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Abstract Bacterial secretion systems are sophisticated molecular machines that
fulfil a wide range of important functions, which reach from export/secretion of
essential proteins or virulence factors to the implication in conjugation processes. In
contrast to the widely distributed Sec and Twin Arginine Translocation
(TAT) systems, the recently identified ESX/type VII systems show a more
restricted distribution and are typical for mycobacteria and other high-GC
Actinobacteria. Similarly, type VII-like secretion systems have been described in
low-GC Gram-positive bacteria belonging to the phylum Firmicutes. While the
most complex organization of type VII secretion systems currently known is found
in slow-growing mycobacteria, which harbour up to 5 chromosomal-encoded
systems (ESX-1 to ESX-5), much simpler organization is reported for type VII-like
systems in Firmicutes. In this chapter, we describe common and divergent features
of type VII- and type VII-like secretion pathways and also comment on their
biological key roles, many of which are related to species-/genus-specific host–
pathogen interactions and/or virulence mechanisms.
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1 Introduction

Bacteria have evolved a multitude of secretion pathways for the export of a wide
range of substrates (Costa et al. 2015), some of which may also help the bacteria to
shape and/or adapt to an intracellular environment (Stanley and Cox 2013; Majlessi
et al. 2015). The effector molecules transported by the secretion systems often play
crucial roles in different physiologic processes, in horizontal gene transfer and/or in
host–pathogen interactions (adhesion, pathogenicity and survival). In addition to
the widely distributed Sec and Twin Arginine Translocation (TAT) systems, which
are responsible for substrate translocation across the cytoplasmic membrane, both in
Gram-positive and Gram-negative bacteria, other less broadly conserved secretion
systems fulfil more specialized functions. These latter systems include the different
specialized secretion systems of Gram-negative bacteria, known as type I, type II,
type III, type IV, type V and type VI secretion pathways, which are responsible for
secretion of substrates across the typical cell envelop of Gram-negative bacteria that
is constituted by a plasma membrane and an outer membrane (Costa et al. 2015). In
contrast, few specialized secretion systems are known in Gram-positive bacteria.
One exception constitute the so-called type VII secretion systems, which have been
first described in Mycobacteria, where they serve as specialized secretion
machineries devoted to the export of peculiar subsets of protein substrates across
the complex and highly hydrophobic mycobacterial cell envelope (Mahairas et al.
1996; Pym et al. 2002; Abdallah et al. 2007; Brodin et al. 2004b). However, type
VII-like systems have also been identified by in silico analyses in other closely
related high-C+G bacterial species (Actinobacteria), as well as in more distantly
related Gram-positive bacteria belonging to the low-C+G group (Firmicutes) of
Gram-positive bacteria (Gey Van Pittius et al. 2001; Pallen 2002; Houben et al.
2014).

In this book chapter, we focus on type VII secretion systems in Actinobacteria
and also describe the type VII-like secretion systems in other Gram-positive
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bacteria, with focus on the most relevant features of the Ess system of
Staphylococcus aureus and the Yuk/Yue system of Bacillus subtilis, for which a
functional secretion activity has recently been demonstrated.

2 The Discovery of Type VII Secretion Systems

The first type VII substrate to be identified was the 6-kDa early-secreted antigenic
target ESAT-6 (EsxA) of Mycobacterium tuberculosis. This small protein, which is
lacking a classical N-terminal signal sequence, is present in large amounts in
short-term culture filtrate of M. tuberculosis and was shown to act as an immun-
odominant T-cell antigen (Sorensen et al. 1995). During comparative and functional
genomic analyses, it was found that certain attenuated strains (e.g. Mycobacterium
bovis BCG or Mycobacterium microti) lacked the gene esxA encoding ESAT-6, as
well as the genomic region up- and downstream of esxA (Mahairas et al. 1996; Pym
et al. 2002; Brodin et al. 2002), suggesting a key role of this region in mycobac-
terial virulence, which was later confirmed by complementation (Pym et al. 2002,
2003; Brodin et al. 2004a) and gene knockout studies (Lewis et al. 2003; Stanley
et al. 2003; Hsu et al. 2003). These studies also provided evidence of an ESAT-6
specialized secretion system, independently referred to as ESAT-6 system (ESX-1)
(Brodin et al. 2004b), Snm system (Converse and Cox 2005; MacGurn et al. 2005;
Stanley et al. 2003), or type VII secretion system (Abdallah et al. 2007; Bitter et al.
2009a, b). This classification is in line with the diderm structure of the mycobac-
terial cell envelope (Zuber et al. 2008; Hoffmann et al. 2008), which in addition to
the cytosolic inner membrane includes an outer membrane (the mycomembrane). It
was speculated that the mycomembrane might be functionally equivalent to the
classical Gram-negative outer membrane despite a different chemical composition
(Hoffmann et al. 2008).

In M. tuberculosis, ESAT-6 (EsxA) and its protein partner CFP-10 (10-kDa
culture filtrate protein, EsxB) are representative members of the large Esx protein
family that is constituted of 23 small (size of *100 amino acids (aa)), highly
immunogenic secreted proteins, sharing a conserved Trp-Xaa-Gly (WXG) motif
and a characteristic hairpin structure with the WXG domain at the helix-turn-helix
bend (Pallen 2002; Cole et al. 1998; Gey Van Pittius et al. 2001). Genes encoding
for Esx family members usually lie in tandem pairs and, in five cases, are flanked by
blocks of conserved gene clusters coding for components of the ESX secretory
apparatus responsible for secretion of the corresponding ESAT-6-like proteins
(Cole et al. 1998; Tekaia et al. 1999; Gey Van Pittius et al. 2001). Bioinformatic
analyses identified genes encoding ESAT-6-like proteins both in the genomes of
other Actinobacteria (Nocardia, Corynebacteriae, Streptomyces) (Gey Van Pittius
et al. 2001) and in a number of bacterial species belonging to the phylum
Firmicutes (Pallen 2002). Although the homology in the primary sequence is low
relative to ESAT-6 from M. tuberculosis, certain features allow to classify these
proteins into the WXG-100 superfamily (Pallen 2002). Bacteria with WXG proteins
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Fig. 1 a Genetic organization of type VII system genetic loci in Mycobacterium tuberculosis
(Mtb) showing ESX-1 and ESX-4 clusters in comparison with type VII-like loci in Streptomyces
coelicolor, Staphylococcus aureus and Bacillus subtilis. b Working model of the type VII- and
type VII-like secretion machineries of M. tuberculosis (ESX-1) and S. aureus (ESS), respectively.
Note that the colours of the represented proteins refer to the same colour code as used in panel A
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also often harbour ATP-binding proteins belonging to the FtsK/SpoIIIE family,
whose encoding genes are encoded next to those encoding WXG-100 proteins
(Fig. 1) (Bitter et al. 2009a). FtsK/SpoIIIE ATPases are involved in translocation of
macromolecules (proteins and DNA) across a membrane-bound channel in a wide
range of cellular processes, including protein secretion, DNA conjugation, cell
division and sporulation (Iyer et al. 2004). In the Gram-negative type IV secretion
pathway, for example, FtsK/SpoIIIE family proteins play a key role in substrate
recognition and ATP-mediated protein transport (Christie 2001). Consistently, they
have been supposed to be involved in generating energy for translocation of WXG
proteins/ESX substrates (Pallen 2002). Functionally active type VII-like secretion
systems have been described in Streptomyces (Fyans et al. 2013; Akpe San Roman
et al. 2010), Staphylococcus aureus (Burts et al. 2005), Streptococcus agalactiae
(Shukla et al. 2010), Listeria monocytogenes (Way and Wilson 2005), B. subtilis
(Baptista et al. 2013; Huppert et al. 2014) and Bacillus anthracis (Garufi et al.
2008).

3 Gene Clusters Encoding Type VII Secretion Systems

Typical features of the gene clusters encoding type VII secretion machineries both
in Actinobacteria and Firmicutes are the presence of one or two genes encoding
WXG-100 proteins, and a gene encoding an FtsK/SpoIIIE ATPase family member
(Fig. 1) (Bitter et al. 2009a, b; Pallen 2002). Apart from these conserved genes,
each locus includes a variable number of genus-specific genes encoding for
structural or accessory system-specific components, essential for type VII- or type
VII-like secretion in mycobacteria or other Gram-positive bacterial species,
respectively. These differences in gene content may result in varying complexity
and functionality of the corresponding secretion machineries and may account for
their different roles in various biological processes and/or adaptation to specific
host/environments.

3.1 The Mycobacterial ESX Loci

The M. tuberculosis genome harbours five highly conserved ESX gene clusters
encoding type VII secretion systems, designated ESX-1 to ESX-5 (Tekaia et al.
1999; Gey Van Pittius et al. 2001). Phylogenetically, the ESX-4 locus is considered
the most ancestral ESX cluster in mycobacteria, showing a relatively small number
of genes and a simple gene organization relative to the other ESX clusters (Fig. 1)
(Gey Van Pittius et al. 2001; Gey van Pittius et al. 2006). ESX-4 also displays
similarity to the ESX-related loci identified in the genome of a wide range of
Actinobacteria (Gey Van Pittius et al. 2001; Gey van Pittius et al. 2006). It was
hypothesized that other ESX clusters might have evolved from ESX-4 through gene
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duplication/diversification events and insertions of additional genes. Conversely,
ESX-5 is considered the most recent ESX locus, whose evolution correlates with
the differentiation of slow-growing mycobacterial species. ESX-5 orthologous loci
are exclusively conserved in the genomes of mycobacterial species belonging to the
slow-growing group including several human pathogens (M. tuberculosis,
Mycobacterium leprae and Mycobacterium ulcerans) or the fish pathogen
Mycobacterium marinum. In contrast, ESX-5-like loci are not present in the gen-
omes of phylogenetically more distant, fast-growing mycobacterial species, which
are mainly constituted by saprophytic mycobacteria.

Although the gene content may vary in different ESX loci (in terms of genes
encoding chaperones, ATPases, transcription factors and substrates), a set of genes
is highly conserved in all ESX clusters. Each ESX locus consists of the following:
(i) a pair of esx genes, coding for WXG-100 proteins (ESAT-6 and CFP-10 in the
case of ESX-1 system/locus, the paradigm of ESX loci); (ii) ecc (esx conserved
components) genes, which encode proteins with one or more transmembrane
domain(s) and ATP-binding proteins, representing core components of the secretion
machinery responsible for the ATP-dependent translocation of ESX substrates;
(iii) a mycP gene, coding for mycobacteria-specific membrane-anchored proteins
belonging to the subtilisin-like serine protease family; iv) pe and ppe genes, which
encode for two large classes of mycobacteria-specific proteins, named after their
conserved proline–glutamic acid (PE) or proline–proline–glutamic acid
(PPE) motifs at their N-termini, respectively (Bitter et al. 2009a; Tekaia et al. 1999;
Cole et al. 1998). The ESX-associated pe and ppe genes are included in all ESX loci
with the exception of ESX-4 and might represent the most ancestral pe and ppe
genes of mycobacteria from which other members of these large gene families seem
to have evolved by duplication and diversification (Gey van Pittius et al. 2006).
Interestingly, selected pe and or ppe gene family members carrying characteristic
GC-rich repetitive sequences (Cole et al. 1998) have also been acquired by hori-
zontal gene transfer. This is the case of the pe_pgrs33 (rv1818) gene that is present
in all members of the M. tuberculosis complex but is missing from the supposed
ancestral gene pool of tubercle bacilli, represented by the different Mycobacterium
canettii strains (Supply et al. 2013; Boritsch et al. 2014). In addition to ecc genes,
ESX loci may also contain genes encoding for ESX secretion-associated proteins
(Esp) (Fortune et al. 2005; Bitter et al. 2009a). Several esp gene products are
secreted via the type VII pathway and/or are involved in modulation of the ESX
activity. In other cases, Esp proteins may act as chaperones in assisting the secretion
of ESX substrates (as detailed below). Some Esp proteins, e.g. EspB or EspI, are
part of the core ESX-1 cluster (Chen et al. 2013; Zhang et al. 2014) whereas others,
such as EspA, EspC, EspD or EspR, exert fundamental roles in the regulation and
secretion of ESX-1 proteins, but are not encoded in the core region (MacGurn et al.
2005; Frigui et al. 2008; Blasco et al. 2012; Pang et al. 2013; Majlessi et al. 2015).
This is particularly relevant for the espACD locus which in contrast to the core
ESX-1 region is exclusively present in the genomes of pathogenic mycobacteria,
such as of M. tuberculosis, M. marinum or M. leprae. It is noteworthy that in these
different mycobacterial species, the espACD region is located in non-syntenic
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genomic sections (Simeone et al. 2012), which are reminiscent of genomic islands
and suggest an independent acquisition of the espACD region in the different
mycobacterial species (Majlessi et al. 2015). Future work will have to elucidate
how these espACD loci have been interconnected with the ESX-1 secretion activity
in the concerned mycobacterial species.

A new type VII locus has recently been identified in the conjugative pRAW
plasmid isolated from M. marinum (Ummels et al. 2014). This locus, which was
referred to as ESX-P1, harbours genes highly homologous to the
genome-associated ESX-5 cluster, although the gene order and the gene content
closely resembles to the ESX-2 locus. The ESX-P1 locus differs from all known
ESX loci for the presence at the 5’ terminus of two genes coding for members of the
NLP60 family of peptidoglycan-associated glycosides hydrolases, which might be
predictive of a novel and different function for ESX-P1. In addition to ESX-P1, the
pRAW plasmid also contains genes homologous to type IV secretion system
components and proteins with predicted relaxase activity. The ESX-P1-harbouring
plasmid seems to be efficiently transferred among various slow-growing
mycobacterial species and can also be transferred into M. tuberculosis under cer-
tain experimental conditions (Ummels et al. 2014). The conjugative process linked
to the pRAW plasmid requires both, type VII and type IV secretion machinery
components, with the ESXP-1-encoded EccCP1 and VirB4 homologs being
involved in the gene transfer process. The implication of a secretion system in
conjugal gene transfer is reminiscent of some biological properties of type IV
secretion systems in Gram-negative bacteria. For mycobacteria, conjugative gene
transfer has also been reported. Apart from the aforementioned implication of the
pRAW plasmid in conjugation within the group of selected slow-growing
mycobacteria, conjugative processes have been demonstrated for M. smegmatis.
In this fast-growing mycobacterial model organism, an involvement of the ESX-1
type VII secretion machinery in distributive conjugal transfer has been described
that results in genome-wide mosaicism (Flint et al. 2004; Gray et al. 2013). ESX-1
seems to play a dual role in the process: while ESX-1 components are negative
regulators of DNA transfer in donor cells (Flint et al. 2004), the ESX-1 activity is
required for DNA acquisition in recipient cells (Coros et al. 2008; Gray et al. 2013).
Future studies will show whether distributive conjugal transfer may also play a role
in the evolution of other (myco)bacterial species.

3.2 Type VII-Like Gene Clusters in Actinobacteria
and Firmicutes

Apart from M. tuberculosis and other mycobacterial species, type VII-like secretion
systems are found in the genomes of other mycolic acid-containing genera (my-
colata), such as Nocardia or Corynebacterium, as well as in Streptomyces species
(Gey Van Pittius et al. 2001). The genomic loci encoding type VII-like secretion
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systems in mycolata show the highest degree of homology with the ESX-4 system
of M. tuberculosis. In the more closely related Corynebacterium diphteriae, an
ESX-4-encoding gene cluster is located in a genomic region that shares a syntenic
gene organization with M. tuberculosis, which suggests that ESX-4 like type VII
systems might have played an important role in the evolution of selected branches
of Actinobacteria. The genes in this region are predicted to be functional, as no
deletions, frameshifts or stop codons were detected (Gey Van Pittius et al. 2001).
The genome of the more distantly related Streptomyces coelicolor harbours an ESX
locus including four out of six orthologous genes conserved in the M. tuberculosis
ESX-4 cluster (eccB4, eccC4, eccD4 and mycP4), and other species-specific genes
(Fig. 1) (Gey Van Pittius et al. 2001).

However, the simplest gene organization compared to the mycobacterial ESX
loci was found in gene clusters encoding type VII-like secretion systems in
Firmicutes. The Ess locus of S. aureus consists of 11 type VII system–associated
genes (Burts et al. 2005; Anderson et al. 2013), which include esxA, esxB and essC
genes encoding WXG-100 proteins (the S. aureus EsxA and EsxB variants) and a
membrane-anchored FtsK/SpoIIIE-like ATPase (EssC) (Fig. 1). The Ess locus also
contains essA, essB and essD genes coding for membrane-embedded proteins
required for secretion of Ess substrates, as well as esaC/esxC and esaD/esxD genes,
which encode small proteins that were recently identified as specific Ess substrates
of staphylococci (Burts et al. 2008; Anderson et al. 2011, 2013, Chen et al. 2012).
Finally, among the genes at this locus esaB encodes a negative regulator of Ess
secretion activity (Burts et al. 2008).

WXG-100-encoding genes have also been identified in different species of the
genus Bacillus, both in the non-pathogenic species B. subtilis and in the virulent
species Bacillus cereus, Bacillus thuringiensis and B. anthracis (Baptista et al.
2013; Huppert et al. 2014). The genome of B. subtilis harbours two genes encoding
WXG-100 proteins, yukE and yfiA, situated in distant genomic regions. YukE is the
first gene of a cluster consisting of five annotated genes (yukEABCD), which is
conserved in the genomes of B. cereus, B. thuringiensis, but not in B. anthracis
(Baptista et al. 2013; Huppert et al. 2014). For some Bacillus strains, the split
yukA/B gene encodes for a predicted FtsK/SpoIIIE ATPase, homologous to EccCa1
and EccCb1 from M. tuberculosis or EssC from S. aureus. The yukC and yukD
genes encode two additional structural proteins, thought to be required for YukE
secretion (Baptista et al. 2013; Huppert et al. 2014). Also, the yueB/C cluster, lying
adjacent to the yuk locus in the genome of B. subtilis, has recently been demon-
strated to encode components of the secretion apparatus involved in YukE secretion
(Huppert et al. 2014). Both YueB and YueC are homologous to Ess proteins of S.
aureus and are conserved in putative type VII-like secretion systems of other
species within the Firmicutes, such as Streptococcus agalactiae or L. monocyto-
genes (Huppert et al. 2014).

Inspection of the genome of B. anthracis identified six genes encoding for WXG
proteins. One of them, the Ba-esxB (BAS2036), shows similarity with the
mycobacterial esxB and staphylococcal esxA and lies in a gene cluster immediately
downstream the Ba-essC gene (BAS2035), encoding an FtsK/SpoIIIE-like ATPase
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(Garufi et al. 2008). Four other WXG encoding genes, namely Ba-esxL, Ba-esxQ,
Ba-esxV and Ba-esxW, are located elsewhere on the B. anthracis chromosome,
whereas the fifth gene, Ba-esxP, is encoded on the virulence plasmid pOX1. All
these five genes encode for proteins harbouring a large C-terminal domain that is
not found in mycobacterial and staphylococcal Esx proteins and appears to be a
specific signature of the B. cereus group (Garufi et al. 2008).

4 Type VII Secretion Machineries

Because of their relatively recent discovery, almost no structural data on type VII
secretion machineries are available (Rosenberg et al. 2015; Korotkova et al. 2014,
2015; van der Woude et al. 2013). However, in silico predictions and homology
studies, in combination with comparative secretome analyses from different type
VII mutant strains suggest that each type VII secretion apparatus secretes multiple
substrates and constitutes a complex, multi-protein machinery, consisting of several
components (structural and accessory factors). Mycobacterial ESX/type VII
secretion machineries are the most extensively characterized, although some data on
the composition and regulation of type VII-like secretion machineries in Firmicutes
became recently available.

4.1 Mycobacterial ESX Secretion Machineries:
The Paradigm of Type VII Secretion Systems

Most of the current knowledge on ESX secretion machineries comes from the
characterization of ESX-1, ESX-3 and ESX-5 systems from M. marinum, M.
tuberculosis or M. smegmatis (van der Woude et al. 2013).

The different ESX secretion machines are predicted to contain an
inner-membrane-bound protein complex, thought to drive ATP-dependent translo-
cation of ESX substrates across the cytoplasmic membrane in association with a yet
un-identified outer-membrane-embedded channel, which seem to manage substrate
export across the mycomembrane to the extracellular environment (see below).
Structural components of the membrane-anchored apparatus are three
transmembrane-domain-containing proteins (EccB, EccD, EccE), a membrane-
anchored ATP-binding protein (EccC) and a cytosolic ATP-binding protein
belonging to the AAA+ATPase family (EccA). Based on mass spectrometry analyses
and the evaluation of the apparent molecular weight of the ESX-5 complex from M.
marinum, each ESX membrane complex seems to be composed of 6 copies of EccB,
EccC and EccD components and three copies of EccE (Houben et al. 2012b). EccB,
EccC and EccD proteins have been demonstrated to be required for secretion of the
corresponding ESX substrates in all ESX systems characterized so far (ESX-1, ESX-3
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and ESX-5) (Siegrist et al. 2014; Di Luca et al. 2012; Brodin et al. 2006; MacGurn
et al. 2005; Guinn et al. 2004; Hsu et al. 2003). Among these components, EccD is a
highly hydrophobic protein, containing 11 predicted transmembrane domains. This
protein is predicted to build the channel for transport of substrates across the cyto-
plasmic membrane (Bitter et al. 2009a). EccC proteins are thus key components of the
ESX core complex and are encoded either by a single gene, or, as in the case for
ESX-1, by two adjacent genes (eccCa1 and eccCb1), whose products are predicted to
form a single functional unit (Cole et al. 1998; Bitter et al. 2009a). EccC proteins have
functional ATP-binding domains, which are homologous to the FtsK/SpoIIIE family
of ATPases. In contrast to the FtsK/SpoIIIE ATPases characterized so far, which
contain only one ATPase domain, the ESX-encoded EccC component has a unique
multi-domain structure consisting of three functionally distinct FtsK/SpoIIIE-like
ATP-binding domains, supposed to play distinct roles in substrate translocation and
complex formation (Ramsdell et al. 2015; van derWoude et al. 2013).While the most
N-terminally situated ATPase domain seems to be involved in ATP hydrolysis, the
second and third ATPase/nucleotide binding domains seem to be required for the
assembly of a functional ESX secretion machinery (Ramsdell et al. 2015). The
ESX-1-encoded EccC component interacts with the ESX-1 substrates EsxB, via the
last seven C-terminal residues of EsxB (Stanley et al. 2003; Champion et al. 2006).
This C-terminal short domain represents a signal sequence that is linked to secretion
via ESX-1 (Champion et al. 2006). The involvement of an ATPase in the contact
between ESX substrates and their corresponding secretion apparatus resembles type
IV secretion systems, where a FtsK/SpoIIIE ATPase recognizes an unstructured
C-terminal sequence and hence directs substrates across the cytoplasmicmembrane. It
has recently been observed that the binding of EsxB via its signal sequence at the
C-terminal domain to EccC1 induces the activation of EccC1 by stimulating its
multimerization, thus resulting in increased ATPase activity (Rosenberg et al. 2015).
These findings suggest a model in which ESX substrates (e.g. EsxB) might modulate
the coordinated release of substrates from the bacterium (Rosenberg et al. 2015).
Apart from the FtsK/SpoIIIE ATPase, ESX secretion machineries also include a
cytosolic ATP-binding protein (EccA) belonging to the AAA+ family (ATPase
associated with various cellular activities). Proteins belonging to this family play a
role in various cellular processes: assembly and disassembly of protein complexes,
protein degradation and signal transduction. Although some EccA protein family
members have been demonstrated to be involved in ESX activity (EccA1 and EccA5

are implicated ESX-1 and ESX-5 secretion, respectively, while the ESX-3-encoded
EccA3 is required for viability of M. tuberculosis) (Siegrist et al. 2014; Bottai et al.
2012; Brodin et al. 2006), the specific function of AAA+ ATPases in ESX-mediated
secretion remains unknown. Structural data on the ESX-1-encoded EccA1 revealed
that the C-terminal part of EccA1 contains an oligomerization domain, which might
induce the formation of a hexamer. It was also proposed that EsxA1 possesses ATPase
activity, possibly regulated by the N-terminal part of the protein (Wagner et al. 2013).
The finding that EccA1 interacts with EspC and EspF1 in two-hybrid studies in vitro
(Champion et al. 2009) suggests that these proteins might be involved in the
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assembly/disassembly of secreted substrate molecules, or alternatively, secreted
substrates and their chaperones.

In addition to the ESX secretion components mentioned above, ESX activity
also involves mycosins (MycP1–MycP5). These proteins correspond to specific
subtilisin-like serine proteases (Brown et al. 2000; Dave et al. 2002) and are pre-
dicted to be anchored in the cytoplasmic membrane via the C-terminal trans-
membrane domain, with the active site exposed to the extracytoplasmic space
(Sonnhammer et al. 1998; Gardy et al. 2005). This protein topology suggests a role
for these proteins in proteolytic digestion of ESX substrates. To date, proteolytic
activity has been demonstrated for MycP1, the ESX-1 associated mycosin. MycP1
was shown to digest EspB at its C-terminal domain, thereby modulating ESX-1
activity (Ohol et al. 2010). More recently, the ESX-3-encoded mycosin MycP3 has
been demonstrated to be involved in stabilization or/and optimal secretion of the
EsxG–EsxH complex in M. smegmatis (see below) (Siegrist et al. 2014).

The actual way of how ESX substrates are transported across the mycobacterial
outer membrane to the extracellular environment remains unknown. In
Gram-negative bacteria, protein secretion may occur by a “one-step” mechanism, in
which a protein channel spanning both the inner and the outer membrane mediates
the substrate translocation across the diderm cell envelope (type I, type III and type
VI secretion pathways). Alternatively, this transport can also occur by a “two-step”
mechanism, in which the Sec or TAT machineries are responsible for substrate
transport across the cytoplasmic membrane, and a different, more specialized
secretion apparatus is involved in subsequent substrate translocation across the
outer membrane (type II and type IV secretion pathways). In mycobacteria, the
absence of a Sec or TAT signal sequence in ESX substrates and the presence of
transmembrane domains in all ESX core components suggest that type VII protein
transport across—at least the inner membrane—occurs by the ESX systems. It has
been speculated that some of the Ecc-membrane-bound components, such as EccE
or EccC, might span across the mycomembrane (Houben et al. 2012b), favouring a
one-step secretion mechanisms of ESX substrates. However, as detailed structural
data of the type VII apparatus are missing, it is also possible that proteins with yet
undefined roles might mediate the ESX protein translocation to the extracellular
environment.

4.2 ESX Substrates

In addition to the above-described Esx/WXG-100 proteins representing the first
known substrates of mycobacterial ESX/type VII secretion systems, PE/PPE pro-
tein family members and a number of Esp proteins are also transported by ESX
machineries.

Although Esx, PE/PPE and Esp proteins display very low similarity in their
primary amino acid sequence, all these classes of ESX substrates share several
typical features: (a) the ability to be secreted as heterodimers (for Esx and PE/PPE
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proteins); (b) the codependent secretion where deletion/absence of one substrate
affects the secretion of the cognate ESX substrate; (c) the presence of a C-terminal
signal domain responsible for protein targeting to the type VII secretion pathway.
The resolved structure of the ESAT-6-CFP-10 heterodimer, representative of the
Esx protein complexes, revealed the presence of two helices on each Esx protein
connected by a turn formed by the WXG motif. In this complex, the two proteins
are in antiparallel orientation and have flexible N- and C-terminal tails (Renshaw
et al. 2005). A similar structure has been reported for the PE25-PPE41 heterodimer,
representative of the PE/PPE protein complexes: the domains of the proteins that
are responsible for interaction form a four-helix bundle in an antiparallel fashion,
and a WXG motif is located in the turn between the two helices of the PPE protein
(Strong et al. 2006). Both, EsxB and PE25 proteins in the ESAT-6-CFP-10 and
PE25-PPE41 heterodimers, respectively, have an identical C-terminal short motif,
which is crucial for secretion (Champion et al. 2006; Renshaw et al. 2005; Strong
et al. 2006). Although ESX substrates lack a classical N-terminal signal sequence,
they share a conserved C-terminal secretion domain which interacts with a con-
served ESX structural component (e.g. the short C-terminal domain of CFP-10 is
recognized by the FtsK/SpoIIIE ATPase EccC), thus targeting the substrate and its
protein partner to the corresponding secretion machinery. More recently, a con-
served C-terminal YxxxD/E motif was identified as the general sequence required
for targeting proteins to type VII secretion pathway (Daleke et al. 2012). This
YxxxD/E domain seems also to be located adjacent to the helix-turn-helix motif of
several PE proteins and EspB (Daleke et al. 2012). Moreover, an additional
hydrophobic residue located seven positions downstream the YxxxD/E motif (the Y
subdomain) was proposed to be involved in ESX substrate recognition (Poulsen
et al. 2014). However, the signal sequences that specifically target each ESX
substrate to the corresponding ESX secretion apparatus are still unknown. In this
respect, it has been hypothesized that selected EspG proteins (e.g. the M. marinum
ESX-1- and ESX-5-encoded EspG) might act as chaperons in directing type VII
substrates to the corresponding ESX machineries (see below).

Apart from Esx and PE/PPE proteins, several ESX-1-related Esp proteins such
as EspA, EspC, EspE, EspF, EspJ, EspK, EspB have been proposed as ESX-1
substrates (Champion et al. 2009; McLaughlin et al. 2007; Sani et al. 2010;
Carlsson et al. 2009). Several of these Esp proteins carry the C-terminal YxxxD/E
motif, conserved in type VII substrates or substrate complexes (Daleke et al. 2012).
Secretion of some Esp proteins (e.g. EspA and EspC) or Esp protein activity (e.g.
EspB, EspD) impact on ESAT-6 secretion and in turn, on mycobacterial virulence.
The mutually codependent secretion of EspA and EspC with ESAT-6 and CFP-10
represents a key element of the regulation of the ESX-1 activity (see below).
Differently, EspB secretion via ESX-1 requires neither EspA/EspC/EspD expres-
sion nor ESAT-6/CFP-10 secretion (Chen et al. 2013). However, the proteolytic
digestion of EspB by MycP1 modulates the amount of proteins secreted by ESX-1.
EspB is able to bind bioactive host phospholipids such as phosphatidic acid and
phosphatidylserine, thus interfering with eukaryotic cell signalling (Chen et al.
2013). This feature reveals an additional, ESAT-6-independent impact of EspB on
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mycobacterial virulence. Recent data on the resolved crystal structure of EspB
demonstrated that the protein can adopt a PE/PPE-like fold and oligomerize to form
a barrel-shaped structure with heptameric symmetry, thus suggesting the possibility
that EspB might be part of a structural subunit of a cell-wall-associated complex
(Solomonson et al. 2015; Korotkova et al. 2015).

Other ESX-1-associated Esp proteins (e.g. EspD) do not seem to be ESX-1
substrates, but are involved in modulation of the ESX-1 activity as they seem to
influence EspA and EspC stabilization and secretion (Chen et al. 2013). Moreover,
a species-specific impact on ESX-1 secretion has been reported for some Esp
proteins (EspF and EspG1) (Bottai et al. 2011; Gao et al. 2004; Converse and Cox
2005), suggesting that the function of similar proteins in related bacterial species
might have changed during evolution due to adaptation processes. EspF and EspG1

have been reported to be implicated in ESAT-6 and CFP-10 secretion in M.
smegmatis and M. marinum, whereas they are dispensable for secretion,
post-transcriptional modification, and immunogenicity of ESAT-6 in M. tubercu-
losis. However, both, EspF and EspG1, are required for full virulence of M.
tuberculosis (Bottai et al. 2011). Although the function of EspG1 is still unknown,
the impact of the protein on virulence ofM. tuberculosis might be related to specific
interactions with other ESX components, such as PE/PPE proteins (Teutschbein
et al. 2009). Deletion of espG1 from M. tuberculosis results indeed in lower
amounts of PPE68 in cell lysates, suggesting a possible role for EspG1 in folding or
stability of PPE68 (Bottai et al. 2011), in accordance with the proposed chaperone
activity of EspG-like proteins encoded by other ESX systems (Ekiert and Cox
2014; Korotkova et al. 2014).

EspI is an ESX-1-associated protein for which a putative function as negative
regulator of ESX-1 activity has been postulated. Although dispensable for
ESX-1-mediated secretion and full virulence of M. tuberculosis, EspI seems to be
involved in the shutdown of ESX-1 secretion activity in case of ATP depletion
(Zhang et al. 2014).

4.3 Regulation of ESX Secretion in Mycobacteria

Because of the relatively recent discovery of type VII systems, the regulation of
ESX activity is a rather unexplored field of research on mycobacterial type VII
secretion. As opposed to type III and type IV secretion in Gram-negative bacteria,
where substrate secretion occurs after host–cell contact, ESX/type VII secretion
occurs also in in vitro growing mycobacteria. This feature suggests that
mycobacterial ESX secretion systems might play more general roles in the physi-
ology of the bacteria, whereby their implication in virulence could have evolved as
an adaptation to the hostile intracellular environment. Recent experimental data
provide evidence that ESX-mediated secretion and/or ESX gene cluster expression
is controlled by different global transcriptional regulators. These include the puta-
tive transcriptional repressors Lrs2 and CRP (Rickman et al. 2005; Gordon et al.
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2010) and the activators PhoP and EspR (Frigui et al. 2008; Blasco et al. 2012),
which regulate ESX-1 secretion; the iron-dependent regulator IdeR (Rodriguez
et al. 2002) and the zinc uptake regulator Zur (Maciag et al. 2007), which control
the expression of the ESX-3 gene cluster; the global transcriptional regulator
WhiB5 and the alternative sigma factor SigM which regulate genes at ESX-2 and
ESX-4 loci (Casonato et al. 2012; Raman et al. 2006; Agarwal et al. 2007).

The regulation of ESX-1-mediated secretion of ESAT-6 and CFP-10 mainly
involves the espACD locus due to the codependent secretion of these proteins with
EspA and EspC. According to the currently proposed model, PhoP/R, a major
two-component regulatory system of M. tuberculosis (Walters et al. 2006), influ-
ences the expression of the nucleoid-associated protein/regulator EspR (Blasco
et al. 2012; Raghavan et al. 2008), which controls the espACD operon (Blasco et al.
2012; Hunt et al. 2012). The link between a functional PhoP protein and ESAT-6
secretion was first demonstrated in M. tuberculosis H37Ra (Frigui et al. 2008), the
paradigm attenuated M. tuberculosis strain, which carries a point mutation in its
phoP gene that interferes with the DNA binding capacities of PhoP (Wang et al.
2007). Complementation of H37Ra with a wild-type copy of the phoP locus
restored ESAT-6 secretion and partially increased the virulence of the recombinant
H37Ra::phoP strain (Frigui et al. 2008). Moreover, a second two-component signal
transduction system named MprA/B (for mycobacterial persistence regulator) was
also found to modulate ESX-1 functions via regulation of the espACD locus (Pang
et al. 2013). Interestingly, regulation of the espACD locus by two-component
regulators may also be bypassed, as observed in a lineage of tubercle bacilli that
have the region of difference 8 (RD8) deleted, leading to ESAT-6 secretion despite
PhoP/R mutations (Gonzalo-Asensio et al. 2014). The RD8 deletion is located just
upstream of the espACD operon in Mycobacterium africanum lineage 6 strains, as
well as in animal-adapted members of the M. tuberculosis complex, such as M.
microti or M. bovis (Boritsch et al. 2014).

However, apart from regulation of ESAT-6 secretion via EspA/C expression,
regulation of ESX-1 genes may also occur directly at the ESX-1 locus by WhiB6, a
member of large WhiB protein regulatory family (Solans et al. 2014). A point
mutation in the putative whiB6 promoter region present in the reference strain M.
tuberculosis H37Rv determines the formation of a stem-loop structure in the
binding region of the regulator PhoP, resulting in lower expression of ESAT-6 in
M. tuberculosis H37Rv relative to M. tuberculosis clinical isolates and other ref-
erence strains (e.g. CDC1551) (Solans et al. 2014).

4.4 Type VII-like Secretion Machineries
in Non-mycobacterial Species

The Ess secretion system of S. aureus is one of the best-characterized type VII
secretion systems in Firmicutes. It consists of four structural components (EssA,
EssB, EssC and EssD), all required for transport of Ess substrates across the
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staphylococcal cell envelope and two accessory proteins (EsaA and EsaB) (Burts
et al. 2005, 2008, Anderson et al. 2013, 2011, Chen et al. 2012, Kneuper et al.
2014). Among the Ess core components, EssC is a membrane-bound FtsK/SpoIIIE
ATPase, which represents a hallmark for type VII secretion machineries. Moreover,
the locus also encodes phylum-specific EssA, EssB and EssD, which are
membrane-anchored proteins that are not conserved in the mycobacterial ESX
systems (Fig. 1) (Burts et al. 2005, 2008, Anderson et al. 2011, 2013). The Ess
secretion machineries also include EsaB, a small cytosolic protein, for which a role
in regulation of the expression and production of a specific subset of Ess substrates
(e.g. EsxC/EsaC, see below) has been demonstrated (Burts et al. 2008, Kneuper
et al. 2014). Secretome analysis of a panel of S. aureus Ess mutant strains in two
different genetic backgrounds (S. aureus USA300 and S. aureus Newman clinical
isolates) identified four Ess substrates: the canonical SaEsxA and SaEsxB (Burts
et al. 2005), as well as the non-canonical type VII substrates SaEsxC and SaEsxD
(Anderson et al. 2011, 2013). S. aureus EsxA and EsxB share some features with
the M. tuberculosis ESAT-6-CFP-10, including the presence of a WXG motif
(located in the middle of a 100-aa-long protein) and the codependent secretion
(genetic deletion of SaEsxA or SaEsxB impairs the secretion of the related WXG
protein). However, unlike ESAT-6 and CFP-10 from M. tuberculosis, SaEsxA and
SaEsxB from S. aureus do not seem to interact (Anderson et al. 2013). Instead,
SaEsxA dimerizes with itself or associates with SaEsxC, while SaEsxB interacts
with SaEsxD (Anderson et al. 2013). The recently resolved crystal structure of the
EsxA-EsxA homodimer reveals that each EsxA subunit folds into an elongated
cylinder of two helices bent by a hairpin, carrying the WXG motif
(Sundaramoorthy et al. 2008), in a structure that is reminiscent of the M. tuber-
culosis ESAT-6-CFP-10 or EsxG-EsxH heterodimers secreted by ESX-1 and
ESX-3 systems, respectively.

In contrast to SaEsxA and SaEsxB, staphylococcal EsxC and EsxD do not share
obvious sequence features with WXG proteins, nor with other reported ESX sub-
strates, such as PE/PPE or Esp protein family members (Anderson et al. 2013).
However, SaEsxD contains a C-terminal YxxxD/E motif (Anderson et al. 2013)
identical to that involved in targeting substrates to the type VII secretion pathways
in mycobacteria. It was found that SaEsxD can play a role in the interplay among
Ess substrates and Ess core components. Deletion of the entire SaEsxD, as well as
deletion of its C-terminal domain, abolished the production of SaEsxB and affects
the secretion of SaEsxA and SaEsxB. These effects on Ess secretion seem to be
related to a direct effect of the absence of SaEsxD on EssD stability (Anderson et al.
2013). This suggests a model in which SaEsxD might contribute to the stability of
EssD via the last 6 amino acids at the C-terminal domain, thus influencing the
secretion of other Ess substrates. Recently, some data on regulation of Ess activity
became available: similarly to the mycobacterial ESX loci, whose expression is
under the control of different global transcriptional regulators, the Ess locus is
negatively regulated by the response regulator SaeR (Anderson et al. 2013). SaeR is
the transcriptional regulator of the two-component regulation system SaeR/SaeS,
which modulates the secretion of a plethora of virulence factors in S. aureus
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(Giraudo et al. 1997; Cheung et al. 2004; Novick 2003). Transposon insertion in
SaeR or SaeS results in an increased production of both Ess core components
(EssD) and Ess-dependent substrates (SaEsxA and SaEsxB) (Anderson et al. 2013).
The SaeR-/SaeS-dependent Ess expression might account for the increased Ess
secretion activity observed in the S. aureus USA300 strain relative to that observed
for the Newman strain (Anderson et al. 2013), where SaEsxA and SaEsxB are
produced and secreted at low levels, and SaEsxC is produced only after SaEsxB
deletion (Burts et al. 2005, 2008). A point mutation in the SaeS encoding gene in
the Newman strain results indeed in a constitutively active variant of the signalling
kinase SaeS (Adhikari and Novick 2008).

The simplest protein composition was predicted for the Yuk/Yue type VII-like
system in B. subtilis. In addition to the FtsK/SpoIIIE-like ATPase YukA/B, other
components of the secretion machinery are the ubiquitin-like YukC and YukD
proteins, and the membrane-bound YueB/YueC proteins, homologous to the Ess
components in S. aureus and conserved in type VII-like secretion systems of other
Firmicutes (Streptococcus agalactiae and L. monocytogenes) (Baptista et al. 2013;
Huppert et al. 2014). Interestingly, YueB is a membrane receptor essential for
phage infection (Huppert et al. 2014). The WXG-100 protein member YukE is the
only type VII-like substrate identified so far (Huppert et al. 2014). YukE accu-
mulates in stationary growth phase culture supernatants as homodimer (Sysoeva
et al. 2014), whose predicted structure consists in a putative helix-loop-helix fold,
with the WXG domain lying in the loop and the two helices in an antiparallel
configuration (Huppert et al. 2014). Mutagenesis studies combined with
cross-linking experiments revealed that the C-terminal residues of YukE are
important for secretion, thus providing further evidence for a general mode of
recognition of type VII-like and ESX substrates in Firmicutes and Actinobacteria,
respectively (Sysoeva et al. 2014). However, the tryptophan and glycine residues of
the WXG motif of YukE seem also to be required for an efficient translocation of
the protein homodimer towards the outside of the cell (Sysoeva et al. 2014). Based
on structural data, YukE homodimers contain two sites composed by the C terminus
and the WXG turn, but only one intact bipartite site seems to be required for protein
export. These features suggest that substrate secretion via the type VII-like pathway
in B. subtilis requires a composite, bipartite signal formed by two folded YukE
polypeptides (Sysoeva et al. 2014).

Yuk/Yue expression in B. subtilis is regulated by the two-component system
DegU–DegS (Ogura et al. 2001; Mader et al. 2002; Kobayashi 2007), which
controls several post-exponential processes (genetic competence, biofilm formation
and cell motility) (Murray et al. 2009; Hsueh et al. 2011; Lopez and Kolter 2010).
Stable production of YukE requires high levels of phosphorylated transcriptional
regulator DegU (Baptista et al. 2013), whose levels increase in cells upon transition
to the stationary growth phase. This could explain the reason why no Ess activity
could be demonstrated in the B. subtilis strain 168, which is impaired in
DegU-P-dependent processes (Baptista et al. 2013).
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5 Type VII Secretion Systems in Bacterial Virulence
and Pathogenicity

The biological function of several type VII-secreted substrates and effector mole-
cules is still unknown. Likewise, it remains unclear whether type VII secretion
machineries might share conserved functions. It is well established that mycobac-
terial ESX secretion systems (ESX-1, ESX-3 and ESX-5) are virulence determi-
nants in M. tuberculosis and other pathogenic mycobacteria (ESX-1 and ESX-5), or
play crucial roles in essential metabolic pathways (ESX-3) (Bottai et al. 2015;
Bottai et al. 2014; Majlessi et al. 2015). Similarly, type VII-like secretion systems
have a strong impact on bacterial virulence and pathogenicity in S. aureus (Korea
et al. 2014; Burts et al. 2005) and B. anthracis (Garufi et al. 2008). However, some
other bacterial pathogens are known, whose type VII-like secretion systems do not
seem to impact on virulence, as this is, for example, the case for L. monocytogenes
(Way and Wilson 2005). Likewise, type VII-like secretion is also not required for
the virulence of the plant pathogen Streptomyces scabies (Fyans et al. 2013), or of
S. coelicolor, where the type VII system plays a role in modulation of sporulation
and development (Akpe San Roman et al. 2010).

5.1 The Mycobacterial ESX-1, ESX-3 and ESX-5 Secretion
Systems

The ESX-1 system impacts on the ability of M. tuberculosis and other pathogenic
mycobacteria to establish infection due to its role as modulator of the mycobacterial
trafficking in phagocytic host cells (macrophages and dendritic cells). Several
cellular events have been reported to be related to the activity of a functional ESX-1
system: inhibition of phagosomal maturation and acidification, cytosolic access,
autophagy, host cell-death, and modulation of the inflammatory response.
ESX-1-proficient mycobacterial species M. tuberculosis, M. leprae and
M marinum, as well as recombinant BCG::ESX-1 variants were shown to access the
host cytosol of infected phagocytic cells, while strains with an interrupted ESX-1
system remained enclosed in the phagovacuole (Stamm et al. 2003; van der Wel
et al. 2007; Simeone et al. 2012; Houben et al. 2012a; Simeone et al. 2015).
Translocation into the cytosol plays a key role not only in cultured phagocytic cells,
but was also demonstrated for a murine infection model (Simeone et al. 2015). Such
ESX-1-mediated access to the cytosolic compartment seems to be related to the
ability of ESAT-6 and potential, other ESX-1-secreted effector molecules to interact
with biomembranes under specific conditions and induce membrane lysis (de Jonge
et al. 2007; De Leon et al. 2012). The finding that recombinant ESX-1 strains
expressing mutated variants of ESAT-6 are unable to induce phagosomal rupture
despite secretion of the protein further supports a role for ESAT-6 in this process
(Simeone et al. 2012; Houben et al. 2012a). The ability to lyse vacuolar
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membranes, thereby allowing pathogenic mycobacteria and/or bacterial compo-
nents to gain access to the cytosolic compartment of the host cell, might account for
several features which characterize the pathogenic potential of M. tuberculosis and
other ESX-1-proficient mycobacterial species: cell-to-cell spread (Guinn et al.
2004; Hsu et al. 2003), autophagy induction and/or impairment (Watson et al. 2012;
Romagnoli et al. 2012), and access of mycobacterial proteins to the class
I-processing machinery contained in the proteasome, with impact on NLRP3
inflammasome activation (Mishra et al. 2010; Wong and Jacobs 2011; Dorhoi et al.
2012), type I interferon (type I-IFN) responses (Stanley et al. 2007) and induction
of increased CD8+ T-cell responses (Ryan et al. 2009). Recent studies demon-
strated a role of cytosolic M. tuberculosis DNA in the induction of the synthesis of
type I-IFN, via the induction of the cGAMP signalling cascade, both in human and
murine macrophages (Wassermann et al. 2015; Watson et al. 2015; Collins et al.
2015). This DNA-dependent induction was suggested to be linked to
ESX-1-mediated access of the pathogen to the host cytosol (Majlessi and Brosch
2015).

In addition to ESX-1, ESX-5 is a key virulence determinant of pathogenic
mycobacteria, due to its role as specialized secretion system devoted to the export
of PE and PPE proteins. Apart from EsxM (the ESAT-6 homolog encoded at the
ESX-5 locus), a number of PE/PPE proteins have been identified as ESX-5 sub-
strates, both in M. tuberculosis and in M. marinum. At first, the representative
PE/PPE proteins PE25-PPE41 (Abdallah et al. 2006, 2009; Bottai et al. 2012) were
found to be ESX-5 substrates, similar to LipY (Daleke et al. 2011), which repre-
sents a mycobacterial lipase that is involved in degradation of long chain triacyl-
glycerols during late phases of infection (Deb et al. 2006). Other putative ESX-5
substrates are the members of PE-PGRS and PPE-MPTR subfamilies (Abdallah
et al. 2009; Houben et al. 2012b). These phylogenetically most recent subclasses of
the PE and PPE proteins seem to have emerged from ancestral PE and PPE proteins
encoded at the ESX-5 locus (Gey van Pittius et al. 2006).

Although the biological function of most of the PE/PPE proteins remains
unknown, some of them have been suggested to play a role in mycobacterial
virulence. They are involved in mycobacterial growth in macrophages, efficiency of
phagocytosis, inhibition of phagosome maturation, and virulence in the mouse
infection model (Ramakrishnan et al. 2000; Brennan et al. 2001; Sampson et al.
2001; Li et al. 2005; Goldstone et al. 2009; Brodin et al. 2010; Dong et al. 2012;
Iantomasi et al. 2012; Bottai et al. 2012). PE/PPE proteins have high immunogenic
potential and represent a rich source of B- and T-cell epitopes (Copin et al. 2014).
Their polymorphic nature, in combination with their predicted localization at the
mycobacterial surface (Sampson et al. 2001; Banu et al. 2002; Cascioferro et al.
2007; Song et al. 2008; Chaturvedi et al. 2010) and the large variability in
expression at different stages of the infection (Voskuil et al. 2004) suggested a role
for PE/PPE proteins as a source of antigenic variation (Delogu and Brennan 2001;
Bottai and Brosch 2009; Cole et al. 1998). However, it was recently reported that
the T-cell epitopes were located within the conserved N-terminal parts of the
PE/PPE proteins and not in the variable PGRS and MPTR sections of the proteins,
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which questions the previous hypothesis (Copin et al. 2014) and suggests that the
variable parts might have different, possibly structural, roles for the mycobacteria.
Indeed, when ESX-5-associated PE and PPE proteins were investigated, which
harbour mainly the conserved N-terminal part of PE/PPE proteins, strong, specific
T-cell responses were recorded (Sayes et al. 2012). The responses were directed
against the ESX-5-associated PE/PPE proteins (PPE25, PE18, PPE26, PPE27,
PE19), but also against a number of non-ESX-5-encoded homologs (Sayes et al.
2012). These responses were completely abolished in mutant strains where the
ESX-5 secretion system was non-functional (Sayes et al. 2012). These findings
further confirm a role for ESX-5 in the release of PE and PPE proteins from the
bacterial cell during infection and emphasize the impact of ESX-5 as key modulator
of the adaptive antimycobacterial host immune response against PE/PPE proteins.

A functionally active ESX-5 system is essential for full virulence of pathogenic
mycobacteria. In M. tuberculosis, ESX-5 inactivation via disruption of single
components of the ESX-5 secretion machineries (e.g. the predicted transmembrane
channel EccD5) caused strong attenuation of the corresponding mutant, which was
neither able to replicate in murine macrophages nor in severely combined
immunodeficient (SCID) mice (Bottai et al. 2012). Furthermore, an intact ESX-5
system is required for in vitro growth of several mycobacterial species (M. tuber-
culosis, BCG and M. marinum) (Di Luca et al. 2012; Ates et al. 2015). Deletion of
large portions of the M. tuberculosis ESX-5 locus (e.g. the eccB5-eccC5 operon that
encodes key building blocks of the ESX-5-membrane-bound protein complex)
results in the loss of viability of tubercle bacilli (Di Luca et al. 2012). Moreover, a
putative role for certain duplicated regions of the ESX-5 locus was recently sug-
gested, whereby knockout mutants of the so-called ESX-5a region, comprising esxI,
esxJ, ppe15 and pe8, of M. marinum and/or M. tuberculosis showed differences in
secretion of selected PE/PPE proteins and some other proteins that were not
members of these protein families (Shah et al. 2015). The impact of ESX-5 on M.
tuberculosis viability and virulence seems to be related to its role in transport of
PE/PPE proteins as well as its involvement in maintaining the cell envelope sta-
bility and functionality. ESX-5 disruption results in extensive damage of the
mycobacterial cell envelope, as revealed by increased sensitivity of ESX-5 mutants
to detergents and hydrophilic antibiotics to which mycobacteria are naturally
resistant (Bottai et al. 2012). The detrimental effect of ESX-5 disruption on cell
envelope functionality and mycobacterial viability can be restored by increasing the
permeability of the mycomembrane, by altering its lipid composition or by intro-
ducing the heterologous outer-membrane-associated mycobacterial porin MspA
(Ates et al. 2015). The existence of a functional link between ESX-mediated
secretion and cell-wall biogenesis is supported by results of ChIP-on-chip analyses,
which demonstrated that genes at the ESX-2 and ESX-5 loci, as well as a number of
genes encoding enzymes involved in cell-wall biosynthesis were regulated by EspR
(Blasco et al. 2012).

Some data are now available on the functional role of ESX-3. The finding that
the expression of the ESX-3 locus is regulated by the iron-dependent transcriptional
repressor IdeR (Rodriguez et al. 2002) and the zinc uptake repressor Zur (Maciag
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et al. 2007) and is up-regulated in iron/zinc limiting conditions provides evidence
for the implication of this secretion system in homeostasis of ferric and zinc metal
ions (Siegrist et al. 2009, 2014, Serafini et al. 2009). Consistent with its involve-
ment in fundamental metabolic pathways, ESX-3 is highly conserved in the genome
of all mycobacterial species. In M. tuberculosis, where the uptake of ferric ions
exclusively occurs via the mycobactin-mediated siderophore pathway, ESX-3 is
essential for viability (Serafini et al. 2009). In contrast, in M. smegmatis, where the
iron uptake also occurs by the alternate exochelin pathway, ESX-3 is not essential
for in vitro growth (Siegrist et al. 2014). Selective inactivation of different M.
smegmatis ESX-3 genes (eccC3, eccD3 and espG3) confirmed the implication of the
ESX-3 secretion system in mycobactine-mediated iron acquisition. EsxG and EsxH
form a characteristic heterodimer resembling the ESAT-6-CFP-10 complex (Ilghari
et al. 2011), whose secretion is enhanced in iron-limiting conditions (Siegrist et al.
2014). NMR spectroscopy of theM. tuberculosis EsxG–EsxH complex revealed the
presence of a specific Zn2+ binding site in EsxH (Ilghari et al. 2011). The Zn2+

binding site is specific for EsxH proteins of mycobacterial species belonging to the
M. tuberculosis complex, and it is not conserved in EsxH paralogs from other
mycobacterial species (M. smegmatis, M. marinum and M. ulcerans), nor in other
Esx proteins. Although the functional role of this site is still unknown, the Zn2+

binding site might regulate the stability of the EsxG–EsxH complex, its interactions
with other protein partners, or might be implicated in zinc uptake.

Apart from the functional role in iron uptake, a role of ESX-3 in virulence of
mycobacteria has been recently reported. The EsxG–EsxH complex was found as
being involved in inhibition of phagosome maturation. This process involves the
disruption of the host endosomal sorting complex required for transport (ESCRT)
responsible to the delivery of M. tuberculosis-loaded phagosomes to the lysosomes
(Mehra et al. 2013).

5.2 Ess Secretion System in Virulence of S. Aureus

Several observations indicate that Ess plays an important role in virulence of S.
aureus. SaEsxA and SaEsxB are required for S. aureus replication in organs and
tissues of infected mice (Burts et al. 2005). Moreover, Ess secretion activity is also
required for the establishment of staphylococcal abscesses wherein the pathogen
can persist and evade the host immune response (Burts et al. 2005, 2008; Anderson
et al. 2011). Inactivation of the Ess pathway by the disruption of key components of
the Ess secretion machinery (EssC) as well as the deletion of esxA and esxB causes
a significant reduction in the ability of S. aureus to establish kidney or liver
abscesses in a murine model of staphylococcal blood-borne dissemination and
abscess formation (Burts et al. 2005, 2008; Anderson et al. 2011). Other Ess
substrates, such as the staphylococcal-specific EsaC protein, although being dis-
pensable for the establishment of acute infections, were required for the formation
of persistent infection in animal models (Burts et al. 2008). Moreover, the Ess
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secretion system has recently been demonstrated to be required for nasal colo-
nization and virulence in a murine lung pneumonia model, using two different S.
aureus strains (RN6390 and COL) for infection (Kneuper et al. 2014). More
insights on the cellular mechanisms responsible for the impact of EsxA in virulence
of S. aureus have recently been provided (Korea et al. 2014). Although S. aureus is
primarily an extracellular pathogen, whose presence in intracellular environment
during in vivo infections remains unclear, S. aureus was recently reported to be able
to invade and replicate in several non-phagocytic cells (Garzoni and Kelley 2009;
Clement et al. 2005; Sachse et al. 2010). It has also been proposed that a transient
intracellular lifestyle might potentially provide protection against exposure to
antibiotics and the host immune response and might represent a favourable envi-
ronment for the formation of resistant variants (Tuchscherr et al. 2011; Fraunholz
and Sinha 2012). SaEsxA is able to interfere with the host cell apoptotic pathways
in human epithelial cells, thus affecting bacterial survival and mediating the release
of S. aureus from the host cells (Korea et al. 2014).

5.3 The ESAT-like Secretion System in Virulence
of Bacillus Anthracis

B. anthracis encodes six WXG proteins, referred to as EsxB, EsxL, EsxP, EsxQ,
EsxV and EsxW. EsxB and EsxW are secreted into the extracellular environment
during growth in liquid medium, although the secretion process seems to not
require the BaEssC ATPase (Garufi et al. 2008). In contrast, no expression was
found for other Esx-like proteins under laboratory growth conditions (Garufi et al.
2008). To date, the impact of ESX-like secreted substrates in virulence of B.
anthracis is still unknown. However, the finding that specific humoral immune
responses against EsxB-, EsxP- and EsxW-like proteins are detectable in B.
anthracis-infected guinea pigs suggests that the type VII-like secretion pathway is
activated during B. anthracis in vivo infections.

6 Concluding Comments

Taken together, the different aspects of type VII- and type VII-like secretion in
Gram-positive bacteria, reviewed in this book chapter, emphasize the actuality of this
topic for bacterial physiology and host–pathogen interaction. Despite considerable
advances in understanding the mechanisms and functions of the different type VII-
and type VII-like systems in high- and low-C + G-content Gram-positive bacteria,
namely Actinobacteria and Firmicutes, many questions remain to be answered
(Schneewind and Missiakas 2012). These challenges for future work have relevance
for pathogenicity research (Le Chevalier et al. 2014; Majlessi and Brosch 2015),
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novel treatment strategies (Rybniker et al. 2014; Christophe et al. 2009), or vaccine
design (Bottai et al. 2015; Pym et al. 2003) and shall thus receive the continued
attention of a broad spectrum of fundamental and applied research.
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