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Summary The integrated map of the Mycobacterium leprae genome unveiled for
the first time the genomic organization of this obligate intracellular parasite. Selected
cosmid clones, isolated from a genomic library created in the cosmid vector Lorist6,
were identified as representing nearly the complete genome and were subsequently
used in the M. leprae genome sequencing project. Now a new version of the
integrated map of M. leprae can be presented, combining the mapping results from
the Lorist6 cosmids with data obtained from a second genomic library constructed
in an Escherichia coli-mycobacterium shuttle cosmid, pYUB18. More than 98% of
the M. leprae genome is now covered by overlapping large insert genomic clones
representing a renewable source of well defined DNA segments and a powerful tool
for functional genomics.

Introduction

When Gerhard Henrik Armauer Hansen established in 1873 the contagious nature of leprosy,
and thereby associated for the first time bacteria with a disease in man, he probably did
not envisage that over 100 years later leprosy, caused by Mycobacterium leprae, would still
be an important health problem in several countries. Only in the last 2 decades of the 20th
century, due to the leprosy elimination strategy recommended by the WHO'? and the
widespread implementation of multidrug therapy (MDT), there was a substantial reduction
of leprosy prevalence achieved, resulting in an estimated 1-2 million registered cases.
Effective MDT kills the bacteria; however, it does not reverse or cure the nerve damage in the
afflicted patients. For this reason, some of the current major leprosy research priorities are
the development of new diagnostic tools for the detection of early leprosy cases, new methods
for detecting drug resistance or persistence, and the design of new drugs with increased
effectiveness, capable of shortening the duration of antileprosy chemotherapy and which
are operationally less demanding. To prevent the onset of infection by developing a leprosy
vaccine could also contribute towards leprosy elimination efforts. The wide-spread admin-
istration of BCG, Mpycobacterium bovis Bacille Calmette Guérin, is probably already
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contributing to the reduction of leprosy prevalence, offering a significant degree of protec-
tion from clinical leprosy.>* The characterization of protective antigens from M. leprae to be
included in a prophylactic vaccine and the understanding of its unusual life style, particularly
its ability to enter and live inside Schwann cells, are research areas where many questions
remain unanswered.

Research on M. leprae—the challenge

M. leprae, is an obligate intracellular parasite which has, so far, evaded cultivation in vitro
outside of living animals. The development of the mouse model for leprosy research®® was
the first step towards the study of M. leprae in the laboratory, and is still in use for testing drug
susceptibility and monitoring of treatment. The introduction of the armadillo (Dasypus
noveminctus Linnaeus) as an animal model® made it possible for the first time to prepare
a sufficient quantity of bacteria to envisage biochemical or genetic studies of M. leprae.
Together with the rapidly developing recombinant DNA technologies, this represented a
watershed for leprosy research. Preparation of chromosomal M. leprae DNA and first
estimations of its G+ C content and size became possible with the availability of arma-
dillo-derived bacteria.'® The values obtained (G + C 56%, genome size of about 3-38 Mb)
were ultimately shown to be very close to the data generated by the M. leprae sequencing
project (57-8%, 3,268 Mb) several years later.'!

The Agtll period in M. leprae research and the generation of other genomic libraries

The advent of recombinant DNA technologies opened new avenues for leprosy research by
analysis of gene products expressed in a cultivable bacterium, Escherichia coli. In the
bacteriophage Agtll system, a relatively small (2-8kb) foreign insert DNA is expressed
under the control of the E. coli 3-galactosidase promoter, therefore ensuring that the cloned
sequence will be efficiently transcribed and translated in E. coli, generating a (3-galactosidase
fusion protein. Armadillo-derived genomic DNA was utilized in Agtl1 expression libraries
and many investigators successfully identified recombinant clones producing antigens recog-
nized by a panel of monoclonal antibodies or patient’s sera'>'%; see references 2° and %' for
a compilation. These antigenic determinants were subsequently characterized; however, it
became evident that despite using different murine and human sera to screen the libraries, a
limited number of immunodominant protein antigens was identified,>* and the same antigen
was sometimes independently re-isolated in different laboratories,?® suggesting an element
of bias in the system used. In addition, the size limitation in the Agtl1 cloning system, while
ideal for the detection of small antigenic epitopes, was not suitable for the analysis of full
length genes.

To date, all attempts to obtain high molecular weight chromosomal DNA isolated from
armadillo-derived M. leprae have been unsuccessful. The strong physical barrier of the cell
envelope is one explanation, necessitating a relatively rough treatment to obtain permeabil-
ization and preventing in situ preparations of M. leprae DNA suitable for pulsed-field gel
electrophoresis (PFGE). The second reason is that M. leprae isolated from an animal host is
a heterogenous population of bacilli with many cells probably harbouring already degraded
DNA. This limits the maximum insert length to 40—60 kb. Chromosomal DNA fragments
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of this size can be prepared in sufficient quantities from armadillo-derived bacteria. The
technique used to manipulate DNA of this size is the cosmid cloning strategy. However,
because of the relatively small size of the starting material, the conventional partial digest
methods employed for library construction are not always appropriate due to the risk of
obtaining chimeric inserts. Nevertheless, investigators subjected M. leprae chromosomal
DNA to partial restriction enzyme digestion and subsequently utilized size fractionated
DNA fragments for the construction of different types of large insert libraries.'°

The integrated map of M. leprae

With the aim of centralizing and unifying the M. leprae data and creating a new starting point
for leprosy research, an integrated genome map was initiated, with the first step consisting
of the construction of an ordered cosmid library. No M. leprae strain has ever been cloned,
strictly speaking, so working with a clinical isolate seemed to be an acceptable solution.
Thus M. leprae, originally derived from a patient from Tamil Nadu, was purified from an
experimentally infected armadillo and the chromosomal DNA was prepared as described
by Clark-Curtiss ef al.'® In order to circumvent the problem of chimeric clones, the DNA was
gel-fractionated, end-repaired and blunt-end fragments in the 35-50kb size range were
cloned directly into the cosmid vector Lorist6.>> About 1000 independent clones harbour-
ing M. leprae DNA were obtained, corresponding to about 10 genome equivalents, and the
cosmids were subjected to a modified fingerprint analysis.>* Briefly, clones are ‘finger-
printed’ by treatment with restriction enzymes, measurement of the sizes of all the resulting
fragments, followed by employing a computer-assisted matching technique® to detect
regions common to several clones. The fingerprint data permit overlapping cosmids to be
identified, enabling a contiguous physical map of the M. leprae chromosome to be built up
of overlapping clones.”

This contig map was refined and completed by hybridization, either using complete
cosmids or suitable end-fragments of cosmids as probes. The understanding of the basic
organization of the M. leprae chromosome was further improved by the successful position-
ing of all the available cloned M. leprae genes and loci, along with well-conserved,
heterologous genes from other bacteria (such as housekeeping genes or stable RNAs). The
ultimate comparison of fingerprinting data and hybridization results with genetic markers
finally resulted in the integrated map of the M. leprae chromosome.

Based on this integrated map, the chromosome was estimated to be ~2-8 Mb in size.
Seven years later the M. leprae sequencing project revealed a genome of =3-2Mb for
the leprosy bacillus,'" indicating that the data from the fingerprint analysis had led to the
underestimation of the contig sizes, due to paucity of bands in the fingerprint or different
restriction fragments having similar lengths and hence appearing to be the same fragment.
Nevertheless, the overall clone and gene distribution on the integrated map was left nearly
unchanged and the hypothesis of a circular chromosome was confirmed.

First genome comparisons of M. le prae with M. tuberculosis®’ based on the genetic maps
were within reach, revealing existing regions of synteny. However, it rapidly became evident
that the order of these limited genome sections was different, observations which were
later substantiated by the corresponding genome sequencing projects of M. leprae and M.
tuberculosis.
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Shuttle vector libraries

A prerequisite for studying proteins produced by mycobacterial pathways or those whose
expression is catalysed by the products of other mycobacterial genes is the introduction
of their genes in an appropriate surrogate host such as Mycobacterium smegmatis or
M. bovis BCG where faithful gene expression can be obtained. The replicative shuttle
cosmid pYUB18,%® which contains an origin of replication functional in E. coli and a second,
mycobacterial origin of replication for stable maintenance in mycobacteria, proved to be
very useful for this purpose. As a selective marker pYUBI18 carries a kanamycin resis-
tance gene, functional in both E. coli and mycobacteria; however, due to the size of the
vector, slightly smaller chromosomal DNA inserts can be cloned (between 30 and 35 kb).
In order to pave the way for new functional genomic experiments, we wanted to determine
a minimum tiling path (i.e. the combination of cosmids which gave the minimum overlap)
of M. leprae shuttle cosmid clones representing the entire genome. Having the complete
M. leprae genome sequence at our disposal, the positioning of M. leprae shuttle clones by
cosmid end-sequencing became feasible as a direct mapping approach. About 800 shuttle
cosmid clones from a pYUB18-based library (obtained from W. Jacobs Jr), generated from
a different source of chromosomal M. leprae DNA, were characterized by end-sequencing
and positioned on the M. leprae genome ; however, only incomplete coverage with shuttle
cosmids was obtained. A high number of chimeric clones were identified and eliminated,
due to an apparent discrepancy with the genome sequence. Additional proof for the chimeric
nature of these shuttle cosmids was generated by comparison of their fingerprint data with
the complete cosmid fingerprint dataset.

These comparisons also reinforced the initial assumption, that M. leprae strains from
different origins exhibit no obvious, important genome diversity,'®?°=3! a hypothesis that
was also strengthened by sequence comparisons of the generated end-sequences with the
genome sequence. However, the previously reported polymorphisms, the RLEP distribution
in the genome’> and the variations in the TTC repeats,”® have not yet been exploited in
the pYUB18 based library.

The integration of the Lorist6-based cosmids and the pYUBI18 shuttle cosmid clones
yielded a new integrated map, which, as in the first version, still exhibits the four gaps in the
library coverage creating contig breaks. Comparisons with the annotated M. leprae genome
reveal gap sizes of approximately 2-9, 7-5, 5-1 and 42-3 kb, corresponding to about 1-7% of
the genome. Table 1 summarizes the open reading frames which are absent from the two
cosmid libraries; in total 34 possible ORFs are concerned, comprising only 19 genes and 10
conserved hypotheticals. Why these regions are not present in the two different libraries
is unclear. There could be, as in other similar genome projects,** >’ M. leprae sequences
that cannot be cloned in E. coli using these vectors. Another explanation could be the quality
of the DNA preparation used as starter material for the library construction in that these
regions might be underrepresented in the cloned, size fractionated region and more clones
should be specifically screened for the presence of these missing sequences.

Conclusions and future studies
These ordered libraries are valuable tools and will facilitate genetic research considerably

as they represent renewable sources of well-defined segments of the M. leprae genome, easy
to distribute and convenient to handle in a non-pathogenic, cultivable host bacterium. They
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Table 1. Regions of the M. leprae chromosome absent from the Lorist6 and also from the pYUB 18 genomic libraries.
The first column indicates the limits, corresponding to the sequenced M. leprae genome, of the regions absent in the
two mapped libraries. In column two the putative genes present in these regions are given. Columns three and four
indicate the number of conserved hypotheticals and hypothetical genes present in these uncloned regions and the fifth
column contains the number of identified pseudogenes

Coordinates Conserved
(nts) Genes hypotheticals Hypotheticals Pseudogenes

MLO131 - oxidoreductase
LsHo=llisets) fadD29 - acyl-CoA synthetase ! ] B

254015-261597 MLO192 - membrane protein 2 1 4
PPE - PPE-family protein
mihF - integration host factor
655781-660912 gmk - guanylate kinase 1 - -
dfp - flavoprotein
metK - S-adenosylmethionine synthase
sahH - S-adenosyl-L-homocysteine hydrolase
tmk -thymidylate kinase 6 4 17
mtrA - two-component response regulator
mtrB - two-component system sensor kinase
IpgB - lipoprotein
secA - preprotein translocase subunit

M SAZ=ERIE MLO0782 -transmembrane transport protein

aroA - 3-phosphoshikimate 1-carboxyvinyl
transferase

MLO793 - bacteriophage protein

MLO0803 - two-component system sensor kinase

whiBl - putative transcriptional regulator

Total 19 10 5 21

remove the tedious step of preparation of mycobacterial chromosomal DNA and, in addition,
the insert size permits investigations of longer operons or genes with related functions, often
linked on the chromosome.

Nowadays, complete bacterial genome sequences are relatively easy to produce without
prior mapping of clones with large inserts or the establishment of a complete integrated map.
However, sequencing projects concerning species necessitating laborious culture conditions,
biohazard facilities or with complex genomes which make the sequencing approach by
a whole genome shotgun difficult due to their special features (for example, extensive,
numerous repetitive regions or DNA segments which are difficult to clone) benefit from
clones carrying defined DNA fragments and a detailed cosmid map, serving as a framework
for the assembly. Selected clones represented ideal starting material for the systematic
genome sequencing, giving early access to thoroughly analysed and annotated regions of
the chromoscme, long before the genome was completely sequenced, as for example, the
first completely sequenced cosmid, B1790.*® Sequence analysis of this cosmid revealed
the presence of the genes for four potential drug targets: rpoB (rifampicin), tuf (tetra-
cyclin derivatives), rpsL (streptomycin) and efg (fusidic acid). These results permitted the
early development of molecular diagnostic tests for determining rifampicin resistance in
M. leprae® which, refined further, culminated in a relatively simple assay for resistance
detection® (Honoré et al., this issue). In addition, benefiting from the sequence data obtained
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Figure 1. Latest version of the integrated map of M. leprae. A minimal set of Lorist6-based/pYUB18 shuttle vector clones is shown, covering in 4 contigs more than 98% of the
M. leprae genome. The central black line corresponds to the genome sequence, with the positions indicated in nucleotides. Below the sequence line, the lower bars represent
the sections of the chromosome present in completely sequenced clones of the Lorist6-based library. The upper bar indicates the genome sections represented in cosmids of the
pYUBI8-based library. The exact coordinates of the selected clones can be obtained at the following web site: http://genolist.pasteur.fr/Leproma.
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from the evolutionary well-conserved rpsL gene of M. leprae, the molecular basis of strepto-
mycin resistance in M. tuberculosis*' could be determined.

The resources described here also provide a new foundation for functional genomics.
Comparisons of the genomes of M. leprae and M. tuberculosis reveal a number of genes
common to both species which could be characteristic for mycobacteria, plus another group
of genes which are specific to M. leprae. Capitalizing on the contig map plus the genome
sequence and its annotation, defined shuttle vector cosmids could be used to introduce, in
a straightforward way, these M. leprae specific genes into fast-growing mycobacteria
allowing M. leprae proteins to be expressed and studied. Clearly comparative mycobac-
terial genomics in combination with the well-defined M. leprae cosmids can open new and
systematic ways of searching for vaccine candidates, immunodiagnostic reagents and
molecules involved in the pathogenesis of M. leprae.
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