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Mycobacterial Genomes

David C. Alexander and Jun Liu

Summary
Tuberculosis (TB), caused by Mycobacterium tuberculosis, remains a major cause of death around

the world. Diseases caused by nontuberculous mycobacteria are increasingly associated with immuno-
compromised individuals. The availability of whole-genome sequences of mycobacterial species in
the past several years has revolutionized TB research. This chapter provides an overview of the biol-
ogy of mycobacteria and the diseases that they cause, with emphasis on how recent advances in geno-
mics have improved our knowledge of the lifestyle and phylogeny of these organisms.
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“If one judges of the importance of a disease according to its distribution, and accord-
ing to the degree in which it menaces health and induces death prematurely, tuberculosis
assumes the first rank in human pathology...it has been known as far back as the memory
of man extends, and has unceasingly decimated the race for hundreds and thousands of
years,” (1)

Prof. Dr. Georg Cornet, 1904 (19th century Bacteriologist)

1. Introduction
One hundred years later, mycobacterial diseases retain their first rank as menaces to

human and animal health. Despite global initiatives and five decades of chemothera-
peutics, tuberculosis (TB) caused by Mycobacterium tuberculosis remains a common
bacterial disease. An estimated 2 billion people are infected with M. tuberculosis and 2
million succumb to TB each year (2). Leprosy, caused by Mycobacterium leprae, inflicts
disfigurement and untold human suffering. Effective treatments for leprosy are avail-
able, but attempts at eradication have failed, and more than 600,000 new cases are
reported each year (3). Buruli ulcer, a deadly necrotizing skin disease caused by Myco-
bacterium ulcerans, is often described as an emerging infection, but in endemic regions
it is more common than leprosy. Diseases caused by atypical, nontuberculous mycobac-
teria, such as members of the Mycobacterium avium complex (MAC), used to be rare.
However, the epidemic of HIV infection and AIDS has been accompanied by a surge
in these opportunistic mycobacterial infections, which are often difficult to treat. Ani-
mals also suffer. Vigilant farming practices have reduced the incidence of Mycobac-
terium bovis infection, but outbreaks of bovine TB still occur. Johne’s disease, a fatal
inflammatory bowel disease of livestock, caused by the Mycobacterium avium subspe-
cies paratuberculosis, remains endemic in domestic herds (4).

Historically, mycobacterial research has been hampered by the fastidious nutritional
requirements, extraordinarily slow growth rates of these organisms and, especially with
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M. tuberculosis, the high risk of contagion. During the past 15 yr, the development of
effective molecular biology tools has rendered these bacteria more amenable to gene-
tic and biochemical studies. The availability of whole-genome sequences, starting with
M. tuberculosis strain H37Rv in 1998 (5), has revolutionized TB research. The genome
sequences of M. bovis (6), M. leprae (7), and M. tuberculosis strain CDC1551 (8) have
now been published. Additional sequencing projects are underway for the genomes of
M. ulcerans, Mycobacterium marinum, Mycobacterium microti, Mycobacterium smeg-
matis, two M. avium subspecies, several strains of M. tuberculosis and the vaccine strain,
Bacille Calmette-Guérin (BCG).

This chapter provides an overview of mycobacteria and the diseases that they cause,
with an emphasis on how recent advances in genomics have enriched our understand-
ing of both the biology and phylogeny of these organisms. The focus of the first section
is TB and M. tuberculosis. As illustrated in the second section, the role of other mycobac-
teria should not be underestimated. The final section focuses on specific gene families
and virulence factors that distinguish mycobacteria from other prokaryotes.

2. Mycobacterium tuberculosis and the Genus Mycobacterium
The genus Mycobacterium comprises more than 70 species (9). A few, notably M.

tuberculosis, M. leprae, and M. ulcerans, cause significant morbidity and mortality.
Others, including M. kansasii, M. fortuitum, M. abscessus, M. xenopi, M. chelonae, and
the M. avium complex, are responsible for occasionally lethal opportunistic infections
(10–12). However, the vast majority are harmless environmental organisms, common
in water and soil (13). Under the microscope, mycobacteria are small, rod-shaped bacte-
ria. They are Gram-positive organisms, but are best distinguished by their characteris-
tic acid-fast staining. This acid-fastness is a property of the mycobacterial cell wall, an
unusual, lipid-rich structure that forms a hydrophobic, low permeability barrier and pro-
vides innate protection against many antimicrobial agents. Traditionally, mycobacte-
ria have been classified according to growth rate and pigmentation (e.g., the Runyon
Groups), and further subdivided on the basis of biochemical reactions (e.g., niacin pro-
duction, nitrate reduction, drug resistance), serotypes, bacteriophage susceptibility, and
cell wall lipid profiles. However, these have been superseded by molecular methods,
especially DNA sequencing and polymerase chain reaction-based tests, which are rapid
and require little starting material, both of which are important considerations when
dealing with slow-growing and hazardous organisms. Sequencing of 16S ribosomal
DNA (rDNA) and the 16S–23S rDNA internal transcribed spacer (ITS) region has been
used to establish a phylogeny of Mycobacterium species. The latter has revealed that
the ITS of fast-growing mycobacteria is longer and structurally distinct from the ITS
of slow-growers, and supports the traditional distinction based on growth rate (14).
Sequencing allows discrimination between isolates that are phenotypically indistinguish-
able (15), and has uncovered phylogenetic differences (i.e., sequevars) within individual
species (14).

3. Mycobacterium tuberculosis and the Global Impact of Tuberculosis
M. tuberculosis was first described in 1882 by the eminent microbiologist Robert

Koch (16), but it has been with us since antiquity. Known as tuberculosis, consumption,
phthisis, and the white plague, evidence of M. tuberculosis disease has been found in
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ancient manuscripts, sculptures, and wall paintings. In recent years, M. tuberculosis
DNA has been extracted from mummies (17,18). At the end of the 19th century, TB
was the leading cause of death in the Western world, killing one in seven. Advances of
the 20th century, including antibiotics, succeeded in almost eliminating the disease from
Europe and the Americas. Despite a recent resurgence in Eastern Europe, the annual
incidence of TB in most of the developed world remains low, with less than 50 cases
per 100,000 people (19). Globally, the situation is much worse. With more than 250
cases per 100,000 people, the incidence of TB is highest in Africa, but because of its
larger population, the total number of cases is greater in Asia. The World Health Organi-
zation estimates that M. tuberculosis is responsible for 2 million deaths and 8.8 million
new infections each year, 80% of which occur in developing countries (20). One impor-
tant impediment to global efforts to control TB is the ongoing HIV epidemic (21,22).
There is an overlap in the geographical distribution of these infectious diseases and, in
the year 2000, an estimated 11% of new adult TB cases were also infected with HIV.
At greatest risk for both M. tuberculosis and HIV infections are people in their prime
working and reproductive years, between 14 and 49 yr of age. Widespread illness in this
age group has profound social and economical effects. Without a workforce to main-
tain and fund the local medical, educational, and business infrastructure, the health of
an entire community suffers.

The enormous cost of M. tuberculosis is matched by the complex lifestyle of this
facultative intracellular pathogen (23,24). It is transmitted between people, most often
by an aerosol route. The cough of a tuberculous individual generates tiny nasal droplets,
no larger than 5 m in diameter, which contain live bacteria. New infections occur when
these droplets are inhaled and penetrate to the alveoli of the respiratory tract, where
M. tuberculosis is ingested by alveolar macrophages. Although macrophages typically
destroy invading microbes, M. tuberculosis has the ability to subvert these phagocytic
cells (25,26). During the first 2 wk of infection, the bacteria slowly but continuously
replicate inside of the macrophages. Two to eight weeks postinfection, cell-mediated
immunity develops. At this stage, activated T-lymphocytes and noninfected macro-
phages act to control the growth of M. tuberculosis. In most individuals (~90%), the
infection stops here. The immune response generates a granuloma around the M. tuberc-
ulosis that prevents the bacteria from spreading. With the infection contained, active
disease does not develop. However, in some infected individuals, especially children
under 5 yr and immunocompromised adults, the primary M. tuberculosis infection can-
not be contained. The bacilli continue to replicate, host tissue is destroyed, and active TB
develops. Although most often associated with the lungs (pulmonary TB), M. tuberc-
ulosis can attack anywhere in the body including the bones (Pott’s disease), brain (TB
meningitis), lymph nodes (scrofula), and intestinal tract.

M. tuberculosis is a tenacious pathogen. Even when the primary infection is con-
tained, the bacteria within the granuloma can survive for decades, persisting in a special
dormant state (27,28). When the immune system is compromised, by such factors as
malnutrition, HIV infection, diabetes, renal disease, chemotherapy, or extensive corti-
costeroid therapy, reactivation of the disease can occur (29). The protective granuloma
disintegrates, and the long dormant M. tuberculosis revives and spreads unchecked.

Most cases of TB will respond to antibiotics. Standard regimens involve daily treat-
ment with four drugs: isoniazid, rifampin, pyrazinamide, and ethambutol, for 2 mo,
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followed by 4 mo of isoniazid and rifampin. Failure to comply can result in a relapse and
the emergence of multi-drug resistant strains, which no longer respond to these agents
(30–32). Effective treatment of multi-drug resistant strains requires quarantine of the
patient and up to 24 mo of drug therapy. Atypical nontuberculous mycobacterial orga-
nisms, responsible for opportunistic infections in AIDS patients, tend to exhibit natural
antibiotic resistance. Combined with the immunocompromised state of the host, these
infections are, therefore, extraordinarily difficult to eradicate.

4. The Genome of Mycobacterium tuberculosis
The complete genome sequence of M. tuberculosis H37Rv (a virulent strain isolated

in 1905 and then propagated in vitro) was published in 1998 (5). The circular genome
comprises of 4,411,532 bp and has a mean guanine and cytosine content of 65.6%. The
original annotation identified 3974 genes encoding 3924 proteins and 50 stable RNA.
Initially overlooked, an additional 82 protein encoding genes have since been added.
Genes have been identified via (1) sequence homology to known proteins in other micro-
organisms, (2) experiments using two-dimensional electrophoresis and mass spectrom-
etry, and (3) bioinformatic techniques that examine M. tuberculosis codon usage. The
approx 4000 genes are classified into 11 broad functional groups. Of these, 52% are
assigned with precise or putative functions, with the remaining 48% being conserved
hypotheticals or functionally unknown genes.

The publication of the H37Rv genome was followed by completion of the M. tuberc-
ulosis strain CDC1551 genome sequence (isolated in 1995 and responsible for a out-
break in the United States) (8,33), and the partial genome sequencing of M. tuberculosis
strain 210 (a representative of the W/Beijing strains, responsible for the majority of
cases in Asia and the former Soviet Union, as well as outbreaks in the United States)
(34,35). Analysis of these sequences reveals single nucleotide polymorphisms (SNPs,
including both synonymous and nonsynonymous substitutions), large sequence poly-
morphisms (LSPs; genetic deletions/insertions), plus variations in the numbers and types
of mobile elements (e.g., transposons and prophages) among M. tuberculosis isolates.
For example, comparison of the whole genome sequences of H37Rv (4.41 Mbp) and
CDC1551 (4.40 Mbp) revealed approx 1100 SNPs (8). Approximately 65% of the SNPs
are nonsynonymous substitutions, which is unusual because it is generally thought that
many nonsynonymous substitutions are lost during purifying selection, as demonstrated
in other bacteria, such as Escherichia coli and Salmonella enterica. LSP analysis indi-
cates that M. tuberculosis exhibits less genetic diversity than other bacteria. Only 74
LSPs longer than 10 bp were identified between H37Rv and CDC1551 (8). In a larger
study of 100 clinical isolates, a total of 68 distinct deletion events, ranging in size from
105 bp to approx 12 kb, were identified (36). Together, these LSPs represent approx 186
kb (~4.2%) of the H37Rv genome and affect 224 (~5.5%) genes, including genes in all
major functional categories. However, among individual isolates no more than 41 kb or
50 genes were deleted. In contrast, differences between the K12 and O157 strains of E.
coli affect more than 1300 genes (37). Even so, these studies indicate that a degree of
polymorphism does exist between different M. tuberculosis strains, which is consistent
with the phenotypical diversity observed among clinical isolates (38). Numerous meth-
ods, most commonly restriction fragment length profiles, spoligotypes, IS6110 profiles,
and SNP analysis are used to characterize clinical isolates (39–41). These differences
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provide insight into the epidemiology of outbreaks, infectivity, and virulence of individ-
ual strains. Notably, half of LSPs between H37Rv and CDC1551 involve genes encod-
ing Pro–Pro–Glu (PPE) and Pro–Glu (PE)-polymorphic GC-rich repetitive sequence
(PGRS) family proteins (8), which are considered antigens important for human immu-
nity (see Subheading 11.2.). Genetic studies also provide insight into the evolution of
M. tuberculosis. Current evidence indicates that the W/Beijing strains, such as 210, are
more ancestral than CDC1551 and H37Rv, and contain genes that are no longer present
in the more recently derived strains (38,42,43).

5. The Mycobacterium tuberculosis Complex
The M. tuberculosis complex refers to a number of genetically related human and ani-

mal pathogens that share 99.9% similarity at the nucleotide level and are indistinguish-
able by 16S rDNA sequencing. These include M. tuberculosis, M. africanum, M. microti
(voles), M. caprae (goats), M. bovis, as well as the BCG vaccine strains and a variety
of isolates from unusual sources, such as M. pinnipedii (from seal lions and fur seals),
and the dassie bacillus (from Procavia capensis, the hyrax, or dassie). The animal strains
are responsible for zoonotic transmission of TB to humans, especially via ingestion of
infected meat or milk. Indeed, it was long believed that TB was an animal disease that
managed to jump the species barrier. However, genetic interrogation of M. tuberculo-
sis complex isolates, together with genome sequencing of M. microti, M. bovis AF2122/
97 (a virulent strain from Great Britain) (6), and BCG Pasteur (a vaccine strain main-
tained in Paris since 1923), reveals that the opposite is true. M. tuberculosis originated
with humans and was transmitted to animals (44). The current phylogeny indicates that
the M. tuberculosis complex evolved from a human strain via successive, unidirec-
tional deletion events (see Fig. 1).

M. africanum refers to human TB isolates from parts of Africa which, on the basis
of biochemical tests, were considered distinct from both M. tuberculosis and M. bovis.
However, this classification scheme has proven unreliable as biochemical markers do
not correlate with genetic data, which identify at least three groups of M. africanum
(42,45). Some so-called M. africanum strains are genetically indistinguishable from
M. tuberculosis. A second group contains a single genomic deletion, or region of differ-
ence (RD), called RD9, which affects seven genes. In the third group of M. africanum,
RD9 is deleted along with the LSPs, RD7, RD8, and RD10. These four deletions are con-
served across all animal strains. An additional five deletions are found in both M. caprae
and M. bovis. Taken together, these RDs provide a scheme for the reductive evolution of
the M. tuberculosis complex from human to cattle. Additional deletions define branches
within the M. tuberculosis complex. For example, a small deletion, called TbD1, is a
marker of “modern” TB (42). Multiple genomic deletions distinguish the dassie bacil-
lus from other species (46). Additional variations are unique to specific host–pathogen
pairs. The biological roles of individual RDs have yet to be established. Some may be
hot spots for genetic rearrangement, but most are believed to influence disease trans-
mission and progression. Consistent with both of these ideas, several overlapping, but
nonidentical deletions have occurred in discrete isolates of the M. tuberculosis com-
plex. For example, the RD1 deletion, which has occurred independently in M. microti,
the dassie bacillus, and BCG impairs the secretion of key immunodominant antigens
and impacts bacterial virulence. In contrast, the RD5 deletion, which affects five genes in
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M. microti, seven genes in the dassie bacillus, and eight genes in BCG Pasteur, is associ-
ated with transposition of the mobile genetic element, insertion sequence (IS)6110 (44).

The role of SNPs in the evolution of the M. tuberculosis complex is less clear. The
genome of M. bovis is 99.95% identical to that of M. tuberculosis. Fewer than 2500
SNPs have been identified and at least one-third are synonymous changes that do not
alter amino acid sequence (6). However, frameshifts and other variations do occur. A
point mutation in ald (alanine dehydrogenase) prevents M. bovis and BCG strains from
catabolizing the amino acid alanine (47). M. bovis, although not BCG, also has a muta-
tion in pykA (pyruvate kinase), such that glycolytic intermediates are not converted to
pyruvate or used in the TCA cycle. Other SNPs alter the antigenic repertoire of M. bovis,
and are likely to impact host–pathogen interactions (6). Curiously, some genes that are
defective in M. bovis are also psuedogenes in M. leprae.

5.1. Bacille Calmette-Guérin

Live attenuated vaccines have reduced the incidence, and even eliminated, many
important bacterial and viral diseases. The original BCG was derived between 1908
and 1921 by 230 in vitro passages of an M. bovis strain. This attenuated BCG was found
to be nonpathogenic in guinea pigs, yet sufficiently immunogenic to protect against a
challenge with virulent M. tuberculosis (48,49). In the preantibiotic era, the promise of
an effective vaccine against TB made BCG popular and, starting in 1923, stocks were
distributed around the world. BCG vaccination of newborns remains common in many
countries with an estimated 100 million doses of BCG administered each year. BCG is
safe and probably protects children against TB meningitis. However, in randomized

Fig. 1. Phylogenetic tree of the Mycobacterium tuberculosis complex. This phylogeny was
generated using a variety of molecular markers, but only major genomic deletion events (filled
circles) are indicated. Events on the thick vertical axis have accumulated over time and affect
successive members of the complex. Events on the thin horizontal axes are only found in specific
members of the complex. (Adapted from refs. 42,44–46,54,55,58.)
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controlled trials the efficacy of BCG against adult pulmonary disease has ranged from
0 to 80%, and remains a matter of debate (50,51). Efficacy may be diminished by prior
exposure to environmental mycobacteria, which can alter the immune response to the
vaccine (52,53). However, BCG itself is also likely to blame. Between 1923 and the
1960s (when lyophilized stocks were finally established), BCG strains continued to be
propagated in vitro. Different laboratories employed different culture media and pas-
saged strains according to different schedules. BCG continued to adapt to laboratory
conditions, plus there was selection for strains that produced few side effects, yet still
promoted tuberculin conversion (wrongly considered an indicator of immunogenicity).
The net result has been the creation of numerous, genetically heterogeneous BCG sub-
strains. Although the original BCG of 1921 has been lost, genetic analysis of BCG sub-
strains indicates that the initial attenuation event was the deletion of RD1 (54,55). Indeed,
experimental deletion of RD1 impairs the virulence of M. tuberculosis H37Rv in a
mouse model of TB (56,57). As with the M. tuberculosis complex, evolution of BCG
substrains has involved multiple unidirectional deletion events. For example, the RD2
region is deleted from all substrains obtained from the Pasteur Institute after 1931,
whereas nRD18 is only deleted in strains derived after 1933 (54,58).

The need for an effective vaccine against M. tuberculosis remains. Although some
research is directed at the generation of attenuated M. bovis or M. microti strains, DNA
vaccines, and protein preparations, much of research continues to focus on improving
the BCG strain (59–61). Despite its shortcomings, BCG has an excellent safety record
and, as a live persistent vaccine, it exhibits long lasting and complex immunostim-
ulatory properties. Work with recombinant BCG, modified to produce immunogenic
mycobacterial antigens, also shows promise against TB (62,63). Recombinant BCG is
also being used to fight other infections (64,65). For example, BCG expressing an
antigen from Schistosoma mansoni appears to protect mice from this helminthic infec-
tion (66). In addition, BCG exhibits antitumor properties and is used as effective treat-
ment for bladder cancer (67).

6. Mycobacterium leprae
On February 28, 1873, G. H. Armauer Hansen identified bacilli in nodules removed

from a patient with leprosy (68). Previous epidemiological evidence suggested that
leprosy was transmissible, but it was Hansen’s finding that established leprosy as an
infectious bacterial disease. Leprosy, often called Hansen’s disease, affects millions
and is endemic in India, Vietnam, and the Philippines, with approx 630,000 new infec-
tions occurring each year (3). Despite its global importance, leprosy remains difficult
to study. Animal models do not accurately emulate human disease, and the mecha-
nisms of transmission are poorly defined. M. leprae is a slow growing obligate intrac-
ellular bacterium that has never been cultured in vitro. The complete genome sequence
of M. leprae strain TN revealed that this organism has undergone massive gene decay;
that is, an extreme form of the reductive evolution seen in the M. tuberculosis complex
(7). The genome is 3.3 Mbp, which is 1.1 Mbp smaller than that of M. tuberculosis. Of
the estimated 3720 M. leprae open reading frames, more than 1100 are pseudogenes that
no longer encode proteins. Even so, biosynthetic pathways for most molecules (e.g.,
amino acids, nucleotides) and cell wall components (e.g., peptidoglycan, arabinogalac-
tan, mycolic acids, lipids) remain intact (7,69). Conversely, many catabolic pathways,
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transcriptional regulators, transport proteins, polyketide synthesis systems, detoxifica-
tion enzymes, and DNA repair processes are impaired. These defects likely account for
the fastidious growth requirements of M. leprae. Many putative virulence factors, such
as the mce genes, PE/PPE genes, and all PE-PRGS genes are also absent or defective.
As in some strains of BCG, the mma3 gene, required for synthesis of methoxymyco-
lates, is defective (70). Similar to M. avium subsp. paratuberculosis, the mycobactin
siderophore biosynthesis (mbt) operon is nonfunctional, suggesting that iron metabolism
is impaired. At the same time, M. leprae has an extra NRAMP-like metal transporter,
which may compensate for the mbt defect. Other genes not found in M. tuberculosis,
and possibly beneficial to intracellular survival of M. leprae, include a uridine phos-
phorylase, a eukaryote-like adenylate cyclase, and a putative sugar transport system.

The chronology of gene decay in M. leprae has been a matter of some debate. Did the
loss of regulatory genes precipitate or follow the loss of metabolic functions? The isola-
tion of an ancestral M. leprae, with a more intact genome, could answer this question, but
no such organism has been identified. Epidemiological studies of M. leprae are ham-
pered by the lack of molecular typing methods. One contribution of genome sequence
analysis has been the identification of polymorphic regions suitable for molecular typ-
ing (71,72). Such characterization is integral to an improved understanding of disease
transmission. Although several natural reservoirs have been suggested, including arma-
dillos, insects, soil, and water, the sources for human infection remain a mystery.

7. The Mycobacterium avium Complex
MAC includes a variety of genetically related species with diverse pathogenic poten-

tial (10). M. avium subsp. avium (Maa) is common in the environment. It causes avian
tuberculosis and sporadic infections of wild mammals (e.g., deer), as well as opportunis-
tic infections in immunocompromised humans. M. avium subsp. silvaticum (Mas), the
so-called wood pigeon bacillus, is primarily a bird pathogen. M. avium subsp. paratuber-
culosis (Map) causes Johne’s disease and, although the hypothesis remains controver-
sial, has been implicated as a cause of Crohn’s Disease, a chronic inflammatory bowel
disease in humans (73–75). MAC organisms exhibit greater heterogeneity than mem-
bers of the M. tuberculosis complex. Multiple sequevars have been revealed by rDNA
analysis and unidirectional deletion events cannot account for relationships between
all isolates (9,76). Different branches appear to have acquired new genetic material via
horizontal transfer (77). Genome comparison of Maa strain 104 (a human pulmonary
isolate) and Map strain K10 (a Johne’s disease isolate from a cow) has emphasized
variations both within MAC, and between MAC and the M. tuberculosis complex.

Maa strain 104 (5.4 Mbp) and Map strain K10 (4.5 Mbp) have larger genomes than
M. tuberculosis and encode several hundred more genes. Orthologs to many M. tuberc-
ulosis genes exist, but there are some notable differences. For example, Maa encodes
one-third as many PE/PPE genes as M. tuberculosis. Although the function of these
repetitive proteins is unknown, they are thought to contribute to the antigenic diversity
of mycobacteria. The RD1 region, considered important for virulence, is missing from
MAC. At the same time, Maa possesses more transcriptional regulatory genes and
dedicates a larger portion of its genome to lipid metabolism. Extra genes, especially
those involved in transcriptional regulation or associated with cell wall functions, likely
help Maa adapt to volatile environmental conditions. In general, the genomic differ-
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ences between MAC and the M. tuberculosis complex seem to reflect their disparate
lifestyles. M. tuberculosis is an obligate pathogen with a relatively stable intracellular
niche and little exposure to other bacteria. In contrast, MAC are environmental orga-
nisms, which must contend with changing environmental conditions and have greater
opportunity for horizontal gene transfer via interactions with disparate bacteria and
phages. Map is capable of infecting cattle, but is also capable of survival for months in
a barnyard or field (78). Maa infects birds, thrives in drinking water and hot tubs, and
is an endosymbiont of free-living protists (79). Indeed, it has been suggested that the
ability of Maa to colonize phagocytic amoebae and protozoans prefigures that hall-
mark of mycobacterial infections: the invasion and subversion of macrophages (80).

Maa is considered to be the ancestral form of MAC, but the enormous diversity between
Maa isolates has precluded a robust analysis of phylogeny. Isolates from diverse
sources (e.g., a deer in New Zealand and a bird from the Netherlands) may be indistin-
guishable, yet samples from similar sources (immunocompromised people living in the
same city) can differ at multiple sites and exhibit discrepancies in genome size of greater
than 250 kb (81).

Traditionally, ISs have been used to define species. Isolates containing IS900 are
called Map (82). IS900 negative isolates are called Maa when positive for IS1245, and
Mas if positive for IS901. However, inconsistencies exist, and some nonMAC organ-
isms may contain these mobile elements. New, genome-based approaches likely will
reveal the evolutionary history of MAC (81). Such methods have already contributed
to the phylogeny of Map (83). Long suspected on the basis of culture characteristics, it
is now clear that Map can be subdivided into bovine (cattle) and ovine (sheep) branches
(84,85). However, it remains unclear if these genetic differences are related to idiosyn-
crasies of the host–pathogen interaction, or if they represent some geographical bias.
Identification of markers restricted to individual MAC subspecies is key to the devel-
opment of sensitive and specific diagnostic tests (86). Reliable tests are not yet avail-
able for MAC diseases, but would be valuable for the efficient detection and treatment
of conditions, such as Johne’s disease (4).

8. Mycobacterium ulcerans and Mycobacterium marinum
Buruli ulcer is a devastating skin disease. The ulcers are difficult to treat and can con-

sume as much as 70% of the skin surface before causing death (87). First described in
the scientific literature in 1948, after an outbreak in an Australian resort town (88),
historical evidence suggests the disease has long been endemic in Africa. It takes its
name from the Buruli region of Uganda (89). The causative agent, M. ulcerans, is among
the slowest growing mycobacteria, with an in vitro generation time of more than 30 h.
It is associated with wetlands. Contaminated water and water-borne insect larvae are
implicated in the infection cycle. The related organism, M. marinum, is a lethal patho-
gen of fish, amphibians, and reptiles (90). In humans, M. marinum is responsible for
skin diseases, such as swimming-pool granuloma and fish-fancier’s finger. As the names
suggest, this opportunistic infection also results from contact with contaminated water.
However, M. marinum infections are rarely lethal.

The genome of M. ulcerans has yet to be completely sequenced, but its associ-
ated plasmid, pMUM1, has been deciphered (91). This 174-kb plasmid contains genes
for the biosynthesis of mycolactone, a ketolide with immunosuppressive properties.
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Mycolactone is thought to be the virulence factor responsible for the Buruli ulcer, and
the key difference between M. ulcerans and M. marinum. A thorough comparison of
these organisms with M. tuberculosis has yet to be completed. The genomes of M. mari-
num and M. ulcerans are in the 6 Mbp range, and likely encode numerous genes required
for their aquatic lifestyles. Even so, rDNA sequencing suggests that M. marinum and M.
ulcerans are closely related to the M. tuberculosis complex. Large regions of synteny are
present, and virulence-associated genes, including the RD1 region, are known to be
intact (92).

M. marinum has found favor as an experimental model of mycobacterial infections
because it grows more quickly and is safer to work with than M. tuberculosis (93–96).
More importantly, M. marinum can be used to study genuine host–pathogen interactions.
Mice are widely used to study tuberculosis, but M. tuberculosis is not a mouse patho-
gen and the mouse model, although useful, does not accurately reflect human disease.
In contrast, M. marinum naturally infects both fish and frogs. The combination of M.
marinum and zebrafish may prove to be a particularly useful model. Numerous genetic
tools are available for their study and, like humans, zebrafish exhibit both innate and
adaptive immune responses.

9. Mycobacterium smegmatis
Mycobacterium smegmatis was once believed to cause syphilis. It is now recognized

as a harmless saprophyte, common in soil. Fast growing, it has served as a model for
the study of mycobacteria (97–99). Sequencing of the M. smegmatis mc2155 laboratory
strain reveals that, like the other environmental mycobacteria, it has a large genome. It
also shares many of the physiological characteristics particular to the mycobacteria.
However, M. smegmatis is quite different from the pathogenic mycobacteria and is un-
able to survive in macrophages (100). Its genome shows little synteny with M. tuberculo-
sis and many putative virulence genes are absent.

10. Mycobacteriophages
The first mycobacteriophage was described in 1947 (101). Since then, several hun-

dred have been isolated and every mycobacterial genome sequence contains at least
one prophage. Phages are likely a key mediator of diversity in the MAC complex. It is
not known if prophage gene products contribute to mycobacterial virulence, but con-
sidering the importance of prophage-derived toxins in other actinomycetes (e.g., the
diphtheria and tetanus toxins of Corynebacterium spp.) their role in disease pathogen-
esis would not be surprising.

Mycobacteriophages have been widely employed as diagnostic tools. Phage-based
strain typing has now been superseded by other methods, but luminescent reporter
phages and phage replication assays still are used for rapid detection of mycobacteria
in clinical and environmental samples, and to determine antibiotic resistance (102–106).
Phage-based systems also are used for genetic manipulation of mycobacteria, includ-
ing allelic replacement and transposon-delivery (107–111). Although little is known
about individual phages, sequencing projects, such as those conducted at the Pittsburgh
Bacteriophage Institute have revealed great diversity in both genome size and gene con-
tent (112–117).
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11. Mycobacterial Gene Families
Analysis of the genome sequences of different Mycobacterium species indicates

that genome size may vary and individual genes may lack orthologs, but most func-
tions are conserved. These include basic metabolic activities common to all prokary-
otes, such as DNA replication, transcription, cell division, and small molecule bio-
synthesis, along with some mycobacterial-specific functions. Perhaps most importantly,
several large gene families that were either previously unknown or poorly understood
have been identified through the genome projects. Analysis of Mycobacterium genomes
indicates that there is a core set of approx 200 highly conserved genes encoding myco-
bacterial-specific functions (118). Half of these are associated with cell wall biosyn-
thesis. Others fall into a “conserved hypothetical” category for which roles remain to be
determined. Several are PE/PPE genes, and a few are classified as regulatory genes or
virulence determinants, such as the mce genes. Not included in this core set are antigens
of the 6 kDa early secretory antigenic target (ESAT)-6 and 10 kDa culture filtrate protein
(CFP)-10 family, as individual loci are not perfectly conserved, and similar proteins are
found in other actinomycetes. Likewise, the resuscitation promoting factors have homo-
logs in other organisms.

11.1. Mycobacterial Lipid Metabolism

Genome sequencing revealed that a large number of M. tuberculosis genes (~250)
encode enzymes involved in lipid metabolism. In contrast, E. coli, which has a similar
genome size as M. tuberculosis, contains approx 50 enzymes involved in lipid metabo-
lism. As mentioned earlier, the lipid-rich cell wall is a defining characteristic of myco-
bacteria (Fig. 2) (119). The excess of lipid metabolic enzymes in M. tuberculosis corre-
late with the unusual chemical composition of the structure. The wall consists of three
covalently linked polymers: peptidoglycan, arabinogalactan, and mycolic acid (Fig. 2)
together with a variety of complex lipids, including lipoglycans (e.g., lipoarabinoman-
nan, lipomannan, and the related phosphatidylinositol mannosides), glycopeptidolipids,
sulfolipids, trehalose-containing glycolipids, phthiocerol dimycocerosates, phenolic
glycolipids, and triacylglycerols (120,121). The proportion of these lipids varies from
species to species and is also affected by changing growth conditions (122).

The lipid domain of mycobacterial cell wall forms an asymmetric bilayer. The outer
leaflet of this bilayer contains various surface glycolipids, whereas the inner leaflet is
composed exclusively of mycolic acids. The mycolic acid layer displays exceptionally
low fluidity and low permeability. It is this barrier that is responsible for the natural
resistance of mycobacteria to many antimicrobial agents, including antibiotics and host
immune factors (121,123,124). Important roles also have been suggested for the sur-
face glycolipids, especially the multiple methyl-branched fatty acids: sulfolipids, phthio-
cerol dimycocerosates, phenolic glycolipids, diacylated trehaloses, and polyacylated
trehaloses (125). Genes for phthiocerol and phenolphthiocerol dimycocerosate synthe-
sis are present on a M. tuberculosis pathogenicity island (PAI). The latter lipid is neces-
sary for the growth of M. tuberculosis in the lungs of infected mice (126). Another
component of interest is the lipoglycan, lipoarabinomannan. The M. tuberculosis ver-
sion of this lipid exerts immunomodulatory effects, including the downregulation of
cell-mediated immunity (127). Curiously, lipoarabinomannan from M. chelonae has
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no such ability. The difference appears to stem from species-specific variations in the
structure of lipoarabinomannan (127).

Homology searches to genes of known function in other bacteria have assisted in the
identification of mycobacterial genes involved in cell wall lipid synthesis. Specula-
tions on the role of individual genes can be tested by mutagenesis of the target gene
and biochemical analysis of purified gene products. Such insight into the genetics and
enzymology of cell wall biosynthesis and assembly makes it possible to identify cellu-
lar targets for the development of new drugs. Several front-line antitubercular drugs,
such as isoniazid, ethambutol, and pyrazinamide, are now known to target lipid bio-
synthesis and cell wall assembly.

11.2. The PE and PPE Gene Families

The novel PE and PPE gene families are also highly abundant, accounting for 9% of
all genes in M. tuberculosis. The proteins are distinguished by the eponymous PE or
PPE motifs at N-terminal residues 8 and 9, or 8 to 10, respectively. Each family is fur-
ther subdivided on the basis of characteristic C-terminal motifs. For example, all PE pro-
teins have a conserved N-terminal domain (~110 amino acids). One subgroup includes
short proteins with no C-terminal region. Members of the second group, PE-PGRS,
have large C-terminal domains that contain multiple (sometimes hundreds) of tandem
repeats of the glycine-rich motif, Gly–Gly–X (often Gly–Gly–Ala). The remaining PE
proteins have substantial (100–400 amino acids) C-terminal domains, but the repeated
Gly–Gly–X motif is absent. Analysis suggests that some proteins in this third group
share an approx 225 amino acid motif in which the primary sequence is degenerate, but
the secondary structure is conserved (128).

The role of the PE/PPE genes has been the source of much speculation. One promi-
nent idea is that they contribute to antigenic variation among strains of M. tuberculo-
sis, and influence the host immune response. Comparative analysis of the PE-PGRS
proteins of M. tuberculosis strains H37Rv and CDC1551 revealed variations resulting
from frame-shift mutations, as well as in-frame insertions and deletions. Usually, the
PE domains were unaffected and just the PGRS domains differed between strains. Size
variations also were seen in clinical samples of M. tuberculosis by Western blot using
PE-PGRS-specific antibody. In addition, some PE-PGRS proteins are surface exposed
(129). Others are antigenic and recognized by sera obtained from TB patients and those
vaccinated with BCG (130,131). However, their enzymatic functions, if any, are un-
known and the importance of the conserved and variable regions is a mystery.

Additional evidence for the role of the PE/PPE genes in pathogenesis stems from the
recent identification of three PAIs conserved among M. tuberculosis H37Rv, CDC1551,
and M. bovis (132). Prominent in PAI2 and PAI3 are PPE and PE-PGRS family genes.
In vivo studies also indicate that these genes are important. For instance, when M. mari-
num resides in host granulomas or macrophages, two PE-PGRS genes are preferenti-
ally expressed (95). Furthermore, disruption of PE/PPE family genes can lead to growth
attenuation in the mouse model of TB (133).

11.3. ESAT-6/CFP-10 Antigens

Exponentially growing M. tuberculosis secretes numerous proteins into the surround-
ing media. Two of these, ESAT-6 and CFP-10, are immunodominant antigens (134,135).
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However, neither protein is produced by BCG. The genes encoding ESAT-6 (esxA/Rv3875)
and CFP-10 (esxB/Rv3874) belong to the RD1 region that is absent from all BCG vac-
cine strains. Independent deletion events also resulted in the loss of these genes from
M. microti and the dassie bacillus (46). ESAT-6 and CFP-10 are important for pathoge-
nicity. Experimental deletion of RD1 from M. tuberculosis results in a diminution of
virulence, whereas restoration of this region to M. microti enhances its virulence (56,57,
136). The two proteins form a heterodimeric complex (137). CFP-10 most likely acts as
a chaperone. ESAT-6 has cytolytic properties and contributes to the cell-to-cell spread
of mycobacteria within the host (92,136). The antigens are coexpressed with genes
encoding a novel type of secretion system. Work with both M. tuberculosis and M. mari-
num indicates that, even if the esxA and esxB genes are intact, disruption of this secre-
tory apparatus blocks export of ESAT-6 and CFP-10, such that cytolysis does not occur
(92). Interaction of CFP-10, but not ESAT-6, with components of the secretion system
has been demonstrated (138). This entire gene cluster is conserved in M. marinum, M.
smegmatis, and probably M. kansasii and M. szulgai. A homologous region is present in
M. leprae, but contains several pseudogenes In contrast, the cluster is completely absent
from M. avium (137,139).

Ten paralogous gene pairs (esxC/esxD to esxV/esxW) are annotated in the M. tuberc-
ulosis H37Rv genome. Although expected to form heterodimeric complexes similar to
ESAT-6/CFP-10, their roles have yet to be established. Several of these pairs are asso-
ciated with their own versions of the novel secretion system. These clusters are variably
present across mycobacterial genomes, but at least one, esxG/esxH and its associated
secretion apparatus, is conserved between M. tuberculosis, M. avium, M. smegmatis, and
M. leprae (139). Related systems are present in other actinomycetes, including Coryne-
bacterium and Streptomyces, but their importance is currently unknown (139).

ESAT-6 and CFP-10 are being used in the development of new diagnostics and new
vaccines. Skin testing with PPD (the purified protein derivative of M. tuberculosis) is
a sensitive method for the diagnosis of TB. Unfortunately, it lacks specificity because
false-positive reactions commonly occur among BCG vaccinated individuals. In con-
trast, ESAT-6 and CFP-10 are not produced by BCG. The two immunodominant antigens
are recognized by sera from the majority of TB patients, but not sera from people vac-
cinated with BCG. As such, ESAT-6 and CFP-10 can effectively discriminate between
vaccinated and infected individuals (140).

Vaccine development has employed two approaches toward the antigens. The first
involves deletion of esxA and esxB from M. bovis and M. tuberculosis to produce a live
attenuated vaccine (141,142). The opposite strategy has been to use ESAT-6 and CFP-10
for vaccination. They have been used individually, in protein cocktails, and expressed
in either recombinant BCG or alternate carrier strains, such as attenuated Salmonella
(63,143–146). Both approaches show promise, but a deletion strain would permit con-
tinued use of the antigens as diagnostic tools.

11.4. Mammalian Cell Entry

The mammalian cell entry (MCE) proteins are putative virulence factors present in
diverse mycobacteria (147). Their name stems from the finding that a cloned fragment
of the M. tuberculosis H37Rv mce1 region permits nonpathogenic E. coli cells to invade
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cultured HeLa cells (148). The canonical mce region is a polycistronic operon of eight
genes following the order yrbAB mceABCDEF. However, among the four mce operons
in M. tuberculosis and nine in Maa, some variations exist. The M. tuberculosis mce2
operon contains two extra genes, one upstream of yrb2A and a second between mce2B
and mce2C (149). Consistent with a putative role in invasion, these proteins are pre-
dicted to be cell wall-associated and/or secreted. In silico modeling of Mce1A sug-
gests its structure resembles that of Colicin N, a pore-forming bacterial toxin (150).
This attractive, albeit hypothetical, model predicts that binding of Mce1A to its cog-
nate receptor is followed by a conformational change of the protein and perforation of
the target cell membrane. The putative receptor-binding surface of the in silico struc-
ture corresponds to a known MceA1 epitope, recognized by a monoclonal antibody.
This epitope is not conserved in MceA2, MceA3, or MceA4, implying that the proteins
bind to different receptors and possibly target different cells. In agreement with this
model, a truncated form of recombinant MceA1 protein, which includes the putative
receptor-binding domain, promotes the uptake of latex beads by HeLa cells, whereas
recombinant Mce2A protein does not (151). Although the roles of individual mce oper-
ons have not been determined, gene expression profiling indicates that they are differ-
entially transcribed. In synthetic media, mce1 is strongly expressed by exponentially
growing M. tuberculosis, but only weakly by stationary phase cells. The inverse pat-
tern is found with mce4; strong expression in stationary phase but none during expo-
nential growth. The mce genes are also transcribed in vivo. M. tuberculosis from the
spleens of experimentally infected Guinea pigs were found to express mce4. Bacilli
from the lungs of infected rabbits express mce1, mce3, and mce4 (149). Appropriate
spatial and temporal expression of the mce operons may be important events in the infec-
tious process. Primary mouse macrophages infected with a mce1-defective M. tuberc-
ulosis strain have an altered cytokine profile and may be unable to stimulate T-cell
immunity. Mice infected with the same mutant mce1 strain develop histologically aber-
rant lung granulomas and are unable to control bacterial replication (152). However,
the impact of mce defects likely varies among different mycobacterial species and in
different hosts. Homologs of the mce3 operon have been deleted from both Map and
M. bovis, yet these organisms remain effective pathogens in cattle.

11.5. Resuscitation Promoting Factors

The resuscitation promoting factor (Rpf) was first described in another actinomycete,
Micrococcus luteus (153). Following long-term culture, these cells lose viability and are
unable to form colonies when plated onto fresh solid medium. However, the senescent
cells are not dead, just dormant and nonculturable. Viability and colony formation by
Micrococcus are restored by the addition of Rpf, a small protein secreted by actively
growing cells. As mentioned earlier, dormancy is a feature of the bacteria persisting in
TB granulomas. Moreover, M. tuberculosis, BCG, and M. smegmatis all respond to
exogenously added Rpf (154,155). Genome sequencing has revealed five rpf genes in
M. tuberculosis and a similar number in MAC. M. smegmatis also produces Rpf.

The M. tuberculosis rpf genes have been systematically deleted (156). Individually,
the genes are neither essential for growth in vitro nor for in vivo infection of mice. This
suggests that they have redundant or overlapping functions, although strains with mul-
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tiple rpf deletions have yet to be tested. Analysis indicates that all M. tuberculosis rpf
genes are transcribed during logarithmic growth. Expression patterns vary at intermedi-
ate time points, but all transcripts are also detected in 4-mo-old cultures. During the acute
phase of infection, rpf expression is also present in M. tuberculosis from mouse lungs
(156). Additional work on the immunological impact of Rpfs is required, but they have
attracted some attention as vaccine candidates (157).

12. Concluding Remarks
Mycobacterial research is experiencing a renaissance. The wealth of genome sequence

data, new molecular tools, plus bioinformatic, proteomic, structural, and functional geno-
mic approaches hold substantial promise for understanding the biology of these unusual
microbes, elucidating the molecular mechanisms of pathogenesis, and developing new
chemotherapeutic agents and effective vaccines. These approaches ultimately should
lead to the effective control of mycobacterial disease and end the scourge of TB.
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