
Preamble

Two of the most important human pathogens are
Mycobacterium tuberculosis, the etiologic agent of tu-
berculosis, a chronic infectious disease that every year
accounts for three million lives world-wide and M. le-
prae, the causative organism of leprosy. Other myco-
bacteria, in particular M. avium-intracellulare can
cause disease in immuno-compromised individuals.

Recent increases in tuberculosis cases in both devel-
oping and industrialised countries, together with the
emergence of potentially untreatable drug-resistant

strains, have refocused the attention of scientists on the
biology of these pathogens. One of the common fea-
tures of the medically important mycobacteria is the
considerable difficulty inherent in their manipulation
in the laboratory. These pathogens have to be handled
under biohazard-containment facilities, and are diffi-
cult to cultivate. M. tuberculosis has a generation time
of 24 hours in in vitro culture, whilst M. leprae cannot
be cultivated at all on artificial media and has an ex-
tremely long generation time of two weeks or more in
experimentally infected animals. In addition mycobac-
teria possess an exceptionally lipid-rich cell wall that
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Abstract

The genus mycobacteria includes two important human pathogens Mycobacterium tuberculosis
and Mycobacterium lepra. The former is reputed to have the highest annual global mortality of all
pathogens. Their slow growth, virulence for humans and particular physiology makes these organ-
isms extremely difficult to work with. However the rapid development of mycobacterial genomics
following the completion of the Mycobacterium tuberculosis genome sequence provides the basis
for a powerful new approach for the understanding of these organisms. Five further genome
sequencing projects of closely related mycobacterial species with differing host range, virulence for
humans and physiology are underway. A comparative genomic analysis of these species has the po-
tential to define the genetic basis of these phenotypes which will be invaluable for the development
of urgently needed new vaccines and drugs. This minireview summarises the different techniques
that have been employed to compare these genomes and gives an overview of the wealth of data
that has already been generated by mycobacterial comparative genomics.
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confers resistance to desiccation, protects against nu-
merous antibiotics and antimicrobial agents, and has
impeded the application of convential molecular genet-
ic techniques. (Daffe and Draper, 1998). However, dur-
ing the last decade, the development of efficient vectors
and allelic exchange systems has rendered mycobacte-
ria generally more amenable to molecular genetic anal-
ysis (Bardarov et al., 1997; Camacho et al., 1999; Pe-
licic et al., 1997). The availability of the whole genome
sequence for M. tuberculosis (Cole et al., 1998) allied
with the approaches of comparative and functional ge-
nomics has the potential to answer fundamental ques-
tions concerning the biology of these major human
pathogens. Comparative mycobacterial genomics is a
field that is developing particularly rapidly, to the ex-
tent that it is more advanced than that of most other
bacterial genera. In addition to the complete genome
sequence of the virulent M. tuberculosis reference
strain H37Rv there are genome projects for five other
slow growing mycobacteria at various stages of com-
pletion (Table 1).

The comparison of these genomes with each other
and with those of other sequenced organisms will pro-
vide an efficient means of identifying the genetic basis
of the differences in host range, phenotype and patho-
genicity of these inherently difficult to manipulate my-
cobacteria. This review summarises the techniques cur-
rently in use and some of the main advances made to
date within the field of comparative mycobacterial
genomics.

Genome mapping

Since the development of pulsed-field gel electrophore-
sis (PFGE) by Schwartz and Cantor (1984) this tech-
nique has evolved into a fundamental research tool for
a broad spectrum of epidemiological, genomic and
post-genomic applications. The main advantage of
PFGE compared to standard gel electrophoresis is that
it can accurately separate DNA fragments as large as
10 Mb, such as large restriction fragments obtained by
cleavage of chromosomal DNA with rare cutting re-
striction endonucleases. This ability to separate large

molecules of DNA has resulted in physical and genetic
maps of a large variety of microorganisms (Cole and
Saint Girons, 1994, 1999), including integrated maps
for M. tuberculosis and M. bovis BCG (Philipp et al.,
1996a, b).

The basic requirement for the establishment of a
physical map is the availability of low-frequency cleav-
age enzymes that generate a manageable number of
fragments. In the case of M. tuberculosis the overall
GC content is 65.6% and therefore restriction en-
zymes with AT-rich restriction sites such as DraI
(TTTAAA) or AsnI (ATTAAT) have been used as rare
cutting enzymes, which generated 35 and 47 fragments
in M. tuberculosis H37Rv, respectively. Sixteen of the
identified DraI restriction sites were associated with
IS6110 as this insertion element contains a unique DraI
site. To establish the order of the restriction fragments,
linking clones spanning rare-cutter sites were identified
in the libraries and used as probes in hybridisation ex-
periments thus permitting unambiguous linking of
most of the fragments. Final confirmation of the estab-
lished genome map was obtained by two-dimensional
PFGE of genomic DNA reciprocally digested with DraI
and AsnI (Philipp et al., 1996b).

To obtain an integrated genomic map, sets of endse-
quenced cosmids and/or bacterial artificial chromo-
somes (BACs) are overlaid on the physical map. Cos-
mid clones mapped on the integrated map (Philipp et
al., 1996b) have played an important role in the M. tu-
berculosis H37Rv genome sequencing project. How-
ever, problems such as underrepresentation of certain
regions of the chromosome, unstable inserts and the
relatively small insert size complicated the production
of a comprehensive set of canonical cosmids represent-
ing the entire genome.

To overcome these problems, a BAC library contain-
ing large (80–100 kb) inserts from M. tuberculosis
H37Rv-derived DNA was constructed. The BAC clon-
ing system is based on the E. coli F-factor, whose rep-
lication is strictly controlled and thus ensures stable
maintenance of large constructs (Willets and Skurray,
1987; Shizuya et al., 1992). A major advantage of the
BAC cloning system (Kim et al., 1996) over cosmid
vectors is that the F-plasmid is present in only one or a
maximum of two copies per cell, reducing the poten-
tial for recombination between DNA fragments and,
more importantly, avoiding the lethal overexpression
of cloned bacterial genes. For M. tuberculosis a canon-
ical set of 68 BAC clones that covers essentially the
complete genome (Brosch et al., 1998) provided tem-
plates for gap-filling as these clones carried regions of
the genome which were underrepresented or missing
from cosmid or plasmid libraries. The ability to isolate
problem areas, such as those rich in repetitive DNA, in
large insert clones has simplified DNA sequence assem-
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Table 1. Mycobacterial genome sequencing projects.

1 M. tuberculosis H37Rv http://www.sanger.ac.uk/Projects/M_tuberculosis/
(Cole et al., 1998)

2 M. bovis http://www.sanger.ac.uk/Projects/M_bovis/
3 M. bovis BCG http://www.pasteur.fr/recherche/unites/Lgmb
4 M. lepra http://www.sanger.ac.uk/Projects/M_leprae/
5 M. tuberculosis http://www.tigr.org/tdb/mdb/mdb.html#progress

CDC1551 (CSU93)
6 M. avium http://www.tigr.org/tdb/mdb/mdb.html#progress



bly processes considerably. The minimal set of BACs
constitutes an immortalised supply of DNA of well-
defined genomic sections, and therefore represents a
valuable resource for postgenomic studies. Integrated
genome maps have also been constructed for M. bovis
AF2122/97 and M. bovis BCG Pasteur (Brosch et al.,
1998, Gordon et al., 1999, Philipp et al., 1996a).

Due to the impossibility to isolate DNA from M. le-
prae that was suitable for analysis by PFGE, no physi-
cal map could be constructed for this noncultivable or-
ganism. Instead, the ordered cosmid library, which was
generated from armadillo-derived bacteria, originally
isolated from a patient from Tamil Nadu (Eiglmeier et
al., 1993), has been used, in conjunction with clones
from a whole genome shotgun, to obtain the chromo-
some sequence.

The Mycobacterium tuberculosis complex

The M. tuberculosis complex contains several subspe-
cies that cause tuberculosis in mammals. They all are
slow growing mycobacteria and are characterised by
99.9% similarity and a singular lack of genetic diver-
sity at the nucleotide level (Sreevatsan et al., 1997). In
spite of the conservation of their genomes there are a
number of different phenotypic traits, which have been
used to distinguish them (Table 2). With the exception
of pyrazinamide resistance, the genetic basis of these
phenotypes has yet to be elucidated. These subspecies,
despite their genomic similarity appear to have adapt-
ed to different hosts and possess widely differing
degrees of virulence for man. The complex comprises
Mycobacterium tuberculosis, Mycobacterium africa-
num, Mycobacterium microti, Mycobacterium bovis,
and Mycobacterium bovis BCG.

M. tuberculosis

M. tuberculosis is the most common human mycobac-
terial pathogen and is responsible for the vast majority

of human tuberculosis cases. It only exceptionally
causes disease in other mammals.

M. africanum

M. africanum is very closely related to M. tuberculosis
and has been isolated from patients in Africa. There
appear to be at least two variants of M. africanum
which are of West- and East African origin (Haas et al.,
1997; Frothingham et al., 1999). Phenotypically they
appear to be intermediate between M. bovis and M. tu-
berculosis.

M. bovis

M. bovis has, in contrast to M. tuberculosis, a very
large host spectrum and is responsible for tuberculous
disease in cattle. M. bovis can also infect a variety of
other domestic and wild-living animals like deer, lions,
seals, etc. M. bovis is also virulent for laboratory ani-
mals. Rabbits, more resistant to M. tuberculosis are
sensitive to M. bovis infections, a fact that can be used
to distinguish between these two species. M. bovis can
also infect humans, but in countries where pasteurisa-
tion of milk and control of the tuberculin sensitivity of
the live stock are routine practice, human M. bovis in-
fections have become very rare.

M. bovis BCG

In an attempt to avoid clumping of M. bovis cells, Cal-
mette and Guérin at the Pasteur Institute, Lille, added
ox bile to their potato medium, which they were using
to grow a bovine isolate of M. bovis. After several pas-
sages they detected that the culture had become atten-
uated for guinea pigs and after 230 passages they con-
sidered that strain to be attenuated for man (Calmette,
1927; Bloom and Fine, 1994). As such, in 1921 the
“Bacille de Calmette et Guerin” (BCG) was obtained
and was then used as an attenuated live vaccine against
tuberculosis. With approximately 3 billion delivered
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Table 2. Phenotypic differentiation criteria of members of the M. tuberculosis complex (Grosset et al., 1990).

M. tuberculosis M. africanum M. bovis M. bovis BCG

Lebeck test aerobe micro-aerophilic micro-aerophilic aerobe
Niacin + +/– – –
Reduction of nitrates + +/– – –
Thiophen-carboxylic acid R S S S
Pyrazinamide S S R R
Thiosemicarbazon S S/R S R
Cycloserine S S S R
Virulence (guinea-pig) + + + –
Virulence (rabbit) – – + –

Abbreviations used: + = positive, – = negative, R = resistant to, S = sensitive to.



doses, BCG has become the most widely used vaccine.
Although the efficiency of protection against pulmo-
nary tuberculosis induced by BCG is highly variable in
various vaccination trials, there is a general agreement
that BCG is highly effective against disseminated forms
of tuberculosis in children, such as miliary tuberculo-
sis and meningitis (Fine, 1995). In addition, BCG did
protect against leprosy in a recent controlled trial (Pon-
nighaus et al., 1992). From 1924 on, the Pasteur Insti-
tute sent the BCG vaccine to many countries, in order
to enable local vaccine production. Due to the fact that
efficient methods of conservation of bacteria, like
freeze-drying, only became available in the 1960’s,
BCG was passaged in various laboratories under dif-
ferent conditions resulting in further genetic changes.
As such, several variants of BCG carrying subtle genet-
ic differences exist and it has been suggested that these
differences may account for the variable protection
conferred by BCG found in different clinical trials us-
ing different BCG strains. (Behr et al., 1999; Oettinger
et al., 1999). Despite almost 50 years of worldwide use
the reason for the attenuation of M. bovis BCG is still
unknown. The elucidation of the mechanism of atten-
uation of BCG is therefore a primary objective for new
vaccine development.

M. microti

M. microti was originally isolated from voles in the UK
in the 1930’s and causes tuberculosis in rodents (Wells
and Oxon, 1937). Several strains have been isolated
from voles and these are avirulent for both man and
bovines. One strain OV254 (OV stands for Orkney
Vole) has been used as a live vaccine by the Medical Re-
search Council (MRC) in the UK in controlled clinical
trials involving large human populations (Hart and Su-
therland, 1977). Another strain, OV166 has been used
as live vaccine in Czechoslovakia in the 1960’s. In to-
tal, about half a million new-borns were vaccinated
with this strain over an 18-year period. No particular
health problems due to the vaccination with M. micro-
ti were reported and immunisation with M. microti
conferred protection against tuberculosis equivalent to
that induced by BCG (Sula and Radkovsky, 1976).
These studies clearly show that M. microti is not a
human pathogen. These data are in conflict with a re-
cent report, where the authors claim the isolation of
several M. microti strains from severely immuno-com-
promised humans with tuberculous infections. How-
ever, although the spoligotypes of the vole isolates
resemble that of human isolates, the IS6110 profiles of
the vole isolates and human isolates are completely dif-
ferent (van Soolingen et al., 1998) and as such may not
correspond to the same variant of M. microti. In order
to avoid confusion, in the present minireview we

restrict the name M. microti to the avirulent vole iso-
lates, as indicated by its name.

Comparative genomics 
of the M. tuberculosis complex

By elucidating the genomic differences between the vir-
ulent and avirulent members of the M. tuberculosis
complex, comparative genomics has the potential to
define mycobacterial virulence determinants specific
for humans and other host-range determining factors.
Different approaches have been used to perform
genome-wide comparisons between members of the M.
tuberculosis complex. 

BAC-arrays

The minimal overlapping set of BAC clones represents
a powerful tool for comparative genomics. For exam-
ple, with each BAC clone containing on average an
insert of 70 kb, it should be possible to cover a 1-Mb
section of the chromosome with 15 BAC clones. Re-
striction digests of overlapping clones can then be blot-
ted onto membranes, and probed with radiolabelled
total genomic DNA from related strains. By means of
BAC-arrays and direct comparison of canonical BACs
from ordered libraries several polymorphic genomic
regions were uncovered (Brosch et al., 1998; Gordon
et al., 1999). To survey the genetic diversity of the
tubercle bacilli, oligonucleotides specific for each vari-
able region allowed their presence or absence to be
determined in the genomes of M. tuberculosis clinical
isolates, M. africanum, M. bovis, M. bovis BCG, and
M. microti.

DNA microarrays

In parallel, Behr and colleagues employed DNA micro-
arrays containing capture probes for 3902 of the cod-
ing sequences present in M. tuberculosis H37Rv to
assess the relatedness of a set of 13 different BCG sub-
strains (Behr et al., 1999).

These two studies identified a similiar set of genom-
ic deletions in addition to those described in earlier
works using different techniques (Mahairas et al.,
1996; Philipp et al., 1996a). The regions absent from
M. bovis BCG relative to the M. tuberculosis H37Rv
genome were named RD1 to RD16. This review has
used the nomenclature proposed by Mahairas and col-
leagues (1996) and Gordon and colleagues (1999)
rather than Behr and colleagues in accordance with
publication order. RD1 to RD16 are summarised in
Figure 1 and Table 3.
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According to these studies the RD regions can be
clustered into regions that are absent from 1) all BCG
substrains, 2) some BCG substrains, 3) M. bovis and
M. bovis BCG strains, 4) M. bovis, M. bovis BCG, and
M. microti strains and 5) M. bovis, M. bovis BCG, M.
microti, and M. africanum strains.

RD1

This deletion, originally described by the group of Ken
Stover (Mahairas et al., 1996), is specific for all BCG
substrains (Behr et al., 1999). The deleted region con-
tains eight genes, most of which belong to the esat6
gene cluster (Tekaia et al., 1999). ESAT6 has been
shown to act as potent stimulator of the immune
system and is an antigen recognised during the early
stages of infection (Elhay et al., 1998; Horwitz et al.,
1995; Rosenkrands et al., 1998). As this 10-kb region
is absent from all BCG strains tested so far, but present
in virulent M. bovis and M. tuberculosis strains, the
loss of RD1 could be associated with the attenuation
of BCG. However, preliminary attempts to comple-

ment BCG with the RD1 region did not restore viru-
lence when the transformants were tested in an animal
model (Mahairas et al., 1996).

RD2

The RD2 region, first described by Mahairas and col-
leagues (Mahairas et al., 1996), is absent from some
but not all BCG strains. From the 13 BCG substrains
tested by Behr and colleagues, eight have this 10 kb re-
gion deleted (Behr et al., 1999). Two of the genes in the
RD2 region code for the secreted immunogenic protein
Mpb64 and a regulatory protein of the LysR family.
Some authors speculate that the loss of RD2 in some
BCG substrains may have been responsible for a de-
crease of protective immunity induced by these BCG
substrains (Behr and Small, 1999).

RD3

The RD3 region corresponds to one (phiRv1) of the
two prophages (phiRv1 and phiRv2), present in the ge-
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Fig. 1. Overview of the RD1–RD16 deleted regions in M. bovis BCG relative to M. tuberculosis H37Rv. The regions deleted from the BCG genome are delim-
ited by arrows. ORFs are represented as pointed boxes showing the direction of transcription. For additional information about gene functions consult the web-
site http://bioweb.pasteur.fr/GenoList/TubercuList. The RD nomenclature used in this figure follows publication order and is based on that proposed initially by
Mahairas et al. (1996) and Gordon et al. (1999) and differs from that used by Behr and coworkers (1999).



nome of M. tuberculosis. PhiRv1 and phiRv2 are both
~10 kb in length, have a similar organisation and some
of their gene products show marked similarity to those
encoded by certain bacteriophages from Streptomyces
and saprophytic mycobacteria (Cole et al., 1998). It is
possible that during the serial attenuation of M. bovis
that led to the vaccine strain M. bovis BCG, the phiRv1
prophage was lost. The presence of this prophage in
other members of the tubercle complex is variable (Ta-
ble 3).

RD4

The RD4 region (Brosch et al., 1998) represents a dele-
tion of 12.7 kb from both M. bovis and all M. bovis
BCG strains tested. Among the 11 open reading frames
present in this region in M. tuberculosis, several show
similarity to membrane proteins and enzymes involved
in the biosynthesis of polysaccharides. These putative
lipopolysaccharide-like molecules could be involved in
interaction of M. tuberculosis with certain receptors of
the mammalian host cells.

RD5

The RD5 region being absent from M. bovis, M. bo-
vis BCG and also from M. microti (Gordon et al.,
1999) encompasses three (plcA, plcB, plcC) of the

four genes encoding a phospholipase C in M. tuber-
culosis H37Rv (Cole et al., 1998). Phospholipase C
has been recognised as an important virulence factor
in numerous bacteria, including Clostridium perfrin-
gens, Listeria monocytogenes and Pseudomonas aeru-
ginosa, where it plays a role in cell-to-cell spread of
bacteria, intracellular survival, and cytolysis (Titball,
1993). Phospholipase C activity in M. tuberculosis,
M. microti and M. bovis, but not in M. bovis BCG,
has been reported (Johansen et al., 1996; Wheeler and
Ratledge, 1992). The levels of phospholipase C activ-
ity detected in M. bovis were much lower than those
seen in M. tuberculosis consistent with the loss of
plcABC. It is likely, that plcD is responsible for the
residual phospholipase C activity in strains lacking
RD5, such as M. bovis and M. microti. In M. tuber-
culosis H37Rv, the plcD gene has been shown to be
partially deleted (Gordon et al., 1999) as a result of
being a hotspot for IS6110 integration. As such, the
presence of functional phospholipase C-encoding
genes is highly variable among the members of the M.
tuberculosis complex, a fact which might eventually
account for some of the differences seen in their viru-
lence.

In addition, RD5 contains genes encoding proteins
belonging to the ESAT-6 family (like RD1 and RD8),
of which there are 14 copies organised in 11 distinct
loci within the genome sequence (Tekaia et al., 1999).
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Table 3. Distribution of deletions among members of the M. tuberculosis complex.

Deletion M. tuberculosis H37Rv M. africanum M. bovis M. bovis BCG M. microti OV254

RD1 + + + – +
RD2 + + + +/– +
RD3(phiRv1) + – + – –
RD4 + + – – +
RD5 + + – – –
RD6 + + – – –
RD7 + + – – –
RD8 + + – – –
RD9 + – – – –
RD10 + + – – –
RD11(phiRv2) + + +/– – +
RD12 + + – – +
RD13 + + – – +
RD14 + + + BCG Pasteur +

–
RD15 + + + BCG Frappier +

BCG Connaught
–

RD16 + + + BCG Moreau +
–

+ = region is present, – = region is deleted.
The RD nomenclature used in this figure follows publication order and is based on that proposed initially by Mahairas et al. (1996) and Gordon et al. (1999)
and differs from that used by Behr and coworkers (1999), shown in bracketts. RD1 = (RD01); RD2 = (RD02); RD3 = (RD03); RD4 = (RD06); RD5 = (RD07);
RD6 = (RD11); RD7 = (RD15) RD8 = (RD09); RD9 = (RD12); RD10 = (RD04); RD11 = (RD13); RD12 = (RD05); RD13 = (RD10); RD14 = (RD14); RD15 =
(RD08); RD16 = (RD16).



RD6

RD6 is a region, which contains an insertion element
(IS1532) and genes encoding proteins of the highly
repetitive PPE family. RD6 is absent from M. bovis, M.
bovis BCG, M. africanum, M. microti but also from
various M. tuberculosis clinical isolates (Gordon et al.,
1999).

RD7

The RD7 region (Gordon et al., 1999) contains the
mce3 operon. The mce gene was described by Riley
and colleagues and codes for a putative invasin-like
protein in M. tuberculosis. By cloning the mce gene
into Escherichia coli, they showed that expression of
Mce renders E. coli invasive for HeLa cells (Arruda
eat al., 1993). Twenty-three proteins from the Mce
family were identified as part of the genome sequenc-
ing project, with their genes occupying the same 
position in four large, well-conserved operons com-
prising at least eight genes (Cole et al., 1998; Tekaia
et al., 1999). It is difficult to speculate about the
effects of the loss of mce3 (RD7) on M. bovis, M. mi-
croti and M. bovis BCG as the remaining three mce
operons would be expected to complement for any
lost activity, unless they were expressed differentially.
However, it is intriguing that RD7 is absent from
some members of the M. tuberculosis complex that
are not virulent for man, suggesting that RD7 may
play some specific role in human disease (Gordon et
al., 1999).

RD8

The RD8 region (Gordon et al., 1999) contains one of
the six genes within the genome sequence that encode
epoxide hydrolases (EphA-F). Epoxide hydrolases are
generally regarded as enzymes of detoxification (Arand
et al., 1994). The loss of ephA (RD8) may be compen-
sated by other enzymes, although the substrate speci-
ficity of the M. tuberculosis enzymes is unknown.
Epoxide hydrolases may be involved in detoxifying
lipid peroxidation products generated by oxygen radi-
cals from the activated macrophage. Like RD1 and
RD5, RD8 also contains genes encoding proteins be-
longing to the ESAT-6 family.

RD9

The RD9 region (Gordon et al., 1999) contains genes
encoding a precorrin methylase, an oxidoreductase,
and an exported protein. RD9 was found to be delet-
ed from M. africanum, M. bovis, M. bovis BCG and M.
microti but not from M. tuberculosis. Hence, in con-

trast to the other RD regions, at this locus M. africa-
num resembles M. bovis, reflecting the postulated
intermediate status of this strain between M. tubercu-
losis and M. bovis (Heifets and Good, 1994).

RD10

The RD10 region (Gordon et al., 1999) is only 1903
bp in size yet affects three ORFs, Rv0221, echA1 and
Rv0223, that encode a hypothetical protein, enoyl
CoA hydratase and an aldehyde dehydrogenase, re-
spectively. PCR reactions revealed that RD10 was ab-
sent from M. microti as well as M. bovis and M. bovis
BCG.

RD11

The RD11 region corresponds to the second prophage
(phiRv2) that has a similar organisation to that of
phiRv1 (Cole et al., 1998). The attachment site for
phiRv2 is found in the 3’ end of valU, the tRNA-Val
gene, which is part of a tRNA gene cluster, an insertion
site similar to those of pathogenicity islands (Hacker et
al., 1997). Interestingly, most of the M. tuberculosis
strains harbor phiRv1 and phiRv2, whereas this pro-
phage seems to be very rare in M. bovis (our unpub-
lished findings).

RD12 and RD13

These two regions, each about 2.5 kb in size, contain
genes coding for a thiosulfate sulfurtransferase, a mo-
lybdopterin converting factor, a methyltransferase, a
cytochrome P450 (RD12), a transcriptional regulator,
a cytochrome P450, and a dehydrogenase (RD13).
Both regions were found to be absent from M. bovis
and M. bovis BCG (Behr et al., 1999), but present in
M. microti (our unpublished findings). Hence, in con-
trast to other RD regions, at this locus M. microti re-
sembles M. tuberculosis, suggesting that this member
of the M. tuberculosis complex should be intermediate
between M. tuberculosis and M. bovis. Similar to the
RD4 locus, RD12 and RD13 differentiate M. microti
from bovine strains.

RD14, RD15 and RD16

RD14, RD15 and RD16 (Behr et al., 1999) are BCG
substrain-specific deletions (Table 3). RD14 was only
found in BCG Pasteur 1173P2. RD15 represents a spe-
cific deletion of BCG substrains Frappier and Con-
naught, with RD16 being a specific deletion of BCG
Moreau (Behr et al., 1999). Similarly to RD2, these re-
gions could have altered the immunogenicity of these
BCG substrains.
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Evolution of the M. tuberculosis complex

Hypotheses on the evolution of the M. tuberculosis
complex are often based on the idea that M. tubercu-
losis is derived from M. bovis. However, the fact that
most of the end-points of the 16 variable regions are
located inside genes, suggesting that these regions rep-
resent deletions in M. bovis or BCG rather than inser-
tions in M. tuberculosis, implies that the human tuber-
cle bacillus cannot be descended from the bovine form.
Thus, tuberculosis in humans did not result from a
zoonosis.

PFGE comparisons

In addition to array-based techniques, comparison of
PFGE profiles between related strains can reveal ge-
nomic differences. M. tuberculosis H37Rv and M. tu-
berculosis H37Ra are a virulent and an avirulent sub-
strain of strain H37 (Steenken et al., 1934). Compar-
ison of the DraI macrorestriction profiles of H37Rv
and H37Ra revealed that a 480kb DraI fragment
present in the genome of H37Rv is replaced by frag-
ments of 260 kb and 220 kb in H37Ra. In addition,
an 8 kb fragment present in H37Ra is not present in
H37Rv. Comparison of an in silico restriction map of
the sequenced strain M. tuberculosis H37Rv with the
PFGE DraI pattern from M. tuberculosis H37Ra al-
lowed the precise localisation of these two polymor-
phic regions on the genome. Further analyses showed,
that these polymorphisms were the result of an IS6110
insertion in strain H37Ra and an IS6110-mediated
deletion (RvD2) in strain M. tuberculosis H37Rv
(Brosch et al., 1999). 

PFGE has been described as a powerful tool for mo-
lecular epidemiologic and population genetic studies of
the M. tuberculosis complex (Singh et al., 1999; Zhang
et al., 1995). The imminent availibility of several my-
cobacterial genome sequences opens a new perspective
for the use of PFGE macrorestriction fragments for
comparative genomics. With the whole genome se-
quence of an organism in hand, one can readily con-
struct an in silico restriction map and compare this
map with the PFGE banding pattern from the same
strain. By comparison of the PFGE pattern of the se-
quenced strain with patterns from related strains (e. g.
clinical isolates of the same species, or strains from
closely related species), variable fragments observed in
the patterns can be linked back to the sequence and ul-
timately to individual genes. These comparisons can
identify genomic regions that are conserved in a large
number of isolates, as well as identifying hypervariable
regions. This simple approach could considerably
enrich our knowledge about mycobacterial epidemiol-
ogy and evolution of the mycobacteria

Comparative genomics – 
Mycobacterium leprae

The impossibility to isolate DNA from M. leprae that
is amenable for PFGE analysis, restricts comparative
genomics to in silico comparison of the M. leprae se-
quence with genome sequences of other organisms. At
the time of writing, a contiguous sequence of the sin-
gle circular chromosome of the leprosy bacillus has just
become available. The M. leprae genome (size 3268
kb), is almost 1.2 Mb smaller than that of M. tubercu-
losis (4411 kb) and its GC content of ~58% also dif-
fers extensively. This low GC value previously led to
doubts as to whether the leprosy bacillus was a true
member of the Mycobacterium genus. However, with
the genome sequence available, the low GC content as
well as the smaller size can be attibuted partly to the
low amount of repetitive DNA in M. leprae. At first in-
spection, M. leprae has very few IS elements, although
its genome does contain at least three dispersed repet-
itive sequences termed RLEP, REPLEP and LEPREP,
and also lacks the many large genes encoding the PGRS
and MPTR proteins present in M. tuberculosis (Cole et
al., 1998). Preliminary comparison of the two genome
sequences reveals a mosaic arrangement in which ex-
tended homologous areas are flanked by unrelated ge-
nomic segments. In contrast to most other bacteria
which carry a copy of rrn adjacent to the chromosomal
origin of replication oriC, resulting in increased rRNA
production through increased gene dosage, in both M.
leprae and M. tuberculosis, the single rrn operon is sit-
uated ~1.3 Mb from oriC. It has been suggested that
the atypical arrangement seen in these mycobacterial
pathogens may be related to their slow growth. The M.
leprae genome contains a large portion of pseudo-
genes, i. e. inactivated versions of genes that are still
functional in M. tuberculosis. It seems probable that
these genes were not essential for the intracellular life
of M. leprae. This large-scale gene inactivation appears
to be the result of the reductive evolution M. leprae has
undergone during its evolution into an obligate intra-
cellular organism, and is most probably responsible for
the inability of M. leprae to grow on culture media.
Complete analysis of the genome sequence should elu-
cidate the genetic background for the exceptionally
slow growth of M. leprae and further comparisons
with M. tuberculosis will define the minimal gene set
required by a pathogenic mycobacterium.

Concluding remarks

Genomics has provided a wealth of new information
about the tubercle and the leprosy bacilli that enor-
mously enriches our knowledge about these important
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organisms. Comparative genomics uncovered a large
variety of polymorphic regions in the otherwise highly
conserved genomes of the tubercle bacilli. The comple-
tion of five additional mycobacterial genome sequenc-
es will enable in silico comparisons of whole genomes.
This approach will certainly reveal further, probable
more subtle genomic differences, that have remained
undetected by the current approaches that are de-
scribed in this review. Functional analysis of all the
polymorphic regions will certainly help to elucidate
what role these genomic differences play in the pheno-
typic differentiation, the host range and the virulence
of the slow growing mycobacteria. The next scientific
challenge will then be to use this information for the
development of affordable new drugs and vaccines to
combat disease.
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