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Isoniazid and rifampicin resistance are assayed phenotypically by the resistance ratio,
absolute concentration or proportion methods. Assay methods are often difficult to
standardise and the World Health Organization (WHO) Global Programme on Drug
Resistance is attempting to produce standardised drug resistance data worldwide. Broth-
based methods are faster than solid media systems, and a commercial radiometric
system, the Bactec 460, is arguably the fastest method and permits testing to be
completed within 7-14 days; however, this method is expensive and requires disposal of
radioactive material. Novel phenotypic methods that utilise mycobacteriophages have
shown promise. Other molecular detection systems require knowledge of the genes
encoding the drug target (the inhA/mabA, katG, oxyR and ahpC genes for isoniazid;
rpoB for rifampicin) and the mutations producing resistance. These genotypic methods
are limited in that not all resistance mechanisms are known, but advanced assays for
rifampicin resistance that use gene sequencing, heteroduplex analysis, solid-phase
hybridisation or single-strand conformation polymorphism analysis are becoming

available.

Introduction

According to current estimates of the World Health
Organization (WHO), 8 million cases of tuberculosis
(TB) occur each year, resulting in 3 million deaths
[1-3]. Almost one-third of the earth’s population, 1.7
billion people, are believed to be infected by the
causative organism Mycobacterium tuberculosis [2].
The steady decline in the incidence of TB in high
income countries ceased or reversed in the 1980s.
However, most TB cases occur in the developing world,
where there continues to be a significant increase in
incidence. In 1993-1995, the bulk of cases were found
in the South-East Asian (42%), Western Pacific (23.5%)
and African (14.5%) regions, compared to Europe
(8.1%), the Americans (6.9%) and the Eastern Medi-
terranean (5.0%) [4]. Factors such as poverty, home-
lessness, civil disturbance, poorly functioning National
TB Programmes (NTP) and the dismantling of public
health infrastructure have contributed significantly to
the worsening situation [3-5). The association of TB
with infection by human immunodeficiency virus (HIV)
has proved to be a major new factor in the increase of

Received 12 Aug. 1997; accepted 26 Aug. 1997.
Corresponding author: Dr F. A. Drobniewski.

clinical TB, particularly in the developing world, where
even model programmes such as those supported by the
International Union Against Tuberculosis and Lung
Disease (IUATLD) have faltered [4—6].

Drug resistance

The real magnitude of drug resistance world-wide in
M. tuberculosis is not known, as it is difficult to ensure
that representative populations have been sampled and
there are often severe limitations on the infrastructure
and quality control mechanisms needed to perform
culture and drug susceptibility testing in many parts of
the world. In a recent review of drug resistance
surveys, Cohn et al. [7] concluded that overall primary
resistance (new cases with no previous treatment or no
report of previous treatment) rates were 0-16.9% for
isoniazid, 0—3% for rifampicin resistance, 0-4.2% for
ethamubutol resistance, and 0.1-23.5% for streptomy-
cin resistance; acquired resistance rates (resistance in
patients described as treatment failures — i.e., those
patients who are re-treatment cases or who have had
treatment previously) are significantly higher. In some
cities where treatment completion rates are particularly
poor, resistance may be much higher.
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Multi-drug resistant M. tuberculosis (MDRTB) strains,
defined as strains that are resistant to isoniazid and
rifampicin, cause most concern because morbidity and
mortality rates are higher than in TB caused by drug-
sensitive strains, especially in patients with HIV
infection. Second- or third-line drugs must be used
which have greater side-effects and, as treatment is
prolonged, the overall cost of treatment and toxicity
are increased. Patients remain infectious for longer
periods, which increases the risk of transmission.
Several outbreaks of MDRTB in the USA, most
notably in the New York penal and hospital systems,
and also in Europe, have aroused considerable alarm.
Mortality rates in patients co-infected with MDRTB
and HIV can be as high as 80-90%, although prompt
diagnosis and early aggressive therapy can reduce this
figure [S]. The rates of MDRTB were relatively low in
most countries where representative studies have been
conducted, with primary resistance rates of 0-10.8%,
but with rates for acquired resistance of 0-48% [7].

Currently, the WHO is co-ordinating a Global
Surveillance Programme of Drug Resistance in TB.
Measuring the drug susceptibility of isolates has three

main purposes. Firstly, it confirms the efficacy of an
empirical treatment regimen in a given individual, or
permits the tailoring of treatment in the case of drug
resistance. Secondly, it enables medical and public
health services to plan appropriate empirical regimens
to address problems of emerging drug resistance.
Thirdly, it is a useful crude indicator of the efficacy of
a treatment programme. For example, poor case
handling and compliance lead to increasing levels of
acquired drug resistance.

Within the UK, identification of mycobacteria and
drug susceptibility testing is organised as indicated in
Fig. 1 and is described in more detail later.

Drug resistance is measured currently with a variety of
liquid (e.g., Middlebrook broth 7H9 or 7H12) or solid
(e.g., Lowenstein-Jensen, Middlebrook 7H10 or 7H11)
media by one of three basic methods: the resistance
ratio, the absolute concentration (or MIC), or the
proportion method [8—10]. Broth-based methods are
faster than solid media systems and, currently, a
commercial radiometric system permits antimicrobial
drug susceptibility testing to be performed by the
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Fig. 1. Flow diagram showing the organisational structure for the identification and drug susceptibility testing of

mycobacteria in Great Britain.



proportional method within 7-14 days following
initial growth of the organism. All methods are
affected to different extents by problems relating to
variations in the inoculum size and the stability of
antimicrobial agents.

Assays involving the use of radiometric agents are
becoming increasingly difficult in the context of
clinical rather than research laboratories because of
greater restrictions on their use and the cost of
radioactive disposal. Nevertheless, culture-based meth-
ods are likely to remain the mainstay of drug
susceptibility testing for the complete current range
of drugs for some time to come, particularly as
automated non-radiometric rapid culture systems are
becoming available more widely. The increased
automation of these systems will reduce the hands-
on time needed to monitor growth.

In some cases where there is a suspicion that the
patient may harbour a drug-resistant strain, e.g., if the
patient is a contact of a known resistant case or has
relapsed from a TB infection treated previously, there
is a need to perform drug susceptibility tests rapidly.
Rapid determination of susceptibility would establish
an effective treatment regimen and indicate the degree
and extent of patient isolation or isolation precautions
required. Rapid susceptibility testing can be achieved
with novel molecular assays which have the potential
for defining drug resistance for the principal first-line
drugs such as isoniazid and rifampicin within 24-48 h
of obtaining a culture and, more importantly, in
primary specimens with little or no prior culture. A
scenario in which preliminary culture of primary
specimens for 48—72h is coupled with novel mole-
cular drug susceptibility testing technologies may
provide the optimal balance between sensitivity,
specificity and turnaround time, particularly in speci-
mens such as cerebrospinal fluid (CSF) or pleural fluid
(PF) where the number of organisms is likely to be
low and diagnosis is difficult.

Novel drug assays can be divided into phenotypic or
genotypic systems; in the former, the outcome, such
as death of the bacterium, is measured without any
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previous knowledge of the underlying resistance
mechanism, whereas in the latter, the drug target
and nature of the gene mutations are known (Table 1).
Fig. 2 indicates the types and range of genotypic and
phenotypic assays that are becoming available in
research and reference centres.

Genotypic methods

Genotypic assays combine three main steps: (a) sample
preparation to release DNA from mycobacterial cells;
(b) amplification of the relevant part of the gene,
usually by the polymerase chain reaction (PCR); and
(c) detection of the mutation in comparison with the
equivalent region of a wild-type strain.

Table 1 indicates the current known targets of the
major drugs currently used in treatment of TB and the
corresponding mutations in the genes that cause
resistance. For example, mutations within an 81-bp
region (codons 507-533) of the »poB gene encoding
the B chain of the DNA-dependent RNA polymerase
confer resistance in c. 95% of all clinical isolates
examined [11-13]. More than 35 mutations within
this region have been described [14], but two
mutations (His 526 — Tyr and Ser 531 — Leu)
account for two-thirds of rifampicin resistance [14,
15]. Genotypic assays that detect mutations within this
region are, therefore, predictive of clinical drug
resistance. However, the situation is much more
complex if isoniazid resistance is considered. Muta-
tions in at least four genes or gene complexes are
known to be involved in resistance, including katG
which encodes the catalase-peroxidase enzyme, inhA/
mabA which is involved in fatty acid biosynthesis,

ahpC which encodes the alkyl hydroperoxide reduc-
tase C, and oxyR which is the oxidative stress
regulator [16-24]. To detect isoniazid resistance
would require systems that were capable of detecting
mutations at multiple sites simultaneously, and such
systems are able currently to predict isoniazid
resistance only in c¢. 85% of cultures [24]. A similar
situation exists for ciprofloxacin and streptomycin
resistance which can be predicted with c¢. 75% and

Table 1. Gene targets for anti-tuberculosis drugs and mutations associated with drug resistance

Mutation in genes conferring

Drug Probable targets resistance Function of gene
Rifampicin RNA synthesis rpoB DNA-dependent RNA polymerase (8 subunit)
Isoniazid Myecolic acid katG Catalase/peroxidase
biosynthesis inhA/mabA Fatty acid biosynthesis

ahpC Alkyl hydroperoxide C reductase

oxyR Oxidative stress regulator
Pyrazinamide Pyrazinamide (Pzase) +?  pncAd Pzase nicotinamidase; loss of Pzase gives resistance
Streptomycin Protein synthesis rrs 16S rRNA

rpsL Ribosomal protein S12
Ethambutol Cell wall synthesis embA, B, C Lipoarabinomannan and arabinogalactan synthesis
Ethionamide Cell wall synthesis inhd +7 Cross-resistance associated with inh4 mutations
Ciprofloxacin DNA synthesis gyrd, gyrB, nor DNA gyrase subunit A and B (principally)

PCR, polymerase chain reaction, SSCP, single strand conformational polymorphism.
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Fig. 2. Drug susceptibility testing within the PHLS and
detection of resistance.

60% certainty, respectively, by genotypic method-
ologies [25-29].

Detection of resistance to rifampicin and isoniazid is
essential for recognition of MDRTB strains respon-
sible for nosocomial and other institutional outbreaks,
particularly in HIV-positive individuals, where they
have been associated with a high mortality. The value
of genotypic methodologies is that they have the
potential for direct application to clinical samples.
Further work is continuing at research centres
including the UK Public Health Laboratory Service
(PHLS) Mycobacterium Reference Unit (MRU) to
extend these assays to primary clinical specimens.
Methods which have been used for genotypic
susceptibility testing include DNA sequencing, hetero-
duplex analysis, solid-phase hybridisation analysis and
PCR single-strand conformation polymorphism (SSCP)
analysis.

DNA sequencing

DNA sequencing remains the gold standard, as all
mutations will be detected. In the case of rifampicin,
the presence of mutations appears to be fully predictive
of resistance; however, this is not necessarily the case
with other genes associated with drug resistance, as
silent mutations that do not lead to any significant
change in phenotype also occur. For example, a
common site for mutations within the C-terminal
region of the katG gene has little effect on the activity
of the catalase enzyme [14, 19, 20]. Manual DNA
sequencing requires a high level of technical compe-
tence and employs a radiolabel which must be safely
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disposed of, making the technique unsuitable for busy
clinical laboratories receiving hundreds of specimens.
Automated sequencers that use fluorescent-based
chemistry can provide accurate sequence data within
24-48h, but are costly, relatively expensive to
maintain, and require a high degree of operator
expertise for consistently reliable data. However, in
addition to detecting mutations in genes involved with
isoniazid and rifampicin resistance, automated sequen-
cing has been used to detect mutations in the gyrd, rrs
and rpsL genes associated with ciprofloxacin and
streptomycin resistance, respectively [19, 25, 26, 29].

Heteroduplex analysis

In this method, amplified DNA from test organisms and
reference drug-sensitive strains is mixed, denatured and
cooled to produce double-stranded hybrid DNAs
through complementary base pairing. In regions where
mutations occur, e.g., in a drug-resistant test strain,
there will be a mismatch of the two strands and the
resulting heteroduplex will run with a different
mobility to the homoduplex (where the test strain has
no mutations) on a denaturing electrophoresis gel
system. This method has been applied to the detection
of rifampicin resistance [30].

Solid-phase hybridisation analysis

Mutations can be detected by solid-phase hybridisation
analysis. For example, in order to detect any mutations
which may encode rifampicin resistance, a series of
overlapping probes that are complementary to the 81-
bp region of the rpoB gene are immobilised on to a



solid membrane support. In addition, probes comple-
mentary to the most common rifampicin-resistance
mutations can be included. The rpoB gene fragment is
amplified from a test strain by PCR and then reverse
hybridised to the membrane containing the probes [15,
31]. Failure of this amplified DNA to bind to any of the
sensitive sequence-specific probes indicates mutations
that may encode resistance. Conversely, if the product
hybridises to any of the mutation-specific probes, the
mutation can be characterised directly. Such a system,
the Line Probe Assay (Innogenetics, Ghent, Belgium)
has been used with some success [15, 32]. This assay
includes probes for four mutations, including the two
commonest (His 536 — Tyr and Ser 531 — Leu), but
the ability to identify less frequent mutations correctly
is unknown, i.e., the assay might be unable to detect
certain insertional mutations within this region. In the
USA, the assay was used for the rapid identification of
rifampicin resistance in a collection of 51 rifampicin-
resistant cultures. Nine distinct rpoB mutations were
detected and concordance with standard phenotypic
rifampicin susceptibility testing results was 90.2% [15].
At the PHLS MRU this assay has been used
prospectively on a collection of 51 cultures with
promising results. Thus 22 of 23 culture-defined
rifampicin-resistant isolates were found to be resistant
by the Line Probe Assay (24 rather than 23 were
defined as sensitive), and five cultures were identified
correctly as not being members of the M. tuberculosis
complex (unpublished results). A prospective study of
the diagnosis of resistance in primary specimens is in

progress.

PCR single-strand conformation polymorphism
(PCR-SSCP) analysis

Single-stranded DNA folds into a complex tertiary
structure whose shape is determined by the DNA
sequence. If any two single strands of DNA differ by
one or more bases, i.e., a mutation is present, they will
fold into structures with different mobility on a
polyacrylamide gel. This is termed a single-strand
conformation polymorphism (SSCP). In conjunction
with PCR used to amplify the region of the gene of
interest, SSCP analysis has been used to detect
rifampicin, ciprofloxacin, isoniazid and streptomycin
resistance [11, 20, 24, 33]. Normally the method uses a
radioactive detection system, but silver staining has
been described recently as an alternative and sensitive
method. Automation of the process permits a higher
throughput of specimens, but increases the cost as an
automated sequencer is required to detect migration of
the bands.

Phenotypic methods
Culture-based phenotypic methods, in which the

survival of a test strain in comparison with a drug-
sensitive control is assayed on a solid or liquid
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medium, continues to form the mainstay of drug
susceptibility testing in both developed and developing
countries. Improvements in the rapidity of testing have
been developed, e.g., by use of the proportion method
in rapid radiometric Bactec liquid culture systems [34]
in which a mycobacterial culture is inoculated into
drug-containing Bactec vials and a control vial is
inoculated with a 100-fold dilution of the inoculum.
Equivalent or greater growth in the drug-containing test
vial compared to the control vial indicates that = 1%
of the population of bacilli are drug-resistant and that
the drug is unlikely to be effective. Further work has
continued to develop systems for non-radiometric
determination, e.g., the MGIT system [35, 36],
although such systems are more expensive than current
methods that use solid media. To speed up the
procedure, direct drug susceptibility testing can be
performed on those samples that show acid-fast bacilli
in smears [37].

Recently, two novel mycobacteriophage (viruses that
are specific for mycobacteria) assays have been
developed. Jacobs et al. [38] demonstrated that drug
susceptibility could be measured with genetically
modified mycobacteriophages containing the Jlux or
luciferase gene. Drug-resistant mycobacteria growing
in the presence of these drugs are able to express
luciferase, which catalyses the reaction of luciferin
with ATP to generate photons of light that can be
detected in a luminometer, while mycobacteria sensi-
tive to the drug die, no ATP is produced, and there is
a cessation of light production. This approach has the
advantage that no knowledge of the underlying genetic
basis of resistance is needed, but it requires expensive
equipment, which may make the technique unsuitable
for the developing world where much of the disease
burden occurs. An alternative approach, the PhaB
assay (phage amplified biologically), involves myco-
bacteriophage, but without the need for expensive
luminometers [39]. This approach utilises skills and
resources that are available readily within the
diagnostic laboratory. The PhaB assay can be used
for diagnosis of MTB in patient samples, and also for
direct drug susceptibility testing of organisms isolated
previously by conventional culture. The concept of the
method is simple (Fig. 3). In the first step, any viable
mycobacteria contained in a test sample are infected
with mycobacteriophage. Subsequently, any mycobac-
teriophage remaining outside the mycobacteria are
inactivated by a specific chemical treatment, whereas
those inside mycobacteria are protected. The protected
mycobacteriophage then replicate within viable bacilli
and, eventually, cause the host mycobacteria to lyse
and release a new generation of mycobacteriophage.
The released mycobacteriophage are plated on to a
lawn of the rapidly growing species M. smegmatis.
The mycobacteriophages infect and replicate in this
related organism and, after an overnight incubation
period, are detected as clear areas of lysis or plaques
in the turbid growth of the M. smegmatis lawn. The
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Fig. 3. Diagrammatic representation of the mycobacteriophage PhaB assay.

procedure is potentially rapid and simple to perform,
taking as little as 48 h compared to the several weeks
required for conventional culture. The sensitivity of
the assay has been calculated to be as few as 10-100
mycobacteria/ml of sample, which is at least as
sensitive as conventional culture. The assay involves
the use of simple equipment and, as the assay
proceeds, the number of viable infectious MTB
particles actually declines, so that unlike the systems
described above, the assay actually becomes safer with
increasing duration.

In a recent evaluation the assay correctly assigned and
identified all eight MDR isolates and the single
rifampicin-resistant, isoniazid-sensitive isolate exam-
ined. When used to test susceptibility to isoniazid, the
PhaB assay identified 15 (88.2%) of 17 isoniazid-
resistant, rifampicin-sensitive isolates and 17 (81%) of
21 isoniazid-sensitive isolates. The results were
obtained in 3-4 days, but recent results suggest that
rifampicin testing can be done in as little as 2 days
from receipt of a patient sample.

Infrastructure and strategy for drug
susceptibility testing

The current arrangement for identification and drug
susceptibility testing of mycobacterial cultures in Great
Britain is represented in Fig. 1. Mycobacterial cultures
isolated by National Health Service (NHS) and PHLS
laboratories are referred on a geographical basis to one
of four PHLS Regional Centres for Mycobacteriology
(RCM), co-ordinated by the PHLS MRU, which also
acts as the Regional Centre for southern England. Over
95% of mycobacterial cultures in Great Britain are
referred to these four centres and to the Scottish MRU.
Identification is performed by a variety of methods

including microscopy, growth characteristics, biochem-
ical tests, molecular hybridisation systems and, where
necessary, PCR-based systems, pyrolysis mass spectro-
metry and other specialised techniques. Drug suscept-
ibility testing is performed in solid or liquid media with
standardised methodology including the resistance ratio,
MIC and proportion methods [8, 9, 37, 40]. Mycobac-
terial identification and drug susceptibility methods are
quality-controlled rigorously to form an integrated
mycobacterial reference network. All RCMs receive
primary specimens from local hospitals and other
institutions in their region, and the PHLS MRU offers
a national service of specialised molecular investiga-
tions for diagnosis, drug susceptibility testing and
molecular epidemiological typing, including the inves-
tigation of outbreaks and surveillance of drug resistance.

The mycobacteriology reference network, together
with the PHLS Communicable Disease Surveillance
Centre (CDSC), forms an integrated tuberculosis
programme to provide diagnostic, reference, epidemio-
logical, clinical and research activities at local,
regional and national levels. Increasing world-wide
and national concern regarding MDRTB, particularly
recent nosocomial outbreaks, has resulted in the
development of rapid detection methods for rifampicin
resistance on a national basis in culture and in
primary specimens on a research basis (Fig. 4).
Defining rifampicin resistance is predictive of
MDRTB, as 85-90% of rifampicin-resistant isolates
in England and Wales are also isoniazid-resistant
(unpublished data). Second- and third-line drug
susceptibility tests can be performed earlier and
stringent infection control measures can be implemen-
ted promptly, which may be vital in institutions
treating immunocompromised individuals, including
those co-infected with HIV. However, currently, the
available genetic tests are expensive. Consequently,
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Fig. 4. Rapid diagnosis and drug susceptibility testing: the Fastrack concept.

rapid molecular testing is focused on those samples
for which there is a reasonable clinical or epidemio-
logical suspicion of infection with resistant strains.
Such samples are currently submitted to the MRU for
testing under a Fastrack scheme. The new rapid
phenotypic tests promise to be cheaper, but it remains
to be seen whether these new approaches can be
applied as a routine system for the screening of all
clinical samples.

Conclusions

Underlying basic research to define the mechanisms of
drug resistance has been essential to the development of
genotypic assays that can be applied in the clinical
context. In the case of rifampicin, the presence of
mutations within a small region of a single gene are
predictive of drug resistance in M. tuberculosis
(although not in other mycobacterial species). The
mechanisms of isoniazid resistance are more complex
and the underlying causes of resistance to other anti-
mycobacterial drugs have not been established fully.
Genotypic assays are, at present, focused on high-risk
specimens, but should be performed in specialist centres
where a variety of conventional and rapid culture-based
methods (which are likely to remain the mainstay of
drug susceptibility tests) can be performed in parallel.
New rapid phenotypic approaches, such as the luciferase
phage and PhaB assays, may offer an inexpensive and
more comprehensive alternative for the rapid screening
of clinical samples and isolates in the future.
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