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Molecular typing of Mycobacterium tuberculosis by using 1S6110 shows low discrimination when there are
fewer than five copies of the insertion sequence. Using a collection of such isolates from a study of the
epidemiology of tuberculosis in London, we have shown a substantial degree of congruence between 1S6110
patterns and both spoligotype and PGRS type. This indicates that the 1S6110 types mainly represent distinct
families of strains rather than arising through the convergent insertion of IS6110 into favored positions. This
is supported by identification of the genomic sites of the insertion of IS6110 in these strains. The combined data
enable identification of the putative evolutionary relationships of these strains, comprising three lineages
broadly associated with patients born in South Asia (India and Pakistan), Africa, and Europe, respectively.
These lineages appear to be quite distinct from M. tuberculosis isolates with multiple copies of IS6110.

The international standard method for typing Mycobacte- yield widely dispersed results. However, if the second hypoth-
rium tuberculosis depends on the polymorphism detected with esis were true, independent typing methods would be predicted

the insertion sequence 1S6710 (17, 41, 47). In most popula- to show substantial congruence.

tions, multicopy strains (with five or more copies of 1S6110) In addition, the assumption that a limited number of chro-
form a substantial majority of isolates of M. tuberculosis (24, mosomal sites are occupied in low-copy-number strains needs
33, 40, 42). Isolates with only a few copies of IS6710 show much to be tested. Several studies have shown that the overall dis-
less polymorphism, necessitating the use of additional typing tribution of IS6110 inserts is nonrandom, either by determin-

methods such as spoligotyping (20) or PGRS typing (7). The ing band sizes (13, 25) or by examining the occurrence of
implied assumption behind the use of secondary typing to inserts in specific regions of the genome (IS6110 preferential

define clusters of low-copy-number isolates is that the com- loci) (8-10, 44). Microarrays have also been used (22) to locate
bined rate of variation for the low-copy-number isolates (the the insertions of IS6110 to such regions or to specific genes.
product of the two molecular clocks) is equivalent to the single For studies of evolutionary relationships, it is necessary to
rate of variation of the IS67/10 pattern in the multiple-copy- determine the precise location of the insertion sequence, which
number strains. will be identical in related strains, whereas insertions in non-

The reduced polymorphism of IS6710 in low-copy-number identical but nearby sites may also produce similar banding
strains is assumed to reflect the occupation of a limited number patterns, though by convergence.
of chromosomal sites by the insertion sequence in such strains. Testing these hypotheses by examination of the congruence
One hypothesis is that this is due to frequent independent between typing methods and by analysis of the insertion sites
transposition into the same chromosomal sites (which would  will therefore assist the understanding of the evolutionary re-
be true hot spots). An alternative hypothesis is that the low lationships between low-copy-number strains, as well as having
degree of polymorphism arises from a lack of mobility of implications for the typing strategies used for such isolates. For
IS6110 in such strains (i.e., the IS6110 molecular clock oper- this purpose, we used a set of low-copy-number isolates from a
ates more slowly) (5, 43). The first hypothesis would lead to the study of tuberculosis in London during the period from 1995 to
prediction that additional independent typing methods would 1997 (24). A substantial proportion of the M. tuberculosis iso-
lates in London are from people who have relatively recently
P — . . . arrived from other countries with high rates of tuberculosis or
_* Corresponding author. Mailing address: School of Biomedical and have close connections with such countries (14, 24). The high
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United Kingdom. Phone: 44 1483 686484. Fax: 44 1483 300374. E-mail: ~ proportion of low-copy-number isolates in London (20%) pro-
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TABLE 1. Number of isolates typed by each method

1S6110 . PGRS Spoligotyped and
1S6110 bands typed Spoligotyped typed PGRS typed
1 186 131 107 103
2 112 92 75 71
3 79 59 48 45
4 71 55 47 46
Total 1-4 448 337 277 265

MATERIALS AND METHODS

Source of isolates. The M. tuberculosis isolates used in this study were collected
for a population-based study of the epidemiology of tuberculosis in London
between 1 July 1995 and 31 December 1997 (24). Identification was carried out
in the source laboratories by normal phenotypic procedures. Subsequent spoli-
gotyping suggested that four isolates were Mycobacterium bovis or M. bovis BCG
and that a further four isolates resembled Mycobacterium africanum. As these
each represent only about 1% of the total number of isolates, their contribution
to the analyses was minimal.

Molecular typing methods. IS67/70 typing was performed, as described by
Maguire et al. (24), by the international standard protocol (41), in which M.
tuberculosis DNA was cut with Pvull and Southern blots were hybridized with a
probe from the right-hand portion of IS6710. Blots were normalized with the
standard M. tuberculosis reference strain 14323. Distinct IS6710 patterns were
designated with arbitrary numbers, with the prefix IN used where necessary to
distinguish them from spoligotypes.

Spoligotyping, by using a set of 43 spacers, was carried out as described by
Kamerbeek et al. (20). Spoligotype patterns were designated with hexadecimal
codes and/or arbitrary database numbers as described by Dale et al. (4). PGRS
typing, by using Alul-cut DNA, was performed as described by Gillespie et al.
(13).

Typing results were analyzed and compared by using GelCompar and Bionu-
merics software (Applied Maths, Kortrijk, Belgium). Dendrograms of the spo-
ligotyping data were produced by using Taxotron software (Institut Pasteur,
Paris, France). Discrimination indices (18) were calculated with the following
formula:

" s
Dzl—mZn,(n,—l)

where n is the number of strains, s is the number of different types, and n, is the
number of strains belonging to type J.

Sequencing of IS6110 flanking regions. IS6710 insert sites in two or three
isolates of each 1S6110 pattern were identified by a modified version of the
heminested inverse PCR method (30, 46) or by ligation-mediated PCR
(LMPCR) (28) with BamHI-cut DNA, followed by cloning the products in a TA
cloning vector () GEM-T Easy; Promega) and sequencing the inserts in randomly
picked clones with universal forward and reverse primers.
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The presence or absence of an insert at identified sites was tested in a further
set of two to three isolates of each pattern by PCR with primers derived from the
flanking region at each side of the insert site, followed by determination of the
size of the amplified product by gel electrophoresis. In one case, this PCR
provided the evidence for the presence of IS6110 in the absence of sequence
data.

RESULTS

1S6110 fingerprinting and spoligotyping. Using 1S6110 re-
striction fragment length polymorphism analysis, fingerprints
were obtained from single isolates from 2,490 patients in Lon-
don during the study period (1 July 1995 to 31 December
1997). Of these, 448 (18%) had fewer than five IS6770 bands,
and spoligotyping data were available for 337 of these (Table
1). Comparison of the banding patterns showed that most
(nearly 80%) belonged to one of eight IS6/10 types, as de-
scribed in Table 2. It should be noted that this may be an
underestimate of the true extent of the similarity, due to the
limitations of comparing overall banding patterns with low-
copy-number isolates.

The congruence of 1S6770 and spoligotyping was tested by
using discrimination indices (18) for the two methods sepa-
rately and in combination. Table 3 shows that, for this set of
isolates, spoligotyping was more discriminatory than IS6110
typing for isolates with one to four copies of IS6110, although
this was not true for isolates with five IS6110 copies where the
value of the discrimination index for 1S67/10 [D(IS)] (and the
degree of clustering) was similar to that for multiple-copy-
number isolates (results not shown).

By combining the data from IS6710 typing and spoligotyp-
ing, the discrimination indices for the combination of 1S6770
and spoligotyping {D(IS-SP) [Table 3]} increased. However,
the D(IS-SP) values were lower than the expected values cal-
culated on the basis of the two tests acting independently,
suggesting that there is a degree of congruence between the
two methods, i.e., that there is an association between the
1S6110 type and the spoligotype.

Analysis of a cross-tabulation of the IS6770 and spoligotype
patterns showed that there were 15 cells (specific combinations
of IS6110 and spoligotype patterns) containing five or more
isolates, representing 170 isolates (46%) in total. A chi-square
test showed that 13 of these 15 cells were significantly larger
than expected at the 1% level, while the remaining two were

TABLE 2. Frequency and band sizes of major low-copy-number patterns

No. of: Band size(s)* (kb) for the following no. of bands:
1S6110 pattern % of total
Bands Isolates 1 2 3 4
1344 1 36 11.2 4.94 £ 0.15
1350 1 92 29.0 1.44 = 0.04
1312 2 5 1.3 2.07 = 0.02 2.85 = 0.04
2074 2 70 19.2 1.40 = 0.02 4.63 =0.14
2058 3 12 2.7 1.47 = 0.04 4.78 £ 0.10 5.01 =0.15
5016 3 16 4.2 1.41 = 0.02 3.18 £0.09 4.64 =0.12
1641 4 8 2.0 1.10 = 0.07 1.40 = 0.02 4.03 = 0.06 491 =0.12
5030 4 25 8.0 1.40 = 0.01 2.34 = 0.02 3.01 = 0.03 4.88 = 0.15
Others 1-4 73 22.3
Total 1-4 337 100

“ Band sizes are given as means * standard deviations.
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TABLE 3. Discrimination analysis of isolates with one to four bands by IS67/10 and spoligotyping

No. of bands

No. of 1S6110 Degree of . Expected
bands Total Clustered clustering” D(Is)” D(SP) D(IS-SP) D(IS-SP)*
1 131 131 97.7 0.434 0.938 0.940 0.965
2 92 82 83.7 0.419 0.885 0.894 0.933
3 59 49 67.8 0.877 0.889 0.928 0.986
4 55 40 61.8 0.786 0.911 0.947 0.981
Total 337 302 82.2 0.863 0.955 0.980 0.994

“ Degree of clustering was calculated as 100 X [(number of clustered isolates) — (number of clusters)]/total number of isolates.
® D(IS), D(SP), and D(IS-SP) are discrimination indices for IS6110 typing, spoligotyping, and combined 1S6110 and spoligotyping data, respectively.
¢ The expected value of D(IS-SP), if the two tests were independent, was calculated as 1 — {[1 — D(IS)][1 — D(SP)]}.

significant at the 5% level. A simplified version of this table is
shown in Table 4. Only two spoligotypes were significantly
associated with more than one IS6110 type: SP1353, with
IN1344 and IN1641, and SP1097, with IN2074 and IN5016.
These relationships are considered later on in this paper.

One limitation of this analysis is that it takes no account of
the relationship or otherwise between the different spoligotype
patterns. Examination of the hexadecimal representation (4)
of the spoligotype patterns (Table 4) shows additional relation-
ships between IS6110 patterns and spoligotypes. For example,
the five most common spoligotypes in the IN1350 pattern are
actually closely related to one another, especially in lacking
spacers 29 to 32 and 34. Further comparison was achieved by
mapping the major IS67/10 type and spoligotype patterns, as
delineated in Table 4, onto a dendrogram of spoligotype pat-
terns (Fig. 1). The relatedness of the spoligotypes associated
with IN1350, and their distinction from other spoligotypes, was
immediately apparent, as was the relationship between the
spoligotypes of IN2074 and IN5016 isolates.

PGRS data. One possible reason for the apparent congru-
ence of IS6710 and spoligotyping results would be the exis-
tence of epidemiological clusters of identical isolates, although
this seems unlikely to account for the large size of the identical
groups. Further investigation of this point, and of the relation-

ship between the different types, was attempted by using PGRS
typing, for which results were available for 265 out of the 337
isolates considered above. Although we found that the PGRS
data were insufficiently robust for the quantitative analysis of
discrimination, it was possible to use the data for direct com-
parison of subsets of the isolates. Epidemiologically linked
isolates would normally be expected to show identical PGRS
patterns (13), as well as identity by IS6/70 and spoligotyping.
However, there were few clusters of more than two or three
isolates that were shown to be identical by all three methods.
One of these clusters (IN1641:SP1353) consisted of eight iso-
lates from a known hospital outbreak (1) and is therefore an
example of a genuine epidemiological cluster.

Several small clusters of isolates apparently identical by all
three methods were identified among isolates with IN2074 and
IN5016 patterns. This would be consistent with the occurrence
of an epidemiological relationship between these isolates but
does not exclude other possibilities. A comparison of the
PGRS data for 69 isolates with one of these two IS6170 pat-
terns showed a very high degree of similarity (as was also the
case for spoligotype patterns), while isolates with the other
two- and three-band patterns showed readily distinguishable
PGRS patterns (data not shown). This indicates that the

TABLE 4. Comparison of main spoligotyping and I1S6710 patterns

1S6110 patterns® (no. of bands)

Spoligobase Spoligotype

identity hexadecimal code 1344 (1) 1350 (1)  1312(2) 2074 (2) 2058 (3) 5016 (3) 1641 (4) 5030 (4) Other  Total
1301 7F-7F-7F-7F-0B-77 10* 1 6 17
1298 7F-7F-7F-7F-0B-70 5% 2 7
212 4F-7F-7A-7F-0B-7F 6% % 0 6
235 4F-7F-7F-7F-0B-7F 1%+ 1 0 12
232 4F-7F-7F-7F-0B-0F 20%* 1 1 7 29
1104 7F-7F-77-7F-F0-7F 1 g 5 14
552 70-03-77-7F-F0-7F Pl 1 10
1353 7F-7F-7F-7TF-FO-7F 19%* 1 8** 2 30
1090 TF-7F-77-7TF-80-1F 12%* 0 12
1097 7F-7F-77-7F-F0-61 1 1 255 1 14%% 4 46
483 6F-7F-77-7TF-F0-61 5% 0 5
163 47-7F-77-7F-F0-61 1 11%* 0 12
1127 7F-7F-7C-09-F0-7F 4 0 4
858 7F-60-03-7F-F0-7F 1 TR 4 12
Other 14 38 1 14 4 1 0 7 42 121

Total 36 92 5 70 12 16 8 25 73 337

@ *_ significance at 5%; **, significance at 1%.
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FIG. 1. Comparison of spoligotypes. Dendrogram of spoligotype patterns produced by using Taxotron. The (1-Jaccard) index was calculated
for pairwise comparison of strains, and the dendrogram was produced by the unweighted pair group using arithmetic averages method. The most
common spoligotypes, as referred to in the text, are shown to the right of the patterns, together with the IS6770 pattern(s) that are most frequent
within each major spoligotype.

IN2074 and IN5016 types are closely related, to the extent that PGRS patterns identified were found to fall into three groups,
even PGRS typing is unable to distinguish them reliably. each with a similarity of 56 to 60%. These groups had very

Despite the problems of the global analysis of PGRS data, different characteristics. Table 5 shows that group 1 is almost
one feature was apparent from the overall cluster analysis. The exclusively comprised of IN1350 while the other single-copy
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TABLE 5. Correlation of PGRS groups and IS6710 patterns
PGRS % PGRS No. of No. of % of No. of isolates with the following specific IS6110 pattern:
7 larit . l: " single-band single-band

group simitanty isofates isolates isolates 1344 1350 1312 2074 5016 2058 1641 5030
1 60 96 73 76 1 69 0 0 1 0 0 0
2 56 46 26 54 23 2 5 1 0 9 0 0
3 57 122 5 4 3 2 0 52 14 0 8 22
Total 2644 103 39 27 73 5 53¢ 15 9 8 22

“ One isolate with an abnormal pattern was excluded.

type (IN1344) is virtually limited to group 2, together with all
the isolates of the two-banded IN1312 and three-banded
IN2058 patterns. Almost all of the other isolates with two to
four copies of 1S6110 (patterns IN2074, IN5016, IN1641, and
IN5030) were grouped together in group 3. This provides fur-
ther indication that the differentiation of these isolates by
IS6110 typing reflects a fundamental difference in the nature
and evolutionary origin of these strain families.

Geographical origin of strains. Further evidence of the dis-
tinct origin of these strains was obtained by analysis of the
country of birth of the persons infected (Table 6). These data
were available for only 50% of the patients, but the distribution
of the IS6110 types among patients with an unknown country
of birth was not statistically different from the overall distribu-
tion (with the exception of IN1641), indicating that it is valid to
use these data to analyze the relative occurrence of each
IS6110 type among patients born in different regions.

Among persons born in South Asia (India, Pakistan, and
Bangladesh), type IN1350 was predominant in this set of iso-
lates, while persons born in Africa (mainly Northeast African
countries, especially Somalia) had a high proportion of types
IN2058, IN1344, and IN1350. In contrast, these types were
relatively infrequent in persons born in Europe (mainly the
United Kingdom and Ireland), where there was an association
with types IN2074, IN5016, and IN5030.

IS6110 insert sites. In order to establish whether bands at
similar positions actually represent inserts at the same site, we
sequenced the regions flanking IS6110 in isolates of each of the
major 1S6110 patterns referred to previously, confirming the
results by a PCR test of additional isolates. Eight different

insertion sites were identified (Table 7). Two insertion sites
(one each in the IN1312 and IN1641 patterns) were not iden-
tified by either heminested PCR or LMPCR, and the PCR test
confirmed the absence of an insert at any of the other identi-
fied sites in these strains. These two sites therefore remain
undetermined. All isolates contained an insert at site A (in the
DR region), despite the fact that not all patterns contained a
band at the position commonly associated with this insert (1.4
kb). Particularly notable is that the two single-copy patterns
(IN1344 and IN1350) were identical in the insert site and
orientation of the insertion sequence, although the fragment
size detected was very different (4.9 kb for IN1344 versus 1.4 kb
for IN1350 [Table 2]). The only other insert site occupied in
more than one insertion sequence type was site B, in patterns
IN2074, IN5016, IN1641, and IN5030. Two of the sites listed
(sites A and D) were also occupied in H37Rv; strain CDC1551
also had an insert at these two sites as well as two other inserts,
both of which were represented in this collection (sites B and
G). The inserts in CDC1551 were identical to those in our
IN5030 type, which also showed a similar banding pattern. It
should also be noted that, in common with Fomukong et al.
(11), we did not find any inserts at the alternative site (H37Rv
position 851630) occupied in those BCG strains that have two
copies of IS6110 (12).

DISCUSSION

The data reported here show a substantial degree of con-
gruence, for the set of isolates studied, between the 1S6170 and
spoligotyping results. This suggests that the limited polymor-

TABLE 6. Origin of low-copy-number isolates by country of birth

No. of isolates with the following specific 1S6110 pattern (no. of bands)®:

Region

1312 (2) 1344 (1) 1350 (1) 1641 (4) 2058 (3) 2074 (2) 5016 (3) 5030 (4) Other Total
Africa® 1 10 23 2 7* 7 2 1 11 64
South Asia® 0 3 21* 0 1 2 0 0 12 39
Europe® 3 1 5 6* 1 17%* 7* 7* 7 54
Other 0 2 5 0 0 1 1 2 3 14
Total 4 16 54 8 9 27 10 10 33 171
Data missing 1 20 38 0 3 43 6 15 40 166
Opverall total 5 36 92 8 12 70 16 25 73 337

¢ Mainly Somalia, Kenya, Ethiopia, Eritrea, and Uganda.
’ India, Pakistan, and Bangladesh.
¢ Mainly the United Kingdom and Ireland.

@* denotes significance at 5%, and ** denotes significance at 1% (omitting missing values), both by the chi-square test.
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TABLE 7. IS6110 insertion sites

Presence” of the following 1S6710 patterns detected by the
no. of bands:

Icnosgzt Insertion point Orientation® Gene designation 1 5 3 4

1344 1350 1312°¢ 2074 5016 2058 1641¢ 5030
A 3120523-3121877 c Rv2813-Rv2816¢ (DR region) + + + + + +d + +
B 483299 c Rv0403c 0 0 0 + + 0 +¢ +
D 1987703-1989057 c Rv1758 0 0 0 0 0 0 0 +
F (1978901 c MT1799¢ 0 0 0 0 0 0 + 0
G 3377325 d Rv3018c 0 0 0 0 0 0 0 +
H 3125090 d Rv2818c 0 0 0 0 0 + 0 0
J 1984903 d Rv1753c-Rv1754¢ 0 0 0 0 + 0 0 0
K 2368235 d Rv2108 — — 0 — — +¢ 0 —

“d and c, direct and inverse orientations, respectively, with regards to the genome sequence.
b +,1S6110 presence identified by sequencing heminested inverse PCR product (except where indicated); 0, IS6110 absence confirmed by PCR; —, PCR not done.

¢ One insert site not identified.

@ Identified by PCR only.

¢ From the LM-PCR product.

/Site not present in H37Rv; the position shown is that in strain CDC1551.

phism of IS6710 patterns in low-copy-number isolates is not
due to frequent independent transposition into hot spots but
rather is consistent with the alternative hypothesis that the
mobility of IS6110 is low in such strains (i.e., the IS67/10 mo-
lecular clock operates more slowly) and that at least a high
proportion of isolates with each low-copy-number 1S6110 pat-
tern represents a coherent strain type with a common evolu-
tionary history. The congruence of the two typing methods also
has practical implications for the epidemiological investigation
of such strains.

A correspondence of IS6110 type and spoligotype, for iso-
lates with few copies of IS67/10, has also been reported by
others (3, 19, 45). On the other hand, Soini et al. (34) found
that spoligotyping was able to discriminate between members
of low-copy-number 1S6770 clusters and concluded that the
combination of IS6710 profile and spoligotype identified true
clustering. However, the results presented here suggest that it
is not valid to include such apparent clusters in the overall
estimate of the extent of recent transmission.

Determination of the sites of insertion of IS6710 provides
further evidence of the evolutionary history of these strains,
especially when the data reported here are compared with
those obtained by Sampson et al. (31) for a set of multiple-
copy-number isolates and by Fomukong et al. (11), who exam-
ined both high- and low-copy-number strains; in addition, we
have unpublished data for a large set of multicopy isolates. In
all these cases, there was a preponderance of inserts at the site
in the DR region (designated site A here), which corresponds
to the site identified by Hermans et al. (16). Our results show
that both major single-copy patterns contain an insert at this
position, despite the wide difference in the band size detected.
Minor changes in the size of this band will arise through poly-
morphism of the DR region itself, in the loss of one or more
spacers, but such a large difference in fragment size is more
likely to be due to other forms of polymorphism, such as the
gain or loss of a restriction site.

The only other site identified in this paper that was occupied
in isolates showing different band numbers or patterns was site
B, in types IN2074, IN5016, IN1641, and IN5030. The similar-
ity in spoligotypes and PGRS patterns between IN2074 and

IN5016 suggests that IN5016 was derived from IN2074 by
transposition into site J. None of the other sites described here
were found in the multicopy isolates studied by Sampson et al.
(31), nor in our own unpublished data for multicopy isolates.
Our data are therefore consistent with the conclusion of Fo-
mukong et al. (11) that most of the presently circulating low-
and high-copy-number strains represent separate lineages
rather than a continuing evolution of low-copy-number to
high-copy-number strains by replicative transposition. This is
consistent with the finding of Sreevatsan et al. (38) that the
frequency distribution of IS6110 copy number differed among
the three genotypic groups defined by sequence polymor-
phisms in katG and gyrA. Furthermore, the low frequency of
occupation of most of these sites (other than that in the DR
region, site A) in multicopy isolates suggests that the common
occupation of certain sites in low-copy-number isolates is due
to the stability of those inserts, possibly due to low transcrip-
tional activity (43), rather than the preferential insertion of
1S6110 at those positions.

The IS6110 insert site data, combined with the evidence
from spoligotyping and PGRS typing, can be used to trace the
apparent relationship between these strains, as indicated dia-
grammatically in Fig. 2. Group I consists of the single-copy
strain represented by IN1350 corresponding to the East Afri-
can Indian family (19, 35, 36), which is quite distinct from the
other low-copy-number isolates on all counts and may repre-
sent an ancient divergence from a common ancestor. This is in
accord with the data of Soini et al. (34), who identified similar
single-copy-number strains as belonging to major genetic
group 1 while virtually all the other low-copy-number strains
were genetic group 2. Furthermore, Brosch et al. (2) found that
strains with a spoligotype similar to that of the East African
Indian family (lacking spacers 29 to 32 and 34) were distinct
from other isolates in the presence of the TbD1 region; these
strains were also clustered by mycobacterial interspersed re-
petitive unit-variable-number tandem repeat analysis (39).
These isolates were predominant in persons born in South Asia
(India and Pakistan) in our study (P < 0.01), with a substantial
number also from Northeast Africa, while in the study by Soini
et al. (34), similar isolates were predominantly from Vietnam-
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FIG. 2. Diagrammatic representation of the relationships among low-copy-number isolates of M. tuberculosis. The relationships depicted are
based primarily on the determined IS6770 insert sites, supplemented by the data derived from PGRS typing and spoligotyping. The relationships
are shown diagrammatically only; the lengths of the arms do not represent evolutionary distance.

ese patients, reflecting the different background of the popu-
lations involved.

The other two groups are less homogeneous. Group II, con-
taining the other major single-copy type (IN1344), and group
IIT are distinguished from one another by the presence of an
insert at site B in group III as well as by PGRS typing. Within
group II, the majority of types IN1344 and IN2058 were iso-
lated from persons born in Africa. These patterns resemble,
respectively, the E1 and E2 types found to be common in
Ethiopia (15), while IN2058 is similar to a pattern described in
patients from Eritrea (6). The group III isolates in this study
were predominantly (P < 0.01) from Europe (largely the
United Kingdom and Ireland), although they are likely to be
more widespread. In particular, IN5030 is similar in pattern,
and contains inserts at the same positions, as both CDC1551
and that described by Mendiola et al. (26) and is also appar-
ently similar to the four-band strains common in other studies
(34, 37). IN2074 appears similar, in IS6110 pattern and spoli-
gotype, to the JH2 pattern found to be common in Alabama
(23). The strains in group III in general conform in spoligotype
to the definition of clade X, which has been reported to be
prevalent in English-speaking countries (32). Thus, there is
good agreement between the groups defined primarily by
IS6110 insertion sites and those defined by spoligotype simi-
larities. PCR-based deletion analysis (2, 27, 29) and genomic
microarrays (21) will enable further investigation of the evo-
lutionary relationships between these low-copy-number M. fu-
berculosis strains and other members of the M. tuberculosis
complex.

The concept that individual IS6110 patterns among the low-
copy-number isolates represent distinct evolutionary lineages
implies that we can consider these patterns analogous to fam-
ilies of multiple-copy-number isolates such as the Beijing fam-
ily. These strains therefore represent a valuable resource for
analyzing the influence of host strains on the nature and pat-
tern of disease.
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