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Since ancient history, the infectious pulmonary disease tuberculosis (TB) has claimed the
lives of numerous human beings. Today, its causative agent Mycobacterium tuberculosis
is still responsible for 1.4 million deaths annually [1]. After the human immunodeficiency
virus (HIV), TB ranks the second leading cause of death from an infectious disease,
with the highest burden in Africa and South-East Asia. Since 1993, when the World
Health Organization declared TB a global public health emergency, increased efforts
to improve prevention, detection and treatment have effectively reduced the number
of new cases and deaths. However, the variable efficacy of the current vaccine and
increasing emergence of antibiotic-resistant strains are major drawbacks in the control
of TB. Treatment of TB requires a minimum course of six months with a combination
of drugs. Over the years, inefficient bacterial clearance due to inappropriate treatment
or failure to complete treatment has given rise to antibiotic-resistant M. tuberculosis.
Multi-, extensive- and even total-drug resistant TB strains, that display resistance to an
increasing number of drugs, have now been described. The current vaccine that is used
to prevent disease, was developed almost a century ago by continuous passaging of
the cattle-tuberculosis causing species Mycobacterium bovis. The resulting attenuated
strain M. bovis BCG, named after its founders Calmette and Guérin, shows highly
variable protective effects against pulmonary tuberculosis, ranging from 0 to 80% [2].
As BCG offers a reasonably good protection against disseminated TB in children, it is
still used. Altogether, the low efficacy of the vaccine, increase in antibiotic-resistant
M. tuberculosis strains and lack of proper diagnostic tools in endemic areas urges the
development of new preventive and curative treatment options.

EVOLUTION OF MYCOBACTERIA
Over the millennia, M. tuberculosis has successfully adapted to its human host. This
has become clear from genetic studies on mycobacterial evolution and adaptation,
which became possible with the availability of complete genome sequences in 1998 [3].
One major advantage for these studies is that M. tuberculosis does not show signs of
recent horizontal gene transfer, which means that genomic trees can be produced with
high confidence. M. tuberculosis belongs to the M. tuberculosis complex (MTBC), a
collection of TB-causing bacterial agents that share identical 16S RNA and have greater
than 99.9% nucleotide identity (Figure 1). Other members of the MTBC include M. bovis,
Mycobacterium canettii, Mycobacterium africanum and Mycobacterium microti, each
with their own host tropism [4]. Based on analyses of deleted genomic regions, two major
MTBC lineages have been found to originate from a common mycobacterial ancestor
around 40,000 years ago [5], coinciding with the proposed foundation of modern human
populations in the horn of Africa [6]. In the following 20,000 years, further deletion
events resulted in the individual members of the MTBC [4]. These deletions may be seen
as evolutionary markers of host-specific adaptation. For M. tuberculosis, they have led
to the restriction and specialization to the human host. The MTBC comprises just a few
of the more than 120 species that belong to the genus Mycobacterium. Phylogenetic
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analysis based on 16s rRNA gene sequences has revealed that species of this family
can be divided into slow and fast growing mycobacteria, depending on whether visible
colonies appear before or after 7 days of incubation (Figure 1) [7]. The cluster of slow
growing mycobacteria, which includes most of the pathogenic species such as the
MTBC, seems to have evolved from a fast growing ancestor [8].

MYCOBACTERIAL DISEASE
Genetically most closely related to the MTBC are Mycobacterium ulcerans and
Mycobacterium marinum. Although these species are very closely related to each
other and share identical 16s rRNA sequences, there are some major differences. M.
ulcerans is subjected to ongoing degenerative evolution and has a large number of
pseudogenes, whereas M. marinum has a large genome with hardly any pseudogenes
and shows signs of recent horizontal gene transfer. M. ulcerans is a human pathogen that
causes Buruli ulcer, a (sub)tropical disease characterized by ulcerated lesions of the skin
and subcutaneous tissues. After TB and leprosy, Buruli ulcer is the third most common
human disease caused by mycobacteria. M. marinum on the other hand, causes TB in a
wide-range of ectothermic animals such as fish and frogs. In addition, it can also cause
disease in humans. However, due to its restricted growth temperature with a maximum
of 33°C, it only gives rise to local skin infections known as fish tank granuloma. Despite

Figure 1. Phylogenetic tree and presence of esx gene clusters in several mycobacterial species.
Based on 16s rRNA sequences, a phylogenetic tree showing evolutionary relationships between
a selection of mycobacterial species was constructed. The presence of the five esx-gene clusters
in the genomes of these species are indicated, based on the presence of the eccBCDE genes
which encode the conserved structural components of the T7ss. MTBC; M. tuberculosis complex,
MAC; M. avium complex, MCAC; M. chelonae-abscessus complex. Scale bar represents 0,01
changes per nucleotide. This figure was adapted with permission, courtesy of M. Daleke.
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its wide host range, the course of an M. marinum infection in ectothermic animals is
strikingly similar to that of M. tuberculosis in humans [9]. In both cases, mycobacteria
are initially phagocytosed by macrophages, which are unable to completely clear the
infection. As a result of cytokine and chemokine secretion, infected macrophages are
rapidly surrounded by other immune cells, leading to the formation of granulomas.
These large immune aggregates can contain the infection for a long period of time
whilst offering bacteria a protective niche. When the immune system of the host is
weakened, granulomas can rupture, enabling bacterial spread and transmission to a
new host. During this phase, infection progresses from latent to active disease [10,11].

Upon their encapsulation in granulomas, mycobacteria undergo a series of transcriptional
changes that enable them to survive for a prolonged time period in this hostile and
oxygen-poor environment. As a result of these changes, bacteria are thought to enter a
non- or low-replicating state of dormancy, which is characterized by metabolic inactivity
and accumulation of lipids [10]. In addition, mycobacteria develop phenotypic tolerance to
antibiotic drugs. The replication state of mycobacteria during latent infection is still under
debate. The view of a static equilibrium of dormant bacteria that remain viable but do not
divide, which is based on the amount of CFU over time, is generally accepted. However,
there is increasing evidence that there is substantial replication of M. tuberculosis during
latency. For instance, the dynamic nature of the immune response during chronic infection
and the loss of an experimentally introduced plasmid during prolonged infection in vivo
point to continued cell division [12-14]. However, it is unclear whether all bacteria are
dividing at a continuous but reduced rate or whether an actively dividing subpopulation
of mycobacteria is present amid the dormant bacilli. The second option seems to be more
likely and suggests that the balance between dormant and replicating M. tuberculosis
could be a distinguishing factor between latent infection and active disease [10].
The transcriptional adaptation to the conditions encountered in the granuloma
is in part regulated by the mycobacterial dormancy survival regulon (dos). DosR, the
key player of this regulon, induces transcription of 48 genes upon hypoxia and redox
sensing by DosS and DosT [15,16]. In general, this transcriptional response leads to the
down-regulation of central metabolism and the induction of stress response proteins
and alternative metabolism pathways. Although glycerol is used as the standard
carbon source to grow M. tuberculosis in vitro, during the onset and chronic phase of
infection mycobacteria predominantly use host-derived fatty acids and cholesterol as
a source of energy [17,18]. The glyoxylate pathway enzyme isocitrate lyase is essential
for this process and has an important role in persistence in the host [19,20]. Thus far,
little is known about the exact mechanisms of lipid transport across the mycobacterial
cell wall. The mce4 operon has been shown to encode a cholesterol import system that
can provide energy to M. tuberculosis and plays an important role in bacterial growth
during the chronic phase of infection [18]. The bacterial factors that are involved in the
import of host-derived fatty acids however, remain to be determined. Lipids such as
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cholesterol and triacylglycerol (TAG) are abundantly present in foamy macrophages of
the M. tuberculosis granuloma [21]. Mycobacteria are able to store the host-derived
fatty acids primarily as mycobacterial TAG, in a process mediated by triacylglycerol
synthase 1 [22-24]. These TAG storages have been suggested to serve as an energy
source for utilization during dormancy and reactivation of mycobacteria [22]. The TAGhydrolyzing protein LipY may be involved in this process [25]. At a certain point during
latent infection, the dormant bacteria will reactivate. This process probably occurs in
response to lowered host immune defenses and has been shown to be mediated by
resuscitation promoting factors encoded by the rpf genes [26]. The five members of
this secreted protein family serve as bacterial growth factors that are dispensable for
in vitro growth but required for the initiation of bacterial growth from dormancy [27].
Although the Rpf proteins are predicted to disrupt cell wall peptidoglycan structure,
the exact mechanism behind the induction of resuscitation is thus far unknown [28].

VIRULENCE MECHANISMS WITHIN THE MACROPHAGE
In order to establish a successful infection, pathogenic mycobacteria need to survive the
defense mechanisms of the host’s innate immune system. The first event of infection is the
phagocytosis of mycobacteria by macrophages, which in case of M. tuberculosis occurs
in the human lungs after inhalation of bacteria-containing droplets. The phagosome
is a very hostile environment for most bacteria. Upon phagocytosis of microbes, this
compartment matures by a series of fusion events with intracellular organelles such as
endosomes and lysosomes, resulting in a lowering of the pH, activation of hydrolytic
enzymes and antimicrobial peptides and production of reactive oxygen and nitrogen
species [29]. Although this is usually sufficient to kill microorganisms, pathogenic
mycobacteria have developed a range of molecular mechanisms to counteract the
macrophage’s defense system. An important asset of M. tuberculosis is its capability
to prevent phagosomal maturation. Several mycobacterial cell wall lipids and (de)
phosphorylating proteins have been implicated in this process [30,31]. These factors
act by reducing the drop in phagosomal pH and inhibiting the fusion with lysosomes,
thereby preventing mycobacterial degradation. In addition to the arrest of phagosomal
maturation, pathogenic mycobacteria have also developed a mechanism that allows
them to survive phago-lysosomal fusion. For several pathogenic mycobacteria, such as
M. marinum, M. tuberculosis, M. leprae and M. bovis, translocation from the phagolysosomal compartment into the cytosol of the macrophage has been shown [32-35].
Although its exact molecular mechanism has not been elucidated, this process is
dependent on the mycobacterial protein secretion system ESX-1 (Figure 2) [33-35].

ESX GENE CLUSTERS
The ESX-1 protein secretion system is encoded by the esx-1 gene cluster, named
after one of its substrates, EsxA (also known as ESAT-6). Genome sequence analysis of
M. tuberculosis revealed the presence of five homologous copies of this gene cluster,
which were named esx-1 to esx-5. Phylogenetic analysis indicated that esx-4 is the most
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Figure 2. Proposed effects of Mycobacterium tuberculosis T7ss during infection of macrophages.
As a first step of infection, M. tuberculosis is phagocytosed by a macrophage. The phagosomal
compartment subsequently matures into the more hostile phago-lysosome by a series of events
that can be inhibited by the bacterium. Probably as a result of ESX-1-dependent release of specific
proteins, M. tuberculosis is able to lyse the membrane of the phago-lysosome and translocate
into the cytosol of the cell [33,35]. Mycobacteria localized in the cytosol induce cell death of the
macrophage by production of toxic factors. In addition, inflammasome activation leads to the
release of IL-1b. In both of these processes, ESX-5 has been proposed to play a role [68].

ancestral of these regions. By subsequent duplication events, esx-1, esx-3, esx-2 and,
most recently, esx-5 evolved [36]. The esx gene clusters are specific for Actinobacteria,
which include the genus Mycobacterium and Cornyebacterium. The ancestral esx-4
cluster was found to be present in the genome of Cornyebacterium diphteriae,
suggesting that Mycobacteria and Cornyebacteria have a common ancestor [36]. As the
fast growing mycobacterial species do not contain the most recently duplicated cluster
esx-5, this cluster probably appeared after the divergence of the slow-growing species
(Figure 1). In some mycobacterial species, specific esx clusters have been deleted from
their genome. For example, M. leprae, a species that has undergone severe genome
down-sizing, only contains an intact copy of the esx-1 and esx-3 clusters and the
core genes from esx-5, suggesting that these clusters are essential for mycobacterial
viability or pathogenicity [36]. However, different pathogens might have evolved
different solutions to compensate for the loss of these gene clusters. For instance, the
opportunistic avian pathogen Mycobacterium avium is still able to establish a successful
infection in macrophages, despite the loss of esx-1 from its genome [37].
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TYPE VII SECRETION SYSTEMS
The discovery of the ESX protein secretion systems did not come as a surprise,
since mycobacteria have a distinctively thick and waxy cell wall that forms a highly
impermeable barrier. The main constituents of the cell wall are long-chain mycolic
acids that make it difficult to stain these bacteria with the water-based Gram stain. For
diagnostic purposes, an acidic stain is therefore often used to identify mycobacteria.
Over the last years, several structural studies have shed light on the composition of the
mycobacterial cell wall. These studies revealed that the cell wall contains a second lipid
bilayer, which is present in addition to the cytoplasmic (or inner) membrane [38-40].
This lipid bilayer, which is also referred to as the mycobacterial outer membrane, mainly
consists of mycolic acids, together with a range of other unusual lipids. The mycolic
acids in the inner layer of the mycobacterial outer membrane are covalently linked to
a peptidoglycan-arabinogalactan polymer that is located between the inner and outer
membrane [38]. In order to ensure import of nutrients and export of bacterial virulence
factors across this complex cell wall, mycobacteria contain the ESX or type VII secretion
systems (T7ss), which have unique properties that distinguish them from all (six) other
known bacterial secretion systems [41]. Each ESX system consists of a set of core
components, the Ecc proteins (ESX-conserved component) [42]. These components
include proteins that provide the energy for substrate secretion (ATP-dependent
chaperones of the AAA family and membrane-bound ATP-ases), several transmembrane
proteins and a subtilisin-like serine protease, MycP. Four of these proteins have been
shown to form a large complex embedded in the membrane, which might form the
actual transport machinery (EccBCDE, Figure 3) [43]. The substrates of the ESX-systems
can be encoded by the esx regions, but genes coding for additional substrates are also
found elsewhere in the genome. Recently, a conserved secretion signal was detected
in all known mycobacterial T7s substrates or secreted protein pairs. This signal consists
of two α-helices, separated by a turn and followed by a conserved secretion motif,
YxxxD/E [44]. Although this signal can be used to identify new type VII substrates, its
role is still under investigation. The exact mechanism of secretion and structure of the
T7ss remain to be determined as well. Of the five mycobacterial T7ss, only ESX-1, ESX-3
and ESX-5 have been proven to be functional [41]. In contrast to ESX-1 and ESX-5,
ESX-3 is conserved among all sequenced mycobacterial species, suggesting a crucial
function. Indeed, in M. tuberculosis, ESX-3 is essential for bacterial survival [45,46]. The
ESX-3 secretion system has been shown to be involved in metal acquisition, in particular
of iron and zinc [45,47]. However, its exact working mechanism and role in virulence is
thus far unknown. In contrast, many studies have established an important role for ESX-1
in virulence. In fact, the attenuation of the vaccine strain BCG has been shown to be
attributable to a deletion of part of esx-1 from the M. bovis genome, as reintroduction
of this region (RD1; region of difference 1) in BCG could greatly increase virulence
[48]. Moreover, deletion of RD1 from the genomes of M. tuberculosis and M. marinum
severely decreased virulence [49,50]. Abrogation of ESX-1-mediated protein secretion
has been shown to greatly attenuate mycobacterial infection in several animal models
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Figure 3. Proposed model of the T7S membrane channel. Substrate transport by T7ss may
occur according the model depicted. The conserved structural components EccB, EccC, EccD
and EccE of ESX-5 have been shown to form a major complex that is localized in the cell envelope
[43]. This complex may be responsible for substrate translocation across the inner membrane (IM)
after which a second structure in the outer membrane (OM) needs to be crossed for secretion.
Alternatively, the membrane complex forms a channel across both membranes. Although the
membrane protein MycP and the cytosolic components EspG and EccA have not been shown to
be part of the complex, they are involved in the substrate translocation process [50,69,87-90].
This figure was published in [43], and reprinted by permission of John Wiley & Sons, Inc.

[51]. Highly decreased bacterial burdens, loss of granuloma formation and an enhanced
inflammatory response in these animals demonstrate the importance of ESX-1 for
pathogenic mycobacteria. Remarkably, in the non-pathogenic environmental species
M. smegmatis, ESX-1 is involved in conjugative DNA transfer [52,53].

ESX-1 SUBSTRATES AND FUNCTION
So far, ESX-1 has been shown to be responsible for secretion of EsxA, EsxB (also known
as CFP-10), EspB, EspE, EspK, EspF and PPE68, which are all encoded within the esx-1
gene cluster [40,54-56]. In addition, ESX-1 transports proteins that are encoded by the
espACD operon located ~300 kb upstream, and possibly one of their regulators, EspR
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[54,57,58]. The proteins encoded by the espACD operon are all secreted, although EspD
is not transported exclusively via ESX-1 [59]. A complicating factor in the analysis of the
ESX-1 secretion system is that some of the substrates have been shown to be mutually
dependent, meaning that secretion of each substrate is dependent on secretion of the
others [54]. Although all ESX-1 substrates therefore appear to be important for virulence,
the exact function of each individual substrate is unknown. Of all substrates, EsxA and
EsxB have gained most attention. This protein pair, which is encoded within esx-1 and
conserved across the other esx clusters, forms a stable 1:1 dimer [60]. According to one
study, the EsxA/B protein pair dissociates at low pH [61], exposing host membranes
to the lysing capacities of EsxA [50,62]. Although this strongly suggests that EsxA is
responsible for ESX-1 mediated phago-lysosomal escape, the homology between EsxA of
M. tuberculosis and the translocating species M. leprae is very low, whereas the homology
with EsxA of the non-translocating species Myobacterium kansasii and Mycobacterium
smegmatis is quite high [33]. Furthermore, other structural and biochemical studies
have not been able to confirm the EsxA/B dissociation data [63,64]. Disruption of ESX1-mediated protein secretion leads to a growth defect in macrophages [51], which may
be attributable to the inability to escape the hostile phago-lysosomal compartment and/
or inhibiting phagosomal maturation [35,65]. Other proposed intracellular functions of
ESX-1 substrates include inflammasome activation and cell to cell spread of bacteria
[50,66,67]. However, as ESX-1 is required for phagosome escape, it is not clear whether
these observed effects are a direct result of ESX-1 substrate activity or occur via other
mechanisms that follow upon translocation (Figure 2) [68].

ESX-5 AND ITS SUBSTRATES
The most recently evolved T7ss is ESX-5. This system is exclusively present in the
slow-growing, more pathogenic mycobacterial species, suggesting that ESX-5 is
involved in virulence [36]. In addition to secretion of the EsxA/B homologues EsxN/M
that are encoded within esx-5, the primary substrates of this system appear to be
proteins of the PE and PPE families [69,70]. Members of these protein families are
characterized by a Pro-Glu (PE) or Pro-Pro-Glu (PPE) motif near their conserved 110
and 180 amino acid N-termini, respectively (Figure 4). Although a large number
of pe and ppe genes are spread across the whole genome of M. tuberculosis and
M. marinum, the most ancient of these genes seem to have been inserted in esx-1
and duplicated together with the esx clusters. With the duplication of each esx cluster,
a limited number of secondary sub-duplications of the pe/ppe genes occurred. After
the introduction of esx-5 however, multiple copies of pe/ppe genes were inserted in
the genome [8]. This large expansion of pe/ppe family genes occurred not only within
the esx-5 region, but especially outside this cluster. During the expansion process,
several different subfamilies arose, of which the pe_prgs and ppe_mptr gene families
are the largest (Figure 4) [3]. Both subfamilies are characterized by multiple tandem
repeats in their C-terminal domain, which in case of PE_PGRS primarily encompass Gly
and Ala residues. Around 10% of the genomic coding potential of M. tuberculosis is
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Figure 4. Schematic representation of members of the PE and PPE family. PE and PPE family
proteins can be divided into several subgroups based on their C-terminal sequences. The most
ancestral of these proteins consist of a PE or PPE domain only. The conserved YxxxD/E secretion
signal is often found at the end of the N-terminal PE domain [44]. The most numerous PE and
PPE subfamilies are shown here, which comprise 24 (PPE_SVP), 23 (PPE_MPTR), or 65 (PE_PGRS)
members in M. tuberculosis H37Rv [76]. This figure was adapted from [75].

devoted to the PE/PPE proteins [3], indicating that they must play an important role in
virulence. Their exclusive expansion in pathogenic species such as those of the MTBC,
M. marinum and M. ulcerans, supports this theory [8].

ROLE OF PE/PPE PROTEINS IN VIRULENCE
The ancient pe and ppe genes often form an operon, in which the pe gene is located
upstream of the ppe gene. Some of the resulting protein pairs have been shown to
form a complex that can be secreted via a T7ss [44,71,72]. Although several PE and PPE
proteins can be actively secreted via ESX-5 [69,70], numerous of these proteins are also
associated with the bacterial cell wall. Especially the PE_PGRS proteins are abundantly
present on the cell surface [40,73,74], suggesting that these proteins are ideally placed
for interaction with the host’s immune system. Several studies have indeed established
immuno-modulatory capacities for PE_PGRS and other PE/PPE proteins. The proposed
mechanisms by which individual PE/PPE proteins interact with the immune system
include TLR2 signaling, induction of cell death, promotion of uptake by macrophages,
modulation of vacuole acidification and inhibition of antigen presentation [75]. This
diverse range of proposed functions suggests that individual PE/PPE proteins may play
distinct roles in the infection process. It has also been speculated that the PE/PPE and
in particular PE_PGRS family proteins provide pathogenic mycobacteria with a diverse
antigenic profile [3]. As the C-terminal domains of these cell surface- exposed proteins
can vary substantially, the large number of PE/PPE proteins could be a source of antigen
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variation aiming at misleading the host’s immune system. However, the available data
for this is limited [3,76-78]. Both options, i.e. individual (unrelated) functions and
antigenic variation, are in accordance with the observed transcriptional regulation
of pe/ppe genes, which does not occur as one group but rather independently
[77]. Individual pe/ppe genes are controlled by regulatory circuits that also control
expression of other genes and several transcriptional regulators of pe/ppe genes have
been identified [79]. Furthermore, different clinical isolates of M. tuberculosis show
quite variable patterns of pe/ppe gene expression [80,81], supporting the theory that
the highly immunogenic PE/PPE proteins act as a decoy for the immune system and
may undergo immune selection in vivo, resulting in altered expression patterns. Also on
the genetic level, a relatively high variation in pe/ppe genes between clinical isolates
has been documented [76]. Comparison of pe/ppe expression levels between the
MTBC members M. tuberculosis and M. bovis revealed that some of these genes are
highly over-expressed in M. tuberculosis, suggesting a role for their coding products in
host-specific processes [82,83]. Furthermore, expression of specific M. tuberculosis pe
and ppe genes was found to be up-regulated in lung granulomas of the human host
[84]. More recently, a proteomic study in guinea pigs showed consistent expression
of a significant number of PE/PPE proteins during the early and chronic phase of
M. tuberculosis infection [85]. Together, these data point to an important but not wellunderstood role for PE and PPE proteins in virulence.

SCOPE OF THE THESIS
The objective of the research described in this thesis was to identify and characterize
the specific virulence mechanisms used by pathogenic mycobacteria. It is important
to obtain knowledge on these processes as this may lead to new drug targets and
vaccine strategies to combat TB. In this thesis, special emphasis was placed on
ESX-5. As this T7ss is exclusively present in the slow growing and mostly pathogenic
mycobacterial species, it is likely to play a role in virulence. In all studies described
in this thesis, M. marinum was used as a model for pathogenic mycobacteria. In
Chapter 2, the secretome of ESX-5 was determined by a proteomic approach using a
secretion defective mutant. The data revealed ESX-5 as a major secretion pathway for
mycobacteria, responsible for the secretion of a large number of PE_PGRS, PPE and
some ESAT-6-like proteins. In Chapter 3, the ESX-5-defective secretion mutant was used
to study the effect of ESX-5-dependent proteins on virulence. Surprisingly, inactivation
of ESX-5 was found to result in mycobacterial hypervirulence in adult zebrafish. As the
ESX-5 mutant displayed normal to slightly attenuated virulence in macrophages and
zebrafish embryos, the observed effects of increased bacterial growth and granuloma
formation were specific for conditions encountered in adult fish. A possible role for the
adaptive immune system was ruled out in this study. In Chapter 4, the granulomas that
were formed in adult zebrafish upon M. marinum infection were characterized in more
detail. The presence of a surrounding ring of CD4+ T cells and hypoxic core indicate
that the zebrafish M. marinum granuloma is highly similar to the human M. tuberculosis
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granuloma. Additionally, the mechanism behind hypervirulence of the ESX-5 mutant
was studied in this chapter. The results of these experiments showed that ESX-5 is
involved in the uptake of extracellular fatty acids. The ESX-5 dependent lipase LipY
was found to play a role in this process, after rerouting it to the ESX-1 secretion system.
However, LipY-mediated fatty acid uptake could not be linked to the hypervirulent
phenotype of ESX-5-deficient mycobacteria in adult zebrafish. In Chapter 5, ESX-1–
defective M. marinum and M. tuberculosis strains were used to study the effect of
ESX-1 on gene transcription. In contrast to the systemic components of the secretion
system, expression of the known substrates of ESX-1 was down-regulated in the mutant
strains of both species. Based on these gene expression data, EspJ could be identified
as a novel ESX-1 substrate. In addition, transcription profiles during early macrophage
infection pointed towards an important role for the espACD operon in ESX-1-mediated
virulence. Chapter 6 describes a more general search for virulence factors that are
differentially required by M. marinum in different hosts. In order to perform this study,
the genome sequence of the M. marinum strain E11, used in all studies described
in this thesis, was first determined. In a large scale cell infection study, Transposon
Directed Insertion site Sequencing (TraDIS) of a large pool of mycobacterial transposon
mutants subsequently shed light on the factors required for a successful infection of
macrophages [86]. In this study, the bacterial requirements in phagocytic cells derived
from mammals and fish were compared with two protozoan species. In addition to
common mycobacterial virulence pathways, host-specific virulence mechanisms could
be identified. The obtained data provides important insight in mycobacterial adaptation
to the host and also shows that amoeba cannot merely be seen as a playground for
pathogenic mycobacteria. In the summarizing final part, Chapter 7, the results of the
work described above are discussed in a broader perspective and their implications for
further research and solutions towards mycobacterial diseases are evaluated.

REFERENCES
1.

World Health Organization.
tuberculosis report 2012.

Global

2.

Brewer TF. Preventing tuberculosis with
bacillus Calmette-Guerin vaccine: a metaanalysis of the literature. Clin Infect Dis
(2000); 31 Suppl 3: S64-S67.

3.

Cole ST et al. Deciphering the biology
of Mycobacterium tuberculosis from the
complete genome sequence. Nature
(1998); 393(6685): 537-44.

4.

Brosch R et al. A new evolutionary scenario
for the Mycobacterium tuberculosis
complex. Proc Natl Acad Sci U S A (2002);
99(6): 3684-9.

5.

Wirth T et al. Origin, spread and demography
of the Mycobacterium tuberculosis complex.
PLoS Pathog (2008); 4(9): e1000160.

6.

Mellars P. Going east: new genetic and
archaeological perspectives on the
modern human colonization of Eurasia.
Science (2006); 313(5788): 796-800.

7.

Stahl DA, Urbance JW. The division
between fast- and slow-growing species
corresponds to natural relationships
among the mycobacteria. J Bacteriol
(1990); 172(1): 116-24.

8.

Gey van Pittius NC et al. Evolution
and expansion of the Mycobacterium
tuberculosis PE and PPE multigene families
and their association with the duplication
of the ESAT-6 (esx) gene cluster regions.
BMC Evol Biol (2006); 6: 95.

9.

van der Sar AM et al. Mycobacterium
marinum strains can be divided into two

19

distinct types based on genetic diversity
and virulence. Infect Immun (2004); 72(11):
6306-12.
10. Gengenbacher
M,
Kaufmann
SH.
Mycobacterium tuberculosis: success
through dormancy. FEMS Microbiol Rev
(2012); 36(3): 514-32.
11. Russell DG. Mycobacterium tuberculosis:
here today, and here tomorrow. Nat Rev
Mol Cell Biol (2001); 2(8): 569-77.
12. Gill WP et al. A replication clock for
Mycobacterium tuberculosis. Nat Med
(2009); 15(2): 211-4.
13. Lazarevic V et al. Long-term control of
Mycobacterium tuberculosis infection is
mediated by dynamic immune responses.
J Immunol (2005); 175(2): 1107-17.
14. Swaim LE et al. Mycobacterium marinum
infection of adult zebrafish causes
caseating granulomatous tuberculosis
and is moderated by adaptive immunity.
Infect Immun (2006); 74(11): 6108-17.
15. Kumar A et al. Mycobacterium tuberculosis
DosS is a redox sensor and DosT is a
hypoxia sensor. Proc Natl Acad Sci U S A
(2007); 104(28): 11568-73.
16. Voskuil MI et al. Inhibition of respiration
by nitric oxide induces a Mycobacterium
tuberculosis dormancy program. J Exp
Med (2003); 198(5): 705-13.
17. Russell DG et al. Foamy macrophages and
the progression of the human tuberculosis
granuloma. Nat Immunol (2009); 10(9):
943-8.
18. Pandey AK, Sassetti CM. Mycobacterial
persistence requires the utilization of
host cholesterol. Proc Natl Acad Sci U S A
(2008); 105(11): 4376-80.
19. McKinney JD et al. Persistence of
Mycobacterium tuberculosis in macrophages
and mice requires the glyoxylate shunt
enzyme isocitrate lyase. Nature (2000);
406(6797): 735-8.
20. Munoz-Elias
EJ,
McKinney
JD.
Mycobacterium tuberculosis isocitrate
lyases 1 and 2 are jointly required for
in vivo growth and virulence. Nat Med
(2005); 11(6): 638-44.
21. Peyron P et al. Foamy macrophages
from tuberculous patients’ granulomas
constitute a nutrient-rich reservoir for M.
tuberculosis persistence. PLoS Pathog
(2008); 4(11): e1000204.

20

22. Daniel J et al. Mycobacterium tuberculosis
uses host triacylglycerol to accumulate
lipid droplets and acquires a dormancy-like
phenotype in lipid-loaded macrophages.
PLoS Pathog (2011); 7(6): e1002093.
23. Daniel J et al. Induction of a novel
class of diacylglycerol acyltransferases
and triacylglycerol accumulation in
Mycobacterium tuberculosis as it goes
into a dormancy-like state in culture. J
Bacteriol (2004); 186(15): 5017-30.
24. Sirakova TD et al. Identification of a
diacylglycerol
acyltransferase
gene
involved in accumulation of triacylglycerol
in Mycobacterium tuberculosis under
stress. Microbiology (2006); 152(Pt 9):
2717-25.
25. Deb C et al. A novel lipase belonging
to the hormone-sensitive lipase family
induced under starvation to utilize
stored triacylglycerol in Mycobacterium
tuberculosis. J Biol Chem (2006); 281(7):
3866-75.
26. Hett EC, Rubin EJ. Bacterial growth and
cell division: a mycobacterial perspective.
Microbiol Mol Biol Rev (2008); 72(1): 12656, table.
27. Kana BD et al. The resuscitationpromoting factors of Mycobacterium
tuberculosis are required for virulence
and resuscitation from dormancy but are
collectively dispensable for growth in
vitro. Mol Microbiol (2008); 67(3): 672-84.
28. Cohen-Gonsaud M et al. The structure of
a resuscitation-promoting factor domain
from Mycobacterium tuberculosis shows
homology to lysozymes. Nat Struct Mol
Biol (2005); 12(3): 270-3.
29. Russell DG et al. The macrophage marches
on its phagosome: dynamic assays of
phagosome function. Nat Rev Immunol
(2009); 9(8): 594-600.
30. Rohde K et al. Mycobacterium tuberculosis
and the environment within the phagosome.
Immunol Rev (2007); 219: 37-54.
31. Kinchen JM, Ravichandran KS. Phagosome
maturation: going through the acid test.
Nat Rev Mol Cell Biol (2008); 9(10): 78195.
32. Stamm LM et al. Mycobacterium marinum
escapes from phagosomes and is
propelled by actin-based motility. J Exp
Med (2003); 198(9): 1361-8.

46. Sassetti CM et al. Comprehensive
identification of conditionally essential
genes in mycobacteria. Proc Natl Acad Sci
U S A (2001); 98(22): 12712-7.

34. Simeone R et al. Phagosomal rupture by
Mycobacterium tuberculosis results in
toxicity and host cell death. PLoS Pathog
(2012); 8(2).

47. Siegrist MS et al. Mycobacterial Esx-3 is
required for mycobactin-mediated iron
acquisition. Proc Natl Acad Sci U S A
(2009); 106(44): 18792-7.

35. van der Wel N et al. M. tuberculosis
and M. leprae translocate from the
phagolysosome to the cytosol in myeloid
cells. Cell (2007); 129(7): 1287-98.

48. Pym AS et al. Loss of RD1 contributed to
the attenuation of the live tuberculosis
vaccines Mycobacterium bovis BCG and
Mycobacterium microti. Mol Microbiol
(2002); 46(3): 709-17.

36. Gey van Pittius NC et al. The ESAT-6 gene
cluster of Mycobacterium tuberculosis
and other high G+C Gram-positive
bacteria. Genome Biol (2001); 2(10):
RESEARCH0044.
37. Appelberg
R.
Pathogenesis
of
Mycobacterium avium infection: typical
responses to an atypical mycobacterium?
Immunol Res (2006); 35(3): 179-90.
38. Hoffmann C et al. Disclosure of the
mycobacterial outer membrane: cryoelectron tomography and vitreous sections
reveal the lipid bilayer structure. Proc Natl
Acad Sci U S A (2008); 105(10): 3963-7.
39. Zuber B et al. Direct visualization of the
outer membrane of mycobacteria and
corynebacteria in their native state. J
Bacteriol (2008); 190(16): 5672-80.
40. Sani M et al. Direct visualization by cryoEM of the mycobacterial capsular layer: a
labile structure containing ESX-1-secreted
proteins. PLoS Pathog (2010); 6(3).
41. Abdallah AM et al. Type VII secretion
- mycobacteria show the way. Nat Rev
Microbiol (2007); 5(11): 883-91.
42. Bitter W et al. Systematic genetic
nomenclature for type VII secretion
systems. PLoS Pathog (2009); 5(10):
e1000507.
43. Houben EN et al. Composition of the type
VII secretion system membrane complex.
Mol Microbiol (2012); 86(2): 472-84.
44. Daleke MH et al. General secretion signal
for the mycobacterial type VII secretion
pathway. Proc Natl Acad Sci U S A (2012);
109(28): 11342-7.
45. Serafini A et al. Characterization of
a Mycobacterium tuberculosis ESX3 conditional mutant: essentiality and
rescue by iron and zinc. J Bacteriol (2009);
191(20): 6340-4.

1
GENERAL INTRODUCTION

33. Houben D et al. ESX-1-mediated
translocation to the cytosol controls
virulence of mycobacteria. Cell Microbiol
(2012); 14(8): 1287-98.

49. Lewis KN et al. Deletion of RD1 from
Mycobacterium
tuberculosis
mimics
bacille Calmette-Guerin attenuation. J
Infect Dis (2003); 187(1): 117-23.
50. Gao LY et al. A mycobacterial virulence
gene cluster extending RD1 is required for
cytolysis, bacterial spreading and ESAT-6
secretion. Mol Microbiol (2004); 53(6):
1677-93.
51. Stoop EJ et al. Tubercle bacilli rely on a
type VII army for pathogenicity. Trends
Microbiol (2012); 20(10): 477-84.
52. Coros A et al. The specialized secretory
apparatus ESX-1 is essential for DNA
transfer in Mycobacterium smegmatis.
Mol Microbiol (2008); 69(4): 794-808.
53. Flint JL et al. The RD1 virulence locus of
Mycobacterium tuberculosis regulates
DNA
transfer
in
Mycobacterium
smegmatis. Proc Natl Acad Sci U S A
(2004); 101(34): 12598-603.
54. Fortune SM et al. Mutually dependent
secretion of proteins required for
mycobacterial virulence. Proc Natl Acad
Sci U S A (2005); 102(30): 10676-81.
55. McLaughlin B et al. A mycobacterium ESX1-secreted virulence factor with unique
requirements for export. PLoS Pathog
(2007); 3(8): e105.
56. Stanley SA et al. Acute infection
and
macrophage
subversion
by
Mycobacterium tuberculosis require a
specialized secretion system. Proc Natl
Acad Sci U S A (2003); 100(22): 13001-6.
57. Blasco B et al. Atypical DNA recognition
mechanism used by the EspR virulence
regulator of Mycobacterium tuberculosis.
Mol Microbiol (2011); 82(1): 251-64.
58. Raghavan S et al. Secreted transcription
factor controls Mycobacterium tuberculosis

21

virulence. Nature (2008); 454(7205): 717U49.

pathogenic mycobacteria. Mol Microbiol
(2006); 62(3): 667-79.

59. Chen JM et al. EspD is critical for the
virulence-mediating ESX-1 secretion
system in Mycobacterium tuberculosis. J
Bacteriol (2012); 194(4): 884-93.

70. Bottai D et al. Disruption of the ESX-5
system of Mycobacterium tuberculosis
causes loss of PPE protein secretion,
reduction of cell wall integrity and strong
attenuation. Mol Microbiol (2012); 83(6):
1195-209.

60. Renshaw PS et al. Conclusive evidence
that the major T-cell antigens of the
Mycobacterium tuberculosis complex
ESAT-6 and CFP-10 form a tight, 1:1
complex and characterization of the
structural properties of ESAT-6, CFP-10, and
the ESAT-6*CFP-10 complex. Implications
for pathogenesis and virulence. J Biol
Chem (2002); 277(24): 21598-603.
61. de Jonge MI et al. ESAT-6 from
Mycobacterium tuberculosis dissociates
from its putative chaperone CFP-10 under
acidic conditions and exhibits membranelysing activity. J Bacteriol (2007); 189(16):
6028-34.
62. Smith J et al. Evidence for pore formation
in host cell membranes by ESX-1-secreted
ESAT-6 and its role in Mycobacterium
marinum escape from the vacuole. Infect
Immun (2008); 76(12): 5478-87.
63. Renshaw PS et al. Structure and function
of the complex formed by the tuberculosis
virulence factors CFP-10 and ESAT-6.
EMBO J (2005); 24(14): 2491-8.
64. MeherAKetal.Mycobacteriumtuberculosis
H37Rv ESAT-6-CFP-10 complex formation
confers thermodynamic and biochemical
stability. FEBS J (2006); 273(7): 1445-62.
65. Tan T et al. The ESAT-6/CFP-10 secretion
system of Mycobacterium marinum
modulates phagosome maturation. Cell
Microbiol (2006); 8(9): 1417-29.
66. Koo IC et al. ESX-1-dependent cytolysis
in lysosome secretion and inflammasome
activation during mycobacterial infection.
Cell Microbiol (2008); 10(9): 1866-78.
67. Carlsson F et al. Host-detrimental role of
Esx-1-mediated inflammasome activation
in mycobacterial infection. PLoS Pathog
(2010); 6(5): e1000895.
68. Abdallah AM et al. Mycobacterial secretion
systems ESX-1 and ESX-5 play distinct
roles in host cell death and inflammasome
activation. J Immunol (2011); 187(9):
4744-53.
69. Abdallah AM et al. A specific secretion
system mediates PPE41 transport in

22

71. Strong M et al. Toward the structural
genomics of complexes: crystal structure
of a PE/PPE protein complex from
Mycobacterium tuberculosis. Proc Natl
Acad Sci U S A (2006); 103(21): 8060-5.
72. Tundup S et al. The co-operonic PE25/
PPE41 protein complex of Mycobacterium
tuberculosis elicits increased humoral and
cell mediated immune response. PLoS
One (2008); 3(10): e3586.
73. Cascioferro A et al. PE is a functional domain
responsible for protein translocation and
localization on mycobacterial cell wall.
Mol Microbiol (2007); 66(6): 1536-47.
74. Brennan MJ et al. Evidence that
mycobacterial PE_PGRS proteins are
cell surface constituents that influence
interactions with other cells. Infect Immun
(2001); 69(12): 7326-33.
75. Sampson SL. Mycobacterial PE/PPE
proteins at the host-pathogen interface.
Clin Dev Immunol (2011); 2011: 497203.
76. McEvoy CR et al. Comparative analysis of
Mycobacterium tuberculosis pe and ppe
genes reveals high sequence variation
and an apparent absence of selective
constraints. PLoS One (2012); 7(4):
e30593.
77. Voskuil MI et al. Regulation of the
Mycobacterium
tuberculosis
PE/PPE
genes. Tuberculosis (Edinb ) (2004); 84(34): 256-62.
78. Flores
J,
Espitia
C.
Differential
expression of PE and PE_PGRS genes in
Mycobacterium tuberculosis strains. Gene
(2003); 318: 75-81.
79. Mohareer K et al. Transcriptional regulation
of Mycobacterium tuberculosis PE/PPE
genes: a molecular switch to virulence? J
Mol Microbiol Biotechnol (2011); 21(3-4):
97-109.
80. Gao Q et al. Gene expression diversity
among
Mycobacterium
tuberculosis
clinical isolates. Microbiology (2005);
151(Pt 1): 5-14.

86. Langridge GC et al. Simultaneous assay
of every Salmonella Typhi gene using one
million transposon mutants. Genome Res
(2009); 19(12): 2308-16.

82. Golby P et al. Comparative transcriptomics
reveals key gene expression differences
between the human and bovine pathogens
of the Mycobacterium tuberculosis
complex. Microbiology (2007); 153(Pt 10):
3323-36.

87. Brodin P et al. Dissection of ESAT-6 system
1 of Mycobacterium tuberculosis and
impact on immunogenicity and virulence.
Infect Immun (2006); 74(1): 88-98.

83. Rehren G et al. Differential gene
expression
between
Mycobacterium
bovis and Mycobacterium tuberculosis.
Tuberculosis (Edinb ) (2007); 87(4): 347-59.
84. Rachman H et al. Unique transcriptome
signature of Mycobacterium tuberculosis
in pulmonary tuberculosis. Infect Immun
(2006); 74(2): 1233-42.
85. Kruh NA et al. Portrait of a pathogen: the
Mycobacterium tuberculosis proteome in
vivo. PLoS One (2010); 5(11): e13938.

88. Abdallah AM et al. PPE and PE_PGRS
proteins of Mycobacterium marinum are
transported via the type VII secretion
system ESX-5. Mol Microbiol (2009); 73(3):
329-40.

1
GENERAL INTRODUCTION

81. Rindi L et al. Variation of the expression of
Mycobacterium tuberculosis ppe44 gene
among clinical isolates. FEMS Immunol
Med Microbiol (2007); 51(2): 381-7.

89. Daleke MH et al. Specific chaperones for
the type VII protein secretion pathway. J
Biol Chem (2012); 287(38): 31939-47.
90. Ohol
YM
et
al.
Mycobacterium
tuberculosis MycP1 protease plays a dual
role in regulation of ESX-1 secretion and
virulence. Cell Host Microbe (2010); 7(3):
210-20.

23

