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Comparison of spoligotyping, mycobacterial interspersed repetitive
units typing and 1S6770-RFLP in a study of genotypic diversity
of Mycobacterium tuberculosis in Delhi, North India
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Jayant Nagesh Banavaliker?, Urvashi Balbir Singh?, Nalin Rastogi®, Mridula Bose'/*

'Deptartment of Microbiology, Vallabhbhai Patel Chest Institute, University of Delhi, Delhi, India 2Deptartment of Microbiology,
All India Institute of Medical Sciences, Ansari Nagar, New Delhi, India *WHO Supranational TB Reference Laboratory,
Unité de la Tuberculose et des Mycobactéries, Institut Pasteur de Guadeloupe, Guadeloupe, France
“Rajan Babu Tuberculosis Hospital, Kingsway Camp, Delhi, India

The aim of the present study was to compare polymerase chain reaction (PCR)-based methods - spoligotyping
and mycobacterial interspersed repetitive units (MIRU) typing - with the gold-standard IS6110 restriction fragment
length polymorphism (RFLP) analysis in 101 isolates of Mycobacterium tuberculosis to determine the genetic diver-
sity of M. tuberculosis clinical isolates from Delhi, North India. Spoligotyping resulted in 49 patterns (14 clusters);
the largest cluster was composed of Spoligotype International Types (SITs)26 [Central-Asian (CAS)1-Delhi lineage],
followed by SIT11 [East-African-Indian (EAI) 3-Indian lineage]. A large number of isolates (75%) belonged to geno-
typic lineages, such as CAS, EAI and Manu, with a high specificity for the Indian subcontinent, emphasising the com-
plex diversity of the phylogenetically coherent M. tuberculosis in North India. MIRU typing, using 11 discriminatory
loci, was able to distinguish between all but two strains based on individual patterns. IS6110-RFLP analysis (n = 80
strains) resulted in 67 unique isolates and four clusters containing 13 strains. MIRUs discriminated all 13 strains,
whereas spoligotyping discriminated 11 strains. Our results validate the use of PCR-based molecular typing of
M. tuberculosis using repetitive elements in Indian isolates and demonstrate the usefulness of MIRUs for discrimi-
nating low-1S6110-copy isolates, which accounted for more than one-fifth of the strains in the present study.
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Mycobacterium tuberculosis infection is widespread
and is one of the most successful human pathogens to-
day. The propagation success of this disease remains
directly linked to the social and hygienic conditions of
human populations (Rastogi et al. 2007). One-fifth of
the world’s new tuberculosis (TB) cases and two-thirds
of cases in the South East Asian region occur in India
(RNTCP Status Report 2008). By working in a country
with one of the highest TB burdens in the world, those
attempting to control TB in India face new challenges
such as the emergence of both multidrug-resistant and
extensively drug resistant TB and a high incidence of
human immunodeficiency virus (HIV)/TB coinfection.

The introduction of molecular techniques to the field
of TB has provided new ways to study dissemination
dynamics and evolutionary genetics of the pathogen and
data collected using these methods could eventually im-
pact TB control measures. [S6//0 restriction fragment
length polymorphism (RFLP)-based fingerprinting has
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been used to study the mycobacterial population struc-
ture in Southern India, Northern India and the Delhi re-
gion (Das et al. 1995, Radhakrishnan et al. 2001, Siddiqi
et al. 2001, Bhanu et al. 2002). However, 1S6//0 finger-
printing is of limited use because a significant proportion
(40-44%) of M. tuberculosis isolates from several regions
of India have been reported to either lack or have low
copy numbers of [S6//0 (Das et al. 1995, Radhakrishnan
et al. 2001, Narayanan et al. 2002, Chauhan et al. 2004,
Mathuria et al. 2008). Furthermore, IS6/10 typing is la-
bour intensive and requires several weeks for culturing
the M. tuberculosis isolates. Fingerprinting methods tar-
geting polymorphic spacer sequences in the direct repeat
(DR) region, including spoligotyping, have been used in
some regions in India (Mistry et al. 2002, Singh et al.
2004, 2007, Kulkarni et al. 2005, Mathuria et al. 2008,
Narayanan et al. 2008, Sharma et al. 2008). However,
when used alone, these methods may underestimate the
clonal diversity of M. tuberculosis (Kremer et al. 1999).
Molecular typing methods based on variable-number tan-
dem repeats (VNTRs) of genetic elements called myco-
bacterial interspersed repetitive units (MIRUs) have also
been developed by Supply et al. (2000, 2001). MIRU-V N-
TR typing shows a discriminatory power close to that of
IS6110 fingerprinting and can be used to differentiate be-
tween M. tuberculosis isolates that lack or have low copy
numbers of IS6//0 elements (Supply et al. 2000). Very
few studies in India have reported use of MIRU-VNTRs
for molecular typing of M. tuberculosis isolates (Sharma
et al. 2008, Stavrum et al. 2009, Narayanan et al. 2010).
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The aim of this investigation was to evaluate the
usefulness of the aforementioned typing methods in
genotyping M. tuberculosis isolates in North Delhi and
to obtain an initial assessment of the circulation of any
dominant genotypes in our region. For this reason, we
used a panel of epidemiologically unrelated M. tubercu-
losis isolates from the North Delhi region.

SUBJECTS, MATERIALS AND METHODS

Clinical isolates - The study included a total of 101
positive M. tuberculosis cultures obtained from as many
new smear-positive pulmonary TB patients over a two-
year period from January 2005-December 2006 in the
North Delhi region. Patients suffering from TB were re-
cruited from the outpatient facility of the Department of
Respiratory Medicine at Vallabhbhai Patel Chest Insti-
tute, which serves as a referral centre for patients with
respiratory diseases in North India, and the Directly
Observed Treatment, Short Course Centre at Rajan Babu
TB Hospital in Delhi. Only adult patients > 18 years of
age were enrolled for the study (81% of the patients were
between 20-40 years old and the remaining were over 40
years old; the sex ratio was 3.37). All of the patients lived
within a 10 km radius. Culture and identification were
performed at the Vallabhbhai Patel Chest Institute; all
isolates were confirmed to be M. tuberculosis by niacin,
nitrate and catalase tests. Following clearance from the
Institutional Ethical Committee, informed consent and a
detailed history of contact were taken from each patient
prior to sample collection.

Genotyping and database comparison - The bacte-
rial DNAs were prepared as reported previously (van
Soolingen et al. 1991) and were submitted to spoligo-
typing (Kamerbeek et al. 1997), 12-loci MIRU typing
(Supply et al. 2000) and IS6//0-RFLP (van Embden et
al. 1993), using published protocols. MIRU typing was
performed manually using polymerase chain reaction
amplification of 11 loci because the 12th locus, locus 20,
was found to be poorly discriminative in a preliminary
study in the North Delhi region (results not shown) and
was therefore not included in the present study. For da-
tabase comparison, spoligotypes in binary format and
MIRU patterns were entered in the SITVIT2 proprietary
database of the Pasteur Institute of Guadeloupe, which is
an updated version of the previously released SpolDB4
database (Brudey et al. 2006). At the time of the com-
parison, it contained genotyping data on 65,000 strains
of M. tuberculosis complex from 160 countries of origin.
In this database, “SIT” (Spoligotype International Type)
designates spoligotyping shared by two or more patient
isolates, “MIT” (MIRU International Type) designates
12-loci MIRU patterns shared by two or more patient
isolates and “orphan” designates patterns reported for a
single isolate. Major spoligotyping-based phylogenetic
clades were assigned according to signatures provided in
SpolDB4 (Brudey et al. 2006). These clades include spe-
cific signatures for M. tuberculosis complex members
and rules defining major lineages/sub-lineages for M.
tuberculosis sensu stricto, i.e., the Central-Asian (CAS)
clade, the East-African-Indian (EAI) clade, the Haarlem

(H) clade, the Latin-American-Mediterranean (LAM)
clade, the “Manu” family, the IS6//0-low-banding X
clade and an ill-defined T clade.

For IS6110-RFLP, the membranes were scanned and
the banding patterns were analysed using the Unweight-
ed Pair Group Method with Arithmetic mean (UPGMA)
and Jaccard coefficient with GelCompar 11, version 5.1
software (Applied Maths NV, Sint-Martens-Latem, Bel-
gium). A final combined analysis of the spoligotyping,
MIRU, and IS6//0-RFLP data was performed using
BioNumerics software, version 3.5 (Applied Maths), to
establish the genetic relationships among strains using
UPGMA following the Dice similarity index.

Phylogenetic analysis - The evolutionary relation-
ships among all of the observed spoligotypes were stud-
ied by drawing a minimum spanning tree (MST) with
BioNumerics software as reported previously (Helal et
al. 2009). MST is an undirected network in which all
of the samples are linked together with the fewest pos-
sible linkages between nearest neighbours. Using this
approach, one considers that all intermediate stages are
present within the sample analysed by including first the
individual that shows the greatest number of possible
linkages to other individuals in the population studied.
We used this method to highlight the phylogenetic links
between two spoligotypes differing by changes observed
in direct variable repeats (Helal et al. 2009). Consequent-
ly, the lengths of the branches in the tree indicate the lev-
el of change induced by the loss or gain of spoligotype
spacers in the 43-oligonucleotide format that induce a
shift from one allele to another; the solid lines represent
a single spacer change, dotted lines represent two spacer
changes (black) or more than two spacer changes (gray).
The colours of the circles in the tree indicate the number
of clinical isolates represented by each circle, i.e., unique
isolates (sky blue) vs. clustered isolates (deep blue: 2-5
strains; red: 6 strains or more). Principal genetic groups
in the present study were described based on spoligo-
defined lineages (Brudey et al. 2006), which have previ-
ously been correlated with the katG-gyrA-based classi-
fication of Sreevatsan et al. (1997).

Statistical analysis - Allelic diversity of each of the 11
VNTR loci studied was calculated by the equation 2 =1 -
2.x2[n/(n - 1)], where x_ is the frequency of the i-th allele at
the locus, n is the number of isolates and n/(n - 1) is a cor-
rection for bias in small samples (Selander et al. 1986).

RESULTS

Spoligotyping results are summarised in Table I
Using this method, a total of 49 different patterns were
observed for the 101 strains studied; seven patterns cor-
responded to orphan patterns not yet reported to the
SITVIT2 database, whereas the remaining 42 patterns
(n = 94 strains) corresponded to SITs. Among these 42
patterns, 35 SITs (n = 83 strains) matched a pre-existing
shared type in the SITVIT2 database, whereas seven
SITs (n = 11 strains) were newly created. Of these seven
SITs, two (SIT2757, SIT2761) were created within the
present study and five were created after a match with
an orphan in the database (SIT2621 and SIT2756 from
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TABLE I

Description of the Mycobacterium tuberculosis spoligotypes

Number Percentual Percentual

in this in this in
SIT" Spoligotype description study study database Clade®
1 000000000000000000000000000000000CAaSESEEEE 5 5 10.70 Beijing
11 I msl P T DT P TP T ] [nlwiminl fuf | [sinfs] | 11] 11 10.9 0.81 EAI3-IND
25 [ 1| [simisis] T I 1TT11][11]] [susslnsssssss]]iss]]]]]] 1 1.0 0.47 CASI1-Delhi var
26 EEEOO0ONEEEEEEEEENEEERC 00000000000 EEEEEEEE 21 20.8 1.68 CASI-DelEi
42 ENEEEEEEEEEEEEEEEEEE OO EEEEEEO00C I EEEEEE 1 1 3.68 LAM
48 EEEEESEEEESEEEEEEEEEEEEEEEEE (00NN ENE NN 3 3 0.58 EAI
50 LTI L ] nl Iuimimial|]1]]]] 1 1 4.14 H
53 ENEEEEEEEEEEEE NN EEEER O 2 2 7.08 T
60 EEEEEEEEEEEEEEEEEEEEC O EEEEEEO000NEEONEE 1 1 0.34 LAM
64 EEEEEEEEEEEEEEEEEEEEOJ00EEEEOEEEC00C I EENEEE 1 1 0.45 LAM
78 LI LRI L L] [mimialsl ]| [sisf]] 1 1 0.09 T
126 [ TPl [[mumsl (sl T1]]]1]] 1 1 0.14 EAI3-IND var
236 EEEEEEEEEEEEEEEEEEEEEEEEEEEE (00N A EEENEEEE 2 2 0.25 EAI B
244 ENEEEEEEEEEEEEENEEEEEEEEEEEEEEERC000EE0000R 1 1 0.14 T
278 LT LI I ] |uimimisl]]]]|s]] 2 2 0.02 T
283 EEEEEEEEEEEEEEEEEEEERCOORO00000ORO00CE AN 1 1 0.08 H
288 EEEO00000CEEEEEEEEEEERO0000000000C I EEEEEEEE 2 2 0.15 CAS2
292 ENEEEEEEEEEEEEEEEEEEEEEEEEEO000RCEECEEEEEE 1 1 0.20 EAI
334 sl LTI LI [ Iummisl]]1]]]] 1 1 0.11 T
357 EEEOCOOONEEEEEEEEEEEEENCOO00000000000CIENEEEE 3 3 0.11 CASI1-Delhi var
381 EEEO00CEEEEEENEEEEEEERC00000000000EE00CEEEE 1 1 0.04 CASI-Delhi_Var
402 EEEEEEEEEEEEEEEEEEEEO0000000000000000000000 1 1 0.05 Unknownj
591 LTI Il is ][] ] (umiuislfal {11 ]]]] 1 1 0.08 EAI
620 ENEEEEEEEEEEEEEEEEEEERCORCO00000R000CEEEEEEE 1 1 0.02 H
1091 EEEOO0ONEEEEEEEEEEEEEEC 00000000000 C I EEEEEE 1 1 0.02 CASI1-Delhi var
1264 EEEO000EEEEEEEEEEEEEEEC00000000000000000000 3 3 0.03 CAS -
1311 0000000000000000000000000000000000MeAAEEO000 1 1 0.01 Beijing
1316 EEEONESEEEEEEEEEEEEEEEEEEEE OO EEEENCO NN 1 1 0.01 EAI
1342 EOEEEEEEEEEEEEEEEC(EEEEEEERC000N0ER00CEEEE 2 2 0.01 EAI3-IND var
1344 EEE(O0EEEEEEEEEEEROR00000000000CEEEEEEEEE 1 1 0.01 CASI-Delh;var
1378 EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEC O EEEEEEN 4 4 0.05 MANU_
1401 EREOCO0ONEEEEEEEEEEEEEEC00000000000MEEECEEE 1 1 0.02 CASI1-Delhi var
1947 EEEOO0ONEEEEEEEONEEERC0000000000CEEEEEEEEE 1 1 0.01 CASI-Delhi_Var
1951 EEEO000EEEEEEEEEERC 0000000000000 A EEEEEEEE 1 1 0.01 CASl—Delhiivar
1970 EEEEEEEEEEEEEEEEE EEEECEEEEECCOCO0ONCEEEEEEEEE 1 1 0.01 EAI a
2621° EEEOO0ONEEEEEEEEOREEERC 00000000000 AEEEEEEE 1 1 New CASI1-Delhi var
2756° EEEOD0ONEEEEEEEEEERENO000000000000000CNEEEE 1 1 New CAS B
2757% ENEEEEEEEEEEEEO 0000 EEEEEEEEEE 0O IEENEEE 3 3 New Unknown?
27580 EERCO0000OEEEEEEEEEERO 000000000000 A EEEEEEE 1 1 New CAS2
2759% EEEOCO0ONEEEEEEEEERRRCO0000000000000000CNEEEE 1 1 New CAS
2760° ENEEEEEEEEEEEEEEEEEEC 00NN EEEE I EEEEEE 1 1 New Unknown?
2761° m IR L DRIl [nmwinl (sl 1] [s==ls 3 3 New EAI3-IND var
Orphan 00008 EOCEEEEEEEEECCENEEEEEEEENENECO0CNCEEOOCEEEE 1 1 Orphan EAI -
Orphan (00438 EEEOOO00OO0DODOCEEEEEREDO000000000000DAEEEE 1 1 Orphan CAS-like
Orphan 00409 EEEOOOOEEOOO00O00DEEEEEOO000000000C NN EEEEEEE 1 1 Orphan CASl—Delhi_var
Orphan 00453 NEEEEEEEEEEEE ESSESSENENNEEEEEEER0C000CEEEEEE 1 1 Orphan Unknown¢
Orphan 00643 EEEEEEEEEEEEEEEEEENESEENENEENENERCCONEEOONE 1 1 Orphan Manu
Orphan (03398 EEEOOOCEEEEEEEESEEEEEROCEEEEEEEEEO0C00NEEEE 1 1 Orphan CAS
Orphan 05122 EEE0000000EEEEEEEEC00R000000000000I S SN 1 1 Orphan CASl—Delhi_var

a: forty nine spoligotype patterns from 101 isolates: seven patterns corresponded to orphan patterns not yet reported to the
SITVIT database (shown by their individual strain number). The remaining 42 patterns (n = 94 strains) corresponded to Spoli-
gotype International Types (SITs): 35 SITs containing 83 isolates matched a pre-existing shared type in the SITVIT2 database,
whereas seven SITs () (containing 11 isolates) were newly-created either within the present study (SIT2757, SIT2761) or after a
match with an orphan in the database (SIT2621 and SIT2756 from Pakistan, SIT2758 from USA, SIT2759 from Italy and SIT2760
from India); c: clade designations according to SITVIT database using revised SpolDB4 rules; d: unknown patterns within any
of the major clades described; CAS: Central-Asian clade; EAI: East-African-Indian clade; H: Haarlem clade; IND: Indian clade;
LAM: Latin-American-Mediterranean clade; T: ill-defined T clade.
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Pakistan, SIT2758 from the USA, SIT2759 from Italy
and SIT2760 from India). A total of 66 strains (65% of
the studied strains) were clustered into 14 clusters (2-21
isolates per cluster), whereas the remaining 35 strains
(34.5% of the studied strains) were unique. The largest
cluster, containing 21 isolates, was composed of SIT26
(CAS1-Delhi lineage), followed by SIT11 [EAI3-Indian
(IND) lineage, n = 11 strains]. Of the 35 unique strains,
seven were orphan strains and 28 were pseudo-orphan
strains. Five of the pseudo-orphan strains were present
as single isolates in the five newly-created SITs men-
tioned previously.

Interestingly, as many as 75.2% (76) of the 101 iso-
lates in our study belonged to M. tuberculosis complex
lineages, such as CAS, EAI and Manu, that are known
to have a high specificity for the Indian subcontinent
(Bhanu et al. 2002, Mistry et al. 2002, Kulkarni et al.
2005, Brudey et al. 2006, Mathuria et al. 2008, Sharma
etal. 2008). The remaining 24.8% (25/101) of isolates be-
longed to the following clades: T (7/101), Beijing (6/101),
LAM (3/101), H (3/101) and unknown (6/101). These ob-
servations emphasise the complex diversity of the phylo-
genetically coherent M. tuberculosis in our study sample
from North Delhi, an observation that was further cor-
roborated by the MST illustrated in A in Figure. Indeed,
as many as 82/101 (81.2%) strains from our study be-
longed to Principal Genetic Group (PGG) 1, according
to the katG-gyrA polymorphism-based classification of
Sreevatsan et al. (1997), and these strains represented all
of the known lineages associated with PGGI isolates,
i.e., EAI 26.7%, CAS 43.6%, Beijing 5.94% and Manu
4.95%. However, evolutionarily modern PGG2/3 strains
were limited to LAM, H and T; these strains accounted
for only 12.9% (13) of the 101 strains studied.

The MIRU-VNTR genotyping data for all of the 101
isolates in relation to the aforementioned spoligotyp-
ing results are shown in Table II. Interestingly, despite
the 11-loci format used, 99 of 101 isolates were split as
individual patterns in our study. The only exception
concerned a cluster that exhibited an identical profile
(pattern 3373*7143423) for isolates 5622 and 5942. Our
study samples were not epidemiologically related, as ev-
idenced by the contact details provided by the patients.
Hence, such a high diversity of strains was not surpris-
ing. Thus, even the least diverse patterns, which con-
cerned four isolates numbered 195, 495, 5109 and 5442,
still differed from each other by two loci (MIRU loci 16
and 23). In fact, even strains 5622 and 5942, which were
clustered by MIRU-VNTR genotyping, belonged to two
different spoligotypes. Regarding the allelic diversities
of the MIRU loci studied, locus 31 was the most discrim-
inative, with nine alleles in our study (% > 0.76), followed
by loci 26, 40, 10, 16, 31, 23, 39 and 24 (& > 0.6), whereas
loci 2, 4 and 27 were moderately discriminative (4 > 0.3
to < 0.6). Interestingly, although ancestral strains (such
as EAI) are characterised by two or more copies of locus
24 and modern strains (such as CAS) are often charac-
terised by one copy (and rarely 0), this pattern was not
observed in our study (Table II). A larger survey may be
needed in this part of the world to confirm this finding.

The 1S6110 fingerprints for representative clinical
isolates of M. tuberculosis (n = 80, including all of the
66 isolates clustered by spoligotyping), are summarised
in an UPGMA tree constructed by combined numerical
analysis of IS6//0-RFLP, spoligotyping and MIRU data
in B in Figure, and the details of spoligotyping-defined
clusters and RFLP patterns observed for each of the M.
tuberculosis complex genotypic lineages in the study
sample are summarised in Table III. Our data revealed
that 18/80 (22.5%) of the strains had low copy numbers of
IS6110 bands (< 6 copies). Among the low-copy-number
strains, seven isolates (8.75%) had only a single 1S6710
band, while 11 isolates (13.75%) had two-six copies of
IS6110. The remaining 62 strains (77.5%) contained > 6
copies of IS6/70. The lineage with the maximum num-
ber of low-copy-number strains (8/21 or 38.1%) was EAI;
half of these strains contained a single copy of 1S6//0
(Table III). The largest clade in our study, CAS, had 7/38
(18.4%) low-copy-number isolates. No statistically-sig-
nificant correlation was found between the lineage and
the incidence of low-copy-number isolates.

A summary of IS6//0-RFLP-defined clusters (4
clusters containing 13 strains; analysis performed using
BioNumerics software at 5% tolerance with the same
number of [S6//0 copies and band positions) and the
corresponding spoligotyping and MIRU-VNTR data are
summarised in Table IV. These data comprised a one-
banded pattern (n = 6 strains with a band of 1.45 kbp),
a four-banded pattern (n = 3 strains, bands of 1.4, 2.2,
3.2 and 5.2 kbp), a seven-banded pattern (n = 2 strains,
bands of 1.1, 1.5, 1.9, 2.1, 3.0, 4.1 and 5.5 kbp) and a 12-
banded pattern (n = 2 strains, bands of 1.0, 1.3, 1.45, 2.2,
245,3.1,3.4,4.9,6.2,6.8, 7.8 and 8.7 kbp). Note that all
of the 13 strains were clearly discriminated by MIRUs
and all but two (with the exception of strains 5 and 938,
which belonged to the EAI3-IND sublineage) were also
discriminated by spoligotyping.

DISCUSSION

Although various studies have been performed in
India using spoligotyping of M. tuberculosis (Mistry et
al. 2002, Singh et al. 2004, 2007, Kulkarni et al. 2005,
Mathuria et al. 2008, Sharma et al. 2008), very few stud-
ies have reported the use of MIRU-VNTRs for molecular
typing of M. tuberculosis isolates (Gutierrez et al. 2000,
Sharma et al. 2008, Stavrum et al. 2009, Narayanan et al.
2010). Therefore, the present study validates the use of
repetitive elements for molecular typing of M. tubercu-
losis in Indian isolates and further underlines the useful-
ness of MIRU-VNTRs for discriminating low-1S6170-
copy isolates, which accounted for more than one-fifth
of the strains in the present study. IS67/0-RFLP provid-
ed insufficient discrimination because of its inherently
limited polymorphism among isolates with low [S6//0
copy numbers (< 6 copies). This deficiency is partially
solved with spoligotyping as a secondary method (Cow-
an et al. 2005). Our results also corroborate a previous
proposition that it is ultimately MIRU typing that will
resolve the problems stemming from low-IS6//0-copy
strains (Supply et al. 2000); indeed, IS6//0-RFLP typ-
ing in other parts of India has revealed the presence of a
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SIT: Spoligotype International Types; T: ill-defined T clade.
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TABLE 11

Mycobacterial interspersed repetitive units (MIRUs)-variable-number tandem repeats (VNTRs)
typing in relation to the spoligotypes of the samples
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Serial Sample Spoligotype

number number clade 12-loci MIRU patterns®

1 00001 CASI1-Delhi 2 3 6 4 *5 2 4 3 4 2 5
2 00007 CASI1-Delhi 2 3 8 3 *6 2 3 3 3 2 3
3 00009 CASI1-Delhi 2 3 6 3 *7 3 3 3 4 2 3
4 00D13 CASI-Delhi 2 3 8 4 *6 1 6 3 4 3 4
5 00019 CASI-Delhi 2 3 8 3 *6 2 3 3 3 3 5
6 00023 CASI-Delhi 2 3 8 3 *7 3 3 3 6 3 3
7 00115 CASI-Delhi 2 3 9 4 *6 1 6 3 8 5 3
8 00232 CASI-Delhi 2 3 3 2 *7 2 2 2 6 3 2
9 00292 CASI-Delhi 3 3 3 3 *5 1 2 3 1 1 3
10 00413 CASI-Delhi 2 3 7 3 *7 1 3 3 3 2 3
11 00456 CASI-Delhi 1 3 7 3 *6 1 2 3 5 2 3
12 00533 CASI-Delhi 2 3 5 6 *6 3 3 2 6 3 3
13 03328 CASI-Delhi 2 3 6 4 *6 1 8 3 6 3 3
14 03439 CASI-Delhi 2 3 4 4 *5 1 1 3 6 3 1
15 03472 CASI-Delhi 2 3 6 6 *9 1 4 1 6 3 3
16 04882 CASI-Delhi 2 3 3 3 *6 2 2 3 3 2 2
17 05109 CASI-Delhi 2 3 7 2 *8 2 4 3 4 2 3
18 05119 CASI-Delhi 3 3 6 4 *7 1 3 3 4 2 3
19 05188 CASI-Delhi 2 5 4 3 *6 2 5 3 3 2 4
20 05605 CASI-Delhi 2 3 5 2 *5 1 2 3 3 1 2
21 05622 CASI1-Delhi 3 3 7 3 *7 1 4 3 4 2 3
22 00002 CASI-Delhi_var 2 3 5 5 *5 2 3 3 5 2 3
23 00003 CASI-Delhi_var 2 3 6 6 *5 3 3 3 5 2 3
24 00006 CASI-Delhi_var 2 3 6 3 *6 3 3 3 3 3 3
25 00015 CASI-Delhi_var 2 3 8 3 *5 1 2 3 3 3 5
26 00018 CASI-Delhi_var 3 3 8 4 *7 1 3 3 4 3 3
27 00061 CASI-Delhi_var 2 3 3 4 *6 3 4 2 3 2 4
28 00221 CASI1-Delhi_var 2 3 5 3 *6 1 4 3 3 2 4
29 00333 CASI-Delhi_var 2 3 7 6 *6 3 1 3 4 3 2
30 00409 CASI-Delhi_var 2 2 7 3 *5 1 3 3 3 0 3
31 00586 CASI-Delhi_var 2 3 4 3 *7 3 2 3 3 2 3
32 00587 CASI1-Delhi_var 2 3 7 3 *6 2 1 3 5 2 5
33 03365 CASI1-Delhi_var 2 3 8 6 *6 1 8 4 6 3 3
34 05122 CASI1-Delhi_var 2 2 2 3 *6 2 3 3 3 2 4
35 00234 CAS2 2 3 5 2 *7 1 3 2 2 3 1
36 04735 CAS2 2 3 4 2 *7 1 3 2 3 3 3
37 05389 CAS2 2 3 7 3 *6 2 2 3 3 2 4
38 00030 CAS 2 3 3 2 *5 2 6 3 3 2 4
39 00377 CAS 2 3 4 3 *6 1 3 3 3 0 4
40 00438 CAS 2 3 7 2 *5 3 4 3 5 2 3
41 03398 CAS 2 3 5 5 *F 1 4 4 8 4 3
42 05137 CAS 2 2 3 3 *6 1 4 3 4 2 3
43 05442 CAS 2 3 7 3 *6 2 4 3 4 2 3
44 05942 CAS 3 3 7 3 *7 1 4 3 4 2 3
45 00022 Beijing 2 2 3 3 *5 2 3 3 5 3 5
46 00179 Beijing 2 6 4 4 *6 2 6 4 8 2 3
47 00195 Beijing 2 3 3 3 *6 3 4 3 4 2 3
48 00205 Beijing 2 3 3 2 *6 3 2 2 4 3 3
49 00284 Beijing 2 5 3 2 *7 1 4 3 4 2 3
50 03288 Beijing 2 3 4 3 *6 1 6 4 8 5 3
51 00404 Unknown 1 3 4 2 *6 3 1 3 3 2 5

v
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Serial Sample Spoligotype

number number clade 12-loci MIRU patterns®

52 00418 Unknown 1 3 4 2 *6 3 3 3 3 2 5
53 00420 Unknown 1 5 4 2 *6 2 2 3 3 2 5
54 05399 LAM 2 3 4 2 *6 1 4 3 3 2 1
55 05443 LAM 2 3 5 2 *7 3 3 3 3 2 1
56 05706 LAM 1 3 3 2 *7 2 7 2 4 4 1
57 00011 Manu 2 3 5 2 *7 2 3 3 3 2 4
58 00474 Manu 2 3 2 2 *5 3 4 3 3 2 2
59 00495 Manu 2 3 3 2 *5 3 4 3 4 2 3
60 00643 Manu 2 2 2 2 *5 2 4 2 3 2 3
61 06262 Manu 3 6 3 3 *6 1 3 3 1 1 1
62 00012 T 2 3 3 3 *5 2 3 3 4 4 3
63 00025 T 2 3 4 2 *5 3 5 3 3 1 2
64 00240 T 2 6 3 3 *5 3 3 3 3 2 3
65 01109 T 2 3 3 4 *5 2 4 3 3 3 3
66 02186 T 2 3 5 3 *5 1 3 3 1 1 2
67 03915 T 2 5 5 1 *5 1 3 3 1 1 3
68 03928 T 2 4 2 4 *5 2 4 2 5 3 1
69 00004 EAI 2 2 3 3 *6 3 4 3 5 2 4
70 00008 EAI 2 5 3 4 *7 2 3 3 4 4 5
71 00013 EAI 2 5 3 2 *6 2 3 3 5 2 3
72 00017 EAI 2 5 5 4 *6 2 3 3 4 3 3
73 00028 EAI 2 6 3 6 *8 3 4 3 5 2 5
74 00077 EAI 2 2 4 2 *4 2 3 3 3 1 3
75 00298 EAI 2 3 2 2 *6 2 2 3 5 2 2
76 00406 EAI 2 5 3 2 *6 3 1 2 4 2 1
77 03322 EAI 2 3 5 4 *7 4 1 5 5 5 4
78 03493 EAI 2 3 6 4 *6 1 2 4 6 1 5
79 00005 EAI3-IND 2 6 3 2 *6 2 4 3 5 2 4
80 00050 EAI3-IND 2 4 8 3 *3 1 0 4 4 3 5
81 00130 EAI3-IND 2 3 4 3 *7 2 3 3 3 2 1
82 00134 EAI3-IND 2 3 4 3 *6 3 3 3 3 2 4
83 00374 EAI3-IND 2 5 3 3 *6 2 3 3 3 2 4
84 00378 EAI3-IND 2 5 3 2 *6 3 2 3 5 2 3
85 00652 EAI3-IND 2 3 3 2 *6 2 2 3 5 2 2
86 00660 EAI3-IND 2 3 3 2 *6 2 2 3 4 3 3
87 00938 EAI3-IND 1 5 5 4 *6 2 3 3 5 3 3
88 03390 EAI3-IND 2 3 6 4 *6 3 2 4 8 3 3
89 05431 EAI3-IND 2 3 3 3 *7 2 4 3 3 2 5
90 00058 EAI3-IND var 1 7 4 2 *E 2 3 4 5 4 4
91 01255 EAI3-IND_var 2 4 3 4 *6 2 3 3 4 2 5
92 01263 EAI3-IND_var 2 5 3 3 *6 3 4 3 4 3 5
93 05396 EAI3-IND_var 2 3 3 3 *7 2 3 3 3 2 5
94 05438 EAI3-IND var 2 6 3 2 *6 2 2 2 3 3 3
95 05468 EAI3-IND_var 4 3 4 4 *6 2 3 3 4 1 2
96 00169 H 3 3 5 2 *4 1 3 4 6 0 2
97 03510 H 2 6 6 4 *7 3 0 4 8 5 3
98 05256 H 2 5 4 3 *6 2 3 3 3 2 4
99 00020 Unknown 2 3 3 3 *6 3 3 3 4 3 3
100 00453 Unknown 2 3 3 1 *7 2 2 4 2 3 4
101 05176 Unknown 1 2 4 2 *6 1 2 3 3 2 1

MIRU patterns are shown in the order (2, 4, 10, 16, 20, 23, 24, 26, 27, 31, 39 and 40). Note that MIRU loci 20 was not amplified
in our study (shown as asterisk) since it did not show promising discriminatory power. Note that number of copies > 9 is shown
by a letter (10 = A, 11 =B, 12 = C etc.). Strains 5622 (serial 21) and 5942 (serial 44) have the same MIRU pattern, but different
spoligotypes. CAS: Central-Asian clade: EAIL: East-African-Indian clade; H: Haarlem clade; IND: Indian clade; LAM: Latin-
American-Mediterranean clade; T: ill-defined T clade.
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TABLE III

Details of spoligotype clusters and [S6710 restriction fragment length polymorphism (RFLP) patterns observed
for each of the Mycobacterium tuberculosis complex genotypic lineage in the study sample

Isolates typed  Isolates with a single copy Isolates with two-six copies  Isolates with > six copies

Total by IS6110-RFLP of IS6110 of IS6110 of IS6110
Clade (n) (n) n (%) n (%) n (%)
EAI 27 21 4 (19.05) 4 (19.05) 13 (61.90)
CAS 44 38 1 (2.60) 6 (15.80) 31 (81.60)
Beijing 6 4 1(25) 0 3(75)
Manu 5 4 1(25) 0 3(75)
T 7 6 0 1 (16.67) 5(83.33)
LAM 3 3 0 0 3 (100)
H 3 2 0 0 2 (100)
Undefined 6 2 0 0 2 (100)

CAS: Central-Asian clade: EAI: East-African-Indian clade; H: Haarlem clade; IND: Indian clade; LAM: Latin-American-Med-

iterranean clade; T: ill-defined T clade.

significant number of M. tuberculosis isolates with low
copy numbers (15, 67%) or zero copies (1, 24%) of IS6110
bands (Das et al. 1995, Mathuria et al. 2008, Narayanan
et al. 2008, Radhakrishnan et al. 2001). We did not find
any zero-copy strains in the present study.
Spoligotyping, in the present study, revealed 49 SIT
patterns. Of these patterns, seven SITs were newly cre-
ated. This observation might suggest the introduction of
new genotypes due to casual contact and/or increased in-
ternational travel. The most common spoligotype found
in our study was SIT26 (CAS1-Delhi, n = 21, 20.8% of
all isolates), followed by SIT11 (EAI3-IND lineage, n =
11 strains, 10.9% of all isolates). Reportedly a predomi-
nant spoligotype in Northern India (Bhanu et al. 2002,
Singh et al. 2004, 2007, Suresh et al. 2006, Mathuria
et al. 2008, Stavrum et al. 2009), SIT26 was found at
a lower frequency (7.4% of all strains) in a study from
Mumbai (Kulkarni et al. 2005) and represents only 1.7%
of strains in the SITVIT2 database. SIT26 is limited
mainly to the Middle East and to Central Asia. It has
also been found in regions in which frequent migration
to and from the Indian subcontinent occurs, e.g., Kenya,
South Africa, Malaysia, Myanmar, Australia, USA and
parts of Europe. The second-largest spoligotype found in
our study (SIT11, EAI3-IND) has also been found to be
a major spoligotype in other studies from Delhi (Singh
et al. 2004). The Beijing spoligotype (SIT1) was found
in 5% of cases in the present study. SIT1 has also been
found to be one of the major spoligotypes in other parts
of North India, varying from 3.8-9.6% of the isolates
studied (Singh et al. 2004, Suresh et al. 2006, Mathuria
et al. 2008). A study from Mumbai reported SITI to be
the major spoligotype, along with SIT26 (7.4% of the iso-
lates for each lineage) (Kulkarni et al. 2005). In the in-
ternational database, SIT1 contains 10.7% of the strains
reported. Interestingly, one of the Beijing isolates found
in our study had a single 1S6//0 band, even though the
Beijing genotype is also defined on the basis of a char-
acteristic multibanded IS6//0 RFLP pattern. However,

outliers in the Beijing family have also been identified by
other investigators (Kurepina et al. 1998). Lastly, we also
found that 4.95% of the strains in this study belonged to
the Manu lineage; however, unlike other reports (Singh
et al. 2004, Suresh et al. 2006), we did not find strains
belonging to SIT54. A study from New Delhi reported
SIT54 strains in 12% of the isolates studied (Singh et
al. 2004). In a subsequent report from the same group,
SIT54, representing a recently-defined Manu clade,
was found in only 0.55% of the isolates studied (Singh
et al. 2007). We did not find a single isolate belonging
to SIT54 in our study. Other recent studies from North
India have also failed to find isolates belonging to SIT54
(Mathuria et al. 2008, Sharma et al. 2008). Thus, even
though the majority of the isolates in our study (76/101)
belonged to M. tuberculosis complex lineages, such as
CAS, EAI and Manu that are frequently reported in
the Indian subcontinent (Bhanu et al. 2002, Singh et al.
2004, 2007, Kulkarni et al. 2005, Brudey et al. 2006,
Gutierrez et al. 2006, Suresh et al. 2006, Mathuria et al.
2008, Sharma et al. 2008, Stavrum et al. 2009), changes
occurring within clades reemphasise the need for con-
tinuous cluster investigation to detect any change in the
circulating spoligotypes.

The phylogenetically-coherent M. tuberculosis com-
plex diversity in our study was corroborated by the
MST shown in A in Figure. The PGGI strains in our
study (81.2% of all isolates) represented all known lin-
cages associated with the PGG classification scheme,
i.e., EAI 26.7%, CAS 43.6%, Beijing 5.94% and Manu
4.95%. Based on the presence or absence of a specific
deletion (TbDI, a 2 kb sequence), M. tuberculosis can
be divided into “ancient” TbDI-positive and “modern”
TbDI-negative strains, a classification scheme that cor-
responds well with the PGG classification in that both
EAI and Mycobacterium africanum are TbD1 positive
(Rastogi & Sola 2007). Interestingly, the nodes for each
of the PGGI groups in the tree shown in A in Figure
were composed of the prototypes that characterise the
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respective lineages in the SpolDB4 database. This find-
ing, combined with the frequency of isolation of each
strain (denoted by the colour of the circle in the MST),
showed that CAS (prototype SIT26 for CAS1-DEL) is
the predominant lineage in North India, followed by EAI
(prototype SIT11 for EAI3-IND) and Manu (prototype
SIT1378 for Manu-3), and that CAS could have been
present historically in this subcontinent. The Manu lin-
eage, considered the ancestor of M. tuberculosis complex
isolates (Brudey et al. 2006), was originally described
in India (Singh et al. 2004). In our study, both EAI and
CAS lineage strains occurred more frequently (75%) in
patients between the ages of 18-44 years of age, reflect-
ing ongoing transmission in North India. Our observa-
tions of the prevalence and proportion of CAS1-DEL and
EAI3-IND corroborate recent findings from India, that
the bulk of TB infections in North India is caused by the
TbD1-negative/PGGI1 genogroup (Gutierrez et al. 20006,
Stavrum et al. 2009) as opposed to infections in South
India, where the TbD1-positive/PGG1 EAI lineage pre-
dominates (Narayanan et al. 2008). Lastly, the high di-
versity of M. tuberculosis strains in our study, despite
the fact that they were isolated from patients attending
health facilities within a 10 km radius in a country with
a high level of TB endemicity, was remarkable.

Although the 101 isolates of M. tuberculosis in our
study had been differentiated into 49 patterns, including
14 clusters, by spoligotyping, MIRU-VNTR typing dif-
ferentiated all of the clustered isolates into unique types.
In fact, MIRU-VNTRs also differentiated two isolates
present in a single 12-banded 1S6//0-RFLP cluster into
unique types. Though unusual for high-banded strains,
similar findings have been reported by other investiga-
tors who reported isolates within IS6//0-RFLP clusters
that differed by two-seven loci in a 24 loci MIRU-VNTR
assay (Shamputa et al. 2010). We used primers for 11 loci
from the original set of 12 loci used in earlier studies
(Supply et al. 2000). Valcheva et al. (2008) compared the
use of 12, 15 and 24 loci to genotype 73 strains of M.
tuberculosis. They could achieve a discriminatory index
0f 0.994, 0.996 and 0.997 with primers for the 12, 15 and
24-loci sets, respectively. They also recommended us-
ing a set of five MIRU loci (Mtub04, Mtub21, QUBI b,
QUB26 and MIRU 40) to achieve a good discrimination
for use in the first-line typing of M. tuberculosis strains
in Bulgaria, although this discrimination was lower than
that achieved with the 12, 15 and 24-loci sets.

Very few studies on MIRU-VNTR typing have been
conducted in India (Gutierrez et al. 2006, Sharma et al.
2008, Stavrum et al. 2009, Narayanan et al. 2010). Guti-
errez et al. (2006) studied 91 isolates of M. tuberculosis
from 12 different regions in India, using 12 MIRU-VNTR
loci and nine additional VNTR loci. They obtained 78
distinct genotypes, including six clusters and 72 unique
patterns. Stavrum et al. (2009) analysed 65 isolates of
M. tuberculosis using 15 loci. Of the 65 isolates, 21 were
distributed into 10 clusters. Isolates in five of these clus-
ters could be discriminated by spoligotyping and/or SNP
analysis of the katG/rpoB genes. A recent study from
India (Sharma et al. 2008) distinguished 97 isolates of
M. tuberculosis into unique isolates by using primers for

six MIRU loci. However, when we used these six loci to
analyse our isolates, we obtained 98 patterns with three
clusters of two strains each and 95 unique isolates. Fur-
ther analysis with the additional five loci used in the pres-
ent study differentiated the six isolates into unique types,
forming three clusters. In another recent study, Narayan-
an et al. (2010) used 15 MIRU loci to study paired isolates
from 25 HIV-positive and 23 HIV-negative patients with
TB. Their main aim was to study the recurrence of TB
in South India in these patients. However, in spite of us-
ing 15 loci, they found six MIRU clusters of two isolates
each, which could be differentiated by spoligotyping or
1S6110 typing. Similarly, the single MIRU cluster in our
study was differentiated by spoligotyping.

As in the study by Sharma et al. (2008), we found
MIRU locus 26 to be highly polymorphic with an allelic
diversity of 0.75. Stavrum et al. (2009) also found MIRU
26 to be the most discriminatory locus for isolates be-
longing to the CAS1 DELHI sub-lineage. However, in
our study, locus 31 was equally discriminatory with an
allelic diversity of 0.76. Unlike studies by other groups
(Cowan et al. 2002, 2005, Sola et al. 2003, Sun et al. 2004,
Supply et al. 2006), MIRU locus 24 was polymorphic in
the current study, with an allelic diversity of 0.6 and four
alleles. Valcheva et al. (2008) found MIRU locus 24 to
have only a single allele, whereas Sun et al. (2004) found
a maximum of two alleles at this locus. This reinforces
the observation that first-line typing schemes for differ-
ent countries may require the use of different loci because
the population structures of circulating M. tuberculosis
strains vary across different parts of the world (Supply et
al. 2006). Moreover, the relative discriminatory powers
of particular VNTR loci vary depending on the strain in
question (Murase et al. 2008, Comas et al. 2009).

In conclusion, the DR locus typing resulted in 14
clusters (2-21 isolates per cluster) with a clustering rate
of 65%, which is in agreement with its slow molecular
clock (Kremer et al. 1999). Thus, spoligotyping alone is
not discriminatory enough for use in our setting, which
exhibits a highly conserved population structure of the
tubercle bacilli. At the same time, of the 80 strains on
which IS6/10 typing was performed, as many as 18
(22.5%) had < 6 copies of IS6/10 bands, a fact that led to
insufficient discrimination by this method alone. By con-
trast, MIRU-VNTR typing differentiated all 101 strains
into unique isolates with the exception of two strains.
Thus, although our results clearly show the discrimi-
natory potential of spoligotyping in conjunction with
MIRU typing compared to IS6//0-RFLP alone, further
studies on a larger number of M. tuberculosis isolates
from India are needed to optimise the MIRU loci useful
for large-scale genotyping.
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