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Mycobacterium ulcerans causes extensive ulcers (Buruli ulcers) in the skin of humans. Analysis of the
3'-terminal region of the 16S rRNA gene sequence of 17 strains of M. ulcerans from Africa, the Americas, and
Australia revealed three subgroups corresponding to the continent of origin, and some variable phenotypic
characteristics. This sequence is useful for the rapid detection of M. ulcerans and discriminates M. marinum

and M. shinshuense from M. ulcerans.

Mycobacterium ulcerans, a slowly growing mycobacterium
with optimal growth at 33°C, causes chronic necrotizing ulcers
in the skin of humans (15, 19, 20) and other mammals (16).

M. ulcerans infection, or Buruli ulcer (BU), was first de-
scribed in Bairnsdale, Australia, in 1948 (13) and was subse-
quently reported in numerous, mostly tropical, countries in
Africa, the Americas, Southeast Asia, and the central Pacific
(3). Recent reports mention increases in the incidence of BU
in Benin (12), Australia (6, 11), and Céte d’Ivoire (14). These
observations have revived interest in the microbiology of M.
ulcerans and the epidemiology, early diagnosis, and treatment
of BU. The epidemiology of BU is poorly understood, but most
foci are associated with slowly flowing or stagnant waters; how-
ever, M. ulcerans has never been recovered from the environ-
ment (18, 20).

BU is rarely detected in an early and readily curable stage.
Most lesions are widely ulcerated when they are detected and
require extensive surgical excision and skin grafting. Chemo-
therapy of advanced ulcers is disappointing. Patients are fre-
quently improperly managed and suffer permanent disability,
with devastating personal consequences. Diagnosis of preul-
cerative or early ulcerative stages greatly improves the efficacy
of treatment. Primary culture of M. ulcerans under optimal
conditions may take several months (23). Rapid molecular
identification of the causative organism in tissues or exudates
would allow appropriate early therapy.

Information on the molecular characterization of M. ulcer-
ans is scarce. Jackson et al. (10) identified and differentiated M.
ulcerans strains on the basis of restriction fragment length
polymorphisms using the pTBN12 probe. Sequences of 16S
rRNA are included in databases (EMBL accession numbers
X58954 and Z13990). The two sequences are very similar to
the sequence published for M. marinum (22). A single-base-
pair variation at position 1248 distinguishes M. ulcerans from
M. marinum (Table 1) and has been proposed as an identifying
criterion for separating these two species (8). Other significant
differences are observed between nucleotide sequences of M.
ulcerans X58954 (ACCCTTTTTTGGG), M. ulcerans 713990
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(ACCCTTTGGG), and M. marinum (ACCTTTGGG) at po-
sitions 1450 to 1452 (Table 1).

A new mycobacterium, M. shinshuense (26), isolated only
from the skin ulcer of a patient in Japan (24), is phenotypically
related to M. ulcerans (25), but this close relationship was
never studied by sequence analysis.

These findings are interesting in that they suggest (i) genetic
heterogeneity within the species M. ulcerans and (ii) close
phylogenetic relationships between M. ulcerans, M. marinum,
and M. shinshuense.

The present study was undertaken to determine (i) if the
genetic heterogeneity of M. ulcerans is related to other char-
acteristics of the species and to the geographic origins of the
isolates, (ii) if this heterogeneity may identify different sub-
groups within the species, and (iii) if the 3’ end sequences of
the 16S rRNA genes differentiate the three species (M. ulcer-
ans, M. marinum, and M. shinshuense) and could later serve as
a clinically useful means of identifying the three species, even
in early stages of disease.

Twenty-one strains were studied (Table 2), including refer-
ence strains of M. ulcerans (ATCC 19423), M. marinum
(ATCC 927), and M. shinshuense (ATCC 33728). Twelve M.
ulcerans strains were isolated at the Institute of Tropical Med-
icine (ITM) from biopsy specimens from patients (10 African
and 2 Australian patients). Two strains were contributed by D.
Dawson (Laboratory of Microbiology and Pathology, Queen-
sland Health, Brisbane, Australia), and two isolates from the
same patient came from Mexico. The two other strains were M.
marinum 8231, isolated in Belgium from a cutaneous granu-
loma, and Mycobacterium sp. strain 842, which is phenotypi-
cally related to M. ulcerans and which was obtained from a
granulomatous lesion of a patient from Suriname living in
Holland (27).

Phenotypic identification tests were performed as described
by Vincent Lévy-Frébault and Portaels (28).

By using bacterial lysates, a 517-bp fragment of the 16S
rRNA gene was amplified and sequenced by a previously de-
scribed method (21).

The primers used for amplification and sequencing were rRog
(biotinylated or not) (positions 1542 to 1521; 5'-AAGG
AGGTGATCCAGCCGCA-3") and 1004R (positions 985 to
1004; 5'-AGGAATTCTGGGTTTGACATGCACAGGA-3').
These same primers and the following three primers were used
for sequencing: G1140 (positions 1119 to 1140; 5'-TCATGT
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TABLE 1. Variable regions in the 3’ end sequences of 16S rRNAs of M. ulcerans and related species
Residue at the following positions*:
Organism 1248 1289 14501452
0 ¢ ¢ ¢

M. ulcerans® CGGTGCAAAG TTTAAAGCCG ACCC---TTTGGG
M. marinum® T A [
M. marinum, ITM type A A C---
M. ulcerans, ITM type 1 G- e C- CTTT---
M. ulcerans, ITM type 2 G e C C---
M. ulcerans, ITM type 3 G A C---
M. shinshuense G G- C---

“ The positions are given for the noncoding strand according to the sequence of the E. coli 16S TRNA gene (1).
> The M. ulcerans sequence has been introduced by Hofer et al. (8) into the EMBL database under accession number Z13990.

¢ The M. marinum sequence has been published by Rogall et al. (22).

TGCCAG-CACGTAATGGT-3"), S1366 (positions 1348 to
1366; 5'-ATCGCAGATCAGCAACGC-3'), and R1333 (posi-
tions 1350 to 1333; 5'-GATTACTAGCGACTCCGA-3).

The nucleotide positions indicate the target sites of the
primers in 16S rRNA as represented in the sequence of Esch-
erichia coli (2). Primer rRog has been described by Bodding-
haus et al. (1). The underlining indicates the EcoRI restriction
site.

The phenotypic characteristics of M. ulcerans, M. marinum,
M. shinshuense, and the Mycobacterium sp. isolate are given in
Table 3. Characteristics of African, Australian, and American
strains of M. ulcerans are presented separately and are com-
pared with previously published data (28). Some phenotypic
characteristics seem to differentiate African, Australian, and
American strains; six African (60%), two North American
(100%), and only one Australian strain (20%) were positive for
growth on p-nitrobenzoate, and acid phosphatase activity was
positive for seven African strains (70%) but was negative for all
other strains. Given the few M. ulcerans strains investigated
from each geographic area, the phenotypic differences between
strains of different origins should be confirmed with more
strains from other foci and with a larger variety of phenotypic
tests. M. shinshuense also differed from M. ulcerans and M.

marinum. These findings agree with previously published data
(24, 25). Unclassified strain Mycobacterium sp. strain 842
shared several properties with M. shinshuense (Table 3) but
differed from this species, as did M. ulcerans, by high catalase
activity. Mycobacterium sp. strain 842 resembled Australian
isolates of M. ulcerans but differed by pigmentation in the dark.

Comparisons of the sequences obtained in the present study
with those published previously are given in Table 1. The
polymorphism between the two M. ulcerans sequences previ-
ously included in the EMBL database was confirmed by the
sequences obtained in the present study for strains of different
origins. Indeed, at positions 1450 to 1452, the sequences of the
10 African strains (ITM type 1) were identical to the sequence
of strain X58954 and the sequences of 5 Australian strains
(ITM type 2) were identical to the sequence of strain Z13990.
The two Mexican strains showed another type (ITM type 3),
characterized by an A at position 1289, which was also seen in
M. marinum, whereas the Australian and African M. ulcerans
strains presented a C at this position.

The 16S rRNA sequence of M. marinum revealed identical
sequences for the two tested strains, but at positions 1450 to
1452 the sequence differed from the sequence of M. marinum
published by Rogall et al. (22). Mycobacterium sp. strain 842

TABLE 2. Origin and sequencing results of M. ulcerans, M. marinum, M. shinshuense, and one unclassified Mycobacterium sp.

I™ Species

1o. identification Origin Source Sequencing results
842 Mycobacterium sp. Suriname P. H. J. Van Keulen, strain 701357 M. marinum, ITM type
1837 M. ulcerans Ghana IT™ M. ulcerans, ITM type 1
3129 M. ulcerans Zaire I™ M. ulcerans, ITM type 1
5114 M. ulcerans Mexico P. Lavalle M. ulcerans, ITM type 3
5143 M. ulcerans Mexico P. Lavalle M. ulcerans, ITM type 3
5147 M. ulcerans Australia ATCC 19423 M. ulcerans, ITM type 2
5151 M. ulcerans Zaire I™ M. ulcerans, ITM type 1
5152 M. ulcerans Zaire I™ M. ulcerans, ITM type 1
5153 M. ulcerans Zaire IT™ M. ulcerans, ITM type 1
5155 M. ulcerans Zaire I™ M. ulcerans, ITM type 1
7732 M. marinum ATCC 927 M. marinum, ITM type
8231 M. marinum Belgium IT™ M. marinum, ITM type
8756 M. shinshuense Japan ATCC 33728 M. shinshuense
8849 M. ulcerans Australia IT™™ M. ulcerans, ITM type 2
9146 M. ulcerans Benin I™ M. ulcerans, ITM type 1
9540 M. ulcerans Australia D. Dawson, strain 11098 M. ulcerans, ITM type 2
9550 M. ulcerans Australia D. Dawson, strain 17679 M. ulcerans, ITM type 2
94-339 M. ulcerans Australia I™ M. ulcerans, ITM type 2
94-511 M. ulcerans Benin IT™ M. ulcerans, ITM type 1
94-512 M. ulcerans Benin I™ M. ulcerans, ITM type 1
94-886 M. ulcerans Benin I™ M. ulcerans, ITM type 1
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TABLE 3. Sequencing results and phenotypic characteristics of M. marinum, M. ulcerans, M. shinshuense, and one unclassified
Mycobacterium sp.

No. of strains

Parameter M. marinum® M. ulcerans® M. ulcerans positive® M shi Mycobacterium sp.
. shinshuense .
AF AU AM strain 842

No. of strains tested 10 5 2 1 1
Pigmentation in the dark - - 0 0 0 1 1
Pigmentation in the light + - 0 0 0 1 1
Growth at 37°C - - 0 0 0 0 0
Growth on peptone agar + - 0 0 0 0 0
Growth in presence of:

Isoniazid (10 pg/ml) M M 8 4 2 0 0

Thiophene-2-carboxylic hydrazide + + 10 5 2 0 1

Hydroxylamine (250 pwg/ml) + F 7 5 2 0 1

p-Nitrobenzoate (500 pg/ml) M - 6 1 2 0 0

NaCl 5% - - 0 0 0 0 0
Enzymatic properties

Catalase, >45 mm of foam F - 0 0 0 1 0

Tween 80 hydrolysis (10 days) + - 0 0 0 0 0

Urease activity + F 3 0 0 0 0

Niacin production - - 4 1 0 0 0

Nitrate reduction - - 0 0 0 0 0

Acid phosphatase activity + - 7 0 0 0 0
Mycolate types

a-Mycolates + + 10 5 2 1 1

a'-Mycolates - - 0 0 0 0 0

Methoxymycolates + + 10 5 2 1 1

Ketomycolates + + 10 5 2 1 1

w-Carboxymycolates - - 0 0 0 0 0
Sequencing results Type 1 Type 2 Type 3 M. shinshuense M. marinum

¢ Data are from Vincent Lévy-Frébault and Portaels (28); +, >85% of the strains were positive; —, <15% of the strains were positive; M, 50 to 85% of strains positive;

F, 15 to 49% of strains positive.

b Strains isolated from African (AF), Australian (AU), and American (AM) patients.

showed a sequence identical to those of our two M. marinum
strains. M. shinshuense, like M. ulcerans, had a G at position
1248, but it differed from our three M. ulcerans types by a G at
position 1289. For positions 1450 to 1452, identical results were
obtained for M. shinshuense, our M. marinum strain (ITM
type), and the M. ulcerans strains from Australia and America.
If a reading error is excluded in the sequence of M. marinum
published by Rogall et al. (22), M. marinum, M. ulcerans, and
M. shinshuense showed at least six different sequences for the
3’ end of the 16S rRNA. All M. ulcerans 16S rRNA sequences
differed from those of M. marinum at position 1248.

We observed an invariable correlation between the geo-
graphic origins of the strains and polymorphisms in the 16S
rRNA gene. These results agree with the previously proposed
classification based on restriction fragment length polymor-
phism analysis (10).

The significance of the variabilities in 16S rRNA sequences
in the phylogeny and genotyping of M. ulcerans is not clear.
Partial sequencing of 16S rRNA is insufficient to establish a
valid phylogenetic tree. The sequence at positions 1450 to 1452
shows a similarly important polymorphism in the M. avium
complex. In the M. avium complex, polymorphism is more
extensive in other regions of the 16S rRNA sequence (1).

The associations between phenotypic and genotypic varia-
tions in M. ulcerans isolates and virulence or pathogenicity
need investigation. Why, for example, calcification is more
prominent in lesions in Africans than in Australians (7) is

unknown. There is wide acceptance that most histopathologic
changes in BU lesions are caused by a cytotoxic agent and,
possibly, an immunosuppressive agent elaborated by M. ulcer-
ans (15, 17). We have noted wide variations in the production
of these agents by different isolates but have not compared
strains from different geographic areas with known phenotypes
and genotypes. We have observed a wide spectrum of disease
in a given geographic area: infections in some areas may be
extremely aggressive, while those in other areas are indolent or
heal quickly. Assuming that in a given locale M. ulcerans is
genotypically homogeneous, these observations suggest that
such host factors as immunity, metabolism, and nutrition play
important roles in the natural history of a given infection.
The clinical features of the lesion from which Mycobacterium
sp. strain 842 was isolated were compatible with the ulcerative
granulomatous dermatitis of an M. marinum infection. Fur-
thermore, the patient probably acquired his infection in Hol-
land, where he lived for more than 5 years before diagnosis.
Although our sequence results are identical to those for the M.
marinum ITM type, seven phenotypic characteristics differen-
tiated this isolate from M. marinum (Table 3). Table 3 also
shows a close relationship of Mycobacterium sp. strain 842 with
some M. ulcerans strains from Australia and with M. shin-
shuense. Further biochemical and genetic studies should clarify
the relationships between this isolate, M. marinum, M. ulcer-
ans, and M. shinshuense. Imaeda et al. (9) stressed genetic
similarities between M. marinum and M. ulcerans by noting a
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high degree of genomic relatedness in DNA-DNA hybridiza-
tions. Some phenotypic characteristics are shared by M. ulcer-
ans and M. marinum, e.g., similar lipid contents (4, 5) and
optimal growth at 33°C (28). Although these species are pri-
marily pathogens of the skin, the diseases that they cause differ
greatly clinically and epidemiologically (15): M. ulcerans causes
chronic necrotizing ulcers, largely limited to focal areas of
tropical countries, and M. marinum provokes cutaneous gran-
ulomas, but is worldwide. Further biochemical and genetic
studies should clarify the phylogenetic relationship of M. ma-
rinum and M. ulcerans.

A new mycobacterium from an ulcer in the skin of a Japa-
nese girl who had never lived outside of Japan (26) was ana-
lyzed by Tsukamura and colleagues (24, 25). Those investiga-
tors considered this organism a new species, M. shinshuense
(24), that is phenotypically related to M. ulcerans (25) but that
differs biochemically from M. ulcerans. Hofer et al. (8) consid-
ered a G at position 1248 of the 16S rRNA as being charac-
teristic of M. ulcerans. We found a G at position 1248 in M.
shinshuense (Table 1), suggesting a genetic relationship be-
tween M. ulcerans and M. shinshuense. M. shinshuense, like the
Australian, African, and North American types, could there-
fore be another geographic variant of M. ulcerans. Complete
sequencing of M. shinshuense 16S rRNA would confirm this
relatedness.

In conclusion, analysis of the 3'-terminal region of the 16S
rRNA sequences of M. ulcerans, M. marinum, and M. shin-
shuense defined three subgroups of M. ulcerans and suggested
the potential usefulness of this sequence for the rapid detec-
tion of M. ulcerans. The subgroup divisions correspond to the
differences in the geographic origins of the strains and to some
phenotypic properties. We suggest, however, that the extent of
this variability be evaluated by analyzing isolates from different
foci. This variability should stimulate inquiries into the phylo-
genetic relatedness among M. ulcerans, M. marinum, and M.
shinshuense.
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