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Abstract: Molecular strain typing of Mycobacte-
rium tuberculosis has been possible for only about
20 years; it has significantly improved our under-
standing of the evolution and epidemiology of
Mycobacterium tuberculosis and tuberculosis
disease. Mycobacterial interspersed repetitive unit
typing, based on 24 variable number tandem repeat
unit loci, is highly discriminatory, relatively easy to
perform and interpret and is currently the
most widely used molecular typing system for
tuberculosis surveillance. Nevertheless, clusters
identified by mycobacterial interspersed repetitive
unit typing sometimes cannot be confirmed or
adequately defined by contact tracing and additional
methods are needed. Recently, whole genome
sequencing has been used to identify single nucleo-
tide polymorphisms and other mutations, between
genotypically indistinguishable isolates from the
same cluster, to more accurately trace transmission
pathways. Rapidly increasing speed and quality and
reduced costs will soon make large scale whole
genome sequencing feasible, combined with the use
of sophisticated bioinformatics tools, for epidemio-
logical surveillance of tuberculosis.

Unlike many other bacterial pathogens, different strains of
Mycobacterium tuberculosis complex cannot be easily
distinguished by the use of phenotypic methods. It was not
until the 1990s, when M. tuberculosis complex molecular
typing methods were developed, that it became possible to

10 | Vol. 24(1) 2013 NSW Public Health Bulletin

accurately identify tuberculosis (TB) transmission and study
the origins and global distribution of M. tuberculosis com-
plex genotypes. M. tuberculosis complex is a clonal species,
in which horizontal transmission (recombination) of genetic
material is rare. Genetic variation results from: (a) point
mutations or single nucleotide polymorphisms (SNPs);
(b) small DNA insertions or deletions, often mediated by
mobile genetic elements, such as insertion sequences (IS);
(c) larger DNA deletions, resulting in regions of difference
(RDs) between strains, major enough to determine subspe-
cies within the M. tuberculosis complex; and (d) variation in
numbers of repeat sequences at various genomic loci. All of
these are potential genotyping targets.

The appropriate choice of targets depends on the purpose
of genotyping. For example, monitoring TB transmission
requires targets that change rapidly enough to distinguish
epidemiologically unrelated strains (such as IS or repeat
sequences), but may not provide accurate information
about lineage, whereas studies of long-term epidemiologi-
cal trends and lineages require more stable targets reflect-
ing rare genetic events (such as SNPs or RDs) that can trace
the origins and global spread of different strains.

The rationale for molecular typing depends on the setting.
In low-incidence settings it is often used, routinely, to
identify case clusters (and, potentially, their sources) that
are not apparent by conventional contact tracing. Routine
typing can also identify laboratory contamination and
false-positive culture results and, so, prevent unnecessary
treatment. In high-prevalence settings, molecular typing is
more likely to be performed, selectively, to investigate the
evolution and transmission of M. tuberculosis to inform
and improve TB control programs.

Strain typing methods

One of the first genotyping methods described was [S6110
restriction fragment length polymorphism (RFLP) typing
which, until recently, was the most discriminatory method
available.' 1S6110 is found only in the M. tuberculosis
complex, usually in multiple copies; the number of copies
and the sizes of restriction fragments that contain them
distinguish different strains, except those with few, or
sometimes no, IS6110 copies. The method involves cutting
DNA with a restriction enzyme, identifying fragments
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containing IS67//0 with a labelled molecular probe and
separating them on a gel to produce a strain-specific
banding pattern. Its disadvantages are that it requires
prolonged incubation of isolates to produce a large enough
quantity of DNA and the banding patterns can be difficult
to interpret and reproduce. However, it has been used
successfully, for many years, to provide insights into
M. tuberculosis transmission, distinguish reactivation from
reinfection, and identify laboratory cross-contamination.”

Spoligotyping detects the presence or absence of 43 non-
repetitive spacer oligonucleotides, which are variably
interspersed between short chromosomal repeats at the
direct repeat locus of the M. tuberculosis genome.>* The
direct repeat locus is amplified by polymerase chain
reaction (PCR) and the product is hybridized to a series
of probes on a strip to identify the presence of spacer
sequences. It requires relatively little DNA and can be used
on early cultures or clinical specimens.’ The results are
objective and reproducible but it is less discriminatory than
IS6110-RFLP and so less suitable for transmission studies.
However, it differentiates M. tuberculosis strains into
broad families that generally correspond with geographic
areas® and, sometimes, with characteristics such as viru-
lence, transmissibility and resistance.’

Recently, mycobacterial interspersed repetitive unit
(MIRU) typing has largely overtaken both 1S67//0 and
spoligotyping, although they are sometimes used together.
MIRUs are tandem repeat sequences, dispersed among
intergenic regions of the M. tuberculosis genome, which
vary between M. tuberculosis strains according to the
number of repeats at each locus. They are one of a group
of variable number tandem repeat (VNTR) sequences,
which are the basis of multilocus VNTR analysis (MLVA),
a common bacterial genotyping method.

M. tuberculosis MIRU-VNTR typing, originally based on
12 loci,” is rapid, objective and reproducible. It was rapidly
adopted as the basis for large-scale, high-throughput
M. tuberculosis genotyping®'° but, even in combination
with spoligotyping, was less discriminatory than 1S67/0
fingerprinting, especially for isolates of the widespread
Beijing spoligotypes.'' Because of the potential for false
clusters, identified by MIRU-12 and spoligotyping,
IS6110-RFLP typing of clustered isolates was often needed
to more accurately define outbreaks,'? especially if there
were no obvious epidemiological links between cases.

Subsequently, a more discriminatory set of 24-MIRU-
VNTR loci, including the original 12, was identified.
MIRU-24 typing of more than 800 geographically diverse
isolates, representing all major lineages, identified 40%
more genotypes and demonstrated a fourfold lower rate of
clustering than MIRU-12 typing.'* Even a smaller subset
of 15 loci, with the highest evolutionary rates, was as
discriminatory as IS6770-RFLP typing. Thus, MIRU-15
typing was proposed as a new standard for routine use and
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MIRU-24 as a high-resolution alternative for phylogenetic
studies.'""'* Others have confirmed the higher discrimina-
tory power of MIRU-24, compared with MIRU-12."

MIRU-24 typing

MIRU-24 (or -15) is now the new ‘gold standard’ for
routine M. tuberculosis typing. To facilitate global epide-
miological studies, a web-based database (http://www.
miru-vntrplus.org/) has been established, based on a col-
lection of 186 reference strains, representing the primary
M. tuberculosis complex lineages.'>'® The database
includes geographic origin, drug susceptibility profile
and comprehensive genetic lineage information, including
the MIRU-24, SNP and RD profiles, spoligotype and
[S6110-RFLP fingerprint of each strain. MIRU-24 analy-
sis reliably predicted the correct lineage of greater than
99% of nearly 700 external strains.'>'® The database
allows users to compare strains with the reference set,
search for similar strains and map geographic information.
An expanding genotype nomenclature (MLVA MtbC15-9
type) has been implemented to facilitate comparison
between laboratories.'°

MIRU typing can be performed either by separate PCRs
for each locus and measurement of amplicon sizes by gel
electrophoresis or by several multiplex PCRs, using fluo-
rescently labeled primers, and determination of amplicon
sizes by capillary electrophoresis in a DNA analyser. The
number of tandem repeats (of known length) at each locus is
calculated from the amplicon size and results are expressed
as a numerical code corresponding to the numbers of
repeats at each locus, which is the strain ‘fingerprint’.

In a recent international proficiency study'’ of MIRU-24
typing, a panel of 30 DNA extracts, from 20 well-
characterised M. tuberculosis strains, was tested in 37
laboratories. There was wide variation in reproducibility
ofresults between laboratories (average 60%); it was better
(88%) when commercial kits were used than when in-
house-adapted methods using capillary (70%) or gel (50%)
electrophoresis were used. However, many in-house-
adapted methods achieved greater than 80% reproducibil-
ity, suggesting that, with care, they can be used reliably.'’
The study demonstrated potential pitfalls of comparing
genotypes between laboratories and the importance of
quality assurance programs.

The New South Wales (NSW) Mycobacterium Reference
Laboratory has used IS6//0-RFLP and spoligotyping
since 2004, MIRU-12 since 2005 and MIRU-24 since
2010, to confirm suspected transmission between
epidemiologically-related TB cases,'® investigate out-
breaks,'? differentiate TB reactivation from reinfection,'’
identify otherwise unsuspected case clusters or laboratory
contamination and estimate rates of recent transmission. '’
The most common spoligotypes in NSW belong to the
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Table 1. Comparison of Mycobacterium tuberculosis clustering rates in recent studies of tuberculosis transmission
Locations (references) Canada'® Switzerland?? China?’ NSW, Australia'® (unpubl.)
Dates (years) 2003-08 (5) 2000-08 (9) 2007-10 (3.5) 2004-06 (3) 2009-11 (3)
Typing method MIRU-12 MIRU-24 MIRU-24 MIRU-12 MIRU-24
Number of isolates 650 520 267 855 633
Clustering 75% 17.3% 42% 33.7% 24.8%
Average cluster size 10.0 2.6 3.0 6.5 2.6
RRT 0.71 0.11 Not reported 0.25 0.16
Beijing lineage 2% 12% 89% 24% 25%
EAl lineage 5% 10% Not reported 12% 15%

EAI: East African Indian
MIRU: mycobacterial interspersed repetitive unit

RRT: rate of recent transmission; defined as the number of identical (clustered) isolates minus the number of clusters (accepting a single source case

for each cluster), divided by the total number of isolates.

Beijing family (more than one-quarter of all isolates
examined), which was first described in China and neigh-
bouring countries in 1995, and has since been reported in
many parts of the world, especially Asia and the former
Soviet states. We have tracked an expanding cluster of
cases, due to a strain with a unique MIRU-24 profile,
among Aboriginal communities in the NSW North Coast
region, which has involved at least 30 cases since 2000
(unpublished data; see also Devlin and Passmore?).
Table 1 compares our MIRU-typing results with those of
several studies showing rates of recent transmission (RRT)
using this method.'*?'*? It is worth noting that a low RRT
reflects the degree of success of the local TB control
program.

Despite the improved discriminatory power of MIRU-24
typing, apparent clusters cannot always be confirmed,
even by the most detailed contact tracing, suggesting
some false clustering, especially in settings with high
rates of transmission of closely related M. tuberculosis
strains. In China, a high proportion of cases are caused by
the so-called ‘modern’ Beijing lineage. Isolates belonging
to this lineage have only one or two IS6/10 copies and,
generally, similar MIRU-24 patterns. False clustering of
MIRU patterns occurs due to homoplasy or convergent
evolution (independent mutations resulting in the same
genotypes among isolates with different ancestry). This
can mean, for example, that reinfection with a similar
strain could be misinterpreted as reactivation of infection
due to treatment failure. In future, problems like this
could be resolved by whole genome sequencing, or
inclusion of additional targets in typing methods. For
example, SNPs have been identified, which can reliably
differentiate these otherwise homogeneous ‘modern’
Beijing strains, with the same or very similar, MIRU-24
types, into several lineages. In a recent study, the combi-
nation of MIRU-15 typing plus PCR amplification and
sequence typing of three hypervariable regions and eight
SNPs overcame false clustering; it was therefore
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proposed for second-line typing of clustered isolates in
settings of high prevalence of Beijing strains.”!

Whole genome sequencing

The ultimate strain typing system is whole genome
sequencing which, until recently, seemed fanciful because
of the cost, time taken and requirement for sophisticated
bioinformatics tools for sequence analysis. However,
recent advances in sequencing technology have dramati-
cally reduced the cost and turnaround time and improved
the quality of sequence data and several recent investiga-
tions have demonstrated its potential.

Whole genome sequencing was used in the Netherlands to
investigate a well-characterised M. tuberculosis transmis-
sion chain (confirmed by genotyping and contact tracing)
involving five patients aged over 12 years, for which no
source had been identified.”® Four SNPs, a tandem-repeat
polymorphism and an IS61 10 transposition were identified
between the first and last isolates of this cluster. The
remaining isolates were screened for these six polymorph-
isms and five were found in isolates from one patient, an
alcoholic who had been non-compliant with treatment. It
was hypothesised that molecular evolution of M. tubercu-
losis in vivo may be driven by environmental factors such
as intermittent antibiotic use leading to successive bursts of
multiplication, or by genomic stress due to alcohol abuse.
Identifying factors that stimulate mutational bursts could
have major implications for TB management.”> In a
Canadian study,”* whole genome sequencing of 32 isolates
from a large 3-year community outbreak and four unrelat-
ed historical isolates, all with identical MIRU-24 and
IS6110-RFLP types, was combined with social network
analysis based on patient interviews, to determine the
origin and transmission dynamics of the outbreak. Analy-
sis of more than 200 SNPs revealed two genetically distinct
lineages, both represented among historical isolates, indi-
cating that they had separated before the outbreak started.




Additional, targeted social network and epidemiological
analyses identified three co-primary case-patients who had
been symptomatic for prolonged periods before diagnosis.
The outbreak coincided with an increase in crack cocaine
use in the community.”* Whole genome sequencing impli-
cated socio-environmental factors, not identified by
conventional genotyping and contact tracing, in triggering
simultaneous expansion of two pre-existing M. tuber-
culosis lineages that were subsequently sustained within
a high-risk social network.

The exponential fall in cost and increased speed and
quality of whole genome sequencing will continue.”> Only
the availability of appropriate tools to analyse and interpret
the results will limit its use. It has the potential to rapidly
track M. tuberculosis transmission and microevolution and
identify virulent and antibiotic resistant strains. When
combined with appropriate clinical data this will improve
our understanding of disease risks and how to prevent it;
allow more timely and individually targeted therapy; and
identify new vaccine, antibiotic and diagnostic targets.

Conclusion

In the relatively short period since molecular strain typing
of M. tuberculosis has been available and widely used, it has
considerably increased our understanding of the evolution
and modes of transmission of this ubiquitous and important
pathogen. It has demonstrated that transmission can occur
as a result of apparently casual, transient contact by leading
to more detailed investigation of possible common sources
of exposure of apparently unrelated individuals who share
the same infecting strain. It has allowed comparison of
rates of clustering between different population groups and
communities, which reflects and can lead to improvement
in the efficacy of TB control programs. Finally, it has
provided new insights into the evolution of M. tuberculosis
over long periods of time and widely distant geographic
regions and also during the course of a single case cluster.
As methods have improved from the highly discriminatory
but slow and technically demanding 1S67/7/0 RFLP to the
simpler, but equally discriminatory MIRU-24, genotyping
has become more accessible, which means that our under-
standing of M. tuberculosis evolution and epidemiology
has correspondingly increased. Whole genome sequencing
promises to provide further insights and even more discrim-
inatory and informative strain typing.
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