important
limitations when compared to conventional phenotypic
methods. These include a lack of sensitivity since not all
molecular mechanisms leading to drug resistance are
known, therefore not all resistant isolates will be detected.
Molecular methods may also predict resistance genotypes
that are expressed at levels that may not clinically be
relevant (Victor et al., 2002).

Transmission and epidemic drug resistant strains
There is much debate about the relative contribution of
acquired and primary resistance to the burden of drug
resistant TB in different communities. This controversy
focuses on whether MDR strains are transmissible or
whether the mutations that confer drug resistance also
impair the reproductive function of the organism (fithess
of the strain). Evidence that MDR strains do have the
potential for transmission comes from a series of MDR-
TB outbreaks that have been reported over the past
decade. These have been identified in hospitals (Fischl et
al., 1992; Edlin et al., 1992; Bifani et al., 1996; Cooksey et
al., 1996), amongst health care workers (Beck-Sague et
al., 1992; Pearson et al., 1992; Jereb et al., 1995) and in
prisons (Valway et al., 1994) and have focused attention
on MDR-TB as a major public health issue. Application
of molecular epidemiological methods was central to the
identification and description of all these outbreaks.

The most extensive MDR-TB outbreak reported to
date occurred in 267 patients from New York, who were
infected by Beijing/W genotype (Frieden et al., 1996).
This cluster of cases included drug resistant isolates that
were resistant to all first-line anti-TB drugs. The authors
speculate that the delay in diagnosis and administering
appropriate therapy resulted in prolonging infectiousness
and placed healthcare workers and other hospital
residents (or contacts) at risk of infection for nosocomial
infection. This difficult-to-treat strain has subsequently
disseminated to other US cities and Paris and the authors
showed by using molecular methods, how this initially
fully drug susceptible strain clonally expanded to result in
a MDR phenotype by sequential acquisition of resistance
conferring mutations in several genes (Bifani et al., 1996).
Since then, the drug resistant Beijing/W genotype has
been the focus of extensive investigations and Beijing
drug resistant and susceptible genotypes have been found
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to be widely spread throughout the world (Glynn et al.,
2002), including in South Africa (van Rie et al., 1999) and
Russia (Mokrousov et al., 2002a). Beijing/W genotypes
can be identified by their characteristic multi-banded
IS6110 restriction fragment-length polymorphism (RFLP)
patterns, a specific spoligotype pattern characterized
by the presence of spoligotype spacers 35-43 (Bifani
et al., 2002) and resistance conferring gene mutations.
Although these data led many to propose that Beijing/W
strains behaved differently from other strains, more recent
work suggests that MDR outbreaks are not limited to the
Beijing/W genotype. Smaller outbreaks involving other
MDR-TB genotypes have been reported in other settings
such as the Czech Republic, Portugal and Norway (Kubin
et al., 1999; Portugal et al., 1999). However, since much
of the MDR burden falls in developing countries in which
routine surveillance does not usually include molecular
fingerprinting, little is known about the characteristics of
circulating drug resistant strains in much of the world. It
is therefore possible that there are other MDR strains, as
widespread as Beijing/W, which have not been recognized
and reported as such.

Future

Enhanced efforts are necessary to better understand
the molecular mechanisms of resistance in second line
anti-TB drugs in clinical isolates. The next generation of
molecular methods for the prediction of drug resistance in
M. tuberculosis will possibly consists of matrix hybridization
formats such as DNA oligonucleotide arrays on slides or
silicon micron chips (Castellino, 1997; Vernet et al., 2004),
particularly if these systems can be fully automated and
re-used. This may be particularly useful for mutations in
the rpoB gene, which can serve as a marker for MDR-
TB (Watterson et al., 1998) and also for the multiple loci
that are involved in INH resistance (Table 1). Selection
of a limited number of target mutations which enable the
detection of the majority of drug resistance (van Rie et al.,
2001) would be useful in this strategy. It is essential that
developments for new techniques must consider the fact
that the majority of drug resistant cases occur in resource-
poor countries (Raviglione et al., 1995) and therefore the
methodologies must not only be cheap but also robust.

There are other rapid methods which do not depend
on the detection of mutations to predict drug resistance.
One promising method is phage amplification technology
in which mycobacteriophages (bacteriophages specific for
mycobacteria) are used as an indicator of the presence
of viable M. tuberculosis in a clinical specimen (Albert et
al., 2002; Eltringham et al., 1999; McNerney et al., 2000).
The phage assay can also be adapted for the detection of
drug resistance.

Application of rapid methods to break chains of
ongoing transmission of drug resistant TB will increasingly
become important as recent mathematical modeling
indicate that the burden of MDR-TB cannot be contained
in the absence of specific efforts to limit transmission
(Cohen and Murray, 2004; Blower and Chou, 2004).
This may include rapid detection of drug resistance by
molecular methods.
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