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Summary
We have investigated the Mycobacterium tuberculosis strain types present in the South Asian
population of the UK, in which tuberculosis is particularly prevalent. In contrast to the widespread
Beijing strains which have the variable number tandem repeats (VNTR) profile 42435, isolates
with the VNTR profile 42235, jointly with 02335 or 42234 profiles, appear more frequently in
tuberculosis patients of South Asian ethnic origin (SA-strains) in the UK than in any other ethnic
group. Using microarray-based comparative genomics to distinguish total or partially deleted
genes, we found that three of the common deleted regions in the SA-strains were identical to some
deleted genes in the strain CH, which caused an outbreak among South Asian patients in Leicester
in 2001 but were different from genomic deletions found in Beijing/W strains. Analysis of some
of the deleted regions revealed differences in comparison to the strain CH including the
polymorphism in some of the PE/PPE and Esat-6 genes, which may be responsible for the
diversity of antigenic variation or differences in the activation of the host immune response.
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Interrupted genes or the replacement by insertion elements was confirmed in some of the deleted
genomic regions. Our results are consistent with the hypothesis that the SA-strains may present
common features, implying a common origin for this group of strains.
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Introduction
According to the World Health Organization report1 one-third of the world's population is
infected by Mycobacterium tuberculosis. The bacillus causes 1.6 million deaths each year
and more than 8 million new cases annually, with the majority in South East Asia (3 million
cases each year). In the UK, despite a low national prevalence of tuberculosis, the incidence
is much higher in cities with a large South Asian community.2 A large outbreak of TB was
recently reported in 2001 among people of South Asian origin in a school in Leicester, a city
with a high overall incidence of tuberculosis.3 Amongst people of South Asian ethnic origin
a dominant group has been described.4 This epidemiological profile can be identified by
characteristic Exact Tandem Repeat profiles (42235, 02235 and 42234).4 The variable
number tandem repeats (VNTR) profile 42235 represented 23% of patient isolates found in
Leeds and Bradford, cities in West Yorkshire, UK, and 37% of patient isolates collected in
Rawalpindi, Pakistan.4 It is essential to emphasise that this particular group of strains, which
we have called South Asian strains (SA-strains), were not related epidemiologically to those
in the outbreak in Leicester despite most of the strains having the identical VNTR profile
42235.3

Recent work in San Francisco suggests that patients tend to become infected by strains of M.
tuberculosis that have similar genotypes to those associated with their region of birth.5 The
susceptibility to intracellular infections in people of South Asian ethnicity cannot be the only
factor in the specific host-pathogen interaction with these strains as the combination of host
factors with microbial determinants is also likely to play an important role in strain
specificity with certain patient populations.

The molecular basis of pathogenicity, virulence and transmissibility in M. tuberculosis is not
well known. The study of genetic variability within natural populations of pathogens can
provide insight into their evolution and pathogenesis with comparative genomics a powerful
tool providing important data that can be used to control transmission, and complements the
more extensive studies of variation resulting from insertion sequences such as IS6110.6,7

Many new deleted regions have been found in the genome of different clinical strains of
various members of the M. tuberculosis complex. Comparison of the genomes of M.
tuberculosis H37Rv and M. bovis Bacilli Calmette-Guérin Pasteur (BCG) identified 14
sequences present in M. tuberculosis H37Rv but absent in M. bovis BCG. These were called
regions of difference (RD1-14).8 Similarly, 6 regions were identified, that were absent from
the M. tuberculosis H37Rv genome relative to other members of the M. tuberculosis
complex: H37Rv relative deletions (RvD1-5) and M. tuberculosis specific deletion 1
(TbD1).8,9 Evolutionary studies have been undertaken to characterise genomic deletions and
determine the probable evolution in a large number of different clinical isolates of M.
tuberculosis9-11 and some of the genomic deletions of strains of M. tuberculosis studied
were suggested as useful markers for defining the Beijing/W family of strains11 and
different global lineages of M. tuberculosis.12
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The aim of our study was to investigate the genomic characteristics in a set of strains which
have been reported predominantly amongst the South Asian community in the UK, in
contrast to other strains such as those of the Beijing family which have spread very widely
around the world among ethnically mixed populations. We have used micro-array-based
comparative genomics to analyse the distribution of the deleted regions around the genome
of six clinical strains of M. tuberculosis defined as belonging to the South Asian group by
associated VNTR profiles (42235, 02235 and 422344) in comparison to the previously
reported CH strain. Examples of clades that are also common but have been isolated from
ethnically diverse patients were also included.13,14 Our results indicate that strains of the
South Asian group have a common evolutionary origin similar to the strain CH but distinct
from members of the Beijing/W clade. The SA-strains appear to be included in the East-
African-Indian lineage, defined by the RD750 deletion, which is frequently found in
Southeast Asia.12 Recent results of Newton and collegues15 highlights the immunological
relevance of this deleted region in the CH strain.

Materials and methods
Strains and growth conditions

Clinical strains 8088, 9375 and 9866 together with isolate 6947 were isolated from South
Asian patients in Leeds and Bradford and were from the collection of D. Gascoyne-Binzi
(Leeds Teaching Hospitals). The other clinical strains (0135, 2566, 3242) from South Asian
patients and 2 strains of “Haarlem family”, 1339 and 7009, were from the collection of P.M.
Hawkey (University of Birmingham). The VNTR profiles of these clinical strains are shown
in Table 1. The South Indian clinical isolate (TMC120) ATCC 35811 was also included in
this study with M. tuberculosis H37Rv used as the reference strain.

All the strains were grown at 37 °C in Dubos medium containing 0.05% Tween and
supplemented with 0.04% (v/v) Dubos medium Albumin and 0.2% (v/v) glycerol.

DNA isolation and hybridization
Genomic DNA extraction16 and microarray hybridization procedures were performed as
previously described,17,18 2–3 μg of DNA was labelled by incorporation of Cy3 and Cy5
dCTP (Amersham) during DNA polymerization. Purification of the final reactions was
carried out using a MinElute PCR Purification Kit (Qiagen) before hybridization with the M.
tuberculosis genomic microarray.

DNA microarray and analysis
Whole genome DNA microarrays of M. tuberculosis were kindly provided by the BμG@S
group at St. George's Hospital Medical School, London. They were constructed by spotting
PCR amplicons from partial sequences of the 3924 predicted ORFs of the sequenced strain
M. tuberculosis H37Rv onto poly-L-lysine-coated glass microscope slides. Two
hybridizations were done for each strain using a different dye each time. The hybridization
was carried out at 65 °C overnight. The slides were washed after hybridisation and were
scanned (GenePix 4000A, Axon Instruments), analysed by GenePix v.3.0 and normalized
using GeneSpring v.6 (Silicon Genetics). The following normalizations were undertaken:
after dye swap of the slides, the data were normalized per spot dividing by control channel
using a cut off 0.01 and per chip normalizing to the 50th percentile. Genes were only
considered to be deleted when the p-value was <0.05.

Confirmation of the deletions by PCR and sequencing
PCR was used to confirm the relevant deletions including: common deletions (Rv1519,
Rv3516-17, and Rv3738c-39c) and selected polymorphic regions (Rv1917c, plcC-cut1 and
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Rv3017c-Rv3022c regions, and Rv3135). Primers were designed using PRIMER 3 software
(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) (Table 2). Ampli-Taq
Gold polymerase (Roche-Applied Biosystems) or Expand Long Template PCR System
(Roche-Applied Biosystems) was used depending on the genomic region. The
oligonucleotides were designed to have annealing temperatures in the range 58–60 °C. The
PCR conditions were carried out with 1 μM of primers and 1.5 mM of Mg2+ when
AmpliTaq was used, and the following cycles were carried out: 95°/ 1 min; 35 cycles (95°/1
min, 58°/1 min and 72°/1 min) and 72°/10 min. When Expand Long Template PCR System
was used, the PCR conditions were carried out with 1 μM of primers and 2 mM of Mg2+

and the cycles were: 94°/2 min; 10 cycles (95°/30 s, 58°/30 s and 68°/5–8 min), 15 cycles
(95°/30 s, 58°/30 s and 68°/5–8 min+20 s/cycle) and 68°/7 min. Sequencing reactions were
performed with BigDye Terminator v 1.1 (Applied Biosystems) and purified with columns
(DyeEx 2.0 Spin Kit, Qiagen). The reactions were purified and analysed by capillary
sequencing (Mega-BACE, Amersham). The sequences obtained were compared with
TubercuList (http://genolist.pasteur.fr/TubercuList/index.html) and NCBI (http://
www.ncbi.nlm.nih.gov).

Results
This study used DNA microarray analysis of six clinical isolates of M. tuberculosis
representing VNTR profiles commonly associated with people of South Asian origin in the
UK to define common and unique deletions in this strain family. In a previous study,
Gascoyne-Binzi and colleagues4 found the most predominant VNTR profiles in M.
tuberculosis strains isolated from people of South Asian origin in West Yorkshire were
42235 and 02235. The SA-strains (VNTR profiles 42234 and 02235) were chosen since they
allowed a genomic comparison of differing clones with similar VNTR profiles to 42235. To
validate the comparison of strains causing disease in a mixed population, we also studied
additional clinical strains representing VNTR profiles that have been associated with
patients coming from different ethnic origins, clade X (local strain 6947 from a South Asian
patient, VNTR profile 32433) and Haarlem strains (from a mixed population, VNTR profile
32333) in the UK. The South Indian clinical isolate (TMC120) ATCC 35811 was also
included in the study. The deleted regions were compared to those published for the Beijing/
W family,11 strain CH (the Leicester outbreak index isolate3) and those reported by Tsolaki
and colleagues10

Microarray studies of the clinical strains
The total number of deletions in the SA-strains varied from 10 to 24 deletions. The median
number of deleted genes was 12 (range 10–14) when mobile elements were not taken into
consideration. Only one South Asian strain, 8088, had an RD3 region deletion (prophage
phiRV1) accounting for 14 genes. Excluding strain 8088, strain 9375 had more deletions (14
genes) than any other SA-strain (Table 1). The South Indian clinical isolate (ATCC 35811)
and strain 6947 showed a large number of deletions, with 51 and 58 deleted genes,
respectively, but most of them (46 genes) were related to mobile elements (Table 1).

Deleted regions were confirmed by PCR and partial or total sequencing in the SA-strains:
8088, 9375 and 9866. The validation of the microarray results was extended to the rest of
the strains of the SA group (0135, 2566 and 3242) to confirm commonly deleted genes.

Identification of deleted genomic regions
The deleted regions among SA-strains corresponded to genes encoding PE/PPE proteins,
conserved hypothetical proteins, genes involved in intermediary and lipid metabolism or in
cell wall/cell processes. Some of them were esx genes, which could contribute to
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interactions with the host.19-21 Partial deletions which might affect the expression of
adjacent genes were detected such as Rv3017c-Rv3022A and Rv3738-Rv3739c regions.

According to studies by Gagneux and colleagues12 the deletion of Rv1519, designated by
the large sequence polymorphism (LSP) RD750 included our SA-strains in the East-African-
Indian lineage, the South Indian clinical isolate ATCC 35811 in the Indo-Oceanic lineage
(deleted Rv3651 gene, LSP defined by RD239) which includes “ancestral” strains with the
TbD1 genomic region which is deleted in “modern” strains of M. tuberculosis,9 and
Haarlem strains and the local strain 6947 in the Euro-American lineage (deleted Rv2270-80
and Rv2313c-15c genomic regions, LSPs defined by RD182 and RD183, respectively).12

Common deletions
The analysis of the deletion events in the SA-strains investigated showed that these strains
presented some common deletions present in all strains (Rv1519, Rv3516-Rv3517 and
Rv3738c-Rv3739c). These were found to be indistinguishable after examination by PCR
and sequencing to some of the deletions reported in the strain CH causing the outbreak in
Leicester.3 The deletion Rv3738c-Rv3739c (PPE66-PPE67) was associated with all the SA-
strains except 9866 (Tables 1 and 3). None of these common deletions have been described
in Beijing/W strains11 or in Tsolaki studies.10

Polymorphic deletions
The SA-strains also showed additional deletions which distinguished them from the CH
strain and from other strain families3,10 which gave rise to genetic variability in this specific
group of strains (Tables 1 and 3). The sites of genetic variation among M. tuberculosis
isolates could contribute to the putative differences in the phenotypic and biological
properties of the strains.

Previous studies have shown polymorphism in the deletions of some PE/PPE genes22,23 and
were found among the M. tuberculosis isolates studied here. Four polymorphic deletions in
genes or regions were studied in these SA-strains: Rv3135 (PPE50), Rv1917c (PPE34),
Rv1755c-Rv1758 (plcC-cut1) region, and Rv3017c-Rv3022c region (esx-QPPE46-PE27A-
esxR-esxS-PPE47-PPE48).

Deletions in Rv3135 were observed in all of the strains examined in this study (Table 1). A
characteristic partial deletion was identified in all of the SA strains studied and the deletion
differed from those present in other strains (Figure 1A); this deletion was not found in the
strain CH.3 The deletion in this gene for this group of strains was situated in part of the
probe in the array so depending on the experiment the p-value obtained in this deletion was
variable among SA-strains (p-value = 0.0271−0.168) but the validation by PCR and
sequencing confirmed the identical partial deletion in all the strains. The deletion of 135
nucleotides in the sequence of the gene caused the loss of 45 amino acids in the sequence of
the protein (Figure 1B).

In order to confirm the variability of this gene, the deletion of Rv3135 was also confirmed in
the two Haarlem strains, the clade X strain (6947) and the South Indian strain ATCC 35811,
both of them with a p-value <0.05. The gene Rv3135 in the clade X strain 6947 and the two
Haarlem strains had an insertion of 20 nucleotides at the 5′ end of the deleted genomic
sequence. The sequences in these strains were 100% homologous with those in the Erdman
and CDC1551 strains of M. tuberculosis (http://www.ncbi.nlm.nih.gov/). The clinical isolate
South Indian ATCC 35811 showed a large deletion in Rv3135 with almost the entire region
deleted including the promoter sequences.
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Isolate 9375 (VNTR profile 02235) was the only isolate that possessed a partial deletion in
Rv1917c (PPE34) that was detected by the microarray. Rv1917c encodes a surface-exposed
protein, highly polymorphic in clinical isolates.24 Most of the polymorphism detected in this
gene is caused by variation in the number of tandem DNA repeats in locus ETR-A (positions
2165204-2165611; www.sanger.ac.uk) of the VNTR profile.24 However, no evidence of the
ETR-A region was detected in Rv1917c of the 02235 strain and the deleted region was
replaced by IS6110. Subsequent analyses by PCR and sequencing also showed
polymorphism in the SA-strains 8088 (VNTR profile 42235) and 9866 (VNTR profile
42234) with the interruption of the gene by IS6110 (Figure 2) that was not detected by
microarray. The orientation of IS6110 in all 3 strains was opposite that of the direction of
gene transcription. The insertion of IS6110 in the genome was also found in the strain CH
but the deletion affecting this gene (Rv1917c) was not detected by the authors3,25 similar to
SA-strains 8088 and 9866.

A notable microarray result was the detection of one polymorphic region from Rv3017c to
Rv3022c among the three SA-strains. All three strains have at least esxR (Rv3019c) and
esxS (Rv3020c) deleted, with the deletion of adjacent genes in this region dependant on the
strain. This region contains genes with highly repetitive sequences; PE/PPEs like Rv3018c
(PPE46), Rv3018A (PE27A), Rv3021c (PPE47), Rv3022c (PPE48) and Rv3022A (PE29),
and three genes encoding Esat-6 like esxQ (Rv3017c), esxR (Rv3019c) and esxS (Rv3020c).
One IS6110 sequence has been found inserted in the intergenic region of Rv3018c and
Rv3019c of the CH strain25 but the deletion of Rv3019c-Rv3020c located by microarrays
was not confirmed.3 The variability of the deletions in this genomic region has previously
been shown in some M. tuberculosis and M. microti strains22 but this is the first report of
replacement by an insertion element or transposase in this region (Figure 3) in closely
related strains.

To confirm deletions, the region from Rv1755c (plcD, phospholipase) to Rv1758 (cut1,
cutinase) was analysed by PCR. These genes are interrupted by a single IS6110 element in
H37Rv and correspond to the RvD2 region that is deleted in H37Rv but present in M. bovis,
H37Ra and other clinical strains.8,26 Insertion and deletion events in this region result in
notably high diversity among strains.27 The region Rvd2 is located downstream of the plcD
gene (Rv1755c) and seems to be present in the strains 9375 and 9866 but not in 8088. In
strains 8088 and 9866, the plcD (Rv1755c) and cut1 (Rv1758) genes were not interrupted by
a copy of IS6110, whereas they are in the M. tuberculosis H37Rv genome (Figure 4). The
plcD (Rv1755c) gene also seems to be interrupted by a copy of IS6110 in the genome of the
CH strain.25 Rv1759c (wag22, PE-PGRS member) is only absent in isolate 9375 where the
deletion extends to the adjacent genes, as detected by microarray analysis. The size of the
PCR fragment seems to indicate the presence of the region Rvd2 in this strain and
sequencing using the internal primers of Rvd2 confirmed its presence.

The deletion or presence of prophages is variable in clinical strains of M. tuberculosis.
Strain 8088 possessed a deletion in the RD3 region (phiRV1 prophage). This prophage is
present in the genome of M. tuberculosis H37Rv but deleted in M. bovis BCG and some
strains of M. tuberculosis.8 This deletion also appeared in the clade X strain 6947 and in the
South Indian clinical isolate ATCC 35811 (our results) and has been described in the
Beijing/W strains.11

Discussion
Our results demonstrate that the SA-strains tested have a common deletion profile which is
different from the deletion profile in other clinical isolates3,10 by microarrays. The 42235
strains analysed in this study are members of the Gagneux East-African Indian LSP Group
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as defined by the deletion in RD750 (Rv1519)12 whereas in previous Spoligotyping studies
on strains in India28 it can be extrapolated that 42235 strains are part of the CAS/Delhi
Spoligotyping group with other strains assigned to the EAI or CAS/Delhi family. Definition
of which VNTR profiles are members of the Gagneux Indo-Oceanic LSP Group are outside
the scope of this study as only the SI isolate in this study possesses the defining RD239
(Rv3651) deletion. In the publication on Indian strains other VNTR profiles are
predominantly members of the Spoligotyping EAI family but membership of the Gagneux
Indo-Oceanic LSP Group has not been defined.

It is interesting to note that some of the deleted regions in the SA-strains studied here were
also found in the index strain CH from the outbreak in Leicester in 2001, where the strains
were isolated from patients that were predominantly of South Asia origin.3 The exact cause
of the latter outbreak is still unknown but the particular environment in the school could be a
reason for the pattern of the outbreak.

The deletion of LSP designated RD75012 involving the Rv1519 and Rv1520 genes, that
encode conserved hypothetical proteins with unknown function, has been found to be
involved in the persistence in human populations of the CH strain.15 An understanding of
the pathogenicity of this group of strains might be aided by an in-depth study of genetic
similarities and differences of an expanded collection of strains with similar epidemiological
and genomic characteristics.

Our results show genetic alterations in some of the PE/PPE genes of SA-strains, in which
major variability is seen in genes belonging to the PE/PPE family that represent a major
portion of the M. tuberculosis H37Rv genome.19 The biological function of most of these
proteins is unknown, however it has been suggested that they participate in antigenic
variation or interfere with host immune responses.19-21 Moreover, genes of the esat-6
family,19 which are closely linked in the genome to genes encoding PE/PPEs,29 have been
demonstrated to encode several immunodominant molecules that are strongly recognized by
the immune system in different animal models of TB as well as by T-cells from humans
exposed to M. tuberculosis.30 This family of proteins has been shown to be immunogenic in
a human peripheral blood mononuclear cell model.31 Some Mycobacterium determinants,
such as PE members, can influence the type of host response and can alter the composition
of the infiltrates and the cellular composition of lesions.32 These potential antigens for host
immunity may play an important role during host–pathogen interactions. The antigenic
variability in the analysed strains could contribute, with a combination of other factors, to a
special interaction with specific hosts, in this case people originating from South Asia.

Perhaps another major source of polymorphism among M. tuberculosis isolates seems to be
defined by deletions in Rv3135, as the gene is larger in Beijing strains than in H37Rv.23,33

The commonly deleted regions of Beijing/W clade do not extend to this family of proteins.11

The Rv3135 gene coding for a PPE50 protein, which was found to be uniquely variable by
Musser and colleagues23 could be a useful marker to differentiate epidemiologically related
groups of strains, since there was a common deletion of this gene in the SA-strains.
However, the full extent of variability within this region needs to be determined in a larger
collection of isolates as this gene was not affected by deletion in the CH strain3 (Table 3).
Despite having an unknown function, Rv3135 was considered an essential gene by Sassetti
and colleagues34 and is closely linked to a two-component system (dosR/dosS) in the
genome of H37Rv. However, the effect of this deletion in these strains remains unknown, as
a defect in this PPE gene may be complemented by another gene absent in the reference
strain H37Rv or by another PPE due to the functional similarities among these members. It
would be interesting to investigate the putative role of this gene.
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The presence of an insertion in Rv1917c (PPE34) could contribute to genetic variability,
which is not only important in genomic evolution but also in the expression of these genes
and in antigenic variation. The similar point of insertion of the IS6110 among our SA-strains
and the CH strain suggest a hot spot in this gene. Polymorphisms in this gene are used as an
epidemiological tool because it contains one of the more discriminatory loci (ETR-A) in
VNTR typing.35

Deletion of esat-6-like genes might confer a selective advantage during certain stages of
infection or transmission. The role provided by the selective pressure of the host's
immunological system in the deletion of some genes is not well understood; however
Musser and collaborators23 suggested there was limited selective pressure because of little
genetic diversity in a large number of genes encoding essential antigens which are
recognized by the host immune system. Recently the binding capability of the closely
related Esat-6 proteins has been reported,36 but the loss of two of these genes (Rv3019c and
Rv3020c) could decrease the opportunity for plasticity in the SA-strains. The strain 9866
(with VNTR 42234) is the only strain that shows deletion of three of the esx genes
(Rv3017c, Rv3019c and Rv3020c); further analysis is necessary to understand the
implication of this.

The insertion elements replacing deletions in SA-strains could modify the expression of
adjacent PE/PPE genes in the region from Rv3017c to Rv3022c. Taking into account that
IS6110 can upregulate downstream genes,37,38 the replacement event in this region
demonstrates the important role of insertion elements in the evolution of the genome and in
the contribution to phenotypic diversity. The presence of insertion elements could contribute
to this variability, which is not only important in genomic evolution but also in expression of
these genes and in antigenic variation. In M. microti the deletion MiD4 removes the esx
genes Rv3019c and Rv3020c, but the strains which possess this deletion and RD5 (deletion
in the plcC region) were still able to produce disease.39 However, the protective efficacy of
Rv3019c and its suitability as promising candidate TB vaccine, showed by Hogarth and
colleagues40 suggests that the deficiency of members of the esat-6 gene family may affect
the immunological response in the patient.

In strain 8088, one IS6110 element was inserted in the plcC gene (data not shown) but this
gene was not interrupted by insertion elements in 9375 or 9866 strains. Mutation of gene
plcC confers attenuation,44 with further studies required to confirm this effect in SA-strains.
In addition the Rvd2 region has been found in two of the SA-strains in this study. Located
close to this region is Rv1759c (wag22), which encodes a member of the PE-PGRS glycine-
rich protein family.41 This gene is expressed in tuberculosis infections and the protein is
recognized by sera from patients and seems to have a biological role in the interaction of the
bacillus with the host.41 Vera-Cabrera and collaborators42 have already shown that the
phospholipase genomic region is a preferential locus for IS6110 transposition. However, in
the SA-strains studied Rv1755c (plcD) is not interrupted by IS6110.

The polymorphic deletions detected in SA-strains in this study (Rv3135, Rv1917c,
Rv1755c-Rv1758 and Rv3017c-Rv3022c) were polymorphic among previously analysed
clinical strains of M. tuberculosis22-24,26 and are not specific to the SA-strains. Locus
Rv3135 has been recently assigned to a group of large-sequence polymorphisms (LSP
Group C) by Alland and colleagues43 in which it has been suggested that sequence
alterations in this region occur under selective pressure.

This study indicates that both SA strains 8088 and 9375 (VNTRs 42235 and 02235,
respectively) showed the same deletion in the Rv3738-Rv3739c region which was not
present in the 9866 strain (VNTR profile 42234) (Table 1). This genomic deletion involved
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a partial removal of the Rv3737 gene, a probable conserved transmembrane protein close to
a transcriptional regulatory protein (Rv3736) belonging to the AraC/XylS family.19 The
implication that deletions of Rv3737, Rv3738 and Rv3739 affect expression of Rv3736 will
need further studies.

We have demonstrated variability in the genome of strains of M. tuberculosis which are
associated with patients of South Asian origin. The reasons for the host selection of this
group of strains cannot be explained only by the deletion pattern, but must be a combination
of events which are involved in the interaction with the cell, even by factors arising from the
host. It would be interesting to investigate the relationship between the host interaction
profile and some of the mycobacterial genes affected by the deletion or deletion-replacement
events, especially with the recent results published by Newton and colleagues15 with the
Rv1519 gene. Studies have shown the presence of deleted genes in a family of strains
widespread around the world, with Tsolaki and collaborators11 showing that the Beijing/W
strains lack the deletion in genes involved in antigenic variation such as PE/PPE members or
Esat-6 like proteins.

Some of these genes, such as Rv3135 or Rv3738-Rv3739, are very closely linked to genes
known to be important during infection. The high levels of variability in particular regions
like Rv3017c-Rv3022c in the M. tuberculosis SA strains need further investigation in order
to understand the differences in the pathogenesis, virulence and development of this
prevalent global strain.
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Figure 1.
(A) Variation in the Rv3135 gene (PPE). The gene in H37Rv is shown with a grey box and
the orientation of the gene is indicated by an arrow. The line with dots represents the deleted
sequence in the strains compared to H37Rv. The new sequence in some of the strains is
shown as a black box. (B) Sequence comparison of different Rv3135 variants: 1. H37Rv; 2.
South Asian strains (clinical strains: 8088, 0135, 2566, 3242, 9375 and 9866); and 3. SI-
ATCC; and 4. Haarlem-6947-Erdman (Acc. no. AE007137)-CDC1551 (Acc. no. Y17598).
The deleted nucleotides are indicated by dashes. The new sequence with respect to H37Rv is
in lower case. The deleted amino acids in SA-strains are indicated by a box in the sequence
of H37Rv.
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Figure 2.
Polymorphism in the Rv1917c gene: (A) Rv1917c region amplified by PCR. H, H37Rv; (a)
clinical strain 8088; (b) clinical strain 9375 and (c) clinical strain 9866. (B) Graphic
representation of the location of the insertion of IS6110 in Rv1917c. The gene is represented
by a dark grey box and the IS6110 are indicated by a light grey box. The insertion points are
indicated with lines. The scale in base pairs is indicated.
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Figure 3.
Polymorphism in the region Rv3017c→Rv3022c. The orientation of the genes and the genes
are shown. The insertion of IS6110 is indicated by a black arrow, the insertion of the
transposase (second ORF of the IS6110) is represented by a striped arrow. The scale in base
pairs is indicated.
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Figure 4.
Graphical representation of the Rv1755c-Rv1765c region: (A) the orientation of the genes is
represented by arrows. The IS6110 in H37Rv are shown by black arrows. The deleted
sequences in each strain were confirmed by PCR. The assumed substitution by Rvd2 in the
strains 9375 and 9866 is shown in the figure. The asterisks indicate the truncated genes in
H37Rv by IS6110 insertion. (B) Region amplified by PCR. H, H37Rv; (a) clinical strain
8088; (b) clinical strain 9866 and L, ladder.

Menéndez et al. Page 16

Tuberculosis (Edinb). Author manuscript; available in PMC 2010 October 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Menéndez et al. Page 17

Table 1

Distribution of deleted genes according to microarray experiments.
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Table 2

PCR primers.

Gene or genomic region affected by deletion Primer Sequence (5′–3′)

Rv1519 CM1518F TTCTCACCTGGTTGATCGTG

CM1520R GTCCAGTAATCGTCGCCTTC

CM1518Fb CGTTTTGAGGATCCCAGTGT

CM1520Rb GGAATGCCAAATACCGTGAG

RD3 region8 RD3 intF TTATCTTGGCGTTGACGATG

RD3 intR CATATAAGGGTGCCCGCTAC

plcD/cut1 and Rvd2 region CM1755exF CAGTTCGCTGATGTGACGAT

CM1758R ATTGCCTCCGCTAGAACAGA

ORF3Rvd3F GATTGCGTTTGTTTTGCTGA

ORF1Rvd2R TGGTCGCAGTGTTTCCAATA

Rv1917c CM1916F ATGACCCTGATCCACCTCTG

CM1917exR TCGATTCCTAAAGCGGCTAA

CM1917R CCACCAGAGATCAACTC

CM1917F CGCCACTGTTGAAGAAG

Rv3017c→22c region CM3017exF TGGCTGTTCGTCAGTAGGTG

CM3022exR GGAACCTTCACTCGTACACCA

CM3022R TTGCAGAGTGCGGTGGGGTTT

CM3019exF CGCTAGCGGAATCAATGTG

IS-R AGTTTGGTCATCAGCCGTTC

ISup TACCTCCTCGATGAACCACC

ISdown CTCTACCAGTACTGCGGCGACG

ISdw CTGCCTACTACGCTCAAC

Rv3135 CM3135F CATATCGCTTGACCCACAGA

CM3136R TCGCTGTTTGCTGTGTCTTT

Rv3516-17 CM3515F CCTTGTGTTTGTGGATCGTG

CM3518R TTCGCATGTGTCTCAAGAGG

CM3515Fc ACCTTGTCGTCCTTTTGCAC

CM3515Rb CGAAATCCAAACAGCCACTT

Rv3738c-39c CM3737F GAGTTCCTCGCCTCACCAT

CM3739exR TCAGTTGACTGACCGGCTTT

The primers were used to confirm the deletions and polymorphism by PCR and sequencing.
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