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The complete nucleotide sequences of the Mycabacterium leprae 23 S and 5 S rRNA genes and their flanking regions are presented. As compared
10 other eubacterial homologous molecules the 23 § rDNA exhibits two insertions. A 16 nucleotide long insertion is almest unique to members
of the genus Mycobacterium, while the second represents an extended version of helix 54, The potentia) of botly insertions to serve as turget for
diagnostic aligonuclectide probes was proven by comparative sequence analysis of 23 S rRNA of several Mycobacierium species and by dot blot
hybridization. In addition, & 19-mer oligonucleotide probe is deseribed, which can be considered genus Mycobacierium-specifie.
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1. INTRODUCTION

The genus Mycobacrerium represents a group of
Gram-positive, acid-fast bacteria which comprises a
number of significant human and animal pathogens,
Besides the well-known pathogens M. leprae and M.
tuberculosis, several opportunistic pathogens exist (e.g.
M. kansasii, M. avium, M. intracellulare, M. simiae
and M. flavescens) which can cause severe infections
whenever the normal cellular defence is depressed, e.g.
AIDS {1], and other immunodeficiency diseases [2].
Despite progress in biochemical and immunological
techniques, the needs for fast and reliable identification
of mycobacterial species are obvious. This is particular-
ly true for'M. leprae because of its inability to grow out-
side its host.

The potential of large ribosomal (r) RNASs to serve as
a most valuable. source for both delineating
phylogenetic relationships and taxon identification has
been exploited over the last 12 years. Recent.com-
paritive sequence analysis of 16 S rRNA/rDNA con-
firmed that the phenotypic division of mycobacteria in-
to two separated clusters (the fast-growers, represented
by basically harmless inhabitants of soil and water, and
the slow-growers containing ‘most of ' the overt
pathogenic mycobacteria [3] is supported by their
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phylogenetic relationships [4-6]. The division between
fast- and slow-growing mycobacteria is also reflected by
the rRNA gene c¢copy number: fast-growing
mycobacteria contain two sets of rRNA genes, whereas
slow-growers contain only one set [7,8].

16 S rRNA/rDNA sequence data permitted the first
step in developing fast diagnostic assays for
mycobacteria by specific rDNA oligonucleotide probes
used either in solution (Gene-Trak, Framingham, MS,
USA), in dot blot hybridization against bulk RNA [9]
or in diagnostic PCR-mediated analysis [10]. High 16 S
rRNA sequence similarities, on the other hand, detected
especially between the overt pathogenic mycobacterial
species, do only in a few cases permit the design of
species-specific probes. This is in particular important
with regard to PCR diagnosis, where a pair of specific
sequences is advantageous for generating amplification
products which in turn would indicate the presence of
the respective organism in an infected tissue or biopsy.
It is therefore obvious to ' investigate the 23 S
rRNA/rDNA and the intracistronic spacer regions.in
order to evaluate the degree to which the variable
regions - can' be : used for the designation of
oligonucleotide probes and primers.

Here we present the primary structure of the
Mycobacterium leprae 23 S and 5 S rRNA genes and
their flanking regions. Together with sequence informa-
tion on the promoter region [11] and the primary struc-
ture of the 16 S rRNA of M. leprae [12] these data com-
plete the nucleotide sequence of the one and only rDNA
operon of M. leprae.

Published by Elsevier Science Publishers B, V.
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2. MATERIALS AND METHODS

2\, Cloning

The primary strusture of the 23 S dand 3 § rRNA genes Tram M.
leprae was determined by sequencing the 9.3 kb Paldnsert of plasmid
pMLS2 [1)). For subeloning, PurlsBamHl and BamHl restriction
fragmenis of plasmid pMLS2 were separated on an 0.7% ggarase gel.
Gel slices containing restricted DINA were froaen at =70°C for 2 hand
the DNA subsegquently recovered by centrifuging through 6,22 pm
filter units (Uhirafree-MC, Millipare, Bedlord, MA 01730). Ligaton
of subfragments. with phage vectors M1 mpl8 or mpl 9, transfection,
sereening of recombinants and prepuration of single siranded DNA
were done ax dexeribed [14).

3.2, Oliganucleotide synthesis aned sepuencing

Sequencing primery and oligonuglentide prabes were synthesized
using an Applied Biosystem IB1A DNA assembler. DNA sequencing
wax capried out with Sequenase nccording (o the manual of the
manufacturer (U.S. Blochemicals Corporation, Clevelind, USA)
using either plasmid pMLS2, prepared by CiClgradient ¢entrifuga:
tion (18], or ssDNA of subfragmenty ¢loned into vector MIJ as
templates, Direct analysis of parts of the 23 § rRNA were performed
according to the 16 S yRNA sequencing methad [16]. PCR products
of helix 27731 were generated using the primer pair $'GGGAGTG-
AAATAGTACCTG and $'TGGCCATGGUGTAGATCACTC (M.
feprae 23 S TDNA positions 584-602 and 788-807, respectively), PCR
products of helix 54 were generated using the  primer - pair
S'GGACCTAAGGCGAGGCCG and §' CGACGGATTT(A ,G)CCH
TA (positions 1460-1477 and 1710-1724, respectively), Generation of
single stranded  DNA via asymmetrie PCR followed published pra-
cedures [17), PCR products were purified ‘by ammonium-acetate
precipitation {18) and sequenced with sequenase.

2.3, Dor blot hybridization

The procedure for testing the specificity of diagnostic probes on
bulk RNA and the names of 39 Mycobacterium- and 30 non-
Mycobacierium reference strains used in dot blot hybridization have
been published {19).

2.4, Data analysis

Sequences were aligned and homologies determined by means of
Microgenie program {20, Beckman Instruments, Palo Alto, Califor-
nia, U.S.A.}.

3. RESULTS AND DISCUSSION

The primary structure of the 5.3 kb insert of plasmid
pMLS2 was determined over a length of 3,9 kb covering
the sequence of the 23 Sand 5 S rRNA genes plus flank-
ing regions (Fig. 1) up to the 3’ terminus of the 16 S
rDNA gene. The sequence has been deposited at EMBL
data library under the accession number X56657. The
16 S rDNA sequence has been published recently [12].

3.1. Primary structure of the 23 5 rDNA and applica-
tion for diagnostic oligonucleotide probes

The putative 5’ and 3’ termini of the 23 S RNA gene
from M. leprae (Fig. 1) were assigned by comparison
with the 23 S rDNAs of two other actinomycetes, i.e.
Micrococcus luteus [21] and Streptomyces ambofaciens
[22]. Sequence similarities between M. leprae and Mc.
luteus and between M. leprae and 8. ambofaciens are
79.4% and 80.5%, respectively. With 3122 bp the
length of the M. leprae 23 S rDNA is about the same as
those of the two actinomycetes (Mc. luteus: 3095 bp; S.
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Fig. 1. Sequence alignment of the 16 $/23 S rDNA spacerand 5 8
rRNA gene regions from M. leprae (M1) and M. bovis BCG (Mb)
[8,31]. Dots and bars indicate identical nucleotides and gaps, respec-
tively, The ribosomal genes (16 S rDNA [EMBL accession number
X53999], 23 S and 5 S rDNA [X56657]) are framed.

ambofaciens: 3120 bp), while those of other eubacteria
is smaller, €.g. 2904 bp in E. coli [23], 2928 bp in B. sub-
tilis [24] and 2876 bp in Anacystis nidulans [25).
Comparison with eubacterial reference molecules
[26] indicates the presence of a rather unique insertion
of 16 nucleotides in the 23 S rDNA of the M. leprae se-
quence (position 747-762), present so far only in Ther-
mus thermophilus [27). Sequence analysis of 23 SrRNA
from several mycobacteria showed the insertion not on-
ly to be common to slow and fast growing mycobacteria
and maintained at the rRNA level, but also variable in
length and sequence (Fig. 2). The insertion can be fold-
ed into a helix structure, which is located between
helices 27 and 31 (domain II) of the universal 23 S
rDNA secondary structure model [28]. The presence of
this insertion could be also verified at the rRNA level
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Fig. 2. Sequence alignment of a 23 8 rDNA stretch corresponding 10 M. leprae 23 S rDNA position 747-762. Specific insertions for the genus

Mycobacterivm and for Thermus thermophilus are emphasized by brackets, The 1arget region of the highly specific M. Jeprae probe is framed.

Nm.leoudc positions involved in putative helix structures are underlined. Sequences were obiained as follows: 'DNA sequence of a M13 clone;

3direct sequencing of 23 S rRNA via reverse transcriptase and DNA sequencing of the opposite strand of ¢DNA synthesized by asymmetric PCR
[17,18]; *direct sequencing of 23 $ rRNA. All sequences are written in the DNA nomenclature to facilitate comparison.

for M. bovis and M. tuberculosis as well as for M.
avium and M. intracellulare, with members of each pair
exhibiting identical sequences (data not shown). This
finding points towards the high potential of the primary
structure of the insertion to serve as a target for
diagnostic  oligonucleotide ' probes with highly
discriminating character for closely related species. In
order to check the specificity, a 22-mer oligonucleotide
probe directed against the stretch ' GTATCACGTGT-
GAGCGTGTGTA (T, of 66°C) of the M. leprae 23 S
rRNA (Fig. 2) was tested by dot blot hybridization
against bulk rRNA of M. leprae and 68 reference
organisms (38 mycobacterial and 30 non-mycobacterial
strains as indicated in Fig. 1 of ref. 19), Even under
relaxed hybridization and washing conditions (both at
45°C, 21°C below Ty,) the high specificity of this probe
is obvious in that the only signals obtained were those
with rRNA from M. leprae (homologous) and M. kan-

leprae pMLS2!
terrae TMC 15402
gordona TMC 13243
phlei TMC 15163
aurum ATCC 233663

BUNEHIIZIZZR

TCTGAATAGGGCETATC — (ACGTGIGAGCGT -

TCTGAATAGGGCGTATC (GRATCCOTTGGEGIGIGTGT ) AGTGGCATG
TCTGAATAGGGCGTATE
TCTGAATaGGGCOTATE ( CRACCLGTNGGGGTTEGTGT ) AGTGGTGTG

TCTGAATAGGOCGTATY ( CAAGCAACAGLGCLTGETGT ) AGTGGTGTG
necaurum ATCC 257952 TCTGAATAGGGCGTATE (

sasii (heterologous). The M. kansasii signal, however,
disappeared completely by increasing the washing
temperature to 54°C (12°C below Ty,). The signal of the
homologous hybrid remained detectable even at the Ty,
of the DNA/rRNA duplex.

One of the most characteristic features of 23 SrRNAs
from actinomycetes is the presence of an extended ver-
sion of helix 54 (domain 111, as defined by Hépfle et al.
[28]. As compared to the length of the helix of B, sub-
tilis, M. leprae possesses additional 103 nucleotides
(Fig. 3). Comparative sequence analysis of helix 54
from several actinomycetes revealed a high degree of
inter- and intra-generic sequence variations and it has

therefore been postulated that this part of the 23 §

rDNA constitutes an important feature for both in-
trageneric taxonomic analysis and designing targets for
diagnostic oligonucleotide probes [29]. The sequence
data obtained for helix 54 of different mycobacteria

( CCCGTAAGGGGTGT ) AGTGGCATG

GAGTGIGL.GGRTGT ) AGTGGTGTE

. thermophilus TCCGAACAGGGCGCAAG ( CGGGCCGCACGCEGCCCRCAR) AGTCCGOGE
ambofaciens TCCGAATAGGGCGTTTC mmmmmmmnommmm— e m AGTAGCACG
subtilis TCTGAATAGGGCGCATG =mrmmmmm o mmmmim o e AGTACGTGG
cold TCTTAACTGOOCGITA  mwmmrmsss o sms sl v AGTTGCAGG

Fig. 3. Sequence alignment of helix 54 from 14 Mycobacterium species. The stretch corresponds to position 1522-1647 of the M. leprae 23 8 rDNA.

The target region of the published M. leprae probe [19] is underlined and the discriminating signature nucleotide marked by an asterisk. Identical

sequences were determined for M. bovis and M. tuberculosis as well as for M. avium and M. intracellulare ATCC 23434, Sequences were obtained
as indicated in the legend to Fig. 2.
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Fig. 4. Secondary siructure model of the M. leprae insertion fn helix 84 of the 23 S rDNA. Positions vupperted by eo-ordinated base changes are

marked by arrows, Positians 1-37 and 71-108 enclase the proposed unlversal secandary strueture for the genus Mycobacrerium, as derived from

the information obtalned for the 15 mycobacierial speeles investigated (Fig. 3). Sinee no general secondary structure éan be abtalned for the reglon
between pasitions 38=70 this streteh is considered M, leprae-specific,

support this hypothesis in that the insertion exhibits
both highly conserved and variable nucleotide positions
(Fig. 3). Upto 40 differences are found between the 125
nucleotides of helix 54 of any pair of mycobacterial
strains investigated, The secondary structure proposed
for the insertion of the 23 S rRNA (Fig. 4) shows 4 stem-
structure which for region 1-37 and 71-108 is supported
by several co-ordinated base changes (see also Fig. 3).
This part of the secondary structure can therefore be
considered universal for the genus Mycobacteriunt, For
region 38-70 we cannot propose a convincing universal
secondary structure model. The potential of the inser-
tion to be used for defining diaghostic probes has
already been demonstrated with -a highly specific
21-mer oligonucleotide probe for M. leprae [19]. The
specificity of this probe is based upon a single M,
leprae-specific signature nucleotide (C versus A, pos.
22) (Fig. 3).

Except for M. phlei, all' mycobacterial strains in-
vestigated in this study have an identical stretch of 19
nucleotides between position 1661-1679 of the 23 S
rRNA_ (according to ‘the M. leprae numbering). A
19-mer oligonucleotide probe 5' ACCACTGAC(C/T)-
GGTACGGCT, targeting this stretch at the rRNA
level, was tested against the same dot blot matrix as
cited above. The C/T degeneration within the probe
was introduced to match a G-A exchange in the M.
phieisequence. The high specificity of this probe for the
genus Mycobacterium was already obvious at low
hybridization and washing. temperature (40°C, cor-
responding to 20 (22)°C below Ty,). Under these condi-
tions rRNA from ali mycobacteria and from Tsukamu-
rella aurantiaca (a member of a neighboring genus [30))
displayed a strong signal. The T. aurantiaca signal
disappeared at a washing temperature of 45°C while
those of the mycobacteria were clearly visible, In-
creasing the washing temperature to 60°C resulted in
the disappearance of signals from M. chelonei and M.,
borstelense. A mixture of this probe and species-
specific probes for M. chelonei and M. borstelense,
designed to match the same Ty, values, could therefore
be used under highly stringent conditions to detect all
members of Mycobacterium.

3.2, 5 SrDNA

The 58 rDNA of M. leprae exhibits a length of 117
bp as determined by comparison with the 5 S rRNA
from M. bovis BCG [31] (Fig. 1). The homology of
90.6% (11 mismatches) is significantly lower than that
of the respective 16 S rRNA sequences (97,.7%). Dif-
ferences in the 5 S rRNA of M. leprae and other
mycobacterial strains are especially conspicuous in the
e-loop of the minimal model of the 5§ STRNA secondary
structure {32].

3.3, Spacer regions

The 16 S/23 S rDNA spacers of M. leprae and M.
bovis [33] are highly similar with respect to length (282
and 277 bp, respectively) and the absence of a t(RNA
gene. Since this organization is also found in the
homologous spacer regions of Strepromyces lividans
(278 bp [34]), S. ambofaciens (303 bp, [22]) and. S.
coelicolor A3(2) (277 bp, [35]) it can be assumed that
the absence of a tRNA gene and an approximate length
of 300 nucleotides are general features of the 16 8/23 S
rDNA spacer of actinomycetes. Interestingly, the
spacer regions of the two mycobacteria share a se-
quence homology of: only 75.9% (Fig. 1). Thus, the

. degree of sequence variability of the 16 8/23:S rDNAs

spacer is significantly higher than that between rRNA
genes, even between closely related organisms. The
possibility of rapid sequence analysis of 16 §/23°S
rDNA spacers by PCR-mediated amplification makes
therefore this part of the rrn operon of actinomycetes
an interesting region for the designation of taxon-
specific PCR- and sequencing primers as well ‘as of
diagnostic probes. Further studies are however
necessary to determine the evolutionary stability of the
intergeneric spacer sequence at the species- and strain
level.

Acknowledgement: This work was supported by a g:am from the
NHMRC t0'E 8. .

REFERENCES

[1] Collins, F.M.  (1988) Springer Semin, Immunopathol, 10,
375-391.

117



Volume 281, number 1,3

(2] Wollnsky, . (1984) Micrablol, Ser. 13, V141-1307,

(M Wayne, 1..CL and Kubiva, O.F. (1956) in: Bergey's Manual of
Systemiiic Bacteriology (Sneath, P.HLA., Mair, N8, Sharpe,
MLE. and Holt, 1.G. ¢ely.) pp. 14361437, Williams and Witkiny,
Balumore.

{4] Stackebrandi, E.. Smida, J. and Kazda: 1. (1989) Ada
Leprologica 7, 323-223,

{5) Stahl, DA, and Urbance, JW. (1990) ). Bacterinl, 172,
Li6-124,

(8] Regall, T.. Flohr, T. and Boeuger, B.C. (1990) 1. Cen,
Microbial. 136, 19151920, '

{7] Bercovier, Fl., Karrl, O. and Scla, 8. (1986) Biochem. Blophys.
Res, Commun, 116, 1136-1141,

[#] Suzuki, Y., Yoshinaga, K., Ono, Y., Nagaw, A. and Yamada,
T. (1987) 1. Bacteriol, 169, 839-843,

(9] Piwlle, €., Stackebransdt, E. and Kazda, 1. (1990) Int. L
Leprosy S8, 10-133,

{10) Boeddinghaus, B., Rogall, T., Flohe, T., Bloecker, H. and
Boewger, E.C. (1990) J. Clin. Micrabiol. 28, 175)-1759,

{11) Sela, S. anel Clark-Curtiss, J.E. (1991) Gene, in press.

[12] Liesack, W, Pitulle, €., Sela, S. and Stackebrandr, E; (1990}
Nucleic Acids Res. 18, 5558,

(13} Sela, S. Clark-Curtiss, J.E. and Bercovier, H. (1989) J.
Bacteriol. 171, 70-73,

(14] Ausubel, F. M., Brent, R., Kingston, R.E., Moore, D.D., Seid-
man, J.G.. Smith, J.A. and Struhl, K. (1987} Cur. Prot. Mol.
Biol., Wiley, New York.

(15} Manimis, T., Fritsch, E.F. and Sambrook, J. (1982) Molecular
Cloning, A Laboratory Manual, Cold Spring Harbor
Laboratory,

{16} Stackebrandt, E. and Charfreitag, O. (1990) J. Gen. Microbiol,
136, 37-43.

[17] McCabe, P.C. (1990) in: PCR Protocols = A Guide to Methods
and Applieations (Innis, M.A., Gelfand, D.H., Sninsky, 1.J,
and White, T.J. eds) pp. 76-83, Academic Press, San Diego.

118

FEBS LETTERS

April 1991

(V8] Brovwn, MLAD, (19903 (n: POR Protoels = A Gulde 1o Maheods
and Applications (Inmsls, M.AL. Gelfund, D.H., Safnvky, 1),
and White, T.J, eds) pp. 189196, Academic Prow, San Dicgo,

{19} Liewack, W., Pltalle, €. and Stackebrandt, B, (19905 Lo, Appl.

Migrabiol. 1, 96-99, ‘

{20} %wm. C. and Koen, L.J. (V984) Nuckie Acids Rev. 12,

1=399,

121]) Regenburger, A Ludwig, W.. Frank, R.. Bloeker, H. and
Sehleifer, K.H, {1988y Nueide Acids Rex. 16, 3344,

[22] Pernadet, J-L.. Boceard, F.. Alegre, M.-T., Cageat, ], and
Cuerineau, M, (19R9Y Gene 79, Y1-d6.

[23) Brosius, J., Dull, T.1. and Neller, H.F, (1980) Prog, Nath, Acad,
Seiv LISA 77, 201204,

[24) Green, C.J., Stewart, G.C., Hollis, A.H., Vold, B.S. and Batr,
K.F. (1983) Gene 37, 261-=266.

[35] Douglas, 8.E. and Doalittle, W.F, (1984) Nucleie Acids Rex. 12,
A373-1346,

(28) Lane, D.J. (1991) in: Nuelele Acid Techniques in Bacterial
Systematics (Stackebrandy, E. and CGoodfellow, M. eds) pp.
118174, Wiley, Chilchester.

(27) Héapfl, P., Ulbrich, N., Erdmann, V.A. Ludwig, W, and
Schieifer, K.H. (1988) Nucleie Acids Res. 16, 9043,

(28] Hé&prl, P., Ludwig, W,, Schleifer, K.H., and Larsen, N, (1990)
Eur. J. Biochem. 185, 355184,

{29]) Stackebrande, E., Witt, D., Kemmerling, €., Kroppenstedt R,
and Licsack; W, (1991), 1. Appl. Env. Microbiol., in press.

(30) Collins, M.D., Smida, }., Dorsch, M. and Stackebrandy, E.
(1988) Int, ). Syst. Bacteriol, 38, 185-391.

[31) Ohkube, S., Iwasaki, H., Hori, H. and Osawa, S. (1986) J.
Biochem. 100, 1261-1267.

(32) Wolters, J. and Erdmann, V.A. (1988) Nucleic Acids Res. 16,
rl~r70.

133} Suzuki, Y., Nagaa, A., Ono, Y. and Yamada, T. (1988) J.

" Bacteriol, 170, 2886-2889,

(34] Suzuki, Y., Ono, Y., Nagata, A, and Yamada, T. (1988) J,
Bacteriol, 170, 1631-1636.

[35] Baylis, H.A. and Bibb, M.I, (1988) Mol. Microbiol. 2, 569-579,



