
Bacterial pathogenicity depends on the 
ability to secrete virulence factors, which 
can be displayed on the bacterial cell 
surface, secreted into the extracellular 
milieu or injected directly into a host cell1. 
Historically, the mechanisms of protein 
secretion have been most extensively inves-
tigated in Gram-negative bacteria, which 
has resulted in the identification of different 
specialized secretion systems that have 
been designated type I–VI (BOX 1). Protein 
secretion in Gram-negative bacteria is 
particularly complex because these bacteria 
are surrounded by two membranes that the 
secreted proteins must pass through to enter 
the extracellular environment or a host cell.

In contrast to Gram-negative bacteria, 
Gram-positive bacteria are generally regarded 
as being simpler in structure because they 
lack a second membrane; consequently, 
secretory proteins of Gram-positive bacteria 
only need to traverse the cytoplasmic mem-
brane and peptidoglycan layer to enter the 
extracellular environment2. However, recent 
studies have provided evidence that there is 
an alternative protein-secretion system in 
Gram-positive bacteria3–6. Perhaps unsurpris-
ingly, this specialized secretion system was 
identified in Mycobacterium tuberculosis, 

a Gram-positive bacterium with a highly 
complex cell envelope. Phylogenetically, this 
bacterium belongs to the Actinobacteria 
(high G+C Gram-positive bacteria). Within 
this class they are placed in a distinct taxon of 
organisms, the Mycolata, that are character-
ized by the presence of large hydroxylated 
branched-chain fatty acids called mycolic 
acids7,8. The mycolic acids are covalently 
linked to the cell-wall matrix and form 
a second hydrophobic barrier, called the 
mycomembrane9 (FIG. 1). Proteins that are 
secreted across the mycomembrane probably 
require a specialized secretion system.

The identification of this special-
ized secretion system began with the 
isolation of the tuberculosis vaccine strain 
Mycobacterium bovis Bacille Calmette–
Guérin (BCG) at the Pasteur Institute (Lille, 
France) in 1921. This strain was isolated 
following prolonged serial passages of a viru-
lent strain of M. bovis, during which time 
attenuating genetic alterations occurred10. 
This weakened strain protected animals 
when they were challenged with a lethal dose 
of virulent tubercle bacilli and has since been 
used as a vaccine to prevent human tuber-
culosis, although its efficacy for preventing 
tuberculosis in adults is questionable11. 

During continuous in vitro passage, BCG 
lost 38 open reading frames10,12. The deleted 
regions included region of difference 1 
(RD1), which is crucial for the attenuated 
virulence of BCG13–15.

RD1 (FIG. 2) is 9.5 kilobases (kb) in length 
and comprises 9 genes, including the genes 
that encode the secreted proteins ESAT‑6 
(early secreted antigenic target of 6 kDa) 
and CFP‑10 (culture filtrate protein of 10 
kDa). Both of these proteins are important 
T‑cell antigenic targets and are essential for 
the virulence of M. tuberculosis (discussed 
below). However, both lack a distinguish-
able Sec-signal sequence, which suggests 
the existence of a specialized secretion 
pathway. Several independent studies have 
demonstrated that the genes that surround 
the ESAT‑6- and CFP‑10-encoding genes are 
involved in the production of such a special-
ized secretion system. Perhaps even more 
intriguingly, M. tuberculosis contains four 
additional gene clusters that are homologous 
to the RD1 secretion locus16–18.

In this Opinion, we first discuss the 
secretion system that is encoded by RD1,  
the so-called ESX‑1 system, and propose that 
this system is an example of type VII secre-
tion, named in line with the conventional 
nomenclature. Next, we describe the addi-
tional type-VII secretion systems (T7SSs) in 
mycobacteria and related secretion systems 
in other Gram-positive bacteria. Last, we 
discuss the role of these secretion systems  
in virulence. 

The ESX‑1 system
The existence of the ESX‑1 secretion 
system had been predicted by several 
in silico analyses prior to its identifica-
tion16–18. These predictions were based on 
the clustering of the genes that encode 
ESAT‑6 and CFP‑10 with genes that 
encode membrane-associated proteins and 
putative ATPases. The first experimental 
evidence for such a system was obtained 
when the BCG vaccine strain was comple-
mented with the RD1 locus. Secretion of 
ESAT‑6 was only restored when a complete 
RD1 region was introduced3. In a separate 
approach, individual genes in the RD1 
locus were identified as virulence factors 
for M. tuberculosis4–6. The disruption of 
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these individual genes (specifically, Rv3870, 
Rv3871 and Rv3877 — for consistency we 
will use the M. tuberculosis H37Rv gene 
nomenclature throughout this Opinion) 
also prevented the secretion of ESAT‑6 and 
CFP‑10. This system, which is now called 
ESX‑1, was subsequently analysed in more 
detail in M. tuberculosis, the fish patho-
gen Mycobacterium marinum19 and the 
non-pathogenic species Mycobacterium 
smegmatis20. ESX‑1 is involved in virulence 

and haemolysis in M. marinum19 and in 
conjugation in M. smegmatis21.

Together, these experiments have shown 
that, in addition to Rv3870, Rv3871 and 
Rv3877, the RD1 gene cluster contains 
many other components — possibly 
more than 14 — that are essential for the 
functioning of the ESX‑1 secretion system. 
However, the exact number of components 
that are involved in ESX‑1 secretion is 
still debated and seems to vary between 

different mycobacterial species (FIG. 2). By 
examining the components that seem to be 
unambiguously involved in ESAT‑6 secre-
tion, in at least one Mycobacterium species, 
a number of proteins with known functional 
domains can be identified: Rv3868, a puta-
tive cytoplasmic chaperone with an AAA+ 
ATPase domain; Rv3883c (MycP1), a 
subtilisin-like serine protease; and Rv3870 
and Rv3871, which together probably form 
an FtsK/SpoIIIE-like ATPase. The other 
proteins that are involved in ESAT‑6 secre-
tion (such as Rv3869, Rv3877, Rv3881c and 
Rv3882) have no homology with proteins 
of known functions, but most are predicted 
to be located in the cytoplasmic membrane 
(FIG. 2). For example, Rv3877 is a multi-trans-
membrane-spanning protein that could be 
part of the translocation pore in the cytosolic 
membrane. As discussed below, a second 
gene cluster, the Rv3614c–Rv3616c locus, is 
also involved in ESAT‑6 secretion22,23 (FIG. 2 ).

How does type VII secretion work?
The proteins of the ESX‑1 system are dissimi-
lar to those of other secretion systems (BOX 1), 
and the secretion process itself has some 
unusual and novel characteristics (discussed 
below) that would justify a special name for 
this system. Now that additional ESX‑1-like 
secretion systems have been identified, both 
within the mycobacteria24 and in other Gram-
positive species25, there is a pressing need for 
a more universal nomenclature. Therefore, we 
propose to call this system a T7SS.

Secretion of ESAT‑6 and other substrates by 
ESX‑1. The ESX‑1 components probably 
form a multisubunit cell-envelope‑spanning 
structure that is similar to those of the 
type I–IV secretion systems (BOX 1), although 
structural data are lacking. However, 
protein–protein interaction studies have 
provided some insight into the working of 
ESX‑1. First, the secreted proteins ESAT‑6 
and CFP‑10 are dependent on each other 
for stability and form a tight dimer4,26,27. The 
solution structure of the ESAT‑6–CFP‑10 
pair revealed that each protein forms a 
2‑helix hairpin and that they are held 
together by extensive hydrophobic inter
actions (FIG. 3). The carboxy‑terminal tail 
of CFP‑10, which is unstructured, does not 
participate in dimer formation26. Both pro-
teins are also dependent on each other for 
secretion, although these data are more diffi-
cult to interpret owing to the interdependent 
expression and stability of the proteins.

In yeast two-hybrid experiments, it was 
shown that Rv3870 probably interacts with 
Rv3871 (Ref. 4). Furthermore, Rv3870 and 

 Box 1 | Type I–VI secretion systems

Secretion in Gram-negative bacteria involves transport across a multipart cell envelope that consists 
of two membranes (the inner membrane (IM) and the outer membrane (OM)) and the periplasm in 
between. Gram-negative bacteria, and pathogenic species in particular, have developed strategies 
to get substrates into the extracellular milieu or directly into a host cell. Generally, secretion 
involves either a one-step mechanism, in which the cell envelope is crossed in one go, or a two-step 
mechanism, in which the OM is crossed using a specific machinery (see the figure).

In the one-step type I secretion pathway, proteins are secreted by a simple machinery that spans 
the entire cell envelope68. The translocon consists of an IM ATPase-binding cassette (ABC) 
transporter, a membrane-fusion protein and an OM pore. Substrates of this pathway, such as 
α‑haemolysin, possess an uncleaved carboxy‑terminal signal sequence.

Substrates of the two-step type II system contain a normal amino‑terminal signal sequence to 
mediate translocation across the IM by the general Sec- or Tat-translocons69. The proteins fold in 
the periplasm before translocation across the OM, which is mediated by a complex structure 
known as the secreton. The secreton consists of a conserved OM pore (the secretin) and a pilus-like 
structure in the IM that might act as a piston to push substrates through the secretin. The 
biogenesis of the type II system is closely related to that of type IV pili.

The type III system is characterized by the injectisome, which is a needle-like structure that 
forms a channel that crosses the entire cell envelope and extends to contact host cells70. The 
architecture of the structure allows the direct injection of virulence factors from the bacterial 
cytoplasm into a host cell.

Like the type III system, the type IV secretion system transports substrates directly into host 
cells through complex trans-envelope structures that culminate in a pilus structure at the 
bacterial cell surface34. This versatile system can transport DNA and protein by a one-step or a 
two-step mechanism.

The type V system seems to use a simple two-step mechanism in which the Sec-translocon is used 
for translocation across the IM71. A β‑barrel translocator domain that is either contiguous with the 
secreted protein (the autotransporter variant) or expressed as a separate entity (the two-partner 
secretion pathway) is needed for translocation across the OM. The translocator might act as a 
cognate pore, but recent evidence has questioned this model72.

The recently discovered type VI system73,74 has not yet been studied in detail. The system is 
required for the secretion of certain virulence factors in Vibrio cholerae74 and Pseudomonas 
aeruginosa73. The substrates are synthesized without an amino‑terminal Sec-type signal sequence, 
which suggests that the trans-envelope translocation machinery is independent of the Sec or Tat 
pathway. The term type VI might also describe the secretion of cell material by the budding of 
vesicles from the OM. Periplasmic cargo proteins may be included in this process, but the specificity 
of recruitment remains elusive and the typing is therefore premature.

The grey channel in the IM represents the signal-sequence-dependent transport of proteins 
through the Sec and/or Tat system.
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Rv3871 homologues in other T7SSs are 
fused and form a single gene (discussed 
below)16– 18. Because the results of yeast 
two-hybrid experiments also indicated 
that Rv3871 interacts with CFP‑10, it 
was proposed that Rv3871 recognizes the 
CFP‑10–ESAT‑6 substrate pair, and delivers 
it in an ATP-dependent manner to Rv3870 
and thereby to the secretion machinery 
at the cell membrane4. The interaction of 
Rv3871 with CFP‑10 in yeast two-hybrid 
assays was used to identify the interacting 
domain in CFP‑10 (Ref. 28). By making single 
amino-acid changes to the carboxy‑terminal 
7 amino acids of CFP‑10, these 7 amino 
acids were shown to be crucial for the 
interaction with Rv3871 and for the secre-
tion of both ESAT‑6 and CFP‑10 (Ref. 28). 
As mentioned above, this region of CFP‑10 
is unstructured and is not required for the 
interaction with ESAT‑6. Therefore, Rv3871 
can readily bind this region and thereby tar-
get the ESAT‑6–CFP‑10 dimer for secretion. 
Importantly, this ESX‑1 signal sequence is 
portable: the last 7 amino acids of CFP‑10 
are sufficient for an unrelated soluble protein 
to be secreted by ESX‑1 (Ref. 28).

The situation became more complex 
with the realization that a second locus is 

involved in ESX‑1 secretion (the Rv3614c–
Rv3616c locus)22,23. First, Rv3616c (also 
called EspA) was shown to be secreted into 
the culture filtrate in an ESX‑1-dependent 
manner23. EspA probably forms an operon 
together with Rv3614c and Rv3615c and, 
as Rv3614c–Rv3616c are homologous to 
Rv3864–Rv3867 from RD1 (FIG. 2), this locus 
is probably a product of a gene-duplication 
event. Another protein that is encoded by 
the espA operon, Rv3615c, is also a secreted 
protein (J.A. MacGurn and J.C., unpublished 
observations). Furthermore, like CFP‑10, the 
carboxyl terminus of Rv3615c is required for 
secretion (P.A. Champion and J.C., unpub-
lished observations). Interestingly, because 
EspA seems to lack a secretion signal, it is 
possible that EspA, like ESAT‑6, ‘piggybacks’ 
on another protein for targeting.

The most surprising finding from these 
studies was that the ESAT‑6–CFP‑10 dimer 
is produced efficiently, but is retained in 
the bacterial cell in the absence of EspA or 
Rv3615c22,23. This means that all ESX‑1 sub-
strates (EspA, Rv3615c, ESAT‑6 and CFP‑10) 
are dependent on each other for secretion22,23. 
Understanding the as-yet-unidentified 
molecular basis for this phenomenon will 
be crucial for understanding the mechanism 

of substrate recognition and secretion by 
ESX‑1. For example, it may indicate that 
these type VII substrates are only secreted as 
multimeric complexes. Alternatively, these 
four proteins may actually be components of 
the secretion machine and form some sort  
of pilus or extracellular structure29. This sur-
face structure might occasionally be lost by 
shearing and end up in the supernatant. This 
line of reasoning suggests that the true sub-
strates of ESX‑1 have not yet been detected. 
This hypothesis is strengthened by a recent 
report that showed that, although ESX‑1 is 
required to arrest phagosome maturation, 
the known ESX‑1 substrates are not involved 
in this process30. A candidate for a new 
ESX‑1 substrate is Rv3881c (also known as 
MTB48), which is encoded by RD1 and is a 
secreted antigen31.

Building a working model of type VII 
secretion. Although there are no sequence 
homologies with other secretion systems, 
there are some interesting functional paral-
lels between ESX‑1 secretion and type IV 
secretion systems (T4SSs). Like CFP‑10, 
type IV substrates are targeted for secretion 
by an unstructured carboxy‑terminal signal 
sequence32–34. In type IV secretion, this 
signal sequence is recognized by coupling 
proteins, which are integral membrane pro-
teins with two transmembrane domains and 
a large cytoplasmic domain. These coupling 
proteins are also members of the FtsK/
SpoIIIE protein family, which is an obvious 
parallel with Rv3870 and Rv3871 (Ref. 28).

On the basis of protein–protein interac-
tion data (FIG. 4a), a working model for type 
VII secretion can be generated (FIG. 4b). 
First, the ESAT‑6–CFP‑10 dimer is targeted 
for secretion through the recognition of 
the carboxy‑terminal signal sequence 
by the cytoplasmic protein Rv3871. Rv3871 
then interacts with Rv3870 at the cell 
membrane to form an active ATPase. The 
Rv3781–Rv3780 complex could, by analogy 
to ATPases that are involved in type II or 
type IV secretion, form a hexameric ring 
structure with a central cavity that propels 
ESX‑1 substrates through the secretion 
channel. One of the major candidates  
that might constitute, at least in part, the 
inner-membrane secretion channel is  
the multi-transmembrane protein Rv3877.

Other ESX‑1 components. The functions 
of the other ESX‑1 components are more 
difficult to predict, and the available data on 
their protein–protein interactions are difficult 
to interpret. For example, Rv3614c, which is 
predicted to be a cytosolic protein, interacts in 
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Figure 1 | Schematic representation of the cell envelope of Mycobacterium tuberculosis. 
Depicted here is one of the current views of the mycobacterial cell wall. The cell wall is mainly com‑
posed of a large cell-wall core or complex that contains three different covalently linked structures 
(peptidoglycan (grey), arabinogalactan (blue) and mycolic acids (green )). The covalent linkage of 
mycolic acids results in a hydrophobic layer of extremely low fluidity. This layer is also referred to as 
the mycomembrane. The outer part of the mycomembrane contains various free lipids, such as phe‑
nolic glycolipids, phthiocerol dimycocerosates, cord factor or dimycolyltrehalose, sulpholipids and 
phosphatidylinositol mannosides, that are intercalated with the mycolic acids. Most of these lipids are 
specific for mycobacteria. The outer layer, which is generally called the capsule, mainly contains 
polysaccharides (glucan and arabinomannan). 
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yeast two-hybrid experiments with Rv3882c, 
a membrane protein that is predicted to face 
the periplasm22. If these proteins indeed inter-
act, either one of the predictions is wrong or 
one of these proteins has a dynamic topology.

It was recently shown using a new protein–
protein interaction assay that CFP‑10 inter-
acts with Rv0686 (Ref. 35). Because Rv0686 is 
a member of the signal-recognition-particle 
(SRP) family of GTP-binding proteins, it has 
been suggested that ESAT‑6 secretion might 
be linked to the Sec system35. However, these 
results must be treated carefully because 
Rv2916c, not Rv0686, is the most probable 
SRP protein of M. tuberculosis, and there 
is no other evidence that the Sec system is 
directly involved in the translocation of 
ESAT‑6 or CFP‑10.

Clearly, many questions about the working 
mechanism of ESX‑1 remain unanswered 

(BOX 2). For example, what is the function of 
the subtilisin-like MycP1 protease in ESX‑1 
secretion? Although this protein is essential 
for the function of ESX‑1 (Ref. 20), secreted 
substrates that have been processed by MycP1 
have not yet been identified36. Another 
major question is: how are ESX‑1 substrates 

exported across the mycomembrane? This 
layer is exceptionally thick (9–10 nm) and no 
components of the ESX‑1 system are predicted 
to be located in it. However, knowledge of 
mycomembrane proteins is limited. In fact, 
structural information is only available for one 
transmycomembrane protein of M. smegmatis, 
MspA37,38, for which there are no homologues 
in M. tuberculosis. It is possible that one of the 
identified ESX‑1 components forms the chan-
nel across the mycomembrane. Alternatively, 
as the genetic screens that have been used 
have not been comprehensive and some 
components might be essential (and therefore 
cannot be mutated), the mycomembrane 
component (or components) might not yet 
have been detected.

Type VII secretion in mycobacteria	
Although the identification of a specialized 
secretion system in M. tuberculosis 
was expected because of the nature of 
the cell wall7,8, it was unexpected that 
M. tuberculosis would encode five such 
secretion systems. The M. tuberculosis 
genome contains 11 or 12 loci (depending 
on the strain) that comprise tandem 

pairs of genes that encode ESAT‑6 family 
members39,40 (Supplementary information 
S1 (figure)). Four of these gene clusters 
are part of larger loci, which contain more 
homologues of the ESX‑1 cluster; these 
clusters have been named ESX‑2–5.

A comparison of the different ESX systems 
resulted in the identification of a set of six 
genes that are present in all of these clusters 
and, therefore, probably encode the core com-
ponents of the mycobacterial T7SSs16,17. These 
proteins are: two members of the ESAT‑6 
family; a member of the FtsK/SpoIIIE family 
(although this is sometimes encoded by two 
genes, for example, Rv3870 and Rv3871 of 
ESX‑1); a subtilisin-like protease (MycP1  
in ESX‑1); an integral membrane protein  
with 10–11 transmembrane domains 
(Rv3877 in ESX‑1); and a member of another 
membrane-protein family (Rv3869 in ESX‑1). 
In addition, some genes are shared by most, 
but not all, ESX systems, such as the PE and 
PPE genes (discussed below). Finally, some 
ESX clusters have genes that are unique 
for their system (the dark-grey arrows in 
FIGS 2,5). These genes could encode secreted 
substrates or specific components.
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Figure 2 | Genes involved in the ESX‑1 secretion system. The ESX‑1 secre‑
tion system is encoded by two different loci, the ESX‑1 locus and the EspA 
operon (shown in the top left corner). Homologies between these two loci 
are indicated by arrows. Plus or minus signs below the coding sequences 
show the involvement of each gene in: ESAT‑6 secretion in species belonging 
to the Mycobacterium tuberculosis complex (Mtb)4–6,22,23,78; haemolysis and 
ESAT‑6 secretion in Mycobacterium marinum (Mm)19,79; ESAT‑6 secretion in 
Mycobacterium smegmatis (Msm secr.)20; and conjugation in M. smegmatis 
(Msm conj.)21. A question mark indicates conflicting results and a blank means 

that no data is available. Gene families that are also present in other ESX 
gene clusters are shown in different colours, whereas ESX‑1-specific genes 
are shown in dark grey . Different deletions in the ESX‑1 region that affect 
ESAT‑6 secretion in the vaccine strain Mycobacterium bovis Bacille Calmette–
Guérin (BCG) — the RD1 deletion — and in the natural mycobacterial species 
Mycobacterium microti, Mycobacterium ulcerans, Mycobacterium avium and 
the Dassie bacillus80 are also indicated. All undeleted genes of the ESX region 
in M. ulcerans are pseudogenes. The arrows represent the different coding 
sequences and the direction of their transcription.
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Phylogenetic analyses and compara-
tive genomics have revealed that the five 
different ESX systems in the genus 
Mycobacterium probably evolved by gene 
duplication, in the order ESX‑4, ESX‑1, 
ESX‑3, ESX‑2 and, most recently, ESX‑5 
(Ref. 17) (Supplementary information S2  
(figure)). ESX‑4 is, therefore, the most 
archaic T7SS in the mycobacteria17. It 
is also the smallest (9,870 base pairs in 
M. tuberculosis compared with 14–22 kb 
of other ESX loci) and has the fewest genes 
(7 genes in M. tuberculosis compared 
with the 11–18 genes of other ESX loci). 
Interestingly, the most recently evolved 
ESX system, ESX‑5, separates two groups 
of mycobacterial species. The genus 
Mycobacterium can be roughly divided into 
fast-growing (colonies that form within 
7 days) and slow-growing species, and the 
duplication of ESX‑5 seems to coincide with 
the emergence of the slow-growing species41 
(Supplementary information S2 (figure) and 
S3 (table)).

All the mycobacterial ESX clusters con-
tain genes that encode ESAT‑6 family mem-
bers and these proteins are, of course, the 
major substrate candidates for the various 
putative secretion systems. Different studies 
have shown that (in addition to ESAT‑6 
and CFP‑10) the ESAT‑6 family members 
encoded by ESX‑3 and ESX‑5 as well as the 
ESAT‑6 family members that are highly 
homologous to the ESX‑3 and ESX‑5 clusters 
(Supplementary information S1 (figure)) are 
indeed present in the culture supernatant 
of M. tuberculosis22,28,42,43. Furthermore, an 
intact ESX‑5 region is essential for the secre-
tion of the ESX‑5-encoded ESAT‑6-family 
member EsxN by M. marinum (A.M.A. and 
W. B., unpublished observations). Together, 
these data indicate that ESX‑3 and ESX‑5 
are indeed functional secretion systems. 
By contrast, the ESAT‑6 homologues of 
ESX‑2 and ESX‑4 have not yet been detected 
extracellularly.

PE and PPE proteins in the ESX systems. 
PE and PPE are two gene families that 
are unique to mycobacteria, and they are 
significantly expanded in slow-growing 
pathogenic mycobacteria; almost 9% of 
the coding capacity of M. tuberculosis is 
dedicated to these gene families39. The most 
archaic PE and PPE genes were probably 
inserted into the first duplication of the ESX 
system (ESX‑1) and were subsequently co-
duplicated with the ESX gene clusters, until 
their recent expansion41. This co-evolution 
suggests that these proteins are functionally 
associated with the ESX secretion systems. 

PE and PPE proteins also share a number of 
characteristics with ESAT‑6 and CFP‑10: they 
are secreted proteins that do not have a clas-
sical secretion signal; the ancestral PE- and 
PPE-encoding genes often form gene pairs 
(and are adjacent to ESAT‑6–CFP‑10 gene 
pairs)17; and they form a tight 1:1 complex44. 
Evidence for the association between PE–PPE 
proteins and ESX secretion systems has 
been accumulating. First, the RD1-encoded 
PPE protein Rv3873 probably interacts with 
CFP‑10 and/or ESAT‑6, as shown by overlay 
experiments and yeast two-hybrid experi-
ments45,46. This could mean that Rv3873 is 
secreted together with the ESAT‑6–CFP‑10 
complex. Second, a transposon insertion  
of the M. smegmatis ESX‑1 locus in the PE 
gene showed the same phenotype as other 
ESX‑1 mutations — increased conjugation 
frequency21. Third, in a recent study that 
investigated M. marinum, it was shown 
that PPE41 is secreted both in culture 
and in infected macrophages. It was also 
determined that this secretion is dependent 
both on the presence of PE25, which forms 
a complex with PPE41 (Ref. 44), and on an 
intact ESX‑5 cluster. The reconstitution of 
the entire ESX‑5 cluster in the fast grow-
ing M. smegmatis, which does not contain 
an endogenous copy of ESX‑5, enabled 
M. smegmatis to secrete heterologously 
expressed PPE41 (Ref. 24). Thus, the ESX‑5 
locus is both necessary and sufficient to 
produce a functional secretion machinery 
for PPE41. To what extent the PE and PPE 
genes are functionally linked to the ESX 
clusters remains unknown, but recent data 
suggest that many more PE and PPE proteins 
are secreted by ESX‑5 (A.M.A. and W.B., 
unpublished observations). The analysis of 
ESX‑5 mutants might shed some light on 
the function of these mysterious PE and PPE 
proteins.

ESX systems do not complement one another. 
The presence of five T7SSs raises the ques-
tion of why several secretion systems exist 
and why they cannot complement each 
other. This is highlighted by the inability of 
the four ESX systems (ESX‑2–5) to comple-
ment the loss of virulence that is caused by 
deletions in ESX‑1. This is especially intrigu-
ing for ESX‑5, as both ESX‑5 and ESX‑1 
seem to be involved in macrophage escape 
and cell-to-cell spread6,19,24. This might mean 
that these two secretion systems have inde-
pendent roles in the successive steps of the 
cellular infection cycle.

The inability of the various ESX systems 
to complement each other could be due to 
the divergent evolution of their secretion 

signals28 and also their differential regulation. 
For example, ESX‑1 genes are downregulated 
upon starvation, whereas genes from ESX‑2 
are upregulated under these conditions47. 
Furthermore, ESX‑3 is regulated by the avail-
ability of iron and zinc, as part of the ideR and 
Fur (also known as Zur) regulons48,49, whereas 
ESX‑4 is regulated by the alternative sigma 
factor SigM50. Apart from the differences in 
regulation, there are also some other appar-
ent differences. For example, high-density 
transposon mutagenesis studies have shown 
that whereas genes from ESX‑1, ESX-2 
and ESX-4 can all be disrupted, most genes 
from ESX‑3 and some from ESX‑5 cannot 
be disrupted51,52. This suggests that these 
systems are essential for growth in culture. 
This hypothesis has been proven for ESX‑3 in 
M. tuberculosis (K. Lawrence and W.R. Jacobs, 
personal communication), although ESX‑3 is 
not essential for the viability of M. smegmatis. 
The fact that knockouts of specialized secre-
tion systems are usually not essential for 
growth in culture medium probably means 
that either ESX‑3 secretes components that 
are involved in an essential function (or func-
tions) or that the cytoplasmic accumulation 
of substrates is toxic for the cell.

Although all five ESX secretion systems 
seem to function independently, there may 
be a certain level of cross-talk. For example, 
the deletion of the cfp-10–esat‑6 operon 
resulted in the increased secretion of the 
ESX‑5 substrate PPE41 (Ref. 24), whereas the 
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Figure 3 | Structure of the ESAT‑6–CFP‑10 
dimer. ESAT‑6 (light blue) and CFP‑10 (dark blue) 
form a tight 1:1 complex26. The subunit interface 
mainly contains hydrophobic residues. The car‑
boxy (C)‑terminal tail of CFP‑10 is indicated and 
the 7 amino acids that are involved in the secre‑
tion signal are shown in pink. The location of the 
tryptophan‑variable-glycine (WXG) motif is indi‑
cated for both proteins in red. This figure is modi‑
fied, with permission, from Ref. 26  (2005) 
Macmillan Publishers Ltd.
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ESX‑5 mutant itself showed an increase in the 
secretion of certain ESX‑1 substrates (A.M.A. 
and colleagues, unpublished observations). 
Partial complementation between ESX secre-
tion systems could also explain why different 
mycobacterial species require different ESX‑1 
components for protein secretion (FIG. 2).

Other Gram-positive T7SSs
T7SSs seem to be involved in the transport 
of proteins across the mycobacterial cell 
envelope, which includes the mycomem-
brane. Therefore, it is unsurprising that 

similar secretion systems have been 
identified in other mycolata species, such 
as Corynebacterium (FIG. 5) and Nocardia17. 
However, it is surprising that some high G+C 
Gram-positive bacteria that do not have a 
mycomembrane, such as Streptomyces spp., 
also contain a putative T7SS (FIG. 5). As T7SSs 
in high G+C Gram-positive bacteria are most 
related to the archaic ESX‑4 system, this 
might indicate that ESX‑4 was not designed 
to transport proteins across the mycomem-
brane and that this function was only 
introduced upon the evolution of ESX‑1.

The WXG100 motif. Initially, no T7SSs were 
identified other than in the high G+C Gram-
positive bacteria. However, when the differ-
ent homologues of the ESAT‑6 family were 
systematically compared18, the sequence 
similarity of these proteins was found to be 
low and the members were characterized 
by a central tryptophan‑variable-glycine 
(WXG) motif. This WXG motif is located 
in the loop that connects the two main 
α‑helices of ESAT‑6 and CFP‑10 (Ref. 26) 
(FIG. 3). Replacing the conserved tryptophan 
residue of ESAT‑6 with arginine did not 
affect ESAT‑6 secretion, but did result in 
severe attenuation27. As well as the conserved 
WXG motif, all family members identified 
were composed of ~100 amino acids, and 
so these family members are also called 
WXG100 proteins. Subsequently, other 
members of the ESAT‑6/WXG100 family 
that shared the same characteristics were 
identified using PSI-BLAST, which resulted 
in the identification of dozens of distantly 
related members18.

Surprisingly, these proteins were not 
restricted to the Actinobacteria, but were 
also found in members of the Firmicutes 
(low G+C Gram-positive bacteria) such as 
Bacillus and Clostridium spp., Staphylococcus 
aureus, Streptococcus agalactiae and Listeria 
monocytogenes18 (FIG. 5). An analysis of 
genomic loci from these species showed that, 
in addition to the ESAT‑6/WXG100 family 
members, they also contain a gene encod-
ing an FtsK/SpoIIIE family protein that is 
homologous to the one found in T7SSs18. 
However, other genes that are homologous 
to those of the T7SSs of the high G+C 
Gram-positive bacteria are missing (FIG. 5). 
Instead, these loci contain a variable number 
(between 3 and 10) of additional genes, 
3 of which are present in all loci in the 
Firmicutes (FIG. 5), but not in the T7SSs of 
the Actinobacteria. Together, these data 
strongly suggest that the T7SSs of Firmicutes 
belong to a specific and distant subfamily, 
which we propose should be designated type 
VIIb secretion systems. The existence of a 
subfamily is comparable to the T4SSs, which 
are subdivided into three different groups34.

S. aureus type VII secretion. Recently, 
Burts and colleagues25 showed that the 
human pathogen S. aureus secretes ESAT‑6/
WXG100 family members, which is the 
first report of a functional T7SS outside 
the mycobacteria. The secreted proteins 
EsxA and EsxB are encoded by genes of 
the ess locus. This locus contains 12 coding 
sequences (CDSs) (FIG. 5), including the 
FtsK/SpoIIIE family member essC, which is 
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essential for the secretion of EsxA–EsxB25. 
Furthermore, two other CDSs (specifically, 
essA and essB) that encode transmembrane 
proteins are also involved in secretion 
(FIG. 5). Finally, the secretion of EsxA is 
dependent on the presence of EsxB and vice 

versa. This co-dependence is similar to that 
of ESAT‑6 and CFP‑10 in M. tuberculosis. 
Interestingly, S. aureus mutants that fail to 
secrete EsxA and EsxB display significantly 
reduced virulence and are defective in  
dissemination and colonization25.

Bacillus species type VII secretion. Various 
Bacillus species also contain a gene cluster 
that is homologous to the S. aureus ess 
cluster. In Bacillus subtilis this cluster is 
known as the yuk locus18,53. The yuk locus 
contains five CDSs (yukAB, yukC, yukD, 
yukE and yueB), of which yukE encodes 
an ESAT‑6/WXG100 family protein. At 
present it is not clear whether YukE is 
secreted, but an ESAT‑6/WXG100 family 
member of Bacillus anthracis is present 
in the culture supernatant (as shown by 
secretome analysis)54. An unexpected  
finding was that one protein encoded by 
the Yuk regulon of B. subtilis, YueB, is a 
phage receptor53,55. Homologues of this 
phage receptor are also present in the 
S. aureus ess cluster and in other type VIIb 
clusters. 

Overview of type VII secretion in Gram- 
positive bacteria. The fact that putative 
T7SSs are present in several non-pathogenic 
and non-related bacterial species indicates 
that this system is not designed to act as a 
secretion system for virulence per se, and the 
virulence function was probably acquired 
through the evolution of function. For exam-
ple, the putative T7SS of L. monocytogenes 
does not seem to be involved in virulence56.  
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 Box 2 | Important questions

•	Are type VII secretion systems (T7SSs) only involved in protein transport or are they also involved 
in DNA, glycolipid and carbohydrate transport?

•	Do T7SSs form injectosomes that can directly inject secreted proteins into eukaryotic host cells, 
similarly to type III secretion systems (T3SSs)?

•	Is secretion through T7SSs inducible, as is the case for T3SSs? If it is, this could mean that we have 
missed a large number of substrates.

•	Are ESX substrates secreted across the cell envelope in a one-step mechanism?

•	Why are T7SS substrates binary complexes of proteins (for example, ESAT‑6–CFP‑10 and PE–PPE)? 
Is this finding merely coincidental?

•	Does the interdependence of EspA, Rv3515c, ESAT‑6 and CFP‑10 mean that multi-component 
protein complexes are the real units of secretion?

•	Which protein (or proteins) forms the channel in the mycomembrane?

•	Are the recently identified mycobacterial pili75 functionally linked to one of the ESX secretion 
systems?

•	Why is the ESX‑1 locus deleted in a number of mycobacterial pathogens?

•	Is ESAT‑6 an effector protein, a structural protein or both?

•	Why is ESX‑3 essential for Mycobacterium tuberculosis viability?

•	Does ESX‑5 secrete all the recently evolved PE and PPE proteins?

•	Why are there so many PE and PPE proteins, and why are they not redundant76,77?
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It remains to be elucidated why Gram-posi-
tive species without a mycolic acid layer need 
special secretion systems. Perhaps T7SSs in 
these bacteria are involved in the biosyn-
thesis of specialized surface structures or 
appendages. Investigations of the function of 
the archetypal T7SS ESX‑4 and the Bacillus 
Yuk system are key to understanding the 
evolution, as well as the original function, of 
these systems.

Type VII secretion in virulence
Although T7SSs are not virulence systems 
per se (as discussed above), it is clear 
that some T7SSs have important roles in 
virulence: the ESX‑5 system of M. marinum 
seems to be crucial for cell-to-cell spread24 
and the S. aureus Ess–Esx system is involved 
in dissemination and colonization25.

The role of the ESX‑1 system in 
pathogenic mycobacteria has been studied 
in most detail. The lack of virulence of 
M. bovis BCG as compared with M. bovis 
and M. tuberculosis indicated that ESX‑1 
is essential for virulence10,12. This notion 
was confirmed by the finding that if 
M. tuberculosis lacks a functional ESX‑1 
system it is reduced in virulence5,13, 
whereas if M. bovis BCG is complemented 
with an intact ESX‑1 locus it partially 
regains virulence14,15. Mycobacterium 
leprae, which has a strongly degenerated 
genome owing to reductive evolution, also 
seems to have an active ESX‑1 secretion 
system, as T cells of patients with leprosy 
react strongly to M. leprae ESAT‑6 (Ref. 57). 
However, it should be realized that a 
functional ESX‑1 system is not unique 
to pathogenic species (Supplementary 
information S3 (table)). Furthermore, 
among the few mycobacterial species 
that lack part of the ESX‑1 region, and 
therefore lack ESAT‑6 secretion, are some 
pathogens, including Mycobacterium 
ulcerans58, Mycobacterium microti 59 and 
Mycobacterium avium17 (FIG. 2). So, what 
are the roles of the secreted proteins in 
virulence, and why does the ESX‑1 secre-
tion system only contribute to virulence 
in certain species? Two possibilities 
can be envisaged: the ESAT‑6 and/or 
CFP‑10 of pathogenic mycobacteria have 
an additional function compared with 
non-pathogenic species, or additional 
proteins are secreted through ESX‑1 by 
mycobacterial pathogens. Therefore, the 
key questions are: which secreted proteins 
are crucial for virulence and with which 
host components do they interact? At 
present, the available knowledge is mostly 
phenomenological and fragmentary. This 

is illustrated in Supplementary information 
S4 (table), which summarizes the literature 
on the role of ESX‑1 and its substrates in 
mycobacterial virulence. A complicat-
ing factor is the co-dependence of the 
various ESX‑1 substrates for secretion, 
which makes it difficult to pinpoint the 
exact component that is responsible for 
virulence. 

Interestingly, the lack of in vivo persistence 
of mycobacteria with a defective ESX‑1 sys-
tem seems to run in parallel with their delay 
in forming granulomas60. Recent data provide 
an important clue to how this defect might 
arise: both M. tuberculosis and M. marinum 
can, at some stage in the macrophage-
infection cycle, escape the phagolysosome 
compartment and be translocated into the 
cytoplasm61,62. A functional ESX‑1 system 
seems to be crucial for this transition62. 
Apparently, the presence of mycobacteria in 
the cytosol of infected macrophages is needed 
for the attraction of other macrophages. 
Which of the ESX‑1-secreted polypeptides is 
causing this lytic effect and how lysis occurs 
is not known, but the principal suspect for 
this function is ESAT‑6, which has been 
found to cause apoptosis63 and membrane 
perturbation5,64. The detailed characteriza-
tion of ESAT‑6 point mutations that do not 
affect secretion but do lead to an attenuated 
phenotype27 might prove this hypothesis.

Conclusion
The mycobacterial ESX secretion systems 
form the paradigm for a new secretion 
pathway — type VII secretion. This pathway 
is regarded as novel because: the T7SS is 
composed of a unique set of proteins; the 
main secreted proteins all belong to the 
same unique protein family (the ESAT‑6/
WXG100 family); and this pathway is 
mechanistically unlike any other secretion 
system that has been detected, as all the 
secreted proteins seem to be co-dependent 
on each other for secretion. The T7SS is 
also different from type I–VI secretion as, 
unlike these other systems, T7SSs seems 
to be present only in Gram-positive bacte-
ria. Therefore, it could be argued that this 
system should not form part of the sequen-
tial secretion-system nomenclature system. 
However, this is a Gram-negative-centred 
view, and type I–VI secretion systems are 
also present outside of the Gram-negative 
bacteria. For example, flagellar biosynthe-
sis in archaea and type IV pili of clostridia 
belong to the class of type II secretion27,65, 
and genes that encode T4SSs have been 
identified on plasmids from different 
Gram-positive bacteria66,67.

T7SSs are probably complicated 
machineries that are involved in the secre-
tion of protein complexes and possibly in 
the assembly of extracellular structures. 
The most important questions on T7SSs 
that must be answered are listed in BOX 2. 
Answering these questions and understand-
ing T7SSs will change our way of thinking 
about the virulence of M. tuberculosis and 
hopefully give us new opportunities to 
combat this old foe.
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