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Massive gene decay in the leprosy

bacillus

S. T. Cole*, K. Eigimeier®, J. Parkhillt, K. D. Jamest, . R. Thomsont, P. B. Wheelect, H. Honoré*, T. Garaier”, €. Churchert, D. Harist,
K. Mungail{, D. Bashamt, D. Brownt, T. Chillingwortht, R. Connorf, R. M. Daviest, K. Devlint, S, Duthoy”, T. Feltwellf, A. Frasert,

N. Hamlint, S. Holroyd 1, T. Hornshyt, K. Jagelst, C. Lacralx®, J. Macleant, S. Moulet, L. Murphyf, K. Glivert, M. A. Quallf,

M.-A. Rajandreami, K. M. Ruthorford{, S. Ruitorf, K. Seegerf, S. Simon*, M. SimmondsT, J. Skeltont, R. Squarost, S. Squarest,

K. Stevenst, K. Taylor!, S. Whiteheadt, J. R. Woodwardt & B. G. Barvell{

“Unité de Génétique Moléculaire Bactérienne, Institut Pasteur, 28 rue du Docteur Roux, 75724 Paris Cedex 15, France

t Sanger Centre, Wellcome Trust Genome Campus, Hinxton, CB10 15A, UK

1 Velterinary Laborataries Agency, Weybridge, Woodham Lane, New Haw, Addlestone, Surrey KT15 3NB, UK

Leprosy, a chronic human neurological disease, results from infection with the obligate intracellular pathogen Mycobacterium
leprae, a close relative of the tubercle bacillus. Mycobacterium leprae has the longest doubling time of all known bacteria and has
thwarted every effort at culture in the laboratory. Comparing the 3.27-megabase (Mb) genome sequence of an armadillo-derived
Indian isolate of the leprosy bacillus with that of Mycobacterium tuberculosis (4.41 Mb) provides clear explanations for these
properties and reveals an extreme case of reductive evolution. Less than half of the genome contains functional genes but
pseudogenes, with intact counterparts in M. tuberculosis, abound. Genome downsizing and the current mosaic arrangement
appear to have resulted from extensive recombination events between dispersed repetitive sequences. Gene deletion and decay
have eliminated many important metabolic activities including siderophore production, part of the oxidative and most of the
microaerophilic and anaerobic respiratory chains, and numerous catabolic systems and their regulatory circuits.

Leprasy, one of the oldest recorded diseases, remains a major public
health problem. Although prevalence has been reduced extensively
by WHO multidrug therapy and vaccination with BCG'", the
incidence of the disease remains worrying with mare than
690,000 new cases reported annually®. In 1873, in the first convinc-
ing association of a microorganism with a human disease, Armauer
Hansen" discovered the leprosy bacillus in skin biopsies but failed to
culture Mycobacterium leprae. A century later, the nine-banded
armadillo” was used as a surrogate host, enabling large quantitics
of the bacillus to be isolated for biochemical and physiological
studies. Subsequent efforts to demonstrate multiplication in syn-
thetic media have been equally fruitless, although metabolic activity
can be detected®. The exceptionally slow growth of the bacillus,
which has a doubling time of ~14 days (ref. 7), may contribute to
these failures.

The means of transmission of leprosy is uncertain but, like
tuberculosis, the infection is thought to be spread by the respiratory
raute hecause lepromataus patients harbour hacilli in their nasal
passages. The hacterium accumulates principally in the extremities
of the body whete it resides within macrophages and infects the
Schwann cells of the peripheral nervous system. Lack of myelin
production by infected Schwann cells, and their destruction by host-
mediated immune reactions, leads 1o nerve damage, sensory loss
and the disfiguration that, sadly, are the hallmarks of leprosy.

Genome features and reductive evolution

Sequence analysis. The complete genome sequence of M. leprae
contains 3,268,203 base pairs (bp), and has an average G+C content
0f 57.8% (Table 1). These values are much lower than those reported
for the M. tuberculosis genome, which comprises ~4,000 genes,
4,411,532bp and 65.6% G+C (ref. 8). From detailed pairwise
compatisons of both genome and proteome sequences™, only
49.5% of the M. leprac genome contains protein-coding genes,
whereas 27% contains recognizable pseudogenes (inactive reading
frames with functional counterparts in the tubercle bacillus). The
remaining 23.5% of the genome does not appear to be coding, and
may correspond to regulatory sequences or even gene rernnants

NATURE|VOL 409|22 FEBRUARY 2001 | www.nature.com
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mutated beyond recognition. ‘Lhe distribution of the 1,116 pseudo-
genes is essentially random (Fig. 1), and if these are excluded 1,604
potentially active genes remain, of which 1,439 are common to
both pathogens. Among the 165 genes with no orthologue in
M. tuberculosis are 29 for which we can attribute functions. Many
of the 136 residual coding sequences in M. leprae, which show no
similarity to known genes, may also represent pseudogenes as they
are shorter than average (Table 1) and occur in regions of low gene
density (Fig. 1).

Reductive evolution. Assuming that the genome of M. leprae was
once tapologically equivalent and similar in size to those of all
other mycobagteria (~4.4 Mb)'* "2, then extensive downsizing and
rearrangement must have occurred during evolution. Ifall the genes
in the ~3.3 Mb M. leprae genome were active, one would expect
3,000 proteins as compared with the 4,000 predicted in M. tuber-
culosis, Comparative proteome analysis detected only 391 soluble
protein species”, compared with ~1,800 in M. tuberculosis™,
indicating that the pseudogenes are translationally inert. Thus,
since diverging from the last common mycobacterial ancestor, the
leprosy bacillus may have lost more than 2,000 genes.

Reductive evolution is documented in obligate intraceliular
parasitcs, such as Rickettsia and Chlamydia spp., and in somc
endosymbionts®, because genes become inactivated once their
functions are no longer required in highly specialized niches. This
process may have naturally defined the minimal gene set for a

Table 1 Comparison of genome features

Feature M. leprae M. tuberculosls
Genaomea size (bp) 3,268,203 4,411,532
G+C (%) 67.79 65.61
Protein coding (%) 49.5 90.8
Protein-coding genes (no.) 1,604 3,959
Pseudogenas (no.) 1,116 6"
Gene density (op per gene) 2,037 1114
Average gene length (bp) 1,011 1,012
Avwrage unkriown gene length (bp) 338 653
* Excluding IS elements I
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