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Introduction

“I feel quite confident that the comparative study of tubercle bacilli will lead to some definite
understanding on certain important questions, and eventually to more light on the whole
subject of tuberculosis from the preventive as well as the therapeutic side.”

Theobald Smith (1898)

The Mycobacterium tuberculosis complex (MTBC) is a group of highly genetically
related pathogens that cause tuberculosis (TB) in mammalian species. However, the very
name of the complex underlines the fact that our knowledge of these pathogens is dominated
by studies on the human pathogen, M. tuberculosis. Of course this is entirely justified; M.
tuberculosis is a major global pathogen that exacts a horrendous burden in terms of mortality
and morbidity so it is appropriate that it is the cornerstone of the complex. In the same way as

M. tuberculosis is the best studied human tubercle bacillus, our knowledge of the animal-
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adapted strains has been dominated by studies with M. bovis. Again, given the economic
importance of bovine TB and the potential for zoonotic transmission to humans, this is
entirely expected. However, taking M. tuberculosis and M. bovis as the human- and animal-
adapted ‘poles’ of the complex, our focus on these pathogens to the exclusion of others
members has restricted, and potentially skewed, our understanding of diversity, virulence and
host adaptation within the MTBC. Referring to Theobald Smith above, have we really
exploited comparative studies of the tubercle bacilli to their full potential, or have we
regarded the MTBC as merely M. tuberculosis plus some animal pathogens of lesser import?
Herein we discuss our current understanding of the make-up of the MTBC, focussing on
comparisons of M. tuberculosis and M. bovis as the exemplar human- and animal-adapted
strains, and look to what studies of these pathogens can teach us about the evolution of the
MTBC specifically and the emergence of host adaptation in pathogens in general. We also
speculate on how our current focus on M. tuberculosis and M. bovis may have hindered our
appreciation of fundamental concepts such as virulence, evolution and host adaptation of the

tubercle bacilli.

The M. tuberculosis Complex (MTBC).

The constituent members of the MTBC can be broadly split into the human and
animal-adapted strains. The major human pathogens, where no obvious animal reservoir has
been identified, are M. tuberculosis and M. africanum subtypes 1 and 2. The animal-adapted
strains have been isolated from a range of wild and domesticated animals and are named after
their host of initial/most frequent isolation, including M. bovis (Karlson and Lessel, 1970), M.
microti (Wells, 1946), M. caprae (Aranaz et al., 1999), M. pinnipedii (Cousins et al., 2003),
M. orygis (van Ingen et al., 2012), M. mungi (Alexander et al., 2010) and the ‘Dassie bacillus’
(Cousins et al., 1994, Smith, 1960). However, it should be noted that these species names do
not define exclusivity in host range. MTBC members can infect a range of mammals to
greater or lesser degrees; the central feature of host adaptation is the ability to sustain within a
host population. So M. bovis can infect and cause disease in humans; however, the capacity of
M. bovis to transmit between immune competent humans is severely limited compared to M.
tuberculosis (Francis, 1950, Magnus, 1966). Conversely, the capacity of M. tuberculosis to
sustain in human population is remarkable, with an estimated one third of the world’s
population latently infected with M. tuberculosis (WHO, 2014). Yet, while M. tuberculosis
has been isolated from sporadic cases of TB in cattle, elephants, dogs, cats, etc. these
represent reverse zoonoses from infected humans rather than M. fuberculosis sustaining itself

in these animal populations (Alexander et al., 2002).
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The positioning of M. canetti (van Soolingen et al., 1997), and other smooth tubercle
bacilli (STB), in the MTBC is an area of debate (Brisse et al., 2006, Smith, 2006, Becq et al.,
2007). Obviously if we define the MTBC as a group of genetically related strains that cause
TB in mammals the STB represent a problem as they are an out-group, with substantial levels
of diversity compared to the other members of the complex. Comparative whole genome
analysis of five STB strains isolated from patients from East Africa (Supply et al., 2013)
showed that the STB have extensive genetic diversity, with multiple instances of horizontal
gene transfer, genomes 10-115 kb larger than M. tuberculosis, and 25-fold more SNPs
compared to members of the MTBC. Therefore the STB represent a distinct group of human
TB pathogens; whether they also cause TB in animals is an open question. A central argument
in favour of an animal reservoir is lack of evidence for human-human transmission of M.
canetti, suggesting that the ability of M. canetti to sustain within the human population is
limited. An alternative explanation would be an environmental reservoir (Koeck et al., 2011),
such as soil or water, perhaps similar to that seen for M. ulcerans (Bratschi et al., 2014), but

again no clear evidence is available.

There has been an increasing identification and subdivision of strains in the MTBC,
with additions over the last decade including M. orygis, M. mungii, etc. This expansion of
species within the MTBC is a product of the increasing sophistication of molecular methods
to differentiate strains based on spoligotyping, deletion typing, and whole genome
sequencing. It is beyond question that genomics has had, and will continue to have, an

immense impact on our understanding of the MTBC, and we will turn to this next.

MTBC Genomics

In the current age of high throughout genomics, with the capacity to sequence
multiple M. tuberculosis genomes in a matter of weeks, it is worthwhile taking a brief
historical perspective on genomics of the MTBC. One of the first attempts to perform
genomic comparison across the complex was by Mahairas ef al. who used subtractive
hybridisation techniques to identify three large scale deletions, RD1-RD3, that were absent
from M. bovis BCG but present in the genome of virulent M. bovis (Mahairas et al., 1996).
The publication of the M. tuberculosis H37Rv genome (Cole et al., 1998) heralded the start of
the genomic age of the MTBC proper, with the M. tuberculosis genome providing for the first
hybridisation-based comparative approaches using microarrays or clone-arrays (Behr et al.,
1999, Gordon et al., 1999). These analyses revealed a set of deletions from M. bovis and BCG
and were the first to throw doubt on pre-existing ideas that M. fuberculosis had evolved from

M. bovis when man domesticated cattle. The completion of the genome of M. bovis
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AF2122/97 provided further clarification of the evolution of these strains, confirming the
close genetic identify between the human and bovine strains but showing that the genome of
M. bovis had no unique genes per se compared to M. tuberculosis (Brosch et al., 2002,
Garnier et al., 2003). Given the lack of substantial genetic recombination in the MTBC
(Namouchi et al., 2012), the loss of genetic regions from M. bovis served to underline the fact
that M. bovis could not be the progenitor of M. tuberculosis. The identification of the TbD1
locus as the first region found to be absent from M. tuberculosis H37Rv relative to M. bovis
AF2122/97 provided a useful marker (Brosch et al., 2002), with screening for
presence/absence of the TbD1 locus across M. tuberculosis strains allowing strains to be
grouped as TbD1-intact or ‘ancient’ (a genome configuration closer the common ancestor) or
TbD1-deleted or ‘modern’ (more distant from the common ancestor such as M. tuberculosis
H37Rv). The picture that emerged form these initial genome studies was an evolutionary
scenario where all MTBC strains arose from a common progenitor, but with extant M.
tuberculosis being closer to the common ancestor of the MTBC and hence rejecting the
notion that M. tuberculosis in humans arose from M. bovis in cattle at the time of

domestication (Brosch et al., 2002, Mostowy et al., 2002).

Using a limited number of complete genome sequences to identify deletions, or SNP
panels, that are then screened across large numbers of isolates can generate distorted
phylogenies. Gagneux and colleagues sought to address these concerns by applying multi-
locus sequence typing (MLST) across the MTBC, using 89 gene fragments across 108 MTBC
strains, an approach that disclosed six major lineages in the MTBC (Hershberg et al., 2008).
In this phylogeny, M. tuberculosis showing much greater genetic diversity, and hence
possibly phenotypic diversity, than previously assumed and the animal-adapted strains
grouped together with M. africanum subtype 2. The move from MLST to whole genome
sequencing provided even greater resolution to the MTBC phylogenies, with an initial
analysis of 21 MTBC strains generating a phylogeny entirely congruent with previous
constructs (Comas et al., 2010). Expansion of these genome analyses to encompass 259
MTBC strains and overlaying them with data on human mitochondrial haplogroups showed a
striking correlation between global MTBC and human population distributions (Comas et al.,
2013). These analyses suggested that the MTBC strains may have been a pathogen of humans
for at least 70,000 years, with increased population sizes during the Neolithic demographic

transition being a key driver in the success of the MTBC (Comas et al., 2013).

Comparative analyses of the MTBC and non-tuberculous mycobacteria (NTM), such
as Mycobacterium kansasii and M. marinum, has delivered insight into the initial evolutionary

steps of the tubercle bacilli (Behr, 2013, Veyrier et al.,, 2011). What is evident is that free
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living saprophytic, or opportunistic pathogens, in the mycobacteria genus have larger genome
sizes and show evidence for recombination (Doig et al., 2012, Gordon et al., 2009, Stinear et
al., 2008); these features, taken in the context of the diversity of Actinobacteria as a whole,
suggest that the progenitor of the MTBC was a free living saprophyte that obtained novel
functions through horizontal gene transfer that provided selective advantages in the face of
competition from other environmental microbiota, e.g. allowing it to resist digestion by
protozoa. These traits served well for infection and maintenance within higher eukaryotes and
eventually allowed adaptation to mammals as opportunistic and then obligate pathogens.
Once the MTBC common ancestor was then trapped within its mammalian niche, the initial
accretion of genetic material was counterbalanced by deletion events, resulting in the RD loci
that act as unique markers for clades (Smith et al., 2009). Whether loss of these loci provided
any selective advantage to the emerging clones, or was merely the fixation of deleterious

mutations in small populations, remains to be defined.

The narrative of MTBC evolution is therefore of an environmental bacteria that host
adapted to preferred mammalian host niches; M. tuberculosis is the pinnacle of a globally
successfully pathogen that has ridden the waves of human migration out of Africa and
flourished amongst burgeoning human populations. Mycobacterium bovis is the MTBC
animal-adapted strain of choice as it infects cattle, a cornerstone of modern agriculture and a
clear risk for zoonotic transmission from contaminated dairy or meat products. The exquisite
ability of MTBC pathogens to infect and sustain across a diverse array of mammalian species
is striking; elucidating the molecular events behind these host adaptation events will shed
light not only on what makes the MTBC such a successful group of pathogens, but also the

mechanism behind the emergence of new host-adapted pathogens per se.

Host preference

Observations of the distinct host preferences of tubercle bacilli date back to the work
of Koch, Von Behring, Smith and others. In seminal work Theobald Smith examined 8
human isolates (one isolated from a pet of a TB patient), 6 isolates from cattle, and single
isolates from a pig, cat, and horse for their microscopic appearance, cultural characteristics,
and pathogenesis in mice, guinea pigs, rabbits, pigeons and cattle (Smith, 1898). The bovine
isolates “grew less vigorously for a number of generations” in coagulated serum, while
“bovine bacilli tend to remain short; human bacilli are either more slender from the start or
become so during cultivation”. In terns of pathogens, bovine bacilli had ‘a much greater
pathogenic activity towards rabbits, guinea- pigs and cattle” than human isolates. This work

defined the bovine tubercle bacilli as distinct from the human isolates, and furthermore
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defined the distinctive virulence of the isolates in animal models (Smith, 1898). Emil von
Behring took Smith’s observations an entrepreneurial step forward by generating a live
attenuated M. tuberculosis vaccine strain for use in cattle (Bovovaccine) but which was never

widely used due to concerns with residual virulence (Linton, 2005).

These classic experiments of Smith on host preference were revisited using well
characterised MTBC bacilli, namely the genome sequenced strains M. tuberculosis H37Rv
and M. bovis AF2122 (Whelan et al., 2010). Cattle infected with M. tuberculosis H37Rv and
M. bovis AF2122 became positive to skin-test and interferon gamma release assays; however,
the M. tuberculosis H37Rv infected cattle showed no pathological signs of disease (even
though same M. tuberculosis H37Rv seed lot used to infect cattle caused disease in guinea
pigs). Although these experimentally infected cattle did not show obvious pathological signs,
cattle naturally infected with M. tuberculosis that show typical TB granulomatous lesions and
are culture positive for M. tuberculosis have been identified in multiple studies in regions
such as Ethiopia, Nigeria, or China (Berg et al., 2009, Cadmus et al., 2006, Chen et al., 2009).
One can however argue that rather than M. fuberculosis sustaining in these cattle populations,
they instead represent reverse zoonotic infections in countries where the burden of human TB
disease is high and immune status of cattle is compromised (Ameni et al., 2011, Ocepek et al.,
2005). One can argue therefore that cattle infected with M. tuberculosis recapitulate key
presentations of TB in humans, from latent infection to active disease. The bovine-M.
tuberculosis infection model may therefore present a unique model in defining the M.

tuberculosis-host dynamic.

Animal-adapted strains

With the increasing resolution of genome-based phylogenies it has become apparent
that the animal-adapted strains of the MTBC described to date are most closely related to
MTBC lineage 5 and 6, aka M. africanum (Comas et al., 2010, Comas et al., 2013). Coupled
with the evidence for an African origin for the MTBC, it is likely that the diversity of animal-
adapted MTBC strains will only be revealed in its full glory when we isolate and characterise
tubercle bacilli infecting assorted wild animals in Africa. A case in point is the isolation of a
novel MTBC strain from banded mongooses in Botswana (Alexander et al., 2010). This
strain, tentatively designed M. mungi, was unusual in that it caused high mortality in banded
mongooses and appeared to be transmitted via a non-respiratory route. These characteristics
may suggest that this is a newly emergent pathogen for the mongoose, or perhaps point to a
particularly susceptibility in this population. A novel tubercle bacillus has also been isolated
form a chimpanzee in the Cote d’Ivoire (Coscolla et al., 2013). Whole genome sequencing

and comparative analyses revealed that while this strain was most similar to lineage 6, it was
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part of a distinct lineage that had not been sampled before. Whether this ‘chimpanzee strain’
represents the first isolate of a distinct species remains to be seen, but both of these cases

suggest the true diversity of animal-adapted MTBC awaits to be fully described.

As the identification and differentiation of animal isolates of the MTBC continues
apace, we should be cautious in defining each novel animal isolate as a new species. An
obvious first consideration is whether the animal represents a ‘maintenance’ host that can
truly sustain the pathogen population through transmission cycles and to which the pathogen
is adapted, or is a ‘spillover’ host that the pathogen has been introduced to from an exogenous
source and where the pathogen cannot sustain as it is not host-adapted. The complexity of this
situation can be seen with M. bovis, which can sustain in maintenance hosts as diverse as
cattle, badgers, brush-tailed possums, wild boar, bison, white tailed deer, etc., and where a
spillover host is humans. A more holistic approach is therefore to think of the host-adapted
MTBC as ‘ecotypes’, a concept first explored for bacteria by Cohan (Cohan, 2002) and
applied to the MTBC by Maynard Smith and colleagues (Smith et al., 2006). The bacterial
ecotype concept suggested by Cohan assumes that divergence within a species is constrained
by periodic selective sweeps, with a new ecotype emerging when a species adapts to a new
niche such that it is then immune to selection in the ancestral population. Applying this
concept to the MTBC, one can define ecotytpes as evolutionarily related groups (clades) that
infect and sustain within distinct host populations (each host representing a new niche); the
fixed molecular differences such as RD and SNPs that are currently used to define species
within the MTBC show that selective sweeps have not homogenised diversity across the
clades. So the MTBC can be seen as a set of host-adapted ecotypes; e.g. the M. tuberculosis
clade is a human-adapted ecotype. This therefore proves a framework to define the emergence
of truly novel ecotypes in the MTBC and allow us to search for host-adaptive mutations. The
inclination to designate each new animal isolate as a separate ‘species’ may complicate
discourse around host adaptation; for example the differentiation of M. caprae as a distinct

species from M. bovis, with the suggestion of ‘caprine’ host-adaptation, may be a step too far.

The application of next generation genome sequencing to clinical isolates, with its
power to reveal evolutionary relatedness across strains, looks set to expand the membership
of the MTBC further over the coming years. The low cost of genome sequencing compared to
its resolving power, and the promise that novel MTBC strains await discovery in wild
mammals, suggests that sequencing of animal isolates should become as common an
occurrence as is currently being suggested for human isolates of M. tuberculosis (Walker et

al., 2013).
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Pathoadaptation and virulence factors

The key to a pathogen’s life cycle is the possession of virulence systems that enable it
sustain in a host population. These virulence factors run the gamut from battering rams that
act across multiple hosts, to lock-picks that open a host-specific backdoor, to set up infection.
Defining virulence factors involved in host adaptation is complex, not least because
‘virulence’ depends on context; the host’s immune status and genetic background have a
major affect on the outcome of infection (Casadevall and Pirofski, 2000). While great strides
have been made in defining virulence factors in the MTBC, these have largely been defined
on the interaction between M. tuberculosis mutants and murine infection models. Below we
highlight some of the difficulties in this approach, and suggest that analysis of comparative

virulence might provide new perspectives on MTBC virulence.

RDI

RD1 was originally identified by Mahairas and colleagues as a regions deleted from
M. bovis BCG relative to virulent M. bovis or M. tuberculosis (Mahairas et al., 1996).
Deletion of RD1 from BCG was the principal event in the attenuation of the vaccine strain
due to loss of the encoded ESX-1 system (Bitter et al., 2009, Pym et al., 2002); inactivation of
ESX-1 machinery or ESX-1-secreted effectors attenuate M. tuberculosis and M. bovis in
animal models (Lewis et al., 2003, Wards et al., 2000). Synthesis and function of the ESX-1
type VII secretion system must demand a significant energy commitment from the bacterial
cell; this presumably was a key reason for the in vitro selection of RD1-deleted variant of M.
bovis through repeated subculture during the derivation of BCG. Hence ESX-1 can fairly be
described as a locus that is essential for virulence in these strains and models. However, ESX-
1 systems are clearly not required for M. mungi, M. microti, or the Dassie bacillus to sustain
in their respective host populations as all of these strains have RDI1-like regions deleted
(Alexander et al., 2010, Brodin et al., 2002, Mostowy et al., 2004). This independent loss of a
major virulence system in M. tuberculosis and M. bovis is intriguing, and could indicate a
selective advantage to loss of ESX-1 in these MTBC strain-host combinations; however, what
this advantage may be is unclear. Furthermore, the environmental NTM, M. kansasii, is
highly attenuated in most experimental hosts relative to M. tuberculosis and M. bovis, yet M.
kansasii contains the orthologous RD1 genes and can secrete ESAT-6 and CFP-10 (Arend et
al., 2002). Hence, the presence of an intact ESX-1 locus is not sufficient for virulence.
Furthermore, loss of ESAT-6 and CFP-10 secretion does not always attenuate M.
tuberculosis; in work by Chen et al, site directed mutagenesis of EspA, a protein that is co-
secreted with ESAT-6 and CFP-10 by ESX-1, produced a recombinant bacillus where ESAT-
6::CFP-10 secretion was blocked but virulence was unaffected (Chen et al., 2013). This result
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suggests that even in the well-studied mouse model there are significant gaps in our

understanding of the role of ESX-1 in virulence.

MPT70 and MPT83

Two antigens that show differential expression across the MTBC are MPT70 and
MPTS83 (aka MPB70 and MPB83 in M. bovis). MPT83 is a lipoprotein that is post-
translationally glycosylated, while MPB70 1is secreted with no post-translational
modifications (Wiker et al., 1996). Mycobacterium bovis shows constitutive high level
expression of these antigens, while M. tuberculosis has low level expression but shows
induction during intracellular growth (Schnappinger et al., 2003). Expression of MPB70 and
MPBS83 is under the control of the SigK regulon, with high-level expression in M. bovis
resulting from a loss of negative regulation due to a mutation in the gene encoding the anti-
sigma factor RskA (Charlet et al., 2005). Intriguingly, constitutive high expression of MPB70
and MPBS83 is also seen in M. orygis by an independent missense mutation in rskA to that
seen in M. bovis. The upregulation of the SigK regulon in M. bovis and M. orygis through
independent mutations would suggest a selective advantage for increased expression of
MPBS83, MPB70 and other constituents of the regulon; however the nature of this advantage
is unclear.

Insights into the function of MPB70 and MPB&83 have been accumulating through a
range of studies. The solution structure of MPB70 revealed it to have a novel fold with
similarity to fasciclin domain proteins that are involved in protein-protein interactions (Carr et
al., 2003). Chambers and colleagues (2010) used the human monocyte THP-1 cell line to
show that N-acylated MPB83 peptide was a TLR1/2 agonist driving expression of matrix
metalloproteinase 9 and TNF-a. Interestingly, recombinant MPB83, devoid of any post-
translational modification, also stimulated the production on MMP-9 from THP-1, with this
stimulation blocked by blocking antibodies against TLR1/2 (Chambers et al., 2010). This
observation was extended by Chen et al (2012), who again showed that recombinant MPT83
was a TLR2 agonist that drove expression of TNF-a, IL-6, and IL-12 p40 from the murine
RAW267.4 cell line (Chen et al., 2012). Their results suggested that recombinant MPT83 was
as potent a TLR-2 ligand as Pam;CysSK4, suggesting that high-level expression of MPB83 by
M. bovis could be a powerful driver of innate immune responses. Hence testing the virulence
of recombinant M. bovis mutants with a functional RskA anti-sigma factor may generate
valuable data on the role of these proteins during infection. However, for M. tuberculosis, it
has been shown that inactivation of sigK in does not attenuate in murine models (Schneider et
al., 2014), suggesting either that the SigK regulon does not play a major role in M.
tuberculosis virulence, or that the mouse model of primary progressive disease is suboptimal

for understanding the role of the SigK regulon during a prolonged infectious cycle.
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Lipids

Mycobacteria, whether pathogenic or harmless saprophytes, produce an esoteric array
of cell wall lipids (Brennan and Nikaido, 1995). This no doubt reflects their common origin
as environmental bacteria, with cell wall lipids providing the perfect coating to protect the
bacterium from the vagaries of free-living such as dehydration or predator attack and with
hydrophobic interactions promoting microcolony and biofilm formation. The effectiveness of
lipids to provide a protective shield in vivo for MTBC is beyond question, but these are not
simply passive defences but biologically active structures that can drive and modulate
immune responses in the host. Our knowledge of host interactions with mycobacterial lipids
is largely drawn from cellular in vitro systems or mouse models; while these have provided
immensely useful, they may not provide ideal systems to address possible host adaptive roles
for mycobacterial lipids.

Taking one mycobacterial lipid as an exemplar, the phenolic glycolipids (PGL) of the
MTBC have known roles in virulence and immune modulation. These glycolpids are built on
a core of phthiocerol dimycoserosate (DIM), with members of the MTBC having variation in
the carbohydrate structures that are linked to DIM (Brennan, 2003); thus, M. bovis produces
mycoside B, a monosaccharide variant with 2-O-methylrhamnose as the terminal sugar, a
structure also seen in M. microti and M. pinnipedii (Malaga et al., 2008). A minority of M.
tuberculosis strains produce a trisaccharide variant, with mutations in an assortment of
glycosyltransferaes, methyltransfrases and polyketide synthases responsible for the variable
production across M. tuberculosis lineages (Malaga et al., 2008, Reed et al., 2004, Simeone et
al., 2013, Simeone et al., 2010). Hence variation in PGL structures across the MTBC is
apparent, but this variation occurs in the context of many other genetic differences,
confounding simple linkages between lipid presence/absence to virulence. To address these
problems Guilhot and colleagues have used elegant genetic approaches to reprogramme the
synthesis of PGL across the MTBC allowing the impact of lipid modifications to be assessed
in isogenic backgrounds; for example, to switch the mycoside B variant of M. bovis BCG to
the PGL variant expressed by M. leprae (Tabouret et al., 2010). Added to this, complete
chemical synthesis of the PGL-tb has been recently reported, allowing the activity of this
glycolipid to be studied in isolation (Barroso et al., 2012). Full chemical synthesis of the
para-hydroxybenzoic acid derivatives (pHBADs), that contain an identical glycosylated
phenolic moiety to PGLs, has been reported and have been used to show that pHBAD
variants in isolation can suppress the production of IFN-y and IL-17 by stimulated murine
splenocytes (Bourke et al., 2014). Teasing apart the roles of PGL and pHBADs variants on

host interaction across the MTBC now appears feasible.
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Sulfolipids (SL) are trehalose-containing glycolipids that are only expressed by M.
tuberculosis in the MTBC (Brennan, 2003). The role of these lipids in virulence has been
ambiguous, as while SL negative mutants of M. tuberculosis do not show an attenuation
phenotype in murine infection models (Rousseau et al., 2003), SL drives pro-inflammatory
cytokine secretion by monocytes (Pabst et al., 1988). Clarity on these seemingly divergent
phenotypes has been provided by a detailed analysis of SL mutants on backgrounds were the
synthesis of other mycobacterial lipids (DIM, or di and poly-acyl trehalose) have also been
blocked (Passemar et al., 2014). It was shown that DIM exerts a dominant effect in terms of
mycobacterial virulence, with SL mutants showing no phenotype in a DIM+ background but a
slight (but non-significant) decreased fitness in DIM- strains. Work by Bertozzi and
colleagues has also suggested that expression of sulfolipid negatively regulates growth of M.
tuberculosis in human THP-1 cells, but that in murine RAW264.7 cells, or a murine infection
model, lack of sulfolipid does not attenuate (Gilmore et al., 2012). The attenuation defect in
human cells was attributed to the production of antimicrobial peptides that are absent from
murine cells. The potential of sulfolipid to act as a species-specific virulence factor warrants

further attention.

Conclusions

The simplest way to assay whether a potential virulence factor has a role in
experimental disease is to disrupt the responsible gene(s) and test for bacterial counts and/or
pathology in a standardized infection model. While this approach has uncovered dozens of
genes required for full virulence of M. tuberculosis, the presence of these same virulence
genes in environmental bacteria and their absence in host-adapted members of the MTBC
suggests that a more nuanced perspective of virulence is required. Furthermore, bacteria that
are more virulent for humans can be less virulent for cattle (e.g. M. tuberculosis), and vice
versa (in the case of M. bovis). Virulence is not linear, and by extension, bacteria of greater or
less virulence are not forcibly expected to respectively enjoy more or less success.

In the case of the MTBC, to transmit between hosts, these organisms must survive
host immunity and then exploit this response to cause ‘just enough’ pathology. An
excessively virulent bacterium will either disseminate in the host, resulting in non-
transmissible disease (e.g. TB meningitis) or simply kill the host through progressive
pulmonary pathology. Conversely, an insufficiently virulent bacteria may achieve a
productive infection but will not be expelled in high enough numbers to cause transmissible
disease. Both extremes select against propagation of the bacteria. M. tuberculosis inhabits a
‘goldilocks zone’, where median time from disease to death in the pre-antibiotic era was 2.5
years. Through millennia of co-evolution, MTBC organisms have been selected to generate

the appropriate amount of pathology to generate a transmissible focus of pathology, in a host
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that is otherwise intact. The variants in the MTBC noted above may be the result of fine-
tuned adjustments in response to hosts with gradations of natural resistance that would
perturb transmission away from equilibrium. Finally, it has long been known that crowding is
a risk factor for both human TB and bovine TB. It is possible that variants of the MTBC are
not only adapted to cause disease in their respective hosts, but also adapted to transmit in the
habitat where their hosts reside, be it burrows (M. mungi) or seashores (M. pinipedii), groups
(Dassie bacillus) or herds (M. caprae).

The MTBC represent the ideal group of pathogens to explore concepts in One Health,
with collaboration across human, veterinary and environmental spheres offering new insights
into pathogen evolution, virulence, and disease transmission. In our quest for new drugs,
diagnostics and vaccines to combat human TB we have underexploited the rich data available
from comparative studies across the MTBC. With advances in genome sequencing
technologies, and cognisant of undiscovered animal-adapted strains lying in waiting, we are
now poised to look afresh at the diversity across the MTBC and the nature of host adaptation
and virulence. The concepts uncovered in such an endeavour promise to illuminate our search
for new disease control tools to fight TB, a fact not lost on Theobald Smith, as noted in our
Introduction, nor on Emil von Behring in his studies on bovine TB (von Behring, 1901): “/
need hardly add that the fight against cattle tuberculosis only marks a stage on the road
which leads finally to the effective protection of human beings against the disease’; it is time

to pay renewed heed to these calls.

Acknowledgements

SG would like to acknowledge research funding from Science Foundation Ireland
(SFI/08/IN.1/B2038), Dept. Agriculture Food and the Marine (projects 11/RD/EMIDA/I,
11/S/141), and the HEA Programme for Research in Third-Level Institutions co-funded under
the European Regional Development Fund. MB would like to acknowledge research funding
from the Canadian Institutes for Health Research and salary support from the Fonds de la

recherche en santé du Québec.

References

Alexander, K. A., Laver, P. N., Michel, A. L., Williams, M., van Helden, P. D., Warren, R.
M. & Gey van Pittius, N. C. 2010. Novel Mycobacterium tuberculosis complex
pathogen, M. mungi. Emerg Infect Dis, 16, 1296-9.

Alexander, K. A., Pleydell, E., Williams, M. C., Lane, E. P., Nyange, J. F. & Michel, A. L.
2002. Mycobacterium tuberculosis: an emerging disease of free-ranging wildlife.
Emerg Infect Dis, 8, 598-601.

Publisher CAB International, Wallingford, UK. 2015 12



‘Many Hosts of Mycobacteria: Tuberculosis, Leprosy, and other Mycobacterial Diseases of
Man and Animals’

Ameni, G., Vordermeier, M., Firdessa, R., Aseffa, A., Hewinson, G., Gordon, S. V. & Berg,
S. 2011. Mycobacterium tuberculosis infection in grazing cattle in central Ethiopia.
Vet J, 188, 359-61.

Aranaz, A., Liebana, E., Gomez-Mampaso, E., Galan, J. C., Cousins, D., Ortega, A.,
Blazquez, J., Baquero, F., Mateos, A., Suarez, G. & Dominguez, L. 1999.
Mycobacterium tuberculosis subsp. caprae subsp. nov.: a taxonomic study of a new
member of the Mycobacterium tuberculosis complex isolated from goats in Spain. /nt
J Syst Bacteriol, 49 Pt 3, 1263-73.

Arend, S. M., van Meijgaarden, K. E., de Boer, K., de Palou, E. C., van Soolingen, D.,
Ottenhoff, T. H. & van Dissel, J. T. 2002. Tuberculin skin testing and in vitro T cell
responses to ESAT-6 and culture filtrate protein 10 after infection with
Mycobacterium marinum or M. kansasii. J Infect Dis, 186, 1797-807.

Barroso, S., Castelli, R., Baggelaar, M. P., Geerdink, D., ter Horst, B., Casas-Arce, E.,
Overkleeft, H. S., van der Marel, G. A., Codee, J. D. & Minnaard, A. J. 2012. Total
synthesis of the triglycosyl phenolic glycolipid PGL-tbl from Mycobacterium
tuberculosis. Angew Chem Int Ed Engl, 51, 11774-7.

Becq, J., Gutierrez, M. C., Rosas-Magallanes, V., Rauzier, J., Gicquel, B., Neyrolles, O. &
Deschavanne, P. 2007. Contribution of horizontally acquired genomic islands to the
evolution of the tubercle bacilli. Mol Biol Evol, 24, 1861-71.

Behr, M. A. 2013. Evolution of Mycobacterium tuberculosis. Adv Exp Med Biol, 783, 81-91.

Behr, M. A., Wilson, M. A., Gill, W. P., Salamon, H., Schoolnik, G. K., Rane, S. & Small, P.
M. 1999. Comparative genomics of BCG vaccines by whole-genome DNA
microarray. Science, 284, 1520-3.

Berg, S., Firdessa, R., Habtamu, M., Gadisa, E., Mengistu, A., Yamuah, L., Ameni, G.,
Vordermeier, M., Robertson, B. D., Smith, N. H., Engers, H., Young, D., Hewinson,
R. G., Aseffa, A. & Gordon, S. V. 2009. The burden of mycobacterial disease in
ethiopian cattle: implications for public health. PLoS One, 4, €5068.

Bitter, W., Houben, E. N., Bottai, D., Brodin, P., Brown, E. J., Cox, J. S., Derbyshire, K.,
Fortune, S. M., Gao, L. Y., Liu, J., Gey van Pittius, N. C., Pym, A. S., Rubin, E. J.,
Sherman, D. R., Cole, S. T. & Brosch, R. 2009. Systematic genetic nomenclature for
type VII secretion systems. PLoS Pathog, 5, €1000507.

Bourke, J., Brereton, C. F., Gordon, S. V., Lavelle, E. C. & Scanlan, E. M. 2014. The
synthesis and biological evaluation of mycobacterial p-hydroxybenzoic acid
derivatives (p-HBADs). Org Biomol Chem, 12, 1114-23.

Bratschi, M. W., Ruf, M. T., Andreoli, A., Minyem, J. C., Kerber, S., Wantong, F. G.,
Pritchard, J., Chakwera, V., Beuret, C., Wittwer, M., Noumen, D., Schurch, N., Um
Book, A. & Pluschke, G. 2014. Mycobacterium ulcerans persistence at a village
water source of Buruli ulcer patients. PLoS Neg! Trop Dis, 8, €2756.

Brennan, P. J. 2003. Structure, function, and biogenesis of the cell wall of Mycobacterium
tuberculosis. Tuberculosis (Edinb), 83, 91-7.

Brennan, P. J. & Nikaido, H. 1995. The envelope of mycobacteria. Annu Rev Biochem, 64,
29-63.

Brisse, S., Supply, P., Brosch, R., Vincent, V. & Gutierrez, M. C. 2006. "A re-evaluation of
M. prototuberculosis": continuing the debate. PLoS Pathog, 2, €95.

Brodin, P., Eiglmeier, K., Marmiesse, M., Billault, A., Garnier, T., Niemann, S., Cole, S. T. &
Brosch, R. 2002. Bacterial artificial chromosome-based comparative genomic
analysis identifies Mycobacterium microti as a natural ESAT-6 deletion mutant.
Infect Immun, 70, 5568-78.

Brosch, R., Gordon, S. V., Marmiesse, M., Brodin, P., Buchrieser, C., Eiglmeier, K., Garnier,
T., Gutierrez, C., Hewinson, G., Kremer, K., Parsons, L. M., Pym, A. S., Samper, S.,
van Soolingen, D. & Cole, S. T. 2002. A new evolutionary scenario for the
Mycobacterium tuberculosis complex. Proc Natl Acad Sci U S A, 99, 3684-9.

Cadmus, S., Palmer, S., Okker, M., Dale, J., Gover, K., Smith, N., Jahans, K., Hewinson, R.
G. & Gordon, S. V. 2006. Molecular analysis of human and bovine tubercle bacilli
from a local setting in Nigeria. J Clin Microbiol, 44, 29-34.

Publisher CAB International, Wallingford, UK. 2015 13



‘Many Hosts of Mycobacteria: Tuberculosis, Leprosy, and other Mycobacterial Diseases of
Man and Animals’

Carr, M. D., Bloemink, M. J., Dentten, E., Whelan, A. O., Gordon, S. V., Kelly, G., Frenkiel,
T. A., Hewinson, R. G. & Williamson, R. A. 2003. Solution structure of the
Mycobacterium tuberculosis complex protein MPB70: from tuberculosis
pathogenesis to inherited human corneal desease. J Biol Chem, 278, 43736-43.

Casadevall, A. & Pirofski, L. A. 2000. Host-pathogen interactions: basic concepts of
microbial commensalism, colonization, infection, and disease. Infect Immun, 68,
6511-8.

Chambers, M. A., Whelan, A. O., Spallek, R., Singh, M., Coddeville, B., Guerardel, Y. &
Elass, E. 2010. Non-acylated Mycobacterium bovis glycoprotein MPB83 binds to
TLR1/2 and stimulates production of matrix metalloproteinase 9. Biochem Biophys
Res Commun, 400, 403-8.

Charlet, D., Mostowy, S., Alexander, D., Sit, L., Wiker, H. G. & Behr, M. A. 2005. Reduced
expression of antigenic proteins MPB70 and MPB8&3 in Mycobacterium bovis BCG
strains due to a start codon mutation in sigK. Mol Microbiol, 56, 1302-13.

Chen, J. M., Zhang, M., Rybniker, J., Basterra, L., Dhar, N., Tischler, A. D., Pojer, F. & Cole,
S. T. 2013. Phenotypic profiling of Mycobacterium tuberculosis EspA point mutants
reveals that blockage of ESAT-6 and CFP-10 secretion in vitro does not always
correlate with attenuation of virulence. J Bacteriol, 195, 5421-30.

Chen, S. T., Li, J. Y., Zhang, Y., Gao, X. & Cai, H. 2012. Recombinant MPT83 derived from
Mycobacterium tuberculosis induces cytokine production and upregulates the
function of mouse macrophages through TLR2. J Immunol, 188, 668-77.

Chen, Y., Chao, Y., Deng, Q., Liu, T., Xiang, J., Chen, J., Zhou, J., Zhan, Z., Kuang, Y., Cali,
H., Chen, H. & Guo, A. 2009. Potential challenges to the Stop TB Plan for humans in
China; cattle maintain M. bovis and M. tuberculosis. Tuberculosis (Edinb), 89, 95-
100.

Cohan, F. M. 2002. What are bacterial species? Annu Rev Microbiol, 56, 457-87.

Cole, S. T., Brosch, R., Parkhill, J., Garnier, T., Churcher, C., Harris, D., Gordon, S. V.,
Eiglmeier, K., Gas, S., Barry, C. E., 3rd, Tekaia, F., Badcock, K., Basham, D.,
Brown, D., Chillingworth, T., Connor, R., Davies, R., Devlin, K., Feltwell, T.,
Gentles, S., Hamlin, N., Holroyd, S., Hornsby, T., Jagels, K., Krogh, A., McLean, J.,
Moule, S., Murphy, L., Oliver, K., Osborne, J., Quail, M. A., Rajandream, M. A.,
Rogers, J., Rutter, S., Seeger, K., Skelton, J., Squares, R., Squares, S., Sulston, J. E.,
Taylor, K., Whitehead, S. & Barrell, B. G. 1998. Deciphering the biology of
Mycobacterium tuberculosis from the complete genome sequence. Nature, 393, 537-
44,

Comas, I., Chakravartti, J., Small, P. M., Galagan, J., Niemann, S., Kremer, K., Ernst, J. D. &
Gagneux, S. 2010. Human T cell epitopes of Mycobacterium tuberculosis are
evolutionarily hyperconserved. Nat Genet, 42, 498-503.

Comas, 1., Coscolla, M., Luo, T., Borrell, S., Holt, K. E., Kato-Maeda, M., Parkhill, J., Malla,
B., Berg, S., Thwaites, G., Yeboah-Manu, D., Bothamley, G., Mei, J., Wei, L.,
Bentley, S., Harris, S. R., Niemann, S., Diel, R., Aseffa, A., Gao, Q., Young, D. &
Gagneux, S. 2013. Out-of-Africa migration and Neolithic coexpansion of
Mycobacterium tuberculosis with modern humans. Nat Genet, 45, 1176-82.

Coscolla, M., Lewin, A., Metzger, S., Maetz-Rennsing, K., Calvignac-Spencer, S., Nitsche,
A., Dabrowski, P. W., Radonic, A., Niemann, S., Parkhill, J., Couacy-Hymann, E.,
Feldman, J., Comas, 1., Boesch, C., Gagneux, S. & Leendertz, F. H. 2013. Novel
Mycobacterium tuberculosis complex isolate from a wild chimpanzee. Emerg Infect
Dis, 19, 969-76.

Cousins, D. V., Bastida, R., Cataldi, A., Quse, V., Redrobe, S., Dow, S., Duignan, P., Murray,
A., Dupont, C., Ahmed, N., Collins, D. M., Butler, W. R., Dawson, D., Rodriguez,
D., Loureiro, J., Romano, M. L., Alito, A., Zumarraga, M. & Bernardelli, A. 2003.
Tuberculosis in seals caused by a novel member of the Mycobacterium tuberculosis
complex: Mycobacterium pinnipedii sp. nov. Int J Syst Evol Microbiol, 53, 1305-14.

Publisher CAB International, Wallingford, UK. 2015 14



‘Many Hosts of Mycobacteria: Tuberculosis, Leprosy, and other Mycobacterial Diseases of
Man and Animals’

Cousins, D. V., Peet, R. L., Gaynor, W. T., Williams, S. N. & Gow, B. L. 1994. Tuberculosis
in imported hyrax (Procavia capensis) caused by an unusual variant belonging to the
Mycobacterium tuberculosis complex. Vet Microbiol, 42, 135-45.

Doig, K. D., Holt, K. E., Fyfe, J. A., Lavender, C. J., Eddyani, M., Portaels, F., Yeboah-
Manu, D., Pluschke, G., Seemann, T. & Stinear, T. P. 2012. On the origin of
Mycobacterium ulcerans, the causative agent of Buruli ulcer. BMC Genomics, 13,
258.

Francis, J. 1950. Control of infection with the bovine tubercle bacillus. Lancet, 1, 34-9.

Garnier, T., Eiglmeier, K., Camus, J. C., Medina, N., Mansoor, H., Pryor, M., Duthoy, S.,
Grondin, S., Lacroix, C., Monsempe, C., Simon, S., Harris, B., Atkin, R., Doggett, J.,
Mayes, R., Keating, L., Wheeler, P. R., Parkhill, J., Barrell, B. G., Cole, S. T.,
Gordon, S. V. & Hewinson, R. G. 2003. The complete genome sequence of
Mycobacterium bovis. Proc Natl Acad Sci U S A4, 100, 7877-82.

Gilmore, S. A., Schelle, M. W., Holsclaw, C. M., Leigh, C. D., Jain, M., Cox, J. S., Leary, J.
A. & Bertozzi, C. R. 2012. Sulfolipid-1 biosynthesis restricts Mycobacterium
tuberculosis growth in human macrophages. ACS Chem Biol, 7, 863-70.

Gordon, S. V., Bottai, D., Simeone, R., Stinear, T. P. & Brosch, R. 2009. Pathogenicity in the
tubercle bacillus: molecular and evolutionary determinants. Bioessays, 31, 378-88.

Gordon, S. V., Brosch, R., Billault, A., Garnier, T., Eiglmeier, K. & Cole, S. T. 1999.
Identification of variable regions in the genomes of tubercle bacilli using bacterial
artificial chromosome arrays. Mol Microbiol, 32, 643-55.

Hershberg, R., Lipatov, M., Small, P. M., Sheffer, H., Niemann, S., Homolka, S., Roach, J.
C., Kremer, K., Petrov, D. A., Feldman, M. W. & Gagneux, S. 2008. High functional
diversity in Mycobacterium tuberculosis driven by genetic drift and human
demography. PLoS Biol, 6,¢e311.

Karlson, A. G. & Lessel, E. F. 1970. Mycobacterium bovis nom. nov. Int J Syst Bacteriol, 20,
273-282.

Koeck, J. L., Fabre, M., Simon, F., Daffe, M., Garnotel, E., Matan, A. B., Gerome, P.,
Bernatas, J. J., Buisson, Y. & Pourcel, C. 2011. Clinical characteristics of the smooth
tubercle bacilli 'Mycobacterium canettii' infection suggest the existence of an
environmental reservoir. Clin Microbiol Infect, 17, 1013-9.

Lewis, K. N., Liao, R., Guinn, K. M., Hickey, M. J., Smith, S., Behr, M. A. & Sherman, D. R.
2003. Deletion of RD1 from Mycobacterium tuberculosis mimics bacille Calmette-
Guerin attenuation. J Infect Dis, 187, 117-23.

Linton, D. S. 2005. Emil von Behring: infectious disease, immunology, serum therapy. ,
Philadelphia, American Philosophical Society.

Magnus, K. 1966. Epidemiological Basis of Tuberculosis Eradication 3. Risk of Pulmonary
Tuberculosis after Human and Bovine Infection. Bull World Health Organ., 35, 483-
508.

Mahairas, G. G., Sabo, P. J., Hickey, M. J., Singh, D. C. & Stover, C. K. 1996. Molecular
analysis of genetic differences between Mycobacterium bovis BCG and virulent M.
bovis. J Bacteriol, 178, 1274-82.

Malaga, W., Constant, P., Euphrasie, D., Cataldi, A., Daffe, M., Reyrat, J. M. & Guilhot, C.
2008. Deciphering the genetic bases of the structural diversity of phenolic glycolipids
in strains of the Mycobacterium tuberculosis complex. J Biol Chem, 283, 15177-84.

Mostowy, S., Cousins, D. & Behr, M. A. 2004. Genomic interrogation of the dassie bacillus
reveals it as a unique RD1 mutant within the Mycobacterium tuberculosis complex. J
Bacteriol, 186, 104-9.

Mostowy, S., Cousins, D., Brinkman, J., Aranaz, A. & Behr, M. A. 2002. Genomic deletions
suggest a phylogeny for the Mycobacterium tuberculosis complex. J Infect Dis, 186,
74-80.

Namouchi, A., Didelot, X., Schock, U., Gicquel, B. & Rocha, E. P. 2012. After the
bottleneck: Genome-wide diversification of the Mycobacterium tuberculosis complex
by mutation, recombination, and natural selection. Genome Res, 22, 721-34.

Publisher CAB International, Wallingford, UK. 2015 15



‘Many Hosts of Mycobacteria: Tuberculosis, Leprosy, and other Mycobacterial Diseases of
Man and Animals’

Ocepek, M., Pate, M., Zolnir-Dovc, M. & Poljak, M. 2005. Transmission of Mycobacterium
tuberculosis from human to cattle. J Clin Microbiol, 43, 3555-7.

Pabst, M. J., Gross, J. M., Brozna, J. P. & Goren, M. B. 1988. Inhibition of macrophage
priming by sulfatide from Mycobacterium tuberculosis. J Immunol, 140, 634-40.

Passemar, C., Arbues, A., Malaga, W., Mercier, 1., Moreau, F., Lepourry, L., Neyrolles, O.,
Guilhot, C. & Astarie-Dequeker, C. 2014. Multiple deletions in the polyketide
synthase gene repertoire of Mycobacterium tuberculosis reveal functional overlap of
cell envelope lipids in host-pathogen interactions. Cell Microbiol, 16, 195-213.

Pym, A. S., Brodin, P., Brosch, R., Huerre, M. & Cole, S. T. 2002. Loss of RD1 contributed
to the attenuation of the live tuberculosis vaccines Mycobacterium bovis BCG and
Mycobacterium microti. Mol Microbiol, 46, 709-17.

Reed, M. B., Domenech, P., Manca, C., Su, H., Barczak, A. K., Kreiswirth, B. N., Kaplan, G.
& Barry, C. E., 3rd 2004. A glycolipid of hypervirulent tuberculosis strains that
inhibits the innate immune response. Nature, 431, 84-7.

Rousseau, C., Turner, O. C., Rush, E., Bordat, Y., Sirakova, T. D., Kolattukudy, P. E., Ritter,
S., Orme, I. M., Gicquel, B. & Jackson, M. 2003. Sulfolipid deficiency does not
affect the virulence of Mycobacterium tuberculosis H37Rv in mice and guinea pigs.
Infect Immun, 71, 4684-90.

Schnappinger, D., Ehrt, S., Voskuil, M. I, Liu, Y., Mangan, J. A., Monahan, 1. M., Dolganov,
G., Efron, B., Butcher, P. D., Nathan, C. & Schoolnik, G. K. 2003. Transcriptional
Adaptation of Mycobacterium tuberculosis within Macrophages: Insights into the
Phagosomal Environment. J Exp Med, 198, 693-704.

Schneider, J., Sklar, J. & Glickman, M. S. 2014. The Ripl protease of M. tuberculosis
controls the SigD regulon. J Bacteriol.

Simeone, R., Huet, G., Constant, P., Malaga, W., Lemassu, A., Laval, F., Daffe, M., Guilhot,
C. & Chalut, C. 2013. Functional characterisation of three o-methyltransferases
involved in the biosynthesis of phenolglycolipids in Mycobacterium tuberculosis.
PLoS One, 8, €58954.

Simeone, R., Leger, M., Constant, P., Malaga, W., Marrakchi, H., Daffe, M., Guilhot, C. &
Chalut, C. 2010. Delineation of the roles of FadD22, FadD26 and FadD29 in the
biosynthesis of phthiocerol dimycocerosates and related compounds in
Mycobacterium tuberculosis. FEBS J, 277, 2715-25.

Smith, N. 1960. The 'Dassie' bacillus. Tubercle, 41, 203-12.

Smith, N. H. 2006. A re-evaluation of M. prototuberculosis. PLoS Pathog, 2, €98.

Smith, N. H., Hewinson, R. G., Kremer, K., Brosch, R. & Gordon, S. V. 2009. Myths and
misconceptions: the origin and evolution of Mycobacterium tuberculosis. Nat Rev
Microbiol, 7, 537-44.

Smith, N. H., Kremer, K., Inwald, J., Dale, J., Driscoll, J. R., Gordon, S. V., van Soolingen,
D., Hewinson, R. G. & Smith, J. M. 2006. Ecotypes of the Mycobacterium
tuberculosis complex. J Theor Biol, 239, 220-5.

Smith, T. 1898. A Comparative Study of Bovine Tubercle Bacilli and of Human Bacilli from
Sputum. J Exp Med, 3,451-511.

Stinear, T. P., Seemann, T., Harrison, P. F., Jenkin, G. A., Davies, J. K., Johnson, P. D.,
Abdellah, Z., Arrowsmith, C., Chillingworth, T., Churcher, C., Clarke, K., Cronin,
A., Davis, P., Goodhead, 1., Holroyd, N., Jagels, K., Lord, A., Moule, S., Mungall,
K., Norbertczak, H., Quail, M. A., Rabbinowitsch, E., Walker, D., White, B.,
Whitehead, S., Small, P. L., Brosch, R., Ramakrishnan, L., Fischbach, M. A.,
Parkhill, J. & Cole, S. T. 2008. Insights from the complete genome sequence of
Mycobacterium marinum on the evolution of Mycobacterium tuberculosis. Genome
Res, 18,729-41.

Supply, P., Marceau, M., Mangenot, S., Roche, D., Rouanet, C., Khanna, V., Majlessi, L.,
Criscuolo, A., Tap, J., Pawlik, A., Fiette, L., Orgeur, M., Fabre, M., Parmentier, C.,
Frigui, W., Simeone, R., Boritsch, E. C., Debrie, A. S., Willery, E., Walker, D.,
Quail, M. A., Ma, L., Bouchier, C., Salvignol, G., Sayes, F., Cascioferro, A.,
Seemann, T., Barbe, V., Locht, C., Gutierrez, M. C., Leclerc, C., Bentley, S. D.,

Publisher CAB International, Wallingford, UK. 2015 16



‘Many Hosts of Mycobacteria: Tuberculosis, Leprosy, and other Mycobacterial Diseases of
Man and Animals’

Stinear, T. P., Brisse, S., Medigue, C., Parkhill, J., Cruveiller, S. & Brosch, R. 2013.
Genomic analysis of smooth tubercle bacilli provides insights into ancestry and
pathoadaptation of Mycobacterium tuberculosis. Nat Genet, 45, 172-9.

Tabouret, G., Astarie-Dequeker, C., Demangel, C., Malaga, W., Constant, P., Ray, A.,
Honore, N., Bello, N. F., Perez, E., Daffe, M. & Guilhot, C. 2010. Mycobacterium
leprae phenolglycolipid-1 expressed by engineered M. bovis BCG modulates early
interaction with human phagocytes. PLoS Pathog, 6,e¢1001159.

van Ingen, J., Rahim, Z., Mulder, A., Boeree, M. J., Simeone, R., Brosch, R. & van
Soolingen, D. 2012. Characterization of Mycobacterium orygis as M. tuberculosis
complex subspecies. Emerg Infect Dis, 18, 653-5.

van Soolingen, D., Hoogenboezem, T., de Haas, P. E., Hermans, P. W., Koedam, M. A.,
Teppema, K. S., Brennan, P. J., Besra, G. S., Portaels, F., Top, J., Schouls, L. M. &
van Embden, J. D. 1997. A novel pathogenic taxon of the Mycobacterium
tuberculosis complex, Canetti: characterization of an exceptional isolate from Africa.
Int J Syst Bacteriol, 47, 1236-45.

Veyrier, F. J., Dufort, A. & Behr, M. A. 2011. The rise and fall of the Mycobacterium
tuberculosis genome. Trends Microbiol, 19, 156-61.

von Behring, E. 1901. Nobel Lecture: Serum Therapy in Therapeutics and Medical Science
[Online]. Available:
http://www.nobelprize.org/nobel prizes/medicine/laureates/1901/beh
ring-lecture.html 2014].

Walker, T. M., Ip, C. L., Harrell, R. H., Evans, J. T., Kapatai, G., Dedicoat, M. J., Eyre, D.
W., Wilson, D. J., Hawkey, P. M., Crook, D. W., Parkhill, J., Harris, D., Walker, A.
S., Bowden, R., Monk, P., Smith, E. G. & Peto, T. E. 2013. Whole-genome
sequencing to delineate Mycobacterium tuberculosis outbreaks: a retrospective
observational study. Lancet Infect Dis, 13, 137-46.

Wards, B. J., de Lisle, G. W. & Collins, D. M. 2000. An esat6 knockout mutant of
Mycobacterium bovis produced by homologous recombination will contribute to the
development of a live tuberculosis vaccine. Tuber Lung Dis, 80, 185-9.

Wells, A. G. 1946. The murine type of tubercle bacillus (The vole acid-fast bacillus). MRC
Spec. Rep. Ser. med. Res. Coun., Lond. .

Whelan, A. O., Coad, M., Cockle, P. J., Hewinson, G., Vordermeier, M. & Gordon, S. V.
2010. Revisiting host preference in the Mycobacterium tuberculosis complex:
experimental infection shows M. tuberculosis H37Rv to be avirulent in cattle. PLoS
One, 5, ¢8527.

WHO. 2014. Global Tuberculosis Report 2013 [Online]. WHO. Available:
http://www.who.int/tb/publications/global report/en/ [Accessed May
2014 2014].

Wiker, H. G., Nagai, S., Hewinson, R. G., Russell, W. P. & Harboe, M. 1996. Heterogenous
expression of the related MPB70 and MPB&83 proteins distinguish various substrains
of Mycobacterium bovis BCG and Mycobacterium tuberculosis H37Rv. Scand J
Immunol, 43, 374-80.

Publisher CAB International, Wallingford, UK. 2015 17



