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Previous studies have described IS6110-mediated polymorphism as an important driving force in Mycobac-
terium tuberculosis genome evolution and have provided indirect evidence for IS6110-driven deletion events.
This study provides the first description of an IS6110-mediated deletion event in truly isogenic strains. We also
provide further support for the hypothesis that the region from Rv1754 to Rv1765 is a hot spot for IS6110
insertion and deletion events.

The insertion sequence IS6110 has been suggested to be an
important agent of Mycobacterium tuberculosis genome varia-
tion. IS6110 transposition events may disrupt open reading
frames (12) or regulatory domains, and there has been much
speculation regarding the possible influence of these events on
strain phenotype (1, 8, 11, 19). In addition, insertion sequence-
mediated deletion events have been suggested to be an impor-
tant mechanism driving mycobacterial genome variation (2).
Homologous recombination between directly repeated IS6110
elements has been proposed as a likely mechanism for genomic
deletions in clinical isolates (5). This hypothesis is supported
by the results of in silico analysis of sequences flanking the 16
IS6110 elements in the M. tuberculosis H37Rv genome to iden-
tify the deletions RvD3, RvD4, and RvD5 (2). In this study and
others, the absence of 3- to 4-bp repeats immediately flanking
the point of IS6110 insertion is interpreted to reflect homolo-
gous recombination events between two directly repeated
IS6110 elements (2, 5). Similarly, analysis of sequences imme-
diately flanking IS6110 elements in a highly variable 20-kb
region of the chromosome provides further examples of dele-
tions associated with the presence of IS6110 elements (10). A
recent study suggested that alternative mechanisms may be
involved in deletion events between inverted IS6110 elements
(13).

To our knowledge, no study to date has investigated IS6110-
mediated deletion in isogenic strains to directly support the
hypothesis of homologous recombination. A previous report of
multilesional intrapatient strain genotyping described the iso-
lation of two isogenic strains from a single patient, one of
which had a single IS6110 band polymorphism (4). From a
visual perspective and in the absence of chronology, it was not
clear whether this difference was due to an insertion or dele-
tion event. In this study, we utilized the unique availability of
these isogenic strains to address this question.

Mycobacterium tuberculosis was cultured from the cadaver of

a human immunodeficiency virus-negative 41-year-old female
which, on autopsy, showed pulmonary scarring and miliary
pulmonary involvement (4). Extrapulmonary tuberculosis was
evident in the liver; kidneys; ovaries; and hilar, mediastinal,
and iliac lymph nodes. M. tuberculosis was successfully cultured
from a mediastinal lymph node (culture D7030), a hilar lymph
node (culture D7031), and an abdominal lymph node (culture
D7033). IS-3� DNA fingerprinting (15) showed that all cultures
had identical banding patterns with the exception of D7031,
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FIG. 1. Southern blot hybridization analysis of isogenic M. tuber-
culosis isolates from a single patient. Genomic DNA isolated from
each strain was digested with PvuII (A to C) or HinfI (D), electro-
phoretically fractionated in 0.8% agarose, and Southern transferred to
Hybond N�. Blots were then hybridized with IS-3� (15) (A), IS-5� (17)
(B), DRr probe (9) (C), and polymorphic GC-rich repetitive sequence
probe (16) (D). Lanes: 1, D7030 from a mediastinal lymph node; 2,
D7031 from a hilar lymph node; 3, D7033 from an abdominal lymph
node. An additional IS6110-hybridizing band is evident in D7031 as
indicated by the arrow. DNA molecular size markers are shown at left
in kilobases.
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FIG. 2. Schematic diagram of the chromosomal domain in M. tuberculosis. The IS6110 insertion elements are depicted by bold black arrows
where the orientation is 3� (tail) to 5� (head). IS6110 insertions for which the orientation is unknown are depicted by bold black lines. The
respective insertion points are indicted by vertical numbers, which relate to the whole genome sequence of H37Rv (3). Each insertion locus is
numbered according to the numbering in reference 12. Open reading frames, according to the annotation of the whole genome sequences of
H37Rv (3) and CDC1551 (7), are indicated by the grey arrows. Dotted lines indicate chromosomal deletions. Deletion RvD2 was assigned as
described in reference 8. Thin arrows indicate the primer positions, while the hatched lines indicate regions sequenced.
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which showed an additional hybridizing band at 2.4 kb (Fig.
1A), corresponding to the IS6110 insertion at position
ISL7031.8, as determined by DNA sequencing (12). Similarly,
the IS-5� probe showed identical banding patterns with the
exception of an additional hybridizing band at 1.0 kb (Fig. 1B),
corresponding to the same insertion. DNA fingerprinting with
the polymorphic GC-rich repetitive sequence probe (16) and
direct repeat (DRr) probe (9) showed identical banding pat-
terns, demonstrating that these strains were genetic variants
that had evolved within this individual, possibly as the result of
an IS6110-mediated event (Fig. 1C and D).

To determine whether the observed banding pattern was
indeed IS6110 mediated, PCR primers were designed from the
H37Rv (3) and CDC1551 (7) whole genome sequences to
facilitate the amplification of the region spanning the inser-
tions at positions ISL7031.2 and ISL7031.8 (12) (Fig. 2). PCR
amplifications were performed using the Expand Long Range
PCR system (Roche), as previously described (13). Amplifica-
tion of D7031 with the primer combination PR3 and Del5R
produced a product of 2.0 kb, while the primer combination
Del4R and Del6F yielded a product of 1.9 kb. In addition,
amplification with the primer combination PR3 and Del6R
yielded a product of approximately 8 kb, in accordance with
the 8.1-kb product that was predicted based on the CDC1551
sequence data (7). This confirmed that the RvD2 region (8)
was present in D7031 and flanked by two IS6110 insertions at
positions ISL7031.2 and ISL7031.8 (Fig. 2). This structure had
not been previously observed, and it was in fact hypothesized
that such a structure would be unstable (10). Interestingly, the
Del4R and Del6F amplification product was 3.6 kb shorter
than predicted (based on the CDC1551 genome sequence
data), suggesting a possible deletion event. DNA sequencing of
this product demonstrated the presence of an IS6110 element
with the 3� point of insertion corresponding to chromosomal
position 1989082 (numbered according to H37Rv genome se-
quence), while the 5� point of insertion corresponded to chro-
mosomal position 1992737, 3,655 bp downstream (Fig. 2). The
triplet repeats flanking this insertion element were not con-
served. This suggests that a precursor strain existed wherein an
additional IS6110 insertion (ISL7031.X [Fig. 2]) occurred
downstream of the IS6110 insertion at position ISL7031.8, with
subsequent recombination between the IS6110 elements lead-
ing to the deletion of the 3,655-bp intervening region. Alter-
natively, it is conceivable that a transpositionally mediated
mechanism (14), such as deletion of target DNA on integration
of ISL7031.8, may have resulted in the structure observed here,
although this has not been previously reported in M. tubercu-
losis.

PCR amplification of D7030 using the primer combination
PR3 and Del5R and the primer combination Del4R and Del6F
failed to generate products. Amplification using PR3 and
Del4R produced a product of 2.1 kb, suggesting that the region
between the IS6110 elements at position ISL7031.2 and
ISL7031.8 had been deleted from strain D7030. This was con-
firmed by sequence analysis (Fig. 2). However, the sequence
data demonstrated that this deletion event was not mediated
by the recombination of these adjacent IS6110 elements. The
DNA sequence of the flanking region showed that the inser-
tion point corresponded to chromosomal position 1992746, 9
bp downstream of ISL7031.8. In addition, the 5� triplet repeat

differed from that of ISL7031.8. Based on this result, we hy-
pothesize the existence of a second precursor strain wherein an
additional IS6110 insertion (at position ISL7030.Y [Fig. 2])
occurred in the region downstream of the insertion at position
ISL7031.8. Subsequently, recombination between the IS6110
elements at positions ISL7030.Y and ISL7031.2 may have me-
diated the deletion event, resulting in the deletion of five genes
as well as the IS6110 element inserted at position ISL7031.8.
Although other transpositionally mediated mechanisms may
explain the structure observed here, for reasons discussed pre-
viously by Sampson et al. (13) and others (5), we favor the
recombination-mediated scenario. In combination, the recom-
bination between IS6110 elements inserted at ISL7031.X and
ISL7031.8 as well as the recombination between ISL7030.Y
and ISL7031.2 resulted in the overall deletion of a 12.9-kb
fragment.

In summary, this study provides the first description of an
IS6110-mediated deletion event in truly isogenic strains. How-
ever, as Sampson et al. have previously observed (13), the
mechanism of deletion was more complex than simple homol-
ogous recombination between directly repeated IS6110 ele-
ments. From the results of this study and others (10, 13), it is
evident that this chromosomal region from Rv1754 to Rv1765
has undergone a number of deletion events during its evolu-
tionary history. The frequency at which these domains are
deleted together with the fact that the strains caused disease in
the human host implies that this region may not be important
to the overall virulence of M. tuberculosis.

The results presented here emphasize that this region, like
the DR (18) and IS6110 preferential locus (6) regions of the M.
tuberculosis genome, is a hot spot for IS6110 insertions (10),
which consequently drives the high rate of deletion events
observed here. This suggests that regions of preferential
IS6110 integration loci may be in a state of flux due to the
disruptive influence of IS6110 insertion as well as IS6110-
mediated deletion and thereby confirms the importance of
IS6110 in defining the architecture of the M. tuberculosis chro-
mosome. If preferential integration loci are also preferential
deletion regions (13), these findings suggest that some caution
should be exercised when reconstructing evolutionary histories
of strains based on deletion mapping. Depending on the sen-
sitivity of the detection method, deletions offset by only a few
base pairs may not be distinguished from one another, thereby
leading to an overestimation of relatedness. In addition, dele-
tions in different regions may be more or less informative,
depending on whether the region is a deletion hot spot or not.
Together, these factors may lead to inaccurate measures of
phylogenetic distances.
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