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Fifty-nine isolates of Mycobacterium tuberculosis obtained from different states in the United States and
representing 25 interstate clusters were investigated. These clusters were identified by computer-assisted
analysis of DNA fingerprints submitted during 1996 and 1997 by different laboratories participating in the
CDC National Genotyping and Surveillance Network. Isolates were fingerprinted with the IS6110 right-hand
probe (IS6110-3*), the IS6110 left-hand probe (IS6110-5*), and the probe pTBN12, containing the polymorphic
GC-rich sequence (PGRS). Spoligotyping based on the polymorphism in the 36-bp direct-repeat locus was also
performed. As a control, 43 M. tuberculosis isolates in 17 clusters obtained from patients in Arkansas during
the study period were analyzed. Of the 25 interstate clusters, 19 were confirmed as correctly clustered when all
the isolates were analyzed on the same gel using the IS6110-3* probe. Of the 19 true IS6110-3* clusters, 10
(53%) were subdivided by one or more secondary typing methods. Clustering of the control group was virtually
identical by all methods. Of the three different secondary typing methods, spoligotyping was the least discrim-
inating. IS6110-5* fingerprinting was as discriminating as PGRS fingerprinting. The data indicate that the
IS6110-5* probe not only is a useful secondary typing method but also probably would prove to be a more useful
primary typing method for a genotyping network which involves isolates from different geographic regions.

A thorough understanding of tuberculosis (TB) transmission
and pathogenesis is fundamental for the development of a
rational approach to disease control. The development of
genotyping methods based on various genetic markers on the
chromosome of Mycobacterium tuberculosis and the establish-
ment of an internationally standardized method of DNA fin-
gerprinting using insertion sequence IS6110 as a probe have
increased our ability to accurately differentiate strains of M.
tuberculosis (8, 26, 29). The identification of related isolates of
M. tuberculosis enables one to distinguish specific strains, pro-
viding a background in which to determine the characteristics
of strains and their transmission in communities (1, 2, 13, 23,
31, 33). Increased application of DNA fingerprinting has ad-
vanced our understanding of the dynamics of TB epidemiol-
ogy. DNA fingerprinting has proven useful for investigating
nosocomial and institutional transmission (11, 12, 20), investi-
gating outbreaks (11, 12, 20), confirming instances of labora-
tory cross-contamination (5, 6, 22), differentiating relapse
caused by endogenous reactivation from reinfection by an ex-
ogenous strain (24, 27), and studying TB transmission in large
populations (2–4, 7, 10, 16, 23, 28, 31).

The most widely utilized method of DNA fingerprinting uses
the insertion sequence IS6110 to visualize DNA restriction
fragment length polymorphism (RFLP) of M. tuberculosis (26).

In the United States and Europe, networks have been devel-
oped to establish IS6110 DNA fingerprint databases. Orga-
nized by the Centers for Disease Control and Prevention
(CDC), the tuberculosis Genotyping and Surveillance Net-
work, which includes seven regional genotyping laboratories
and seven tuberculosis sentinel surveillance sites, was initi-
ated in 1996. Subsequently, a national database was generated
which consists of IS6110 DNA fingerprints of M. tuberculosis
isolated from patients residing in different geographic areas of
the United States and epidemiologic information about the
patients from whom these isolates were obtained. Although
there was remarkable diversity in the IS6110 fingerprints in the
national database, some isolates obtained from pateints resid-
ing in different states had identical fingerprints (cross-state
matched fingerprints). The existence of cross-state matched
fingerprints raises the question of whether these interstate
clusters represent widespread distribution of certain strains or
transmission of tuberculosis among residents of different
states. That is, does a common IS6110 DNA fingerprint iden-
tified among isolates from different geographic regions always
indicate that these isolates are clonally related or epidemio-
logically linked? The frequency at which the matching IS6110
fingerprints indicate genetic and/or epidemiologic relatedness
remains largely unknown. The present study was conducted in
order to address these issues at the laboratory level. Isolates of
M. tuberculosis obtained from different states in the United
States representing 25 interstate fingerprint clusters found in
the national database during 1996 and 1997 were typed with a
series of genotyping methods. These methods included IS6110
fingerprinting using probes directed towards the right side
(IS6110-39) and the left side (IS6110-59) of the PvuII site
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within the insertion sequence, pTBN12 fingerprinting based on
the polymorphic GC-rich sequence (PGRS), and spoligotyping
based on the analysis of polymorphism in the direct-repeat
(DR) locus (8, 9, 15, 17, 21, 26). Among these methods, IS6110-
39 fingerprinting is the recommended standard genotyping
method and has been routinely used worldwide (26).

MATERIALS AND METHODS

M. tuberculosis isolates. Fifty-nine isolates of M. tuberculosis included in this
study were obtained from Arkansas, Texas, Massachusetts, California, Maryland,
Michigan, and New Jersey. The isolates were selected on the basis that they
contained more than five copies of IS6110 and their fingerprint patterns matched
that of at least one patient from Arkansas. The sample represents 25 interstate
fingerprint clusters found in the national database during 1996 and 1997 based on
matching IS6110-39 fingerprints submitted by different regional genotyping lab-
oratories. The interstate fingerprint clusters included 1 to 30 isolates from each
state (Table 1). When there was more than one isolate from a state that was part
of an interstate cluster, one isolate from that cluster in each state was randomly
selected. As a control, 43 M. tuberculosis isolates with more than five copies of
IS6110 that were in 17 clusters found in Arkansas during the study period (1996
to 1997) were analyzed with the same methods. These 17 clusters represent all
high-copy-number clusters in Arkansas during the study period.

Genotyping with different genetic markers. Isolates of M. tuberculosis were
cultured on Lowenstein-Jensen medium. Chromosomal DNA was extracted
from the isolates with chloroform-isoamyl alcohol as described previously (19).
Restriction endonuclease PvuII (Promega Corp., Madison, Wis.) was used to
cleave DNA for IS6110 DNA fingerprinting.

The isolates included in this study were identified as belonging to the same
interstate or intrastate cluster on the basis of computer-assisted analysis of
IS6110-39 RFLP using Whole Band Analyzer software. (version 3.4; Bioimage,
Ann Arbor, Mich.). DNA samples of all the isolates within individual clusters
were electrophoresed in adjacent lanes of the same gel; blots containing the
PvuII restriction fragments were first hybridized with the IS6110-39 probe as a
reliability test of computer matching of fingerprints generated by different geno-
typing laboratories. The IS6110-39 probe in this study is a PCR product comple-
mentary to the sequence on the right side of the PvuII site within IS6110,
extending from bp 568 to 1089 (25). The same blots were rehybridized with the
IS6110-59 probe, which is a PCR product complementary to the sequence on the

left side of the PvuII site within IS6110, extending from bp 36 to 171 (25). For
pTBN12 fingerprinting, DNA was restricted with AluI (Promega Corp.,). The
PGRS probe, designated pTBN12, is a 3.4-kb insert of a polymorphic GC-rich
repetitive sequence contained in the recombinant plasmid pTBN12. Preparation
of the probes was the same as described previously (33). Fingerprinting experi-
ments were performed essentially according to standard procedures as described
previously (9, 26). The probes were labeled by use of the enhanced chemilumi-
nescence direct nucleic acid labeling system (Amersham Pharmacia Biotech,
Little Chalfont, Buckinghamshire, England). Spoligotyping to detect 43 known
spacer sequences that intersperse the DRs in the genomic DR locus of M.
tuberculosis complex strains was performed as described previously (17).

Analysis of genotyping results. Electrophoresis of isolates clustered by com-
puterized RFLP analysis in adjacent lanes of gels enables the RFLP patterns to
be compared by visual inspection. In making comparisons, two or three different
exposures of the same blot were used to distinguish bands that were possibly
doublets. IS6110 fingerprints were considered to be identical if they contained an
equal number of IS6110-hybridizing fragments of identical size. RFLP patterns
generated by PGRS fingerprinting were also compared by visual inspection.
Bands that were larger than 1.6 kbp were taken into consideration in the com-
parison. Patterns consisting of equal numbers of bands of identical sizes and
intensities were read as matches. Spoligotyping results were expressed as the
presence (by using letter O) or absence (by using a dot) of each of the 43 spacer
sequences based on visual inspection. The spoligotyping data were entered in
Microsoft Excel software and sorted according to the similarity of the patterns.
Spoligotypes that contained the same spacers were considered to be identical.

RESULTS

IS6110 RFLP patterns. Based on the IS6110-39 fingerprint-
ing, 12 isolates constituting 6 of the 25 interstate clusters were
no longer clustered. Two isolates, which belonged to two other
clusters that contained isolates from more than two states,
were found to be different from other isolates in their original
clusters. Thus, a total of 14 (24%) of the 59 isolates examined
were differentiated by IS6110-39 fingerprinting. The differences
found among isolates in an interstate cluster were changes in
the size of one or two hybridizing fragments and the addition

TABLE 1. Origin and secondary typing of 25 interstate clusters identified by image analysis of IS6110-39 RFLP patterns

Cluster
no.

IS6110
copy no. Origin (no. of isolates) No. of isolates

analyzedb

Matched by fingerprinting methoda

IS6110-39 IS6110-59 PGRS Spoligotyping

1 6 Arkansas (2), Michigan (1) 2 Y Y N Y
2 8 Arkansas (1), Michigan (2) 2 N N N N
3 9 Arkansas (1), California (2) 2 Y Y Y Y
4 9 Arkansas (1), Massachusetts (2) 2 Y N N NAc

5 10 Arkansas (1), Michigan (1) 2 Y N N N
6 10 Arkansas (1), Texas (1) 2 N N N Y
7 10 Arkansas (4), Massachusetts (1), Texas (11) 3 Y Y Y Y
8 10 Arkansas (1), Michigan (2), Maryland (1) 3 Y Y (2), N (1) Y (2), N (1) Y
9 11 Arkansas (1), Maryland (1) 2 N N N N
10 11 Arkansas (1), Maryland (1) 2 Y Y Y N
11 11 Arkansas (1), Michigan (1) 2 Y N N Y
12 11 Arkansas (1), Michigan (1), California (1) 3 Y (2), N (1) N Y Y
13 11 Arkansas (3), New Jersey (1) 2 Y Y Y Y
14 12 Arkansas (2), Texas (1) 2 Y N Y Y
15 12 Arkansas (2), Massachusetts (1), New York (5), California (2) 4 Y Y (3), N (1) N Y (3), N (1)
16 12 Arkansas (7), Texas (3) 2 Y Y Y Y
17 12 Arkansas (2), Michigan (1), California (4) 3 Y Y Y Y
18 12 Arkansas (1), Maryland (1), Massachusetts (1) 3 Y (2), N (1) Y (2), N (1) Y (2), N (1) Y
19 12 Arkansas (1), Texas (2) 2 Y Y Y Y
20 13 Arkansas (1), Michigan (1) 2 N N N Y
21 13 Arkansas (3), Texas (4), California (1) 3 Y Y Y Y
22 13 Arkansas (2), California (1) 2 N N N Y
23 13 Arkansas (1), California (6) 2 Y Y N Y
24 16 Arkansas (1), Texas (7) 2 N N Y Y
25 21 Arkansas (5), Texas (30), Maryland (1) 3 Y Y Y Y

a Y, yes; N, no. Numbers in parentheses represent numbers of isolates.
b One isolate from each state was analyzed.
c NA, DNA from this cluster was not available for spoligotyping.
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or deletion of one or two hybridizing fragments. In contrast to
the interstate clusters, all 43 isolates in the 17 intrastate clus-
ters from Arkansas were confirmed to be in their original
clusters when analyzed on the same gel.

Based on the results of IS6110-59 fingerprinting, 11 of the 25
interstate clusters were found to be comprised of isolates with
different patterns, and 3 other clusters were subdivided. This
resulted in a total of 26 (44%) of the 59 isolates sampled from
the interstate clusters being differentiated. Nevertheless, none
of the 17 intrastate clusters from Arkansas were subdivided by
the IS6110-59 RFLP.

The differentiating value of the IS6110-59 probe as a second-
ary typing method was tested on the 19 interstate clusters
comprised of isolates that were confirmed to be identical with
the IS6110-39 probe when electrophoresed on the same gel.
Isolates in 5 of the 19 clusters were discriminated on the basis
of a unique IS6110-59 fingerprint. Two clusters involving three
states were subdivided. The differences found among the
IS6110-39 clustered isolates when probed with the IS6110-59
secondary typing included changes in size of the fragments
and/or addition or deletion of fragments (Fig. 1).

PGRS fingerprinting. PGRS fingerprinting using the pTBN12
probe showed that 11 of the 25 interstate clusters were com-
prised of isolates with different patterns, and 2 clusters were
subdivided. The total number of isolates among the 59 isolates
related to the interstate clusters that were identified to be
different by PGRS fingerprinting was 26, accounting for 44%
of the isolates analyzed. Of the 19 IS6110-39 interstate clusters
confirmed on the same gel, 6 (32%) were found to contain
isolates that were differentiated by the PGRS secondary typing
and 1 was subdivided. All of the 43 isolates in the 17 intrastate
clusters remained in the same clusters after being typed with
pTBN12.

Spoligotyping. Spoligotyping was carried out on 24 of the 25
interstate clusters. One cluster was not spoligotyped due to the

fact that DNA was not available. Of the 24 clusters that were
spoligotyped, 4 (17%) were found to consist of isolates with
different spoligotypes and a fifth cluster was subdivided. Thus,
only 9 (16%) of the 57 isolates analyzed from interstate clus-
ters were differentiated by spoligotyping.

Isolates in 2 of the 19 interstate clusters confirmed by
IS6110-39 fingerprinting were discriminated by spoligotyping.
Spoligotyping of 43 isolates in intrastate clusters from Arkan-
sas differentiated isolates in only 1 of the 17 intrastate clusters.

Correlation among different typing methods. Of the 25 in-
terstate clusters, 9 (36%), including 22 isolates, were confirmed
by all four typing methods; 10 were confirmed to be true
clusters by IS6110-39 fingerprinting but were divided by one or
more secondary typing methods (Table 1). Among these 10
clusters, 1 was divided by all three secondary typing methods,
3 were divided by IS6110-59 and PGRS fingerprinting, 2 were
divided by IS6110-59 fingerprinting, 3 were divided by PGRS
fingerprinting, and 1 was divided by spoligotyping.

Isolates in five of the remaining six interstate clusters were
differentiated by IS6110-39, IS6110-59, and PGRS fingerprint-
ing. However, only two of these five clusters were divided by
spoligotyping (Table 1). Isolates in the last interstate cluster
were discriminated by IS6110-39 and IS6110-59 fingerprinting,
but not by PGRS fingerprinting or spoligotyping.

Among the 17 intrastate clusters from Arkansas, 16 (94%)
were proven by all four methods. For the other cluster, dis-
crepant results were found between spoligotyping and the
other three methods.

DISCUSSION

While DNA fingerprinting of M. tuberculosis isolates is being
used increasingly in epidemiologic studies, the interpretation
of fingerprint data is becoming increasingly complex, depend-
ing on the setting of the studies and the particular methods
used for fingerprinting (4, 14). The present study was the first
to investigate the implication of IS6110 clustering resulting
from computerized RFLP analyses of isolates obtained from
different geographic regions. This report provides an assess-
ment of the standardized IS6110 fingerprinting method rela-
tive to other secondary fingerprinting methods and sets out
information useful for studying the long-term clonal expansion
and tracing of M. tuberculosis transmission in different settings,
e.g., in a given geographic region and across geographic re-
gions.

The establishment of an internationally standardized meth-
odology for DNA fingerprinting of M. tuberculosis permits the
analysis and comparison of DNA fingerprint patterns pro-
duced in many different laboratories (18). However, since al-
most a quarter of the interstate clusters were subdivided when
the isolates were run on the same gel, concerns have been
raised regarding the possibility of overestimating the number
of interregional (or interstate in the present case) clusters in a
genotyping network that pools results generated from different
typing laboratories.

It is well established that traditional DNA fingerprinting
using IS6110-39 as a probe is not sensitive in differentiating
among M. tuberculosis isolates that harbor fewer than five
copies of IS6110 (7, 9, 30). In most studies, isolates that have
identical IS6110 fingerprints and more than five copies have

FIG. 1. Polymorphism of IS6110-59 RFLP patterns found between
or among isolates in seven IS6110-39-based interstate clusters. Shown
are fingerprints of M. tuberculosis isolates generated by IS6110-39 (A)
and IS6110-59 (B) fingerprinting. Brackets indicate clusters identified
by IS6110-39 fingerprinting: 1, cluster 14; 2, cluster 15; 3, cluster 4; 4,
cluster 5; 5, cluster 11; 6, cluster 8; 7, cluster 12.
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been considered to be from the same strain (2, 4, 7). However,
it has been previously reported that approximately one-quarter
of the high-copy-number isolates from patients in different
geographic regions clustered by IS6110-39 can be differentiated
by pTBN12 secondary typing (31). In the present study, 53%
(10 of 19) of the IS6110-39 interstate clusters that were con-
firmed by a reliability test were subdivided by IS6110-59 or
pTBN12 secondary fingerprinting. These findings confirm and
extend previous observations regarding fingerprint diversity
among IS6110-39 clustered high-copy-number isolates from
different geographic regions. The results further demonstrate
the importance of secondary typing for investigating the relat-
edness of clinical isolates of M. tuberculosis obtained from
widely separated geographic regions. The findings on the in-
trastate clusters demonstrate the reliability of IS6110-39 RFLP
analysis for evaluating isolates from the same geographic re-
gion.

The limitation of the study is that we sampled only one
isolate from each state involved in the interstate clusters. How-
ever, this is consistent with the practice of the CDC national
fingerprint database in which the IS6110 RFLP pattern of a
single isolate from a cluster identified by the submitting labo-
ratory is submitted to represent the fingerprint of the isolates
in the cluster. Moreover, the data obtained from the control
group, 17 intrastate clusters from Arkansas, suggest that the
selected isolates are indeed identical to the other isolates in the
same clusters since little or no variation was found among
isolates in the 17 intrastate clusters.

Of the three different secondary typing methods used in this
study, spoligotyping was the least discriminating. IS6110-59
secondary fingerprinting was as differentiating as the com-
monly used PGRS secondary typing. IS6110-59 secondary typ-
ing requires less time than the PGRS secondary typing method
and can be accomplished on the same blot as that used for
IS6110-39 fingerprinting. In addition, the fingerprint patterns
generated by IS6110-59 are easier to read and interpret than
those obtained by PGRS fingerprinting. Finally, the simplicity
of IS6110-59 fingerprint patterns will facilitate computer-as-
sisted analysis. Therefore, IS6110-59 fingerprinting is a useful
secondary method for typing M. tuberculosis isolates.

Since a matching fingerprint pattern generated by the IS6110-
39 probe does not always indicate that IS6110 is inserted in the
same site, probing with both IS6110-39 and IS6110-59 probes
and getting identical fingerprint patterns with both probes
should increase the likelihood of isolates being clonally relat-
ed. For the 59 isolates obtained from different states, the com-
monly used IS6110-39 probe detected only half of the unique
isolates that were identified by the IS6110-59 probe. This ob-
servation suggests that a combination of IS6110-39 and IS6110-59
fingerprinting will increase the reliability of IS6110 fingerprint-
ing in studying the clonal relationship of M. tuberculosis iso-
lates and that IS6110-59 fingerprinting might serve as a more
appropriate primary typing method for a genotyping network
that compares isolates from different geographic regions.
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Å. B. Andersen. 1994. Restriction fragment length polymorphism of Myco-
bacterium tuberculosis strains isolated from Greenland during 1992: evidence
of tuberculosis transmission between Greenland and Denmark. J. Clin. Mi-
crobiol. 32:3018–3025.

33. Yang, Z. H., P. E. W. de Haas, C. H. Wachmann, D. van Soolingen, J. D. A.
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