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The phylogeny and evolution of the bacterium Mycobacterium tuberculosis is still poorly understood despite
the application of a variety of molecular techniques. We analyzed 469 M. tuberculosis and 49 Mycobacterium
bovis isolates to evaluate if the mycobacterial interspersed repetitive units—variable-number tandem repeats
(MIRU-VNTR) commonly used for epidemiological studies can define the phylogeny of the M. tuberculosis
complex. This population was characterized by previously identified silent single-nucleotide polymorphisms
(sSNPs) or by a macroarray based on these sSSNPs that was developed in this study. MIRU-VNTR phylogenetic
codes capable of differentiating between phylogenetic lineages were identified. Overall, there was 90.9%
concordance between the lineages of isolates as defined by the MIRU-VNTR and sSNP analyses. The MIRU-
VNTR phylogenetic code was unique to M. bovis and was not observed in any M. fuberculosis isolates. The codes
were able to differentiate between different M. tuberculosis strain families such as Beijing, Delhi, and East
African-Indian. Discrepant isolates with similar but not identical MIRU-VNTR codes often displayed a
stepwise trend suggestive of bidirectional evolution. A lineage-specific panel of MIRU-VNTR can be used to
subdivide each lineage for epidemiological purposes. MIRU-VNTR is a valuable tool for phylogenetic studies

and could define an evolutionarily uncharacterized population of M. tuberculosis complex organisms.

Despite the application of several molecular markers, rela-
tively little is known about the evolution of Mycobacterium
tuberculosis (3, 5, 10, 27), the bacterial species which causes 2
million deaths and 8 million new cases annually (8, 25).

Genotyping techniques based on neutral genetic variation
such as multilocus sequence typing (MLST) have been used
successfully to characterize bacterial populations (6, 9, 15, 20).
Although the M. tuberculosis genome is thought to be highly
conserved (23, 28), sufficient neutral variation was found
within genes associated with drug resistance in M. tuberculosis
complex isolates for construction of a robust phylogenetic tree,
demonstrating that M. tuberculosis is clonal and is subdivided
into four distinct lineages while Mycobacterium bovis is closely
related but is found on a separate branch (1).

MIRU-VNTR (mycobacterial interspersed repetitive units—
variable-number tandem repeats) is a high-throughput tech-
nique that analyzes the number of tandem repeats at loci
distributed around the M. tuberculosis genome (30). Studies
have explored MIRU-VNTR as a tool for discriminating be-
tween strains and in comparison with other molecular tech-
niques (4, 16, 19, 21, 26, 30), but there are few published
reports on the use of MIRU-VNTR to study the evolution of
the M. tuberculosis complex. VNTR analysis using 5-locus and
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12-locus MIRU has been used in combination with other tech-
niques such as spoligotyping to investigate the evolution of M.
tuberculosis complex (11, 17, 27), but to our knowledge, no
studies have utilized 15-locus MIRU-VNTR to define evolu-
tionary pathways characterized by silent single-nucleotide
polymorphism (sSNP) analysis.

Based on the sSNP-defined phylogenetic tree (1), we evalu-
ate the use of MIRU-VNTR, commonly used in epidemiolog-
ical investigations, as a rapid tool for the phylogenetic classi-
fication of M. tuberculosis and M. bovis. To validate the MIRU-
VNTR phylogenetic classification, an additional panel of M.
tuberculosis and M. bovis strains was characterized with an
sSNP macroarray tool (the development of which is described
here) and concordance with MIRU-VNTR was examined.

MATERIALS AND METHODS

Mycobacterial strains. A panel (panel 1, test population) of 312 M. tubercu-
losis clinical isolates collected in England and Wales between 1 January and 31
December 1998, which included all isolates resistant to one or both of the
first-line antituberculous drugs (isoniazid and rifampin) and 100 randomly cho-
sen fully susceptible isolates, as well as 4 M. bovis isolates (1), was typed using
MIRU-VNTR (12 MIRU plus exact tandem repeats [ETR] A, B, and C; the two
remaining ETR, D and E, are included within the 12 MIRU and correspond to
MIRU 4 and 31). All members of this panel had previously been classified into
one of five lineages according to the presence of four characteristic sSSNPs (1).
The laboratory reference strain M. tuberculosis H37Rv (which had been charac-
terized by sSNPs) was also MIRU-VNTR typed.

A second panel (panel 2, validating population) of 205 isolates containing an
additional 80 M. tuberculosis isolates from 1998 and 80 isolates from 2004, both
collected in England and Wales (two different time windows were chosen to
ensure that the results seen were reproducible and not unique to 1998, the year
in which the panel 1 strains were isolated), and 45 M. bovis isolates from a panel
previously described (14), were analyzed using MIRU-VNTR loci. The M. tu-
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TABLE 1. Primer sequences for the macroarray

Gene Primers (5'-3") Product size (bp)

oxyR ATCGCCGCCAAGAGGTGCTA 311
TCACGCACTGCACGACGGT

katG TGTCCCGTCGTGGGTCATAT 370
TTGTCCAAGCTGGCGTTGT

poB TGCGTGTGTATGTGGCTCAGAAA 159
CGCCGTGGGTGTTCAAAATAAT

poB GTAAGGCGCAGTTCGGTGG 203

I TTGAGCAGCACCTTGAACGA

berculosis isolates were all randomly chosen from 1998 and 2004. The M. bovis
strains included all available isolates between 1997 and 2001 collected at the
Health Protection Agency National Mycobacterium Reference Unit (HPA-
MRU). Panel 2 was characterized with a macroarray developed in this study to
define sSNPs seen in each of the five lineages. The validation was performed
blinded. Results were compared only once a lineage based on each technique had
been determined.

Validation of the macroarray. The macroarray was validated on a subpanel of
46 previously genotyped isolates from panel 1 (1).

MIRU-VNTR analysis. Twelve-MIRU fragment analysis was carried out on a
CEQ2000 DNA capillary sequencer (Beckman Coulter, Fullerton, Calif.) as
described previously (19) and was supplemented with three loci: ETR-A, ETR-B,
and ETR-C (13). Three capillaries were used per isolate. Capillary 1 was used for
MIRU-4 and -16 (dye 2), MIRU-2 and -24 (dye 3), and MIRU-10 and -23 (dye
4). Capillary 2 was used for MIRU-39 and ETR-A (dye 2), MIRU-27 and ETR-B
(dye 3), and MIRU-31 and -40 (dye 4). Capillary 3 was used for MIRU-20 (dye
2), MIRU ETR-C (dye 3), and MIRU-26 (dye 4). MIRU-VNTR profiles were
analyzed using a categorical similarity coefficient (which scores all characters
equally and considers any different state as no match and any instance of the
same state as a full match) and were displayed using the unweighted-pair group
method using average linkages.

DNA macroarray. Biotin-labeled primers, based on the published sequences of
M. tuberculosis H37Rv and CDC1551, were designed to flank the four sSNPs of
interest (in oxyR, katG, and rpoB) (Table 1). PCR was carried out in a final
volume of 21.2 pl, containing 5 pl sterile distilled water, 10 pl 2X reaction buffer
(3 mM MgCl,, 3.2 mM deoxynucleoside triphosphates, 2X NH, buffer), 5 pl of
primer mix (2 uM each primer), 0.2 pl Tag polymerase (5 U/ul; Bioline, London,
United Kingdom), and 1 pl template DNA. Amplification was performed in
0.2-pl thin-walled 96-well plates (Alpha, Eastleigh, United Kingdom) in a Per-
kin-Elmer Cetus 9600 Thermocycler with the following program: 3 min at 95°C,
followed by 30 cycles of 15 s at 95°C, 30 s at 60°C, and 1 min at 72°C, and one
final cycle of 5 min at 72°C.

Two probes were designed per region of interest, one with the wild-type
sequence according to the published sequences for M. tuberculosis H37Rv and
CDC1551, the other containing the sSNP of interest (1). Each probe was 19 to
25 nucleotides long and contained a poly(T) tail of 20 bases (Table 2).

Each oligonucleotide (20 wM containing 0.001% bromophenol blue), an ink
dot (for membrane orientation), and a color detection control (2 pM of oxyR
primer) were dotted onto a nylon membrane (see Fig. 1) and fixed by UV
cross-linking. The membrane was washed twice in wash solution (0.5X SSC [1X
SSC is 0.15 M NaCl plus 0.015 M sodium citrate]-0.1% sodium dodecyl sulfate
[SDS]) for 5 min and allowed to air dry.

Twelve microliters of amplified oxyR-37 and rpoB-3243 from each sample were
combined. katG-87 and rpoB-2646 amplified products were first diluted 1:10, and
then 12 pl was added. The DNA mix was denatured at 100°C for 10 min.
Hybridization and detection were performed as previously described (24) with
the following modifications. Denatured DNA and 500 pl of hybridization solu-
tion (5X SSPE [1X SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA
{pH 7.7}]-0.5% SDS) were incubated with a membrane for 1 h at 60°C. Mem-
branes were washed twice in stringent wash buffer (0.3 SSPE-0.5% SDS) for 1
min at room temperature and then once in stringent wash buffer at 60°C for 10
min. The following washes were all carried out at room temperature. Membranes
were washed twice in rinse buffer (0.1 M Tris, 0.1 M NaCl, pH 7.5) and then
incubated for 1 min in 5 ml rinse buffer containing 0.5% blocking reagent before
addition of streptavidin-alkaline phosphate (Roche, East Sussex, United
Kingdom) and incubation for 30 min. Membranes were washed twice with rinse
buffer (0.1 M Tris, 0.1 M NaCl, pH 7.5) for 1 min and then equilibrated in a
second rinse buffer (0.1 M Tris, 0.1 M NaCl, pH 9.5) before incubation in a color
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development solution (75-mg/ml nitroblue tetrazolium [U.S. Biochemicals,
Cleveland, Ohio] in 70% dimethylformamide and 50-mg/ml 5-bromo-4-chloro-
3-indolylphosphate [U.S. Biochemicals] in 100% dimethylformamide) for 1 h.

RESULTS

MIRU-VNTR analysis of panel 1. A test population of 312
M. tuberculosis isolates classified by sSSNP analysis into four M.
tuberculosis lineages plus M. bovis (1) was typed using 15-locus
MIRU-VNTR profiling. MIRU-VNTR profiles were obtained
from 309/312 (99.0%) M. tuberculosis isolates (the remaining 3
were removed from further analysis) and 4/4 (100%) M. bovis
isolates. These isolates were examined to determine whether
any single MIRU-VNTR polymorphism or combination of
polymorphisms was common to each lineage and could poten-
tially be used to define each lineage.

Analysis of MIRU-VNTR profiles showed that the allelic
diversity at certain loci was conserved while others varied con-
siderably. No single MIRU-VNTR polymorphism was exclu-
sive to a lineage. By using a combination of polymorphisms,
each of the five main phylogenetic branches of the tree could
be defined. For example, in lineage I the majority of isolates
(95%) contained 3 copies of MIRU-39 and 4 copies of ETR-A,
and all isolates contained 4 copies of ETR-C (Table 3). Taken
together, 90% of the isolates in lineage I contained all three
polymorphisms, i.e., they defined lineage I. The same analysis
was performed on the other lineages.

Lineage III was highly conserved, with 98.4% of isolates
containing the two polymorphisms defining their group, i.e., 5
copies of MIRU-23 and 2 copies of ETR-C. Lineage IV also
displayed a high level of conservation, with 96.7% of isolates
containing 2 copies each of MIRU-24 and MIRU-26. The code
for lineage II was more variable; therefore, identifying a single
defining allele at any locus was difficult. Instead, a combination
of alleles at each locus was used—1, 2, or 3 copies of MIRU-16,
2 copies of MIRU-39, and 1 or 2 copies of ETR-B—which
defined 92.7% of isolates. M. tuberculosis H37Rv, which be-
longs to lineage II, also displayed a lineage II code.

All M. bovis isolates contained the three polymorphisms
defining their lineage; however, only four isolates were exam-
ined originally by Baker et al. (1). We confirmed that this code
was robust by characterizing 45 additional M. bovis isolates
with the macroarray and MIRU-VNTR (results below).

Macroarray analysis. Based on the sSNP analysis described
by Baker et al. (1), a macroarray was developed to identify the
sSNPs that define lineages and was validated using 46 strains
belonging to panel 1. The macroarray and original sSSNP results
were concordant, i.e., the macroarray correctly identified the
lineage of each isolate based on the detection of probe-defined
sSNPs. The hybridization patterns for each lineage are shown
in Fig. 1. For example a lineage 1 isolate displays a positive
hybridization signal at the wild-type oxyR-37, katG-87, and
rpoB-2646 probes, while at rpoB-3243 a positive hybridization
signal is observed for the mutant probe.

MIRU-VNTR analysis of panel 2. In order to validate the
MIRU-VNTR codes defined with the test population, panel 2
(205 isolates) was MIRU-VNTR typed and analyzed for sSSNPs
with the macroarray. Overall, there was 88.8% concordance
between the lineages of all isolates defined by the macroarray
and MIRU-VNTR. The M. bovis lineage was 88.9% concor-
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dant, demonstrating that in the majority of cases M. bovis can
easily be differentiated from M. tuberculosis. Within the M.
tuberculosis lineages alone, the level of concordance ranged
from 81.3% to 100% (Table 4).

Analysis of both panels by MIRU-VNTR. Combining panels
1 and 2 gave 518 isolates (465 M. tuberculosis and 49 M. bovis
isolates) analyzed by both MIRU-VNTR and sSNP (DNA
sequencing or the macroarray). Overall, there was 90.9% con-
cordance between lineage-defined MIRU-VNTR phylogenetic
codes and sSNP-defined lineages. The percentage of definable
isolates ranged from 86.1 to 99.0% for M. tuberculosis and was
89.8% for M. bovis (Table 5).

Discrepant results. Since sSNPs display neutral variation,
they are unlikely to be under any selection pressures. The
sSNPs discussed here are concordant with other genetic and
phenotypic groupings (including genetic groups 1 to 3, M.
tuberculosis-specific deletions, spoligotyping, and 1S67/10 fam-
ilies) (1), and therefore they are likely to be definitive. Any
disagreement with the sSNP-defined lineages was considered
discrepant. Overall, 47 (9.1%) discrepant results were ob-
served, i.e., the MIRU-VNTR code did not match the lineage
defined by sSNP analysis (Table 6). Of the M. tuberculosis
isolates, 27/42 (64.3%) did not match any of the defined
MIRU-VNTR codes but had a MIRU-VNTR code very sim-
ilar to that for one of the four lineages, and in each case this
matched the lineage defined by sSNP analysis. For example,
five isolates with lineage II discrepancy b had a VNTR code
similar to that of lineage II. These isolates differed at MIRU-
39, possessing 1 copy instead of 2 copies. Three isolates with
lineage II discrepancy g contained 5 copies of MIRU-16 and 3
copies of ETR-B as opposed to the predicted profile, 2 or 3
copies of MIRU-16 and 1 or 2 copies of ETR-B. In all lineages,
the allelic diversity at the discrepant loci displayed a stepwise
trend. For example, isolates with discrepancies b to e in lineage
II contained either 1 or 3 copies of MIRU-39 instead of 2
copies, and isolates with discrepancy g or i contained 3 copies
of ETR-B instead of 1 or 2 copies. These discrepancies support
the presence of sublineages within lineage II.

Twelve M. tuberculosis isolates had MIRU-VNTR codes for
two lineages. Three isolates defined as lineage II by sSNP
analysis had the MIRU-VNTR codes for both lineages II and
II1, and nine isolates defined as lineage IV had the code for
this lineage plus another M. tuberculosis lineage code. The
phylogenetic code for lineage IV was exclusive and was not
observed in any other lineage; therefore, it seems that any
discrepant isolate containing the MIRU-VNTR code for lin-
eage I'V should be designated a lineage IV strain. However, the
MIRU-VNTR code for lineage II was not exclusive, making it
difficult to determine to which lineage these isolates belonged.
Only 3/245 (1.2%) isolates in lineage II had two codes; there-
fore, the chances of this occurring are probably low. Interest-
ingly, if the code for lineage II is modified by only counting 2
copies of ETR-B instead of 1 and 2 copies, then the code
becomes highly conserved and is not observed in any other
lineage. However, the increase in specificity is outweighed by
the loss in sensitivity, reducing the proportion of isolates de-
fined from 92.7% to 76.3%.

The remaining three discrepant strains were defined as lin-
eage I according to sSNP analysis, but all had the lineage II
code and a partial code for lineage 1. All three had a Beijing
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TABLE 3. MIRU-VNTR phylogenetic codes for each
lineage based on panel 1

Combined MIRU-VNTR®

MIRU-VNTR code? (no. of

APPL. ENVIRON. MICROBIOL.

TABLE 4. Number of isolates in panel 2 belonging to each
lineage according to the macroarray and concordance
with MIRU-VNTR results

Lineage s No. of isolates with
% isolates Wlth_ correct ;epeat correct combined
no./total isolates [%]) Code repeat no./total
isolates (%)
1(20) 39-3 (19/20 [95]) 39-3 18/20 (90)
A-4 (19/20 [95]) A-4
C—4 (20720 [100]) Cc+4
II (168) 16-1,2,3 (164/167 [98.2]) 16-1,2,3 153/166 (92.7)
39-2 (160/167 [95.8]) 39-2
B-1,2 (162/166 [97.6]) B-1,2
III (62) 23-5(61/62[98.4]) 23-5 61/62 (98.4)
C-2 (62/62 [100]) C-2
1V (62) 24-2 (61/61 [100]) 24-2 59/61 (96.7)
26-2 (60/62 [98.8]) 26-2
M. bovis (4)  10-2 (4/4 [100]) 10-2 4/4 (100)
40-2 (4/4 [100]) 40-2
C=5 (4/4 [100]) C-5

“ Some loci would not amplify; therefore, two isolates from lineage II and one
isolate from lineage IV were excluded from the analyses, leaving a total of 309 M.
tuberculosis isolates in panel 1.

> Each code consists of the MIRU (numbers) or ETR (letters) designation
followed by a dash and the number of copies. For example, 16-1,2,3 indicates 1,
2, or 3 copies of MIRU-16; A—4 indicates 4 copies of ETR-A.

¢ Combination of MIRU-VNTR producing the most unambiguous definition
of each lineage. The number and percentage of isolates tested that were correctly
identified using this combination are given.

spoligotype (spacers 1 to 34 absent, spacers 35 to 43 present)
and may represent evolutionary intermediates.

Of the discrepant M. bovis isolates, all five had different
codes. Again, a stepwise trend was seen among the discrepant
isolates. For example, 2, 3, 4, and 5 copies of ETR-C were
observed.

Indeterminate isolates. Four isolates not assigned a lineage
in the Baker et al. panel (1) because of incomplete MLST data
were analyzed by MIRU-VNTR to determine whether they
could be classified using these codes. Three isolates had the
MIRU-VNTR code for lineage II and none of the other codes.
The remaining isolate had a code similar to that for lineage I
except that it had 5 copies of ETR-A instead of 4. sSNP

Lineage 1 2 3 4 M. bovis
— — — .
_’i:- —
g - o e g P, g
o ™
4 L .
- D -

FIG. 1. Hybridization patterns corresponding to the sSSNP defining
each lineage. Orientation of probes from left to right and top to
bottom: ink spot, color development control, four blanks, wild-type
oxyR-37, mutant oxyR-37, wild-type katG-87, mutant katG-87, four
blanks, wild-type rpoB-2646, mutant rpoB-2646, wild-type rpoB-3243,
and mutant rpoB-3243. Blanks were included to extend the length of
the macroarray for ease of handling.

Comparison of macroarray

Lineage with MIRU-VNTR

defined by No. of Deﬁne_d MIRU-VNTR
o ) isolates loci-repeat no.” No. (%) of
macroarray Concordance”  discrepant
results
16  39-3, A4, CH4 13/16 (81.3) 3 (18.8)
IT 79 16-1,2,3,39-2, B-1,2  68/79 (86.1) 11 (13.9)
I 38 23-5,C2 38/38 (100) 0 (0.0)
v 27 24-2,26-2 23/27(852)  4(14.8)
M. bovis 45 10-2, 40-2, C-5 40/45(88.9)  5(11.1)
Total 205 182(88.8)  23(11.2)

“ Combination of MIRU-VNTR (with repeat number at each locus) producing
the most unambiguous definition of each lineage. Numbers stand for MIRU
(e.g., 39-3 indicates 3 copies of MIRU-39); letters stand for ETR (e.g., A—4
indicates 4 copies of ETR-A).

b Expressed as the number of isolates with concordant results/total number of
isolates (percent).

macroarray analysis confirmed that three of the isolates were
indeed from lineage II and the remaining isolate was from
lineage L.

MIRU-VNTR discrimination. Once a population of strains
has been assigned to a lineage, it would be useful for epide-
miological studies to be able to subdivide lineages into epide-
miologically linked and unique isolates. The discriminatory
power of each MIRU-VNTR locus was examined, and a spe-
cific set of MIRU-VNTR capable of subdividing each lineage
was determined (Table 7). Because the MIRU-VNTR used to
define each lineage were conserved, they would not be useful
for epidemiological studies, where the ability to detect maxi-
mum diversity is required. A combination of six loci (MIRU-
16, -26, -27, -31, and -20 and ETR-A), when applied to lineage
I isolates, was able to generate the same degree of discrimina-
tion as the 15-locus MIRU-VNTR overall. The number of
MIRU-VNTR loci could not be reduced for lineage II without
reducing the discrimination. Nine loci in lineage III (MIRU-
10, -16, -20, -26, -27, -31, -39, and -40 and ETR-B) and eight in
lineage IV (MIRU-4, -10, -31, -39, -40, and -23, ETR-A, and
ETR-B) differentiated all isolates. The greatest discrimination
within the M. bovis lineage was achieved with eight loci:
MIRU-23, -24, -26, and -27, ETR-A, ETR-B, and a combina-
tion of two MIRU-VNTR from MIRU-4, -31, and -39. How-
ever, if a lower level of discrimination is acceptable, then an

TABLE 5. Number of isolates belonging to each lineage according
to sSNP analysis and concordance with MIRU-VNTR results
for all M. tuberculosis and M. bovis isolates tested

Lineage defined Total no. of Concordance with

by sSNPs isolates tested” MIRU-VNTR results (%)
I 36 31 (86.1)
II 245 220 (89.8)
111 100 99 (99.0)
v 88 77 (87.5)
M. bovis 49 44 (89.8)
Total 518 471 (90.9)

“ Excludes three isolates from panel 1 that did not amplify.
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TABLE 6. Discrepancies observed in each lineage from a total population of 518 isolates

Defined MIRU-VNTR

Lineage ;
& loci-repeat no.*

Discrepancy

No. of times

Discrepant MIRU-VNTR code(s)” observed

I 39-3, A4, CH4

o0 o

I 16-1,2,3, 39-2, B-1,2

=T R0 0 O

111 23-5,C-2

™

v 24-2, 26-2

o0 o

M. bovis 10-2, 40-2, C-5

o0 o

39-2, A-3, C-4 + code for lineage II
39-2, A—4, C—4 + code for lineage 11
39-3, A-3, C+4
394, A4, C4

_— DN =

Codes for lineages II and III present
16-3, 39-1, B-2
16-3, 39-1, B-1
16-1, 39-3, B-1
16-3, 39-3, B-2
16-4, 39-2, B-2
16-5, 39-2, B-3
16-1, 39-2, B-3
16-3, 39-2, B-3

RPN WR RN OBW

—_

23-3,C2

Codes for lineages I and IV present
Codes for lineages II and IV present
Codes for lineages III and IV present
24-2, 26-1

NS S o))

10-2, 40-2
10-2, 40-2
10-2, 40-2
10-6, 40-2,
10-2, 40-3, C-5

c-2
c-3
c-4
Cc-4

[N Y

“ Numbers stand for MIRU (e.g., 16-1,2,3 indicates that there are 1, 2, or 3 copies of MIRU-16); letters stand for ETR (e.g., A—4 indicates that there are 4 copies

of ETR-A).
® Discrepant loci are boldfaced.

even smaller number of MIRU-VNTR can be used, which may
be of value for laboratories with resource constraints. For
example, by allowing 4 or fewer discrepancies per lineage (i.e.,
those isolates that are clustered by using a smaller panel of
MIRU-VNTR compared to the clustering seen with all 15
MIRU-VNTR), 4, 12, 7, 7, or 6 MIRU-VNTR would be suf-
ficient to produce the same level of intralineage discrimination
as the whole panel when applied to lineage I, I, III, or IV or
M. bovis, respectively (Table 7).

DISCUSSION

The identification of key phylogenetic markers within pop-
ulations of isolates is important in order to aid in our under-
standing of M. tuberculosis complex evolution and pathogene-
sis. A series of such markers in M. tuberculosis and M. bovis
have been described previously by Baker et al. (1), who defined
five distinct lineages. MIRU-VNTR is a rapid, high-through-
put typing tool that provides useful epidemiological markers

TABLE 7. MIRU-VNTR loci used to subdivide each lineage into true clustered and true unique isolates

Lineage No.o chsered usioe MIRUANTR A% ot cisriminaion.
) clusters isolates isolates (no. of discrepancies) (no. of discrepancies)”
I (36) 6 27 9 16, 26, 27, 31 (4) A (1)
A, 20 (0)
1T (245) 30 120 125 4, 10, 16, 20, 23, 26, 27, 31, B (2)
39,40, A, C (4)
B,2 (1)
B, 2,24 (0)
IIT (100) 15 63 37 10, 16, 26, 31, 39, 40, B (2) 20 (1)
20, 27 (0)
IV (88) 7 19 69 4,10, 31, 39, A, B, 40 (2) 23 (0)
M. bovis (49) 5 10 39 23,24, 26, 27, A, B (3) Combination of two MIRU

from 4, 31, and 39 (0)

“ Numbers indicate MIRU (e.g., 16 stands for MIRU-16); letters indicate ETR (e.g., A stands for ETR-A). Isolates could initially be screened with a smaller panel
of MIRU-VNTR in a resource-constrained laboratory wishing to produce a high level of intralineage discrimination for epidemiological purposes at a lower cost. This
column shows the maximum number of MIRU-VNTR loci required to produce four or fewer discrepancies (i.e., isolates which are clustered by using a smaller panel
of MIRU-VNTRs compared to clustering with all 15 MIRU-VNTR).

> Additional MIRU-VNTR loci that would need to be added to the smaller panel to give the same level of intralineage discrimination of clustered isolates as the
whole panel.
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for use in tuberculosis outbreaks and control programs. If the
numeric codes by which MIRU-VNTR types are expressed can
also define phylogenetic lineages, very large populations of M.
tuberculosis complex isolates can be used in M. tuberculosis
evolution studies, since this typing system is beginning to be
used routinely in some centers both in the United Kingdom
and globally.

In this study MIRU-VNTR was successfully applied to a test
population to determine phylogenetic codes capable of defin-
ing each of the lineages described previously. To validate these
MIRU-VNTR codes, an additional panel was analyzed. This
panel was characterized with a portable sSSNP-based macroar-
ray. Developing a macroarray to identify known sSNPs in a
population allowed rapid identification to species level and
identification of key lineages. The macroarray eliminated the
need for time-consuming, more-costly sequencing and so
proved useful as a preliminary screening tool for M. tubercu-
losis and M. bovis populations.

Overall, the MIRU-VNTR phylogenetic codes were able to
define 90.9% of sSNP-characterized M. tuberculosis and M.
bovis isolates by using a combination of just 10 of the 15 loci
examined.

Lineage I accommodates the Beijing family strains. In this
study, 86.1% of the Beijing isolates were defined using the
MIRU-VNTR lineage I code. Although MIRU-VNTR codes
are not as definitive as spoligotyping, dnaA-dnaN (7, 12, 18),
and sSNP analysis, the data shown here demonstrate that it is
a good additional screening marker for Beijing-type strains.
Ferdinand et al. (11) genotyped spoligotype-defined families
using the 12-MIRU system. They found that all Beijing isolates
could be characterized using a maximum of six MIRU; since
the focus was to characterize all isolates, the loci and repeat
numbers used were not the same for all Beijing isolates. A
single code for the identification of Beijing isolates may be
more useful before, or in parallel with, discrimination between
these isolates.

Lineage III contained the Central Asian family (CAS)/Delhi
family of strains (2, 12). The MIRU-VNTR code for this fam-
ily, 5 copies of MIRU-23 and 2 copies of ETR-C, defined 99%
of the isolates, making the differentiation of CAS/Delhi strains
within a population simple and specific.

Locus MIRU-24 has previously been used to classify M.
tuberculosis strains into two groups: those containing 1 copy
and those containing 2 or 3 copies (11). Our MIRU-VNTR
data are in agreement with those of Ferdinand et al. (11), who
found that 97.8% of East African-Indian (EAI) strains con-
tained 2 copies of MIRU-24. The EAI strains in our study were
found in lineage IV. However, other strains, including M. bovis
strains, contained 2 copies of MIRU-24; therefore, this locus
could not be used to define lineage IV alone. The addition of
MIRU-26 resulted in this code becoming exclusive, thus pro-
viding a simple code to define this family.

An important observation was that the M. bovis phylogenetic
code was unique and was not observed for any M. tuberculosis
isolates. Therefore, this phylogenetic code is an excellent
marker for differentiating between these two species.

The stepwise trend seen among discrepant isolates suggests
that evolution is bidirectional in that the number of repeat
copies either increases or decreases over time. Indeed, certain
loci show more allelic diversity than others, which may be due
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to different selection pressures acting at different loci. The
molecular clocks of some loci may be faster than others, and
certain loci may tolerate more polymorphisms than others. The
exact function of MIRU is not known, and it is not known
whether individual MIRU have different functions. Their high
variability may be a way for the bacteria to adapt to a new
environment. Changes in the copy number of tandem repeats
may affect gene regulation (29) and have been shown to affect
the expression of genes involved in adaptive responses (22). In
Haemophilus influenzae, variability of repeat number has an
effect on virulence (22, 31). These findings suggest that a sim-
ilar phenomenon could be occurring in the MIRU-VNTR of
M. tuberculosis complex.

MIRU-VNTR can simultaneously define phylogeny and dif-
ferentiate strains, as demonstrated in this study. A lineage-
specific panel of MIRU-VNTR was used subsequently to sub-
divide each lineage into clustered and unique strains, thus
eliminating the need to analyze all 15 MIRU for every isolate.
The advantage of using a smaller panel of MIRU-VNTR is a
reduction in the cost of the analysis. In molecular epidemio-
logical studies, total discrimination would normally be re-
quired; therefore, isolates could be screened initially with a
small MIRU-VNTR panel, followed by analysis of clustered
isolates with additional MIRU-VNTR for total discrimination
(with additional typing techniques as required).

MIRU-VNTR can characterize a population of M. tubercu-
losis and M. bovis isolates for phylogenetic/evolutionary pur-
poses. It is also suggested that MIRU-VNTR is able to provide
information on sublineages and molecular clocks. MIRU-
VNTR analysis is a high-throughput, reproducible method,
producing digital results that are readily portable between lab-
oratories, and so is suited to phylogenetic studies as well as
having a high discriminatory value for molecular epidemiolog-
ical investigations. Conversely, although genotyping by index-
ing genetically neutral variation provides a robust phylogeny
for M. tuberculosis, its value is limited for definitive epidemi-
ological typing. This study demonstrated that MIRU-VNTR
profiling can be used for rapid classification of M. tuberculosis
and M. bovis isolates. Future studies should investigate the
potential for extending the use of MIRU-VNTR to identify the
other members of the M. tuberculosis complex: Mycobacterium
africanum, Mycobacterium microti, and Mycobacterium canetti.
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