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Introduction

Tuberculosis (TB) remains a global threat to human health.1

Recent developments in molecular typing techniques
provide an opportunity to study the geographic and
evolutionary relationships of strains of Mycobacterium
tuberculosis. Polymerase chain reaction (PCR)-based typing
of M. tuberculosis has already helped to establish a central
database linking genotypes and epidemiological data, thus
permitting better understanding of factors that influence 
TB transmission and the evaluation of regional control
programmes.2,3

Typing based on the variable number of tandem repeats
(VNTRs) of genetic elements named mycobacterial
interspersed repetitive units (MIRUs) in M. tuberculosis is 
an established PCR-based technique.4 A standard 12 
MIRU-VNTR loci technique has been used in the 
USA5,6 and Europe.4,7–9 Further to this, an alternative 
set of 15 MIRU-VNTR loci (including 12 MIRU loci: 
2, 4, 10, 16, 20, 23, 24, 26, 27, 31, 39 and 40, plus three exact
tandem repeat [ETR] loci: A, B, and C) is commonly used in
the UK for routine epidemiological discrimination 
of M. tuberculosis isolates.10–12 Application of the 
15 MIRU-VNTR loci typing technique to over 3300 isolates
has identified several large clusters of M. tuberculosis
strains possessing profiles which are indistinguishable;
however, such clusters have no known epidemiological
links. Therefore, the technique may be insufficiently
discriminatory for the identification of epidemiologically
significant clusters of M. tuberculosis infections in the 
north of England.

The aim of this study is to investigate the possibility that
additional VNTR loci could increase the discriminatory
power of the existing 15 loci technique for epidemiological
typing of M. tuberculosis.

Materials and methods

Bacterial isolates and DNA extraction 
A total of 207 M. tuberculosis isolates collected at the Health
Protection Agency (HPA) North East Regional Laboratory
between 2000 and 2007 were investigated. All the isolates
had previously been investigated using the 15 MIRU-VNTR
loci technique. The geographic origin of the strains spanned
three regions in the north of England (North East, North
West and Yorkshire & Humber). The first set comprised 
57 isolates from 20 clusters with known epidemiological
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links. The second set comprised 150 apparently unrelated
isolates collected between 2002 and 2007. Previous MIRU-
VNTR typing had grouped this set into six clusters
representing the six most common profiles recognised in the
North East Regional Laboratory database. Mycobacterial
genomic DNA was prepared according to the method of van
Embden et al.,13 using heat lysis followed by centrifugation,
with the extracted DNA being stored at –20˚C prior to use.

Design of PCR primers
To enable the use of non-denaturing high-performance
liquid chromatography (non-dHPLC) for the sizing of PCR
products, the primers were designed to produce PCR
products of between 100 and 600 bp. Several of the VNTR
loci primers from previously published studies have been
demonstrated to produce amplification products of >600 bp,
and therefore were unsuitable for analysis in the non-
dHPLC instrument. A minimum of three target sequences
from different M. tuberculosis strains (H37Rv, CDC1551 and
F11) were downloaded from GenBank (National Center for
Biotechnology Information [NCBI])14 and a sequence
alignment was performed using the MegAlign software
application (Lasergene 7, DNAstar, USA)15 to locate further
conserved sequences either upstream or downstream from
the published VNTR sequence. Specific oligonucleotide
primers (Table 1) were designed to amplify VNTR loci 0424,
1955, 1982, 2163b and 2401 using the newly aligned
consensus sequence. 

Primers previously described by van Deutekom et al.16

were demonstrated to produce amplification products of
<600 bp and were therefore used to amplify VNTR locus
3690. Each primer was analysed in the PrimerSelect software
application (Lasergene 7)15 which automatically calculates
the primer melting temperature (Tm) and predicts secondary
structures such as primer dimers. None of the primer
sequences had significant secondary structures. Potential
primers were analysed for similarity to non-target sequences
by performing a nucleotide-nucleotide BLAST search.17 The
primers in Table 1 showed no significant homology with any
other non-target species. Primers were synthesised by
Eurogentec, Belgium.

PCR amplification of MIRU-VNTR loci 
Following optimisation of magnesium chloride
concentration, primer concentration and primer annealing
temperature, the PCR mixture was prepared in a 50 µL
volume containing: 12 ng mycobacterial DNA, 4% dimethyl
sulphoxide (Sigma, UK), 1.25 units AmpliTaq Gold DNA
polymerase, 0.5 mmol/L 10 mmol dNTP mix and varying
final concentrations of MgCl2 and primers (Table 1) in 1x 
PCR buffer (Applied Biosystems, UK). The PCR reaction was
carried out in an MBS Satellite thermal cycler (Thermo
Electron Corporation, UK) under the following conditions:
initial denaturation at 95˚C for 15 min, and then 35 cycles of
94˚C for 30 sec, optimum Ta for 30 sec (Table 1) and 72˚C for
1 min, followed by a final extension at 72˚C for 10 min.
Positive control DNA (M. tuberculosis strain H37Rv) of
known amplicon size and VNTR copy number and a
negative control of mastermix excluding template DNA
were incorporated in each PCR and detection assay.

Comparison of gel electrophoresis and non-dHPLC for sizing
PCR products generated from the VNTR loci
The sizes of amplified DNA fragments were determined
using a WAVE dHPLC instrument (WAVE Model L-7250,
Transgenomic, UK) under non-denaturing conditions, as
previously described by Evans et al.18 The respective number
of VNTRs per locus was then calculated for each isolate
using the flanking region and VNTR unit size. The numbers
of VNTRs were scored within a strict repeat integer range of
±0.25 repeats to ensure size accuracy on the WAVE
instrument.18 One hundred of the PCR products analysed on
the WAVE dHPLC instrument were also analysed using
conventional agarose gel electrophoresis to compare sizes
and determine the reproducibility of the WAVE method. The
sizes of the PCR products were determined by comparing
the PCR product migration in the gel against 50- and 100-bp
molecular weight DNA markers (Roche, UK). 

Statistical analysis 
The allelic diversity index (ADI) of each of the six 
additional VNTR loci was calculated using the equation
h=1–Σχi

2 (n/[n–1]), where χi is the frequency of the ith allele
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VNTR locus PCR primers (5´ to 3´) Primer length MgCl2 Primer pair Ta

(bp) (mmol/L) (µµmol/L) (˚C)

0424 F: CCGCCCTGGTCGTCTGGA 18 2.0 0.3 57.0

R: CGACTCTCCGGCATCCTCAACAAC 24

1955 F: GTCGTCGGTGCGGGCCACCAG 21 2.0 0.4 69.8

R: CGGCCGTCTGTTCCGACGCCAATA 24

1982 F: CGGAATGGCTACGGAAGGAATACT 24 1.5 0.5 62.0

R: CCTTCAGTCTGCCGGCAATAACG 23

2163b F: CGTAAGGGGGATGCGGGAAATAGG 24 2.0 0.4 67.6

R: CGAAGTGAATGGTGGCAT 18

2401 F: TGGATTTGCTTACGTGGGCTGATT 24 1.0 0.3 57.0

R: TCAAGCTAGCGCGTCTGCCATTCC 24

3690* F: CGGTGGAGGCGATGAACGTCTTC 23 1.0 0.3 65.0

R: TAGAGCGGCACGGGGGAAAGCTTAG 25
*Previously described primers by van Deutekom et al.16

Table 1. Polymerase chain reaction primer sequences and reaction conditions.



at the locus and n is the number of isolates, and n/(n–1) is a
correction for bias in small samples.19 The HGDI was
calculated as described by Hunter and Gaston.20

Results

Selection of additional VNTR loci
Six loci were selected which had previously been
demonstrated to have ADI values >0.6 according to 
Supply et al.21 The loci were chosen with the expectation to
display variability in unrelated isolates, stability in clonally
related isolates (i.e., epidemiological linked) and potential
for robust PCR amplification.16 The 15-loci subset that Supply
et al.21 has proposed as the new standard for first-line routine
epidemiological discrimination of M. tuberculosis isolates
includes six of the 12 original VNTR loci, plus two ETRs and
five of the six additional loci studied herein.

Comparison of gel electrophoresis and non-dHPLC for sizing
PCR products generated from the VNTR loci
All 100 products analysed using agarose gel electrophoresis
were scored with exactly the same number of VNTRs per
isolate as interpreted by the WAVE non-dHPLC; hence, this
detection method was demonstrated to have 100%
reproducibility. The reproducibility and accuracy of sizing
DNA fragments was also checked and standardised by
analysing DNA fragments from M. tuberculosis H37Rv as a

positive control. This consistently gave the expected
amplicon size and VNTR copy number for each locus.

Application of the additional VNTR loci to epidemiologically
linked isolates
Genotyping using 15 MIRU-VNTR loci had previously
clustered 57 isolates into 20 groups (known as clusters 1–20,
Table 2) with established epidemiological links. When the
same 57 epidemiologically linked M. tuberculosis isolates
were anonymised and then typed using the six additional
VNTR loci, they remained grouped in the 20 clusters and
hence demonstrated a level of stability suitable for accurate,
epidemiologically relevant clustering.

Application of the additional VNTR loci to clusters of
isolates with common MIRU-VNTR profiles
One hundred and fifty DNA samples extracted from 
M. tuberculosis isolates by the HPA Regional Reference
Centre for Mycobacteriology (2002–2007) were included in
this study. Previous MIRU-VNTR typing using 15 loci had
grouped these strains into six clusters representing the six
most common MIRU-VNTR profiles, with up to 30 isolates in
each cluster. Clustered isolates shared the same MIRU-VNTR
profile, yet had no proven epidemiological links. All six
common profile clusters previously identified using the 
15 loci technique were split into subclusters when tested
with the six additional VNTR loci (Table 3). The largest
cluster size was 14 (9.3%) when typed using the six
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Cluster Incident type No. isolates ETR MIRU profile* Additional VNTR loci

A B C 0424 1955 1982 2163b 2401 3690

1 Household contact 2 – – – 225425173433 5 3 8 0 2 4

2 Community outbreak 6 – – – 224325153323 4 3 9 2 4 5

3 Work contacts 3 3 2 3 225313153323 1 2 5 4 4 6

4 Reactivation in a patient 2 4 2 5 223225153422 1 2 5 2 2 3

5 Patient/carer 2 2 2 4 224323163213 4 2 2 3 2 2

6 Community outbreak 2 2 2 5 223125153323 2 1 5 2 2 6

7 Community outbreak 2 4 2 4 223325173533 4 4 6 5 4 4

8 Family contacts 2 – – – 225323153223 2 2 6 3 3 4

9 Laboratory 2 3 2 2 224325153323 2 3 8 3 4 6
cross-contamination

10 Laboratory 3 – – – 225125113322 1 2 6 0 4 4
cross-contamination

11 Reactivation in a patient 2 3 2 1 223225143324 2 2 7 1 4 4

12 Family contacts 2 3 2 3 225313153323 2 1 6 6 4 4

13 Reactivation in a patient 2 4 1 5 223315143423 2 2 5 1 2 4

14 Social contacts 2 – 2 – 224323163213 4 2 2 3 2 2

15 Public house outbreak 8 – – – 223125153324 2 1 4 0 2 8

16 Laboratory 6 3 2 3 225323153323 2 2 6 5 3 4
cross-contamination

17 Patient contacts 2 3 2 4 223125163324 2 1 5 3 2 6

18 Laboratory 2 2 2 4 224323163213 4 2 2 3 2 2
cross-contamination

19 Community outbreak 3 2 2 4 224328153324 4 3 2 2 2 2

20 Reactivation in a patient 2 5 2 2 226325173543 4 3 8 0 2 2
*Order of MIRU loci: 2, 4, 10, 16, 20, 23, 24, 26, 27, 31, 39, 40. 

Table 2. Application of additional VNTR loci to epidemiologically linked isolates.



additional VNTR loci, compared to 30 (20%) when typed
using the original 15 MIRU-VNTR loci.

Allelic diversity and discriminatory power of the additional
VNTR loci
Table 4 shows the allelic diversity (h) of the six additional
VNTR loci based on the typing of 206 M. tuberculosis
isolates. All but one of the additional VNTR loci were highly
discriminative (h>0.6), with locus 2401 being only
moderately discriminative (h=0.5). 

The six common MIRU-VNTR-defined clusters in the
unlinked set were subdivided into 56 different profiles when
isolates were genotyped using the additional VNTR loci
(Table 5). The discriminatory power of the method was
calculated using the Hunter-Gaston discriminatory index
(HGDI) equation20 and an HGDI value of 0.952 was obtained.

Discussion

Molecular genotyping is increasingly being used to track
infectious diseases as they spread in human populations.22

Unlike many other diseases affecting the developing world,
TB can be treated and controlled2 with the help of
surveillance using molecular epidemiological approaches.
M. tuberculosis genotyping can be used to monitor trends
and outbreaks, to identify risk factors and gain better
understanding of TB transmission, and for the evaluation
and subsequent improvement of regional control
programmes.2

The interpretation of all molecular epidemiological data is
based on establishing whether a strain is identical to or
different from other strains found within a study
community.13 Strains with shared genotypes are thought to
represent ongoing transmission, while genotypically

different strains are thought to be unrelated.13,23,24 The
information that genotyping provides can be very effective
in evaluating and adapting the control measures for
tuberculosis.2,25

The 15 loci technique previously used to genotype 
M. tuberculosis isolates at the HPA North East Regional
Laboratory has demonstrated the existence of common
profile clusters which may lead to the over-estimation of
transmission rates. Using the six additional loci has
demonstrated the existence of subclusters within the
common profile clusters. Consequently, isolates previously
thought to belong to the same cluster, and thus may
represent ongoing transmission, are actually unrelated. 

The MIRU-VNTR profiles of six sets of clustered isolates
included in the unlinked set of this study were compared
using the UK national database26 of M. tuberculosis
genotypes. All six of the common MIRU-VNTR profiles were
found in the most common 15 national profiles,
demonstrating that the study population is representative of
the common M. tuberculosis population in the UK. 

Supply et al.21 defined the properties of ideal molecular
markers to represent a compromise between i) sufficient
variability to distinguish unrelated strains and ii) satisfactory
clonal stability to identify isolates reliably from the same
strains and trace transmission chains, as well as robustness
in applicability to a wide range of strains. The h values found
in this study correlate with those described by Supply et al.,21

with no significant difference between these findings and
those previously published.27-29

In the present study, the set of six additional MIRU-VNTR
loci plus the current 15-loci method was found to provide
the most accurate first-line molecular typing of 
M. tuberculosis when compared to use of the 15 loci alone. An
HGDI value of 0.952 was demonstrated (Table 5) and,
according to Hunter and Gaston,20 an index of >0.90 is
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Common 15 ETR MIRU profile No. isolates No. additional
loci cluster A B C loci subclusters

1 3 2 3 225313153323 30 14

2 4 2 2 225425173533 30 6

3 4 2 2 226425173423 30 5

4 4 2 4 223325173533 25 14

5 3 2 4 224325153323 20 10

6 3 2 3 225325153323 15 7

Table 3. Application of additional VNTR loci to clusters of isolates with common MIRU-VNTR profiles.

VNTR locus Copy no. of repetitive unit(s) Allelic diversity

0 1 2 3 4 5 6 7 8 9 10 (h)

0424 0 23 63 8 82 30 0.71

1955 0 31 67 87 17 4 0.69

1982 0 0 21 2 10 28 34 10 74 16 11 0.80

2163b 20 72 27 18 28 34 7 0.80

2401 0 1 59 13 133 0.50

3690 0 0 13 7 110 46 22 0 8 0.65

Table 4. Allelic diversity of additional VNTR loci.



desirable if the typing results of a technique are to be
interpreted with confidence.20 Similar studies have shown
varying HGDI results,7,9–12,29 but in general a lower value for
the previously used 15 MIRU-VNTR loci technique is seen
(HGDI: 0.747),30 with those incorporating the six additional
VNTR loci showing higher values (HGDI: 0.995).31

Conversely, Kwara et al.32 stated that genotypes based on
just 12 MIRU loci are highly stable among epidemiologically
linked isolates but sufficiently diverse to generate a
resolution approaching that of IS6110. The high
discriminatory power of this reported technique, together
with its stability in epidemiologically linked isolates,
reinforces the strength of the six additional MIRU-VNTR loci
for increased resolution of M. tuberculosis genotyping in a
routine setting. 

This is the first time these six MIRU-VNTR loci have been
applied to the fingerprinting of M. tuberculosis in the HPA
North East Regional Laboratory. Although gel
electrophoresis is a relatively simple and inexpensive
technique used for amplicon size detection, it is labour-
intensive, lacks accuracy, is subjective and is not suitable for
large-scale analysis. This study has demonstrated that
incorporating the WAVE as a high-throughput genotyping
system provides an accurate method for analysing the
additional six loci.

This study confirms that addition of loci 0424, 1982, 3690,
1955 and 2163b in the MIRU-VNTR genotyping of 
M. tuberculosis fulfils the criteria laid down by Supply et al.21

and vastly increases the discriminatory capacity of this
technique. However, locus 2401 only displays moderate
discrimination and thus should not be included in future
genotyping of isolates in this region. Among the different
described sets of MIRU-VNTR loci, a system based on 15 loci
is the most widely used in clinical mycobacteriology and for
local outbreak investigation within the UK. 

The ease of data exchange and comparison offered by the
MIRU-VNTR genotyping method has made it the best
alternative to IS6110 restriction fragment length
polymorphism (RFLP) for typing large numbers of
unknown M. tuberculosis strains, making it the new gold
standard.3,12,33 Nonetheless, this report demonstrates that
even 15 MIRU-VNTR loci, when used alone, cause
significant false clustering within common profile
populations of M. tuberculosis and hence lack discriminatory
power and adequate resolution. In order to overcome this,
the discriminatory power of MIRU-VNTR genotyping must
be increased. This study has validated a technique by which
this can be achieved. 5

The authors thank the Regional Reference Centre for
Mycobacteriology within the Health Protection Agency (HPA)
North East Regional Laboratory, Newcastle upon Tyne, UK, for
supplying the TB isolate DNA. This work was funded by the
Health Protection Agency.
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