
JOURNAL OF CLINICAL MICROBIOLOGY,
0095-1137/99/$04.0010

Apr. 1999, p. 1018–1023 Vol. 37, No. 4

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Identification and Characterization of IS2404 and IS2606:
Two Distinct Repeated Sequences for Detection

of Mycobacterium ulcerans by PCR
TIMOTHY STINEAR,1* BRUCE C. ROSS,2 JOHN K. DAVIES,1 LUI MARINO,3

ROY M. ROBINS-BROWNE,3 FRANCES OPPEDISANO,3 AINA SIEVERS,4

AND PAUL D. R. JOHNSON1,3,5

Department of Microbiology, Monash University, Clayton,1 Research and Development, CSL Limited,2

Department of Microbiology and Infectious Diseases, Royal Children’s Hospital,3 Victorian
Infectious Diseases Reference Laboratory,4 and Department of Infectious Diseases

and Clinical Epidemiology, Monash Medical Centre,5 Victoria, Australia

Received 9 September 1998/Returned for modification 22 November 1998/Accepted 21 December 1998

Molecular analysis of Mycobacterium ulcerans has revealed two new insertion sequences (ISs), IS2404 and
IS2606. IS2404 was identified by complete sequencing of a previously described repetitive DNA segment from
M. ulcerans. This element is 1,274 bp long, contains 12-bp inverted repeats and a single open reading frame
(ORF) potentially encoding a protein of 327 amino acids (aa), and apparently generates 7-bp direct repeats
upon transposition. Amino acid similarity was found between the putative transposase and those encoded by
ISs in other bacterial sequences from Aeromonas salmonicida (AsIs1), Escherichia coli (H repeat element), Vibrio
cholerae (VcIS1), and Porphyromonas gingivalis (PGIS2). The second IS, IS2606, was discovered by sequence anal-
ysis of a HaeIII fragment of M. ulcerans genomic DNA containing a repetitive sequence. This element is 1,404
bp long, with 12-bp inverted repeats and a single ORF potentially encoding a protein of 445 aa. Database searches
revealed a high degree of amino acid identity (70%) with the putative transposase of IS1554 from M. tuber-
culosis. Significant amino acid identity (40%) was also observed with transposases from several other micro-
organisms, including Rhizobium meliloti (ISRm3), Burkholderia cepacia (IS1356), Corynebacterium diphtheriae,
and Yersinia pestis. PCR screening of DNA from 45 other species of mycobacteria with primers for IS2404 con-
firm that this element is found only in M. ulcerans. However, by PCR, IS2606 was also found in Mycobacterium
lentiflavum, another slow-growing member of the genus Mycobacterium that is apparently genetically distinct
from M. ulcerans. Testing the sensitivity of PCR based on IS2404 and IS2606 primers demonstrated the ability
to detect 0.1 and 1 M. ulcerans genome equivalents, respectively. The ability to detect small numbers of cells by
using two gene targets will be particularly useful for analyzing environmental samples, where there may be low
concentrations of M. ulcerans among large numbers of other environmental mycobacteria.

Mycobacterium ulcerans is a slow-growing environmental
mycobacterium which causes significant morbidity in many re-
gions of the world, particularly rural West Africa (17). Infec-
tion with this organism can lead to severe, necrotizing skin
lesions that require significant surgical excision as treatment
(1). The status of M. ulcerans as an emerging pathogen was
recently recognized by the World Health Organization in the
establishment of the Global Buruli Ulcer Initiative (Yammou-
soukro Conference, Cote d’Ivoire, July 1998).

Previously, we identified a repetitive AluI DNA restriction
fragment from M. ulcerans and used it as a template in a PCR
assay for the diagnosis of human disease (25) and detection of
the organism in the environment (24). The aims of this study
were to characterize the AluI fragment more fully and also to
characterize another repeated sequence that we isolated from
a M. ulcerans clone library. We provide evidence that both se-
quences represent genetically distinct insertion sequence (IS)
elements, which we have designated IS2404 and IS2606.

ISs are mobile genetic elements which perform no essential
function for the cell but have the ability to modify gene expres-
sion, sequester genes, and promote genetic rearrangements

(11). Until recently a total of 13 IS elements had been de-
scribed from various mycobacteria (21). The completion of the
Mycobacterium tuberculosis genome-sequencing project has re-
vealed at least 30 different IS elements in that one species (8).
These elements have been used for strain typing by allowing
the detection of restriction fragment length polymorphisms
(RFLPs) (12, 14, 30) or as templates for specific and sensitive
diagnostic assays (28, 31). These studies take advantage of the
high copy numbers and very restricted host ranges of ISs to
develop sensitive targets for PCR amplification.

Multiple DNA targets for detection of M. ulcerans may be
particularly useful, since PCR is the only method that has so
far been able to identify this organism in the environment (22,
24). All attempts to culture M. ulcerans from the environment
have failed (19) despite the strong epidemiological evidence
that links the source of M. ulcerans to swamps and slow-flowing
water (4, 32). Several PCR methods have recently been de-
scribed for detection of this organism. These have been based
on the 16S rRNA gene (20), the hsp65 gene (22), and IS2404
(25). The first two methods target genes with low copy num-
bers and high sequence conservation among all mycobacteria.
They utilize a genus-specific first-round PCR followed by ei-
ther a second-round PCR or high-stringency probe hybridiza-
tion conditions to ensure sensitivity and specificity. In these
situations the potential for false positives caused by chimera
formation or primer cross-reactivity is likely to be high (15, 34).
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The use of two or more DNA targets is one approach to
increase the confidence in positive data generated by PCR and
to overcome the issues surrounding primer specificity.

In this paper we describe primer sets for the detection of
IS2404 and IS2606. The primers were validated by screening
three different strains of M. ulcerans, 45 other mycobacterial
species, and 21 other organisms by PCR.

MATERIALS AND METHODS

Mycobacterial strains, culture conditions, and DNA extraction. The origins of
the mycobacterial strains and other organisms used in this study are listed in
Table 1. Mycobacterial culture was performed as previously described (25), with
the exception that M. ulcerans was cultured either on egg yolk agar or in 10 ml
of Middlebrook 7H9 medium at 30°C for 6 to 10 weeks. The broth contained, per
liter, 4.7 g of Middlebrook 7H9 base, 0.02 g of catalase, 5 g of bovine serum
albumin, 1 g of casein, 200 ml of Tween 80, and 2.5 ml of glycerol. M. ulcerans
cultured in this formulation of Middlebrook broth generally grew as a homoge-
neous, clump-free suspension.

DNA was extracted from 50 mg (wet weight) of cell pellets by the method of
Böddinghaus et al. (5). The DNA concentration was estimated by spectropho-
tometry at 260 nm. For experiments to test PCR sensitivity, the DNA was heated
to 100°C for 10 min to produce sheared molecules and then diluted as required
to represent 100, 10, 1, and 0.1 mycobacterial genomes, assuming 1 mycobacterial
genome is equivalent to 4 to 5 fg of DNA (16).

Oligonucleotides. All oligonucleotides used in this study are listed in Table 2.
Specificity was checked with the BLAST algorithm (2). The internal stabilities
and compatibilities of the PCR primers were checked with Amplify PCR soft-
ware (Bill Engels, Department of Genetics, University of Wisconsin, Madison).

Molecular cloning. Two different strategies were employed to generate clone
libraries of M. ulcerans genomic DNA, and both techniques have been described
in detail elsewhere (10, 25). Briefly, the first approach used genomic DNA
digested with the restriction endonuclease HaeIII, cloned into bacteriophage
M13mp18, and then transformed into Escherichia coli NM522. The second strat-
egy used PvuII-digested genomic DNA cloned into pUC18 and then transformed
into E. coli DH12S. The libraries were screened by plaque and colony hybrid-
ization, respectively, to identify clones containing the desired DNA fragments.
General methods used for DNA manipulation and nucleotide sequencing of
clones and PCR products have been described previously (10).

Hybridization analysis. Hybond N1 nylon membranes (Amersham Corp.)
were used for all blots. For Southern analysis, M. ulcerans genomic DNA was
digested with the appropriate restriction enzyme and separated by electrophore-
sis through 1.0% agarose gels (3). DNA was transferred to the nylon membrane
overnight in 203 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
following the protocol of the membrane manufacturer (Amersham Corp.).
Plaque lifts were performed as described previously (25), while alkaline lysis and
microwave immobilization were used for colony blots (6). Probes were prepared
by PCR amplification of the 492- and 332-bp products from IS2404 and IS2606,
respectively, with a deoxynucleoside triphosphate (dNTP) labelling mix contain-
ing digoxigenin-11-dUTP. All hybridizations were performed at 65°C with high-
stringency posthybridization washes. Detection of DNA was achieved with CDP-
Star, following the protocols of the manufacturer (Boehringer Mannheim).

Statistical analysis. Maximum parsimony was used to analyze the phylogenetic
relationships between IS2404, IS2606, and related sequences. The amino acid
sequences of the transposases from each IS were aligned by the Pileup algorithm
(9) and then subjected to maximum-parsimony analysis (Joe Felsenstein, De-
partment of Genetics, University of Washington, Seattle) with software con-
tained in the Phyllip package (2a).

PCR. To identify IS2404 tandem repeats, approximately 100 ng of genomic
M. ulcerans DNA was amplified in a total reaction volume of 50 ml containing a
buffer supplied by the manufacturer of Taq polymerase (Promega, Madison,
Wis.), 1 U of Taq polymerase, 1 mM primers, 1.5 mM MgCl2, and 200 mM
dNTPs. The reactions were performed in an automated thermal cycler (MJ
Research, Watertown, Mass.). After an initial denaturation at 94°C for 2 min, the
DNA was amplified by 35 cycles of 1-min steps at 94, 55, and 72°C. The DNA
bands were excised from 1% agarose gels and purified with a Sephaglas Band-
Prep kit (Pharmacia, Uppsala, Sweden). The purified PCR product was then
sequenced with primers MU-3 and MU-4 in the direct-incorporation protocol of
the Fmol DNA-sequencing system (Promega).

The reaction conditions used for amplification of IS2404, IS2606, and the 16S
rRNA gene were as follows. Each PCR mixture (20 ml) contained 13 PCR buffer
II (103 PCR buffer II contained 500 mM KCl, 100 mM Tris-HCl [pH 8.3]), 2.5
mM MgCl2, 1 mM dNTPs (1 mM [each] dATP, dTTP, dCTP, and dGTP), 0.5
mM (each) primer, 1 U of Ampli-Taq Gold DNA polymerase (Perkin-Elmer),
and 5 ml of pyrocarbonic acid diethyl ester-treated water containing DNA.
Hot-start PCR was performed in an FTS-960 thermal sequencer (Corbett Re-
search, Sydney, Australia) with the following protocol: activation of the poly-
merase at 94°C for 10 min and then five cycles of 95°C for 1 min, 60°C for 1 min,
and 72°C for 1 min; 30 cycles of 95°C for 20 s, 58°C for 30 s, and 72°C for 45 s;
and a final extension step at 72°C for 5 min. The PCR products were held at 4°C

until they were analyzed and detected by either 1.5% agarose gel electrophoresis
with ethidium bromide staining or 7.5% polyacrylamide gel electrophoresis with
silver staining (7).

Nucleotide sequence accession numbers. The nucleotide sequences of IS2404
and IS2606 have been allocated Genbank accession no. AF003002 and AF082836,
respectively.

RESULTS

Characterization of IS2404. In a previous study we identified
a highly repeated 1,109-bp AluI fragment that appeared spe-
cific for M. ulcerans (25), but the full characterization of this
fragment was not undertaken. Amplification of M. ulcerans ge-
nomic DNA with primers MU3 and MU4 produced three
DNA bands of approximately 200, 350, and 500 bp (data not
shown). Sequencing of the 350-bp fragment revealed terminal
sequences from the beginning and the end of the 1,109-bp AluI
repeat, with 115 bp of unknown flanking sequence in the mid-
dle. This suggested that the band represented a product de-
rived from amplification between two tandem repeats of the
element. Sequence obtained from the other two bands repre-
sented sequence from either end of the element. Alignment of
all three sequences identified the positions of sequence diver-
gence and thus indicated that the length of the complete re-
peated element was 1,274 bp, flanked by 7-bp direct repeats.
There were 12-bp terminal inverted repeats and a single large
open reading frame extending from nucleotide 163 to 1146 of
the repeat, potentially encoding a protein of 328 amino acids.
These data suggested that the repeated element may constitute
an IS element. Inverted and terminal direct repeats are fea-
tures shared by most IS elements, which typically harbor in-
verted repeats of 8 to 30 bp (11). The presence of a single open
reading frame which codes for a potential transposase enzyme
involved in the process of IS transposition events is another
consistent feature. A gapped BLAST search with the deduced
amino acid sequence revealed significant similarity with the
putative transposases from AsIS1 of Aeromonas salmonicida
(13), the H repeat of the Rhs elements of E. coli (36), the IS
element PGIS2 of Porphyrimonas gingivalis (33), and the IS
element VcIS1 of Vibrio cholerae (27). This repeat has there-
fore been named IS2404.

Isolation and characterization of IS2606. A genomic M13
phage library of HaeIII-digested M. ulcerans DNA produced a
clone (L4-3) containing a 450-bp insert that hybridized strongly
to a M. ulcerans genomic DNA probe but not with a genomic
probe from the closely related Mycobacterium marinum. The
strong intensity of the hybridization signal was suggestive of a
repeated sequence. This was confirmed by Southern hybridiza-
tion (Fig. 1B). Based on these observations, further character-
ization of L4-3 was undertaken. Nucleotide sequence analysis
revealed the 59 region of a putative transposase gene, so an
additional genomic library was produced by digesting M. ulcer-
ans DNA with PvuII and cloning fragments into pUC18. Two
different clones were obtained, designated pJKD2216 and
pJKD2222, which contained single, but different and intact,
copies of the entire element. The clones were sequenced, and
the boundaries of the element were identified based on the
points of sequence divergence between the clones. The ele-
ment was found to be 1,404 bp long, incorporating terminal 12-
bp inverted repeats. A single large open reading frame ex-
tended from nucleotides 50 to 1384 and potentially encoded
a protein of 445 amino acids. Amino acid similarity searches
with the BLAST algorithm showed 81% identity with a puta-
tive transposase from IS1554 in M. tuberculosis (8). Significant
identity (60%) was also observed with transposases from in-
sertion sequences in Rhizobium meliloti (ISRm3) (35), Burk-
holderia cepacia (IS1356) (29), Corynebacterium diphtheriae
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TABLE 1. Host ranges of IS2404 and IS2606 as determined by PCR

Organism (strain and/or source)a Presence of 492-bp IS2404 PCR productb Presence of 332-bp IS2606 PCR productb

M. ulcerans (Chant strain; clinical isolate, Victoria, Australia) 1 1
M. ulcerans (13822/70; clinical isolate, Queensland, Australia) 1 1
M. ulcerans (5145; clinical isolate, Zaire, Africa) 1 1
M. ulcerans (9673; clinical isolate, Benin, Africa) 1 1
M. marinum (NCTC 2275) 2 2
M. kansasii (NCTC 10268) 2 2
M. tuberculosis (H37Rv) 2 2
M. avium (ATCC 25291) 2 2
M. simiae (ATCC 25295) 2 2
M. malmoense (NCTC 11298) 2 2
M. haemophilum (CAP strain E8) 2 2
M. szulgai (NCTC 10831) 2 2
M. gordonae (NCTC 10267) 2 2
M. nonchromogenicum (NCTC 10424) 2 2
M. terrae (NCTC 10856) 2 2
M. chelonae (ATCC 10269) 2 2
M. phlei (ATCC 11758) 2 2
M. agric 2 2
M. anthracenicumc 2 2
M. asiaticumc 2 2
M. aurumc 2 2
M. austroafricanumc 2 2
M. celatumc 2 2
M. chitaec 2 2
M. diernhoferic 2 2
M. duvallic 2 2
M. flavescensc 2 2
M. fortuitumc 2 2
M. gadiumc 2 2
M. gastric 2 2
M. gilvumc 2 2
M. haemophilumc 2 2
M. heidelbergensec 2 2
M. interjectumc 2 2
M. intermediumc 2 2
M. intracelluarec 2 2
M. lentiflavumc 2 1d

M. neoaurumc 2 2
M. obuensec 2 2
M. parafinicumc 2 2
M. parafortuitumc 2 2
M. pulverisc 2 2
M. rhodesiaec 2 2
M. scrofulaceumc 2 2
M. shimoideic 2 2
M. thermoresistablec 2 2
M. tokaiensec 2 2
M. triplexc 2 2
M. xenopic 2 2
Aeromonas sobria (environmental isolate) 2 2
Campylobacter jejuni (NCTC 11351) 2 2
Citrobacter freundii (ATCC 8090) 2 2
Clostridum perfringens (environmental isolate) 2 2
Enterobacter aerogenes (ATCC 13048) 2 2
Enterobacter agglomerans (environmental isolate) 2 2
Enterobacter cloacae (environmental isolate) 2 2
Enterococcus faecalis (ATCC 19433) 2 2
E. coli (ATCC 11775) 2 2
Klebsiella pneumoniae (environmental isolate) 2 2
Legionella pneumophila (ATCC43111) 2 2
Proteus mirabilis (environmental isolate) 2 2
Pseudomonas aeruginosa (ATCC 10145) 2 2
Salmonella typhimurium (environmental isolate) 2 2
Shigella sonnei (environmental isolate) 2 2
Streptococcus bovis (environmental isolate) 2 2
V. cholerae (environmental isolate) 2 2
Yersinia enterocolitica (clinical isolate) 2 2
Cryptosporidium parvum (clinical isolate) 2 2
Giardia intestinalis (clinical isolate) 2 2
Homo sapiens 2 2

a “M.” represents “Mycobacterium” throughout.
b 1, present; 2, absent.
c Reference strains from the culture collection of the Queensland Diagnostic and Reference Laboratory for Mycobacterial Diseases.
d PCR product identity confirmed as IS2606 by nucleotide sequencing. Organism identity was confirmed by partial 16S rDNA nucleotide sequencing.
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(accession no. P35879), and Yersinia pestis (accession no.
AF053947). The element was therefore identified as an inser-
tion sequence and designated IS2606. Maximum-parsimony
analysis was conducted with the amino acid sequences for the
putative transposases from IS2404 and IS2606 and the other
high-scoring sequences from the databases (Fig. 2). This dem-
onstrated that IS2606 and IS2404 are unrelated and distinct
from other known mycobacterial ISs, such as IS1245 (Mycobac-
terium avium) (12) and IS1512 (Mycobacterium gordonae) (18).

Nucleotide sequence analysis showed that there were not
PvuII, NcoI, or EcoRI sites within IS2404 or IS2606. Southern
blot analysis of M. ulcerans genomic DNA, restricted with these
enzymes and probed with each IS, was used to estimate copy
numbers (Fig. 1). As demonstrated in previous work (25), IS2404
produced a complex banding pattern, indicating in excess of 50
copies per genome. In addition, RFLP was demonstrated among
different strains (Fig. 1). IS2606 also produced a complex band-
ing pattern, suggesting 30 to 40 copies of the element, with sig-
nificant RFLP evident among the strains (Fig. 1).

Specificity testing of PCR primers for IS2404 and IS2606.
The PCR primers MU1 and MU2 have previously been de-
scribed for amplification of a 568-bp product from the AluI
fragment within IS2404 (25). However, because of occasional
spurious banding with MU1 and MU2, we designed new prim-
ers, MU5 and MU6, to amplify a 492-bp region of IS2404.
Primers MU7 and MU8 were designed to amplify a 332-bp
product from IS2606. BLAST analysis of each primer indicated
no significant homology with any other sequences in the data-
bases. The correct-size PCR products were obtained for both
IS2404 and IS2606 in M. ulcerans isolates from different re-
gions of Australia and Africa, demonstrating nucleotide se-
quence conservation within each element despite the RFLPs
observed among strains (Fig. 1). For IS2404, there were no
PCR products of any size detected when primers MU5 and
MU6 were used in PCRs with 10 ng of DNA from a panel of
45 other mycobacteria and 21 other microorganisms (Table 1).
Thus IS2404 appears specific for M. ulcerans. However when
the primer pair for IS2606, MU7 and MU8, was tested against
the same panel of organisms, a PCR product of the correct size
and nucleotide sequence was obtained from Mycobacterium
lentiflavum, suggesting that the host range of IS2606, while
restricted, is not specific for M. ulcerans (Table 1 and Fig. 3).
Isolates were also subjected to a mycobacterial genus-specific
PCR based on the 16S rRNA gene (Table 2) to demonstrate
that each DNA preparation contained amplifiable template
(Fig. 3).

IS2404 and IS2606 PCR detection sensitivity. The sensitivity
of the method for each target was tested by performing PCR

on dilutions of purified M. ulcerans genomic DNA. IS2404
PCR could detect at least 0.1 genome equivalent (Fig. 4), which
approaches the theoretical limit of detection for this target
based on an estimated 50 copies per genome. IS2606 PCR was
approximately 10-fold less sensitive, detecting 1 genome equiv-
alent (Fig. 4), while the 16S ribosomal DNA (rDNA) genus-
specific PCR detected 100 genomes (data not shown).

DISCUSSION

IS2404 has previously been reported as a highly repeated
1,109-bp AluI restriction fragment from M. ulcerans, present in
at least 50 copies per genome and useful as a template for a
specific and sensitive PCR-based diagnostic assay (25). The
repetitive nature of the fragment was deduced after Southern
blot hybridization of SacI-digested DNA resulted in more than
50 bands. These data suggested that the AluI restriction frag-
ment was an internal segment of a repetitive element. In the
present study, further analysis revealed that the entire element
was 1,274 bp long and contained several features that sug-
gested it was an IS element. However, while the putative trans-
posase amino acid sequence shared similarity with three other
bacterial elements, none of these were from mycobacteria (Fig.
2). The sequences were all from gram-negative bacteria, and
the finding of a similar element in M. ulcerans probably indi-

FIG. 1. Southern blot hybridization analysis of selected M. ulcerans strains
probed with IS2404 (A) and IS2606 (B). Lane 1, strain 5142; lane 2, strain
13822/70; lanes 3 to 5, Chant strain. Genomic DNA was digested with PvuII
(lanes 1 to 3), NcoI (lane 4), and EcoRI (lane 5); lane M, l HindIII molecular
size marker (Boehringer Mannheim).

TABLE 2. PCR primers used in this study

Oligo-
nucleotide Sequence (59339) Position

in gene Function

MU3 CGCGTGGGTCCCTCGGGTCT 145–126 MU3 and MU4 are outward PCR primers for amplifying
between tandem copies of IS2404MU4 ATCGCCGAAGCCTGCCGGAT 1116–1135

MU5 AGCGACCCCAGTGGATTGGT 383–401 MU5 and MU6, 492-bp PCR product from IS2404
MU6 CGGTGATCAAGCGTTCACGA 852–871

MU7 GGCCTGGCGGATTGCTCAAGG 213–233 MU7 and MU8, 332-bp PCR product from IS2606
MU8 CGTAGATGTGGGCGAAATGG 542–523

MYCGENF AGAGTTTGATCCTGGCTCAG 16–35a MYCGENF and MYCGENR, 1,030-bp PCR product from
all 16S rRNA gene in (3)MYCGENR TGCACACAGGCCACAAGGGA 1046–1027a

a Numbering is based on the E. coli 16S rRNA gene.
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cates that this family of IS elements is widely distributed
through several bacterial families.

IS2606 was discovered while screening an M. ulcerans clone
library for sequences that may be specific for M. ulcerans. This
revealed a 1,404-bp element with 12-bp inverted repeats and
an open reading frame that could potentially encode a trans-
posase of 445 amino acids. This element was repeated 30 to 40
times per genome (Fig. 1B). Significant DNA identity (80%)
was found with IS1554 from M. tuberculosis, of which there is
only a single copy, but with no other DNA sequences in the
databases, including IS2404. However significant amino acid
identity (60 to 80%) was found with six other bacterial IS
elements (Fig. 2), suggesting that IS2606 belongs to a family of
related elements spread through many different bacterial gen-
era.

We have previously described a very sensitive PCR based on
IS2404 that was capable of detecting two molecules of M. ul-

cerans DNA (25). We have now improved that detection limit
to 0.1 molecule by redesigning the primers and amplification
conditions and detecting the PCR products by silver-stained
polyacrylamide gel electrophoresis. Detection of one molecule
of M. ulcerans DNA was possible with IS2606 PCR under these
conditions.

Specificity testing of the IS2404 and IS2606 PCR assays
indicated that IS2404 appears specific for M. ulcerans while
IS2606 was also present in M. lentiflavum (Fig. 3). Phylogenetic
studies of M. lentiflavum and M. ulcerans, based on 16S rRNA
comparisons, indicate the two species are not closely related
(26). The carriage of IS2606 in M. lentiflavum was confirmed by
sequence analysis of the PCR product. This revealed 98%
identity between the 332-bp PCR products from M. lentiflavum
and M. ulcerans (data not shown). We are currently attempting
to design primers that will ensure PCR specificity for M. ulcer-
ans based on the small regions of nucleotide differences be-
tween the elements in each species. The presence of IS2606 in
a species apparently unrelated to M. ulcerans has interesting
evolutionary implications and suggests horizontal transmission
of the element to or from M. lentiflavum. This ability to cross
species boundaries may make IS2606 a useful tool for molec-
ular genetic analysis of some mycobacteria. The presence of
IS2606 or IS2404 in another, perhaps as yet unidentified, spe-
cies of mycobacteria is also possible. However the likelihood of
another organism carrying both elements is probably very
small. Based on the results of this validation we suggest that, in
the absence of a culture isolate, concurrent detection of IS2404
and IS2606 in a sample can be used to provide convincing
evidence of the presence of M. ulcerans.

Southern blot analysis to detect IS2404 and IS2606 demon-
strated considerable RFLP among different strains (Fig. 1).
Strain differences are most clearly evident with PvuII-digested
genomic DNA probed with the IS2606 probe. Unfortunately
the high copy numbers of both elements make the banding
patterns very difficult to interpret and therefore limit the value
of a Southern blotting method to type M. ulcerans isolates.
However, it may be possible to capture these sequence poly-
morphisms by developing a simple, robust PCR typing scheme,
following the approach used for M. tuberculosis (23). This
scheme is based on PCR amplification between tandom copies
of repeated sequences with outward-facing primers.

The results of this work should permit the development of
improved clinical and environmental PCR assays which, when
combined with the ability to rapidly type M. ulcerans strains,
will be essential tools for understanding the ecology of this
organism and the epidemiology of M. ulcerans disease.

FIG. 2. Phylogenetic relationships among transposase amino acid sequences
from IS2404, IS2606, and selected IS elements as determined by maximum-
parsimony analysis.

FIG. 3. PCR analysis of selected mycobacteria designed to detect IS2404 (A),
IS2606 (B), and 16S rDNA (C), as described in Materials and Methods and in
Table 2. Lanes 1, M. ulcerans; lanes 2, M. marinum; lanes 3, Mycobacterium
haemophilum; lanes 4, M. tuberculosis; lanes 5, M. lentiflavum; lanes 6, no-
template negative control; lane M, fx174 HaeIII molecular size marker (Pro-
mega).

FIG. 4. Sensitivity of PCR in detection of M. ulcerans genomes by amplifi-
cation of IS2404 (lanes 1 to 4) and IS2606 (lanes 5 to 8), as determined by
silver-stained polyacrylamide gel electrophoresis. Lanes 1 and 5, 10 genomes;
lanes 2 and 6, 1 genome; lanes 3 and 7, 0.1 genome; lanes 4 and 8, 0 genomes;
lane M, 100-bp ladder size 1arker (Gibco).
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