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In recent years, various polymorphic loci and multicopy insertion elements have been discovered in the Myco-
bacterium tuberculosis genome, such as the direct repeat (DR) locus, the major polymorphic tandem repeats, the
polymorphic GC-rich repetitive sequence, IS6110, and IS1081. These, especially IS6110 and the DR locus, have
been widely used as genetic markers to differentiate M. tuberculosis isolates and will continue to be so used, due
to the conserved nature of the genome of M. tuberculosis. However, little is known about the processes involved
in generating these or of their relative rates of change. Without an understanding of the biological character-
istics of these genetic markers, it is difficult to use them to their full extent for understanding the population
genetics and epidemiology of M. tuberculosis. To address these points, we identified a cluster of 7 isolates in a
collection of 101 clinical isolates and investigated them with various polymorphic genetic markers, which
indicated that they were highly related to each other. This cluster provided a model system for the study of
IS6110 transposition, evolution at the DR locus, and the effects of these on the determination of evolutionary
relationships among M. tuberculosis strains. Our results suggest that IS6110 restriction fragment length
polymorphism patterns are useful in grouping closely related isolates together; however, they can be mislead-
ing if used for making inferences about the evolutionary relationships between closely related isolates. DNA
sequence analysis of the DR loci of these isolates revealed an evolutionary scenario, which, complemented with the
information from IS6110, allowed a reconstruction of the evolutionary steps and relationships among these
closely related isolates. Loss of the IS6110 copy in the DR locus was noted, and the mechanisms of this loss are

discussed.

Tuberculosis is one of the most ancient infectious diseases of
human beings, and it is still in a leading position among infec-
tious diseases as a cause of morbidity and mortality (5). One of
the factors hampering control of tuberculosis is the difficulty
of differentiating among strains due to the conserved genome
of Mycobacterium tuberculosis (9, 14), which has hindered under-
standing of the processes of the disease. In recent years, vari-
ous polymorphic loci and multicopy insertion elements have
been discovered in the genome, such as the direct repeat (DR)
locus (19), the major polymorphic tandem repeats (21), the
polymorphic GC-rich repetitive sequence (PGRS) (35), I1S6110
(45), and IS1081 (10). These have been used as genetic mark-
ers to differentiate among M. tuberculosis strains in epidemio-
logical studies. However, little is known about the processes
involved in these genotypic changes or about the relative rates
of these changes or of transposition events. Without an under-
standing of these aspects, it is difficult to use these markers to
their full extent to understand the population genetics and
epidemiology of M. tuberculosis. Indeed, little is known of the
population genetics of insertion elements in any species.

Since bacteria reproduce by fission, all descendants should
share acquired mutations with their recent common ancestors.
It has been shown that the transposition rates of insertion
elements are much higher than the rates of other heritable
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changes in the genome, such as nucleotide mutations (17, 36).
Attempts to use insertion elements to establish phylogenetic
relationships in Escherichia coli strains have shown that these
markers were predictive only with closely related strains (25).
Similarly, evolutionary relationships of Salmonella enteritidis
isolates established with the Salmonella-specific IS200 are con-
sistent with clonal lineages of recent origin and with phage-
typing groups (38). IS6110 is a member of the IS3 family of
insertion elements (27, 45) and is widely distributed through-
out the M. tuberculosis complex (7, 20, 40, 44). It is currently
the most widely used genetic marker for differentiating among
M. tuberculosis strains (8, 20, 42, 44). As many as 25 copies are
present in the genomes of clinical isolates of M. tuberculosis,
although some strains without IS6710 copies have been iden-
tified (20, 27, 43). Typing schemes using IS6110 restriction
fragment length polymorphisms (RFLPs) assume that the dis-
tribution of the IS6/10 element in the genome is random;
however, in the genome of M. tuberculosis H37Rv, 1S6110 is
restricted to about two-thirds of the genome around the DR
locus (33), while there also seem to be particular IS67/10 in-
sertion hot spots, such as the DR locus (19) and the ip/ locus
(11). All these points lead to questioning of the appropriate-
ness of the IS6110 element as a genetic marker for M. tuber-
culosis population genetic and phylogenetic analyses.

The DR region is a polymorphic locus in the genome of
M. tuberculosis which comprises a cluster of directly repeating
sequences of 36 bp, separated by unique spacer sequences of
36 to 41 bp (20). One repeat sequence and the following spacer
sequence together have been termed a DVR (direct variable
repeat) (18). The number of DVRs varies from strain to strain,
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TABLE 1. PCR primers used in this study

Primer Sequence Description

IS1 5'-CGGAGACGGTGCGTAAGTG-3' nt 192-210 in negative strand of X57835

1S2 5'-GCTGCCTACTACGCTCAAC-3’ nt 1272-1290 in X57835

DRI1 5'-AGGTTCGCGTCGATCAAGTCC-3’ nt 2313-2333 in X57835

DR2 5'-GGATGTGGTGCTGGATTTC-3' nt 2815-2833 in negative strand of X57835
DR3 5'-CGAAATCCAGCACCACATC-3' nt 2815-2833 in X57835

DR4 5'-GATCAAGTCCGGTCGTCAGA-3’ nt 2324-2343 in negative strand of X57835
DR5 5'-GCCCGCTAATCCCGCACAAGT-3’ nt 25912-25932 in negative strand of Z81331
DR6 5'-GGGACGGAAACTTTTCTGAAC-3' nt 25891-25911 in Z81331

DR7 5'-GACGACCTCGGACAGCATCTC-3’ nt 26439-26859 in negative strand of Z81331
DR8 5'-CCCGCCCGGGGAGATGCTGTC-3’ nt 27438-26449 in 781331

DRY 5'-CTGACGACTGGCGATTTACGA-3’ nt 26723-26743 in negative strand of Z81331
DR10 5'-GTTCCCGTCAGCGTCGTAAAT-3’ nt 26710-26730 in Z81331

FL1a 5'-CGACACCGGCGCCACACTG-3' nt 267-285 in X95144

FL1b 5'-CATCCAATGCTCAACTATT-3’ nt 1-19 in negative strand of X95144

Mla 5'-GCGCGTGGTAAGCATTCACAA-3’ nt 14685-14705 in Z84725

Mib 5'-CGCGGTCCCGTGGTCATTTAC-3' nt 15011-15031 in negative strand of Z84725
U16B7 5'-CATCATCAGCAGGCATTGTTA-3’ nt 25453-25473 in Z81331

L16B7 5'-CTCCCGGCGGGGTCATTTCAT-3' nt 29977-29997 in negative strand of Z81331

allowing this locus to be used as a genetic marker to differen-
tiate strains (18, 19). Two mechanisms have been proposed for
the polymorphisms at this locus: homologous recombination
between adjacent or distant DVRs and IS6710 transposition
(18). The DR locus has become the second most important
genetic marker for the differentiation of M. tuberculosis strains;
however, little is known about its polymorphic changes over
evolutionary time, and this limits its more informed use in
population genetic and phylogenetic analyses.

To address these questions, we investigated a collection of
101 clinical isolates of M. tuberculosis and identified a cluster of
7 isolates which were highly related by a number of genotypic
features. Intensive study of these seven isolates, in particular
their IS6710 RFLP patterns, their specific IS67/10 insertion
sites, and polymorphisms at the DR locus, suggested that the
overall IS67110 RFLP pattern is useful in grouping closely re-
lated isolates together; however, it can be misleading if used
for making inferences about the evolutionary relationships be-
tween such closely related isolates. DNA sequence analysis of
the DR loci of these isolates revealed an evolutionary scenario,
which, when complemented with analysis of IS6110 copies,
allowed the reconstruction of the evolutionary steps and phy-
logenetic relationships between these closely related isolates.
Loss of the IS6110 copy in the DR locus was noted, and likely
mechanisms for this loss are discussed.

MATERIALS AND METHODS

Strains. A total of 104 isolates of M. tuberculosis complex were studied. These
included 101 clinical isolates of M. tuberculosis from the Scottish Mycobacteria
Reference Laboratory, Edinburgh, United Kingdom, collected in 1992 and 1995
(31); the M. tuberculosis type strain, H37Ra; the IS6110 fingerprinting reference
strain, Mt14323 (42); and Mycobacterium bovis BCG (Pasteur). These strains and
isolates were cultured in Middlebrook 7H9 broth in a 50-ml-volume centrifuge
tube at 37°C for about 4 weeks. After it was ascertained that the cultures were
free from other bacterial contamination, cells were harvested and heated to 80°C
for 30 min to kill them and were stored at —20°C prior to DNA extraction.

1IS6110 DNA Southern blot fingerprinting and analysis. All DNA extraction,
digestion, and blotting techniques used were from the standardized protocol (42).
The methods for making digoxigenin (DIG)-labelled probes (IS6710 probe,
internal standard marker probe, DR probe, FL1 probe, IS1547 probe, and PGRS
probe) and for detection of the probes are described below.

To make the DIG-labelled 1S6770 DNA probe, 5 ul of M. bovis BCG (Pasteur)
DNA solution (10 pg/ml) was added to a PCR tube which contained 40 pl
of PCR mixture (50 mM KCI, 10 mM Tris-HCI [pH 8.0], 1.5 mM MgCl,, 5%
glycerol, 225 uM [each] INS1 and INS2 primers [20], and 0.5 U of Tag poly-
merase). Five microliters of 10X DIG-dUTP/deoxynucleoside triphosphate mix-
ture (Boehringer Mannheim GmbH, Mannheim, Germany) was added to the

mixture, and the reaction was subjected to PCR at an annealing temperature of
65°C. A Pvull-digested supercoiled DNA ladder (Gibco-BRL, Life Technolo-
gies, Ltd., Paisley, United Kingdom) and Haelll-digested $X174 DNA (Ad-
vanced Biotechnologies, London, United Kingdom) were DIG labelled by a
randomly primed DNA labelling method (6). The working probe solutions were
prepared by diluting the DIG-labelled PCR product in standard hybridization
solution (5X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 1.0%
blocking reagent for nucleic acid hybridization, 0.1% N-lauroylsarcosine, 0.02%
sodium dodecyl sulfate) to a concentration of 5 to 25 ng/ml.

Hybridization and detection were carried out according to the manufacturer’s
instructions (Boehringer Mannheim). Briefly, the blotted membrane was hybrid-
ized with the DIG-labelled probe at 68°C overnight in a hybridization oven
(Hybaid, Ltd., Middlesex, United Kingdom). The membrane was then washed,
equilibrated, blocked, and incubated in anti-DIG antibody-alkaline phosphatase
solution (1:10,000). CSPD solution (1%) (Boehringer Mannheim) was then
pipetted over the membrane. The membrane was sealed in a plastic hybridization
bag after removal of excess liquid, incubated, and then exposed to X-ray films.
The X-ray films were developed in an RP X-Omat Processor, model M6B
(Kodak Diagnostic Imaging, Rochester, N.Y.). To reprobe a membrane, the
previous probe was stripped off by incubation in a 0.2 M NaOH solution.

Pairwise similarities of IS6170 fingerprint patterns were calculated by the Dice
coefficient of similarity with GelCompar (version 3.0; Applied Maths, Kortrijk,
Belgium). Clustering of the isolates by similarity to give a dendrogram was
carried out with UPGMA (unweighted pair group method with arithmetic averages).

Primer oligonucleotide design and synthesis. All primer oligonucleotides used
in this study (Table 1) were designed with the software package OLIGO (version
5.0; National Bioscience, Inc., Plymouth, Minn.), synthesized on an Applied
Biosystems (Warrington, United Kingdom) 291 DNA synthesizer, and purified
by using oligonucleotide purification cartridges (Applied Biosystems).

PCR and sequencing. Semiarbitrarily primed PCR (11) was used to identify
1S6110 flanking DNA sequences. Template DNA was sequenced by using an
Applied Biosystems 377A automated DNA sequencer with a Prism Ready Mix
Kit based on AmpliTaq DNA polymerase, FS (Applied Biosystems). The se-
quencing reaction mixtures, each containing 150 pg of template DNA, 3.2 pM
one primer, and 9.5 pl of Prism Ready Mix, were subjected to 25 cycles of
denaturation (at 96°C for 30 s), annealing (at 50°C for 15 s), and extension (at
60°C for 4 min).

Sequence analysis with computer. DNA sequences identified in this study were
compared to sequences in the GenBank and EMBL databases and in the M. tuber-
culosis DNA sequence database at the Sanger Centre, Cambridge, England, with
the programs FASTA or PFASTA (32) and BLAST (2, 3, 23). For DNA sequence
alignment, the programs GAP (30) and BESTFIT (37) in the GCG package
(version 8, August 1994; Genetics Computer Group, Madison, Wis.) were used.

Nucleotide seq e accessi bers. The sequences reported here have
been assigned the following EMBL accession numbers: f11::1S6710, X94955 and
X94956; 1S1547, Y13407; DR sequence from isolate 86, Y14045; DR sequence
from isolate 149, Y14046; DR sequence from isolate 257, Y14047; DR sequence
from isolate 191, Y14048; and DR sequence from isolate 93, Y14049.

RESULTS

Heterogeneity of IS6110 insertion sites in the M. tuberculosis
isolates. Following Southern blotting and hybridization with
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FIG. 1. Dendrogram of IS6110 fingerprints of 101 isolates of M. tuberculosis, constructed with GelCompar and based on Dice coefficients and UPGMA clustering.
In column fl1, the symbol (@) indicates isolates with fI1::1S6110. The graph in the box is an enlarged branch of the isolates carrying f11::1S6710 and shows the Dice

similarity coefficients between the isolates.

the IS6110 probe to Pvull-digested DNA of the 101 isolates,
the resultant fingerprint patterns were imported into the com-
puter package GelCompar, where they were normalized to a
standard ladder coloaded with each sample to allow accurate
comparative alignment. Dice coefficients of similarity were cal-
culated for all pairwise comparisons, and a dendrogram was
constructed (Fig. 1). A wide diversity of RFLP patterns were
apparent in the IS67/70 fingerprints of the 101 isolates; the
number of copies ranged from 2 to 16, with a mean of 8.3. Dice

coefficients of similarity for all pairwise comparisons of the
isolates in the whole collection ranged from 0 to 100%, with a
mean of 41%.

Isolates with the fI1::1S6110 allele. f11::1S6110 is a genomic
insertion site of 1S61170, identified by the semiarbitrary PCR
technique described in our previous publication (11), and was
used as a genetic marker to identify the cluster of isolates stud-
ied here. Analysis of the genomic sequences flanking IS6710 in
f11::1S6110 indicated that this IS6770 had inserted into a long
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FIG. 2. PCR amplification of the f/1::1S6110 allele. (A) PCR products ob-
tained with primers FLla and FLI1b from an fI1* strain (lane 1) and an fI1::
1S6110 strain (lane 2). Lane 3, 1-kb ladder. (B) IS6110 (open box) and fI1
(shaded boxes), with the locations of the primers used and directions of their
extension.

open reading frame, which has been postulated to be a dihy-
drofolate reductase gene (fol4) in M. tuberculosis (31a). In fI1::
IS6110, the insertion was located two-thirds of the way along
the coding sequence. Isolates in the study collection carrying
the fI1::1S6110 genotype were identified by PCR with three
primer combinations. Primers FL1a and IS1 determined the
presence of the left end (5’ end) of the IS6110 element in the
f11::1S6110 sequence, giving a product of 302 bp. Primers 1S2
and FL1b determined the presence of the right end (3" end) of
the IS6110 element in the fI1::1S6110 sequence, giving a prod-
uct of 250 bp. Primers FL1a and FL1b gave a product of 286 bp
in isolates without the IS6770 element in fI1 and a product of
1,645 bp when IS67110 was present (Fig. 2). Among the 101
isolates tested, 7 isolates (7%) which carried fI1::1S6110 were
identified, and these formed one cluster in the dendrogram
derived from IS6110 fingerprints (Fig. 1).

The presence of f11::1S6110 in these isolates could be due to
the sharing of a recent common ancestor or to coincidence, so
in order to clarify this specific IS6110 insertion site, the DR,
IS71547, and PGRS RFLP patterns in these isolates were also
examined.

The DNAs of these isolates were digested with Pvull. Fol-
lowing Southern blotting, the membrane was probed sequen-
tially with the IS6110 probe, the DR probe, and the FL1 probe
(11 sequence amplified by primers FL1a and FL1b). The
results are illustrated in Fig. 3. The numbers of 1S6710-
containing Pvull fragments were five or six, with four of them
(3.00, 2.10, 2.06, and 1.35 kb) apparently common to all. The
3.00-kb fragment cohybridized to the FL1 probe, indicating
that it carried the right-hand end of the IS6770 copy and the
flanking 3" end of the f/1 locus. The 2.10-kb fragment is prob-
ably analogous to an IS6710 insertion into an M. tuberculosis
H37Rv DNA sequence (EMBL accession no. Z84725; se-
quence identification, MTCY4D9) between nucleotides (nt)
14840 and 14841, because an 1S6710 insertion at this location
of the IS6110-free DNA sequence Z84725 would give an
IS6110-hybridizing Pvull fragment with a predicted length of
2.10 kb. In addition, PCR products of the expected lengths
were obtained from all the isolates with primers (S1-M1, S2-
M2) amplifying across the ends of an insertion at this genomic
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site (data not shown). Such an insertion has also been noted in
another isolate (28) which carried the fI1::1S6110 allele. These
observations indicate that the common bands in the IS6110 fin-
gerprint patterns in different strains represent common 1S6710
copies in terms of their locations in the genome, which pre-
sumably reflects the sharing of a recent common ancestor among
these seven isolates.

Among the seven isolates, five had fragments of about 5 kb
which cohybridized with both the IS6710 probe and the DR
probe (Fig. 3), indicating that there was an IS6770 copy in the
DR region in these isolates. There were no such cohybridizing
fragments for isolates 93 and F4, indicating that the 1S6110
copy in the DR region was missing in these isolates. Further-
more, all the 5-kb fragments showed greater length polymor-
phism than the other fragments, probably as a result of poly-
morphisms in the DR loci, as described below.

In addition to IS6110 insertion sites, IS1547 and PGRS were
also used to assess the relatedness of these seven isolates.
IS1547 is a new member of the IS900 family of insertion ele-
ments and is found in the M. tuberculosis complex (12, 22). A
probe against the IS1547 DNA sequence (EMBL accession no.
Y13470), which hybridizes to Pvull-digested genomic DNA,
has detected one or two IS7547 copies in the M. tuberculosis
isolates investigated so far, but these have highly variable
RFLPs. However, all seven of the isolates carrying f{1::1S6110
had the same IS/547 RFLP pattern (Fig. 4). The PGRS is a
tandem repeat of the consensus sequence CGGCGGCRR and
is found in several mycobacterial species, including those of
the M. tuberculosis complex (35). When used as a probe for
restriction enzyme-digested DNA, it shows a high degree of
RFLP and so can be used to distinguish different strains (43);
however, the PGRS RFLP patterns of the isolates here were
indistinguishable (Fig. 4).

Despite the extensive genotypic similarities among these
isolates, there were some differences in terms of 1S6710 copy
number and their genomic locations. For instance, in addition
to the four IS6710 copies common to all seven isolates, two
isolates (F4 and 93) had a further common IS6710 copy (on a
ca. 1.5-kb Pvull fragment), and one of these isolates (isolate
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FIG. 3. IS6110, DR, and FL1 RFLP patterns of fI1::1S6110 isolates. Isolates
F4, 93,72, 86, 149, 257, and 191 were digested with Pvull and, following blotting,
were probed sequentially with IS6170 (===), DR (&), and FL1 (<) probes.
Lane M, internal size standards, with DNA sizes marked in kilobase pairs.
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FIG. 4. Autoradiogram of Pvull-digested DNA from M. tuberculosis isolates
hybridized with the PGRS probe (A) and the 1S1547 probe (B). Lanes 1 through
9, isolates H37Ra, 72, 86, 93, 149, 191, 257, F4, and Mt14323, respectively. Sizes
are indicated on the right, in kilobases.

93) subsequently acquired another IS6110 copy. The other five
isolates (isolates 72, 86, 149, 191 and 257) each had an addi-
tional 1S6710 copy, and two of these (isolates 191 and 257)
each carried yet a further element.

Polymorphism of the DR loci. To investigate polymorphism
at the DR locus, the primer pair U16B7-L16B7 was designed
to amplify across the DR region (Fig. 5) and was used in
combination with IS6710-specific primers (IS1 and IS2) to

U16B7 DR& DR8 DR10O
- - -

Is2

- -
IS6110

J. BACTERIOL.

study all of the seven isolates. PCR with the primer pair
U16B7-L16B7 amplified a 1.6-kb fragment from both isolate
93 and isolate F4, whereas PCR with primers U16B7-IS1 and
IS2-L16B7 amplified fragments from the rest of the isolates,
ranging from 1.4 to 2 kb with primers U16B7-IS1 and from 1.3
to 1.5 kb with primers IS2-L16B7. All these fragments were
sequenced. To identify particular DVRs, the DNA sequences
of the DR region of M. tuberculosis H37Rv (EMBL accession
no. Z81331) and of M. bovis BCG (EMBL accession no.
X57835) were used as references. The DVRs in strain H37Rv
were numbered in order from the 5’ to the 3’ end, giving a total
of 42 in the DR region, with the insertion of IS6710 in DVR24
(Fig. 6), while the numbering of M. bovis BCG was taken from
reference 19. The DVRs in the sequenced PCR fragments
here were enumerated by aligning them against the reference
sequences Z81331 and X57835 with the BESTFIT program in
the GCG package (16).

The PCR fragments from isolates 86 and 72, obtained with
the primer pair U16B7-IS1, were 2,077 bp and comprised a 5'-
end DNA sequence flanking the DR region, 25 intact DVRs,
the partial DR DNA sequence adjacent to the left-hand side of
the IS6110, and part of the IS6110 up to the location of primer
IS1. The PCR fragments from isolates 86 and 72, obtained with
the primer pair IS2-L.16B7, were 1,528 bp and comprised DNA
sequence of the IS6770 from the location of primer IS2, the
partial DVR, 18 intact DVRs, and DNA sequence flanking the
right-hand side of the DR region (3’ end). Alignment of these
DNA sequences against the DR regions of strain H37Rv and
M. bovis BCG showed that the DNA sequence of the DR locus
in isolates 86 and 72 had the same DR structure as that of
strain H37Rv, except for two extra DVRs located between
DVR20 and DVR21. These two extra DVRs matched DVR25
and DVR26 in the DR region in M. bovis BCG (19) (Fig. 6).

The same process of sequencing and identification was ap-
plied to the DR regions of the other isolates. In comparison
with the DR structure of isolate 86, two DVRs (DVR9 and
DVRI10) were deleted in isolate 257, and eight DVRs (DVRS
to DVR13) were deleted in isolate 191. Isolates 93 and F4 not
only had the same deletion of DVRS to DVR13 as in isolate
191 but also had a 2,356-bp deletion which involved the 1S6710
element in the DR region and DVR22 to -35. Isolate 149 has
deletions in both the left-hand side (DVR7 to DVR 11) and
the right-hand side (DVR35 to DVR37) of the DR region. In
all cases, there was loss of intact DVR units, and there were no
instances of other nucleotide changes. All these results are
schematically illustrated in Fig. 6.

DISCUSSION

Seven of 101 isolates were found to have a particular IS6710
insertion (f11::1S6110). These seven isolates were also found
to share a number of other features, including four common
1S6110 RFLP fragments which included the specific insertions
f11::1S6110 and MTCY4D9::1S6110, two copies of IS1547 with
identical RFLP patterns, and indistinguishable PGRS RFLP
patterns. All these common features suggest that these isolates

DR1 DR3
- -

R T

« « « «
DRS DR7 DR9 IS1

« « “«
DR4 DR2 L16RB7

FIG. 5. Schematic illustration of the PCR primers used in this study. The filled boxes represent the DR sequences, between which are spacer DNA sequences. The

locations and directions of extension of the primers are indicated.
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21-22-23-24-186110-24-25-26~27-28-29-30-31-32-33-34-35-36-37-38-39-40~41-42~

86: 1-2-3-4-5-6-7-8-9-10-11-12-13-14-15-16-17-18-19-20-(25)-(26)-21-22-23-24-186110-24-25-26-27-28-29-30-31-32-33-34-35-36~37-38-39-40-41-42~

(72)

257: 1-2-3-4-5-6-7-8-
149: 1-2-3-4-5-6-
191: 1-2-3-4-

14-15-16-17-18~19-20-(25)-{26

93: 1-2-3-4-
(F4)

14-15-16-~17~18-19-20-(25)-(26)-21~

12-13-14-15-16~17-18-19-20~(25}~(26)-21-22-23-24-186110-24-25-26-27-28-29-30-31-32-33-34-

11-12-13-14-15-16-17-18-19-20-(25)-(26)-21-22~23-24-186110-24-25-26-27-28-29-30-31-32-33-34-35-36-37-38-39-40-41-42-

38-39-40-41-42-

}-21-22-23-24-186110-24-25-26-27-28-29-30-31-32-33-34-35-36-37-38-39-40-41-42-

36-37-38-39-40-41-42-

FIG. 6. Schematic representation of the structures of the DR regions of M. tuberculosis isolates. A number and the hyphen following it represent one DVR. The
DVRs are numbered from the 5’ end to the 3’ end of the DNA sequence. The DR structure of M. tuberculosis H37Rv (H37) (EMBL accession no. Z81331) is shown
for reference. The numbers in parentheses, i.e., (25) and (26), represent DVR spacers identical to the spacers of DVR25 and DVR26 in M. bovis BCG (EMBL accession
no. X57835) (19). IS6110 is inserted into DVR24, which is therefore shown on each side of the insertion.

are highly related to each other and are therefore derived from
a common ancestor. Thus, they provide a well-described model
system for the study of IS6770 transposition and the evolution
of the DR locus in the genome of M. tuberculosis. The M. tu-
berculosis fl1::1S6110 and MTCY4D9::1S6110 mutations were
found in isolates from patients from around the world; five
strains were from British patients and two were from Indian
patients, and these mutations have also been reported by Men-
diola and colleagues (28) in an M. tuberculosis strain isolated
from a patient in Guadeloupe, West Indies, in 1986. This dis-
persal suggests that these are not recent mutations and that
this is not a recent clone.

IS6110 transposition. Extensive use has been made of 1S6110
as a probe to generate RFLP patterns for the assessment of
isolate relatedness. In the IS6770 RFLP patterns of the seven
isolates here which carried f11::1S6110, five or six IS6110-con-
taining bands were apparent; four of them were common to all
of the isolates. Of these common bands, two have been con-
firmed to carry particular IS6110 insertions (f11::1S6110 and
MTCY4D9::1S6110). These common bands are presumably in-
herited from a common ancestor. Where there are a sufficient
number of bands in common among isolates, IS67110 RFLP pat-
terns are satisfactory for the tracing of infection sources and in
epidemiological studies. Insertion elements have also been used
to identify closely related isolates of E. coli (25) and S. enter-
itidis (38). However, 1S6110 RFLP patterns are of limited
use in making inferences about the evolutionary relation-
ships among such closely related isolates. Here, for instance, it
can be inferred that the common ancestor of the isolates in this
cluster had the four IS6110 copies noted above plus an 1S6110
copy in DR. These IS6710 copies form a framework or baseline
for subsequent IS6770 changes in the isolates of this cluster.
Based on this framework, isolates 93 and F4 have had a dele-
tion of one of these five IS6710 copies, that in the DR region,
and have acquired one additional IS6110 copy, with isolate F4
also gaining a further one. However, based solely on 1S6710
RFLP patterns, it is impossible to infer whether the 1S6710 de-
letion or addition occurred first. Similarly, isolates 191 and 257
have each acquired an additional IS6110 copy onto the frame-
work, but it is not possible to infer which event occurred first.
In this respect, IS6/10 RFLP is akin to multilocus enzyme
electrophoresis; it is a powerful tool for the determination of
the genetic distances between strains and for the differentia-
tion of closely related isolates, but it is poor for the determi-
nation of genetic descent (1).

IS6110 losses in the DR locus. Isolates 93 and F4 did not
have IS6110 copies in their DR loci; there are three possible
reasons for this. Firstly, there may never have been an 1S6110

in the DR region in these two isolates; however, this is unlikely,
since the vast majority of the M. tuberculosis complex strains
investigated so far, including all but these 2 of the 101 M. fu-
berculosis isolates examined in this study, carry one or two
IS6110 copies there (13, 18, 19, 43). This absence of IS6710 in
the DR locus is not the ancestral state in this cluster of isolates.
Secondly, excision could also account for the loss, as has been
observed with other insertion elements (15). For instance, IS7-
mediated excision in E. coli removed more than 1 kb of flank-
ing chromosome from either side of the element (34), while
IS4 excision has been observed to delete chromosomal se-
quences from both sides of this element (24). Excision would
typically involve the transposase of the insertion sequence and
would not involve homologous recombination, so the losses
here of intact DVR units would not be compatible with such a
mechanism. Finally, homologous recombination has been pro-
posed as a major mechanism for the generation of polymor-
phism in the DR region, since the deletion of DVRs often
occurs in discrete units (18). Given that the loss of IS6770 from
isolates 93 and F4 was associated with such a loss of intact,
flanking DVR units and that there were no other nucleotide
polymorphisms associated with this deletion, the most likely
mechanism for the loss of the IS6110 copy in the DR locus is
homologous recombination.

Evolutionary scenario in the DR locus. As shown in Fig. 6,
the changes in the DR loci of the investigated isolates are
towards the loss of DVRs, and this trend has also been ob-
served in other studies (18, 43). The intact nature of the DVRs
in the DR sequences here, with the changes taking the form of
deletion of whole DVRs, suggests that these losses are occur-
ring by homologous recombination. The position around DVR9
and DVRI10 is a hot spot for deletions in the isolates here and
also in those analyzed by Groenen et al. (18), while the position
around DVR35 also seems to be unstable. Whether these in-
stabilities are an innate feature of these particular DVR se-
quences, of their locations relative to the internal IS6110, or of
their locations relative to the ends of the DR sequence is un-
clear. Selection for the maintenance of an intact DR sequence
does not seem to be strong, although no strains are reported to
lack this locus entirely. If this locus has a role in replicon par-
titioning, as does a similar sequence in Haloferax spp. (29),
then M. tuberculosis may be a useful study system for the clar-
ification of the role of such sequences. Based on current knowl-
edge of the DR locus, it can be hypothesized that the common
ancestor of the M. tuberculosis complex of species had a DR
structure similar to that in M. bovis BCG. Over evolutionary
time, changes towards a decrease in the number of DVRSs in
the DR locus have taken place.
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FIG. 7. Deduced evolutionary scenarios for the seven closely related isolates,
inferred from their DR locus polymorphisms and their 1S6710 distributions.
Solid lines with arrows represent routes; dotted lines and dotted boxes indicate
changes of DRs and/or IS6110. Route A is based on the assumption that the
structures of the DR loci of these isolates are the results of independent events,
while route B assumes that they result from sequential events. A and (), deletion
and insertion, respectively.

DNA sequence divergence has been widely used to trace
evolutionary relationships among different species, or among
different strains within a species (39, 41). Among the five dif-
ferent DR structures found in the isolates of this cluster (Fig.
6), those from isolates 72 and 86 showed the most intact struc-
ture, suggesting that the other isolates in this cluster originated
from an ancestor which had the same DR structure as these.
Whether the sequences of events leading to the alleles in the
seven isolates here were dependent on or independent of each
other cannot be inferred; however, the most parsimonious
route would be one of dependent events, while the indepen-
dent route could be accomplished in less evolutionary time,
since events could happen simultaneously in independent lin-
eages. These two extremes are illustrated in Fig. 7. In the sce-
nario of dependent changes (Fig. 7B), deletion of DVRY9 and
DVRI10 in the DR locus of isolate 86 would have led to the
generation of the DR structure in an intermediate strain, such
as isolate 257. After that, the further deletions of DVR7, -8,
and -11 would have occurred to give an intermediate strain,
which would have diverged to give isolate 149, with the loss of
DVR35 through -37, and another lineage which had the fur-
ther deletions of DVRS to -6 and DVR11 to -13 at the left-
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hand side, as in isolate 191. The DR structure in isolates 93 and
F4 would be due to the further deletion from DVR22 to
DVR35, which included the IS6170. In the scenario of inde-
pendent changes in the DR regions of isolates 149, 257, 191,
F4, and 93, losses would have occurred independently from the
intact DR regions of strains such as isolates 72 and 86 (Fig.
7A).

The correlation between DNA sequence divergence and di-
vergence time has been used to calibrate molecular clocks and
to estimate the time since particular taxa have diverged (4, 26).
M. tuberculosis H37 was isolated in 1905, and in 1934 two vari-
ants, H37Rv and H37Ra, were isolated from it. PCR fragments
of the same sizes are found across the DR region with the prim-
er pairs U16B7-IS1 and IS2-L16B7 in both strains (data not
shown), and DNA sequences from DVR24 to DVR38 (18) are
found in both strains, suggesting a minimum time for change in
the DR locus of 60 years in in vitro culture. On a molecular-
clock model, the two extremes of the evolutionary model pro-
posed above would give a minimum time for the evolution of
these isolates of 120 or 300 years.
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