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The ESX-1 (ESAT-6-system-1) system and the protein substrates it transports are
essential for mycobacterial pathogenesis. The precise ways that ESX-1 substrates con-
tribute to virulence remains unknown. Several known ESX-1 substrates are also
required for the secretion of other proteins. We used a proteo-genetic approach to con-
struct high-resolution dependency relationships for the roles of individual ESX-1 sub-
strates in secretion and virulence in Mycobacterium marinum, a pathogen of humans
and animals. Characterizing a collection of M. marinum strains with in-frame deletions
in each of the known ESX-1 substrate genes and the corresponding complementation
strains, we demonstrate that ESX-1 substrates are differentially required for ESX-1
activity and for virulence. Using isobaric-tagged proteomics, we quantified the degree of
requirement of each substrate on protein secretion. We conclusively defined distinct
contributions of ESX-1 substrates in protein secretion. Our data reveal a hierarchy of
ESX-1 substrate secretion, which supports a model for the composition of the extracyto-
plasmic ESX-1 secretory machinery. Overall, our proteo-genetic analysis demonstrates
discrete roles for ESX-1 substrates in ESX-1 function and secretion inM. marinum.
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The bacterial pathogen, Mycobacterium tuberculosis, causes the human disease tuberculosis
(1). Other pathogenic mycobacterial species cause disease in humans and in animals
(2–4). Mycobacterium marinum is an occasional human pathogen that causes disease in
ectothermic animals (5, 6). M. tuberculosis and M. marinum use conserved survival strate-
gies during infection of host phagocytic cells (7, 8). Bacteria reside within and then dam-
age the phagosome (9, 10), releasing the bacteria and their products into the cytoplasm
(11, 12). Phagosomal damage triggers cytosolic host-response pathways. The released
bacterial products dampen the host response to infection. The net result of phagosomal
escape is host-cell lysis and bacterial spread (9, 11–13).
ESX-1 (ESAT-6 system 1) is a conserved protein secretion system that is essential for

phagosomal damage (9, 14) and, consequently, mycobacterial virulence (15–17).
Strains lacking an ESX-1 system are retained in the phagosome and attenuated (9, 14).
The ESX-1 systems of M. tuberculosis and M. marinum are functionally interchangeable
(18). M. tuberculosis ESX-1 substrate genes, regulatory genes, or Region of Difference-1
(RD1) genes complement mutations in the corresponding M. marinum genes (19–21),
making M. marinum a popular model for studying the ESX-1 system (22).
The ESX-1 machinery includes six conserved proteins (EccA1, EccB1, EccCa1,

EccCb1, EccD1, EccE1) that form a complex associated with the cytoplasmic mem-
brane (23, 24). The machinery forms a pore that exports substrates, some of which are
processed by the MycP1 protease (23, 25). ESX-1 substrates cross the mycobacterial
outer membrane (MOM), localizing to the cell surface and the extracellular environ-
ment through an elusive mechanism (26). The majority of ESX-1 substrates are
conserved between M. tuberculosis and M. marinum (6, 22), with additional M. marinum–
specific substrates (27, 28). ESX-1 substrates include PE/PPE domain proteins of varying
size; small, ∼100 amino acid WXG proteins; or glutamine- and alanine-rich proteins (22).
PE/PPE proteins and WXG proteins from other ESX systems may contribute to transport
across the mycolate outer membrane (29–31).
The functions of individual ESX-1 substrates are poorly defined. ESX-1 substrates

may serve as regulators that control gene expression within the mycobacterial cell, as
components of the secretory apparatus, or as effectors that disrupt membranes or func-
tion downstream of lysis (15, 21, 32–36). We have described multifunctional ESX-1
substrates that are regulators and effectors (21).
Substrates require each other for export (i.e., they are codependent), posing a major

hurdle in understanding substrate function. Initial studies suggested that the deletion
of any ESX-1 substrate gene resulted in attenuation in vivo and a complete loss of
ESX-1–dependent protein secretion in vitro (16, 37). The number of ESX-1 substrates
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has since expanded (Fig. 1A) (19, 38–40). Several studies have
used transposon-insertion mutagenesis or targeted approaches
to disrupt substrate genes and define the role of ESX-1 sub-
strates in secretion and host response (21, 27, 35, 39, 42–44).
These approaches have often yielded contradictory results
regarding the requirement of substrate genes. Recent studies in
M. marinum and M. tuberculosis, including some from our lab-
oratory, have demonstrated that codependent secretion can be
uncoupled (21, 35, 38, 39, 43–47). However, a comprehensive
quantitative measurement of the requirements of substrates for
secretion is lacking.
We used a proteo-genetic approach (i.e., using genetics to

inform the proteome) to define the specific contribution of each
known ESX-1 substrate to protein secretion in M. marinum (48).
We generated 12 M. marinum strains with unmarked deletions of
individual ESX-1 substrate genes and the 12 corresponding com-
plementation strains. We measured ESX-1 function in each
M. marinum strain, demonstrating separable contributions by
ESX-1 substrates to the lytic and cytolytic activity of M. marinum.
Our studies identified M. marinum proteins with secretion profiles
similar to ESX-1 substrates, and potential new ESX-1 substrates.
We provide a model for the spatial order and transport of ESX-1
proteins across the MOM that is consistent with previous protein
localization and interaction studies. Overall, our studies provide
insight into the separable role of ESX-1 substrates in protein secre-
tion and virulence.

Results

ESX-1 Substrates Are Differentially Required for Lytic Activity,
Virulence, and Protein Secretion in M. marinum. We generated
a collection of M. marinum M strains with unmarked deletions of
each of the known ESX-1 substrate genes (Fig. 1A and SI
Appendix, Table S1). We confirmed each strain using PCR (SI
Appendix, Fig. S1) and targeted DNA sequencing. We generated
complementation strains by introducing integrating plasmids
expressing the substrate gene from the constitutive mycobacterial
optimal promoter (49) or from endogenous promoters (SI Appendix,
Table S1).
M. marinum lyses red blood cells in an ESX-1–dependent

manner (42). Hemolytic activity may reflect ESX-1–dependent
phagosomal damage during macrophage infection. If ESX-1
substrates were absolutely dependent on each other for func-
tion, we would expect hemolytic activity would be lost upon
deletion of any substrate gene, similar to strains lacking the
ESX-1 secretory machinery (e.g., ΔeccCb1) (42). The expression
of each substrate gene in the deletion strains would comple-
ment hemolytic activity to wild-type (WT) levels.
We measured the hemolytic activity of the 24 M. marinum

deletion and complementation strains compared with the WT
and ΔeccCb1 strains. Incubation of the sheep red blood cells
with water controlled for maximal lysis. Incubation of sheep
red blood cells with phosphate-buffered saline (PBS) was a cell-
free control. The deletion of ESX-1 substrate genes revealed a
continuum of hemolysis phenotypes (Fig. 1B, SI Appendix,
Table S4). The ΔeccCb1 strain had significantly reduced hemo-
lytic activity compared with the WT strain (P < 0.0001) (21,
27). Deletion of some substrate genes (esxA, esxB, espB, espE,
ppe68, or MMAR_2894) resulted in hemolytic activity similar
to the ΔeccCb1 strain and the cell-free (i.e., phosphate-buffered
saline) controls. Strains lacking the espA, espF, espJ, or espK
genes exhibited intermediate hemolytic activity that was signifi-
cantly higher than the ΔeccCb1 strain (P < 0.0001) and signifi-
cantly lower than the WT strain (P < 0.0001). The ΔespF

strain exhibited intermediate hemolytic activity under the con-
ditions tested. This activity was growth-phase dependent (SI
Appendix, Fig. S2). Denser cultures of the ΔespF strain had
hemolytic activity similar to the ΔeccCb1 strain (21). The
ΔespC and Δpe35 strains exhibited WT hemolytic activity.

Complementation significantly increased hemolysis levels in
all deletion strains with impaired hemolysis (Fig. 1B, compare
Right with Left; P < 0.0001). In some strains, complementation
restored hemolytic activity to near WT levels (Fig. 1B, ΔesxB,
ΔespA, P < 0.0001; ΔespC, P = 0.0047; ΔespJ, P = 0.0032;
ΔespK, P = 0.0367; Δppe68, P = 0.0273). From the comple-
mentation data, we conclude that deletion of specific ESX-1
substrate genes caused the observed changes in hemolytic activ-
ity. Together, these data demonstrate that ESX-1 substrates are
differentially required for hemolysis.

The ESX-1 system is essential for mycobacterial pathogenesis
(2, 12–15). Infection of phagocytic cells with M. marinum
strains results in ESX-1–dependent host-cell lysis (9). We
infected macrophage-like RAW 264.7 cells with the M. mari-
num strains at a multiplicity of infection of 5. We quantified
cytolysis levels using ethidium homodimer-1 (EthD-1) staining
at 24 h postinfection compared with the WT (virulent control)
and ΔeccCb1 strains (attenuated control). EthD-1 is excluded
from cells with intact cell membranes, but stains lysed cells
with permeabilized membranes (50). Infection with WT
M. marinum resulted in significantly higher levels of cytolysis
than in the uninfected control (P < 0.0001; Fig. 1C).

Deletion of individual ESX-1 substrate genes resulted in a
continuum of cytolytic activity (Fig. 1C and SI Appendix,
Table S4). Infection with the ΔesxA and ΔesxB strains resulted
in cytolysis levels similar to ΔeccCb1 infection. Expression of
the esxBA operon restored macrophage lysis to WT levels.
Infection with the ΔespE and ΔespF strains resulted in signifi-
cantly reduced levels of cytolysis compared with the WT strain
(P < 0.0001), as we previously reported (21). Like their hemo-
lysis phenotypes, the ΔespA, ΔespC, and Δpe35 strains exhib-
ited WT levels of cytolysis. Infection with these strains resulted
in clumping of lysed macrophages and loss of the macrophage
monolayer (SI Appendix, Fig. S3), which impacted detection
and reduced EthD-1 cell counts. We suspect that the range of
EthD-1–stained cells per field can be somewhat attributed to
increased cytolytic activity of these strains compared with the
WT strain.

Consistent with two prior reports (27, 51), the hemolytic
and cytolytic activities did not strictly correlate. Some nonhe-
molytic strains were also noncytolytic (e.g., the ΔesxA and
ΔesxB strains; compare Fig. 1 B and C). Other nonhemolytic
strains retained significant levels of macrophage lysis (e.g.,
ΔespB and Δppe68), similar to the ΔMMAR_2894 strain (27).
In contrast, while the ΔespK strain was significantly more
hemolytic than the ΔeccCb1 strain, the cytolytic activities of the
ΔespK and ΔeccCb1 strains were similar.

Based on our hemolysis and cytolysis data, we hypothesized
that individual ESX-1 substrates would differentially impact
protein secretion. We generated cell-associated and secreted
protein fractions from the 12 substrate deletion strains and the
12 complementation strains. We generated control protein frac-
tions from the WT (ESX-1–secretion positive) and ΔeccCb1
(ESX-1–secretion negative) strains. Each set of substrate dele-
tion strains was grown alongside matched WT and ΔeccCb1
strains to account for differences in growth and time.

EsxA and EsxB are highly secreted ESX-1 substrates in vitro.
We measured production and secretion of EsxA and EsxB from
each strain, using Western blot analysis (Fig. 1D). MPT-32
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(a Sec-secreted protein) and the β subunit of RNA polymerase
(a cell-associated protein) were loading and lysis controls,
respectively. Each of the M. marinum strains, except the ΔesxA
or ΔesxB strains, stably produced the EsxA and EsxB proteins
(ESAT-6 and CFP-10; Fig. 1D, Upper, lanes 1–16). Deletion
of the esxA or esxB genes resulted in the loss of both EsxA and
EsxB (Fig. 1D, Upper, lanes 3 and 4) because they require each
other for stability (16, 52). Differences in EsxA and EsxB levels
produced in the substrate deletion strains were observed and
can, in part, be explained by transcriptional regulation of the
esxBA genes. For example, EsxA levels were reduced in the
ΔeccCb1 strain (Fig. 1D, Upper, lanes 2 and 10) as compared
with the WT strain (Fig. 1D, Upper, lanes 1 and 9), due to
reduced esxBA transcription in the absence of the ESX-1 system
(53). Likewise, EsxA and EsxB were elevated in the ΔespE
strain (Fig. 1D, Upper, lane 8), due to increased esxBA gene
expression in the absence of EspE or EspF (21).
The lower panels of Fig. 1D show the EsxA and EsxB secre-

tion levels from each M. marinum strain (Fig. 1D, Lower, lanes
1–16). Some strains lacked detectable EsxA/EsxB secretion
(Fig. 1D, Lower, lanes 15 and 16; Δppe68 and ΔMMAR_2894
strains), similar to the ΔeccCb1 strain, which lacks the secretory
machinery (27). The remaining eight strains had reduced EsxA
secretion compared with the WT strain, albeit to different lev-
els. The majority of the ESX-1 substrate deletion strains did
not substantially impact EsxB secretion. The ΔespE and ΔespF
strains both showed intermediate EsxB secretion, as previously
described (21).
Complementation restored production and secretion of EsxA

and EsxB to near WT levels (Fig. 1D, lanes 19–24, 27–32).
Expression of the esxBA operon in the ΔesxA and ΔesxB strains
partially restored EsxA and EsxB production and secretion
(lanes 19 and 20). These partial levels restored the cytolytic
activity to WT levels for both strains, and restored the hemo-
lytic activity for the ΔesxA complemented strain (Fig. 1 B and
C). From these data we conclude that the ESX-1 substrate
genes differentially contribute to the secretion of the EsxA and
EsxB substrates. Overall, these data demonstrate that ESX-1
substrates have discrete and separable contributions to ESX-1–
mediated hemolysis, host-cell cytolysis, and secretion.

Proteo-Genetic Analysis of M. marinum Secretion Reveals
Distinct Secretory Profiles for ESX-1 Substrates. Our func-
tional analysis of the ESX-1 substrate deletion collection
revealed a continuum of phenotypes but did not yield clear
results regarding separable roles of each substrate in ESX-1–
associated functions. We partnered analytical measurement of
the proteome with our genetic analyses to contextualize our
observations regarding hemolysis and cytolysis.
We performed isobaric-tagging quantitative proteomics using

iTRAQ to quantify changes to the M. marinum secretome in
the 12 single-gene deletion strains and their complemented
strains. Protein abundances were determined from at least two
biological replicates and all were acquired in technical triplicate.
A full repeated set of technical triplicates was performed on a
separate liquid chromatography–mass spectrometry instrument
to serve as quality control. Aggregate quantitative data are
reported in Dataset S1, A. For the knockout strains (n = 18
individual samples × 8 iTRAQ reporters), 1,833 proteins and
18,433 peptides were identified at a 1% false discovery rate
(54). The complement strain samples identified 1,475 proteins
and 11,977 peptides at a 1% false discovery rate.
We visualized changes to M. marinum secretion by compar-

ing the log2 fold change in protein levels secreted from each

mutant and complemented strain with the levels secreted from
the WT strain. This was achieved by reserving one of the eight
iTRAQ channels (113 m/z) in each set of mutants for a
culture-matched, WT-secreted proteome. As a result of this
normalization to WT, all data can be compared as a common
matched, fold-change ratio relative to the WT strain, enabling
global ratio comparisons to be accurate even from ratios origi-
nating in different experiments.

We visualized these relationships using a clustered heat map
to observe similarities between overall secreted proteomes for
each strain (x-axis) and similarities in the secreted levels for
each measured protein (y-axis; Fig. 2A). The levels of the
majority of the secreted proteins measured were unchanged by
deletion or expression of ESX-1 substrate genes as compared
with those secreted from the WT strain (yellow). Measured
changes in protein secretion from each mutant strain were gen-
erally restored by complementation, since the majority of the
complemented strains clustered in the heat map. The ΔesxB/
pesxBA strain did not cluster with the other complementation
strains, likely reflecting the incomplete complementation
observed in Fig. 1 B and D. A readable version of the heat map
is in SI Appendix, Fig. S4.

The known ESX-1 substrates that we confidently detected
were clustered into several distinct clades within the heat map,
indicating shared requirements for secretion (Fig. 2B). Several
substrates clustered with established partners. EsxA and EsxB
clustered together. EsxA and EsxB directly interact and are
secreted as a substrate pair (16, 52). EspA and EspC interact
with each other (32) and were clustered in a clade. EspB and
EspK directly interact (19) and were clustered in a clade with
EspJ. EspE and EspF clustered together and require each other
for secretion (21). We were unable to quantify MMAR_2894
reliably in this study, likely because of isobaric interference. We
were also unable to detect PE35. Overall, the four distinct
ESX-1 clades demonstrate that ESX-1 substrates have at least
four distinct secretory profiles. These data support that the
requirement of the ESX-1 substrates for proteins secretion is
not equivalent.

We identified several clades that significantly correlated with
the ESX-1 substrates, using Pearson correlation (Fig. 2C, data
are provided in Dataset S1, C, and P values are reported in
Dataset S1, D). Proteins that significantly clustered with ESX-1
substrates are secreted proteins or present in the mycobacterial
cell membrane fractions but have not been associated with
ESX-1 (41, 55–59). Secretion of MPT-64, a protein secreted
independently of ESX-1, did not significantly correlate with the
ESX-1 substrates. Although secretion of MPT-64 significantly
correlated with four of the proteins, the correlation was weaker
than the correlation with ESX-1 secretion. The specific proteins
are discussed in the SI Appendix. These data indicate that the
secretion of several additional proteins significantly correlate
with the secretion of known ESX-1 substrates.

Establishing the Core, Secreted ESX-1–Dependent Proteins
from M. marinum. EccCb1 is an essential component of the
secretory apparatus (16). The EsxA and EsxB substrates are
required for the secretion of the known ESX-1 substrates and
are likely components of the secretory apparatus (22). We rea-
soned that analyzing which proteins exhibited reduced secretion
upon the loss of EccCb1, EsxA, and EsxB may reveal a core set
of ESX-1–secreted proteins.

We compared the log2 fold change of the level of each pro-
tein in the secreted fractions from the ΔeccCb1, ΔesxA, or
ΔesxB strains normalized to the WT strain (mutant/WT) with
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Fig. 1. ESX-1 substrates are differentially required for EsxA/B secretion and function. (A) The ESX-1 locus and accessory loci. Substrate genes are in pink. The conserved
secretory component genes are in teal, including the eccCb1 gene. Numbers represent M. marinum genome position from Mycobrowser (54). Strains are listed in SI
Appendix, Table S1. (B) Hemolytic activity of ESX-1 substrate deletion strains (Left) and complementation strains (Right). Data are the average of at least three biological rep-
licates, in technical triplicate. Dots indicate technical replicates, bars indicate the mean. Error bars are the SD. Statistical significance (sig.) was determined using a one-way
ordinary ANOVA (P < 0.001) followed by a Tukey’s multiple comparison test. The hemolytic activity of the ΔeccCb1 strain was not different from that of the cell-free control
(PBS). Significance compared with the ΔeccCb1 (*), compared with the WT strain (#). #ΔespK/comp, P = 0.0112; #ΔespA, P = 0.0247; #Δppe68/comp, P = 0.0273; ##P =
0.0066, ###ΔespC/comp, P = 0.0047; ###ΔespJ/comp, P = 0.0032; #### and ****P < 0.0001. (C) Macrophage infection of ESX-1 substrate deletion strains (Left) and comple-
mentation strains (Right). Data are the average of at least three biological replicates, each in technical triplicate. EthD-1–stained cells were counted from five fields from
each well, represented by dots. Statistical significance was determined using a one-way ordinary ANOVA (P < 0.0001) followed by a Tukey’s multiple comparison test. Sig-
nificance compared to the ΔeccCb1 (*), compared to the WT strain (#). The cytolytic activity of the ΔeccCb1 strain was significantly different from that of the cell-free control
(***P = 0.0009). **** or ####P < 0.0001, **P = 0.0053, ##P = 0.0043. A summary of hemolytic and cytolytic activity is given in SI Appendix, Table S4. (D) Western blot analy-
sis measuring protein secretion. Protein (10 μg) was loaded in each lane. Western blots are representative of at least three biological replicates. OD, optical density.
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the significance (log10 P value). We focused on proteins with
reduced secretion, but there were proteins with increased secre-
tion from these mutant strains. Deletion of the eccCb1, esxA, or
esxB genes resulted in significant changes to the secretion of a
low number of proteins (Fig. 3A, SI Appendix, Fig. S5 and data
in Dataset S2). To define rigorous parameters to measure sub-
strate dependency, we first used a cutoff of log2 fold change of

≥1, with P < 0.05. Using these parameters, the secretion of
9, 17, and 10 proteins was significantly reduced from the
ΔeccCb1, ΔesxA, and ΔesxB M. marinum strains as compared
with the WT strain (log2 fold change ≥1; P < 0.05). The secre-
tion of a majority of these proteins was restored upon expres-
sion of the esxBA operon in the ΔesxA (Fig. 3A, Right) or ΔesxB
strains (SI Appendix, Fig. S5).

Fig. 2. Impact of ESX-1 genes on the M. marinum proteome. (A) Heat map of the M. marinum proteome. Values are the log2 fold change of each protein
(y-axis) in the strains indicated (x-axis) compared with the detected levels from the WT strain. Proteins secreted from the mutant strains but not the WT
strain or vice versa were excluded. Data are reported in Dataset S1, B. (B) Clustering of known ESX-1 substrates with additional M. marinum proteins. These
clusters were taken from the readable heat map in SI Appendix, Fig. S4. Dotted line denotes separation of groups I and III. (C) Pearson correlation of protein
secretion (calculated from log2 fold change from all mutant and complemented strains compared with the WT strain). Known ESX-1 substrates are labeled
in pink; additional proteins are from B. Gray boxes indicate that the correlation is not statistically significant. The size of the circle corresponds to signifi-
cance. The data are reported in Dataset S1, C. The P values for the Pearson correlation are reported in Dataset S1, D.
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The secretion of the ESX-1 substrates was significantly
reduced from all three strains compared with the WT strain.
The secretion of seven ESX-1 substrates was significantly
reduced from the ΔeccCb1 strain (EsxA, EsxB, EspA, EspB,
EspE, EspF, EspK, labeled in Fig. 3A, black slice donut plot;
Dataset S2). The secretion of six (EsxA, EsxB, EspB, EspE,
EspF, and EspK) and four (EsxB, EspB, EspF and EspK) ESX-
1 proteins was reduced from the ΔesxA and ΔesxB strains,
respectively. Two additional proteins with significantly
decreased secretion from the ΔeccCb1 strain were involved
in lipid metabolism (Pks5, Pks15/1). Both proteins are
membrane-localized polyketide synthases in M. tuberculosis,
making them probable membrane proteins in M. marinum
(41, 55, 58). A small number of additional proteins, including
PE/PPE proteins (also secreted by ESX systems), lipid metabo-
lism and intermediary metabolism proteins, conserved hypo-
theticals, and proteins of unknown function had significantly
reduced secretion from the ΔesxA or ΔesxB strains compared
with the WT strain (n = 11 and 6 proteins, respectively).
Several ESX-1 substrates had reduced secretion from these

strains but did not meet our P value threshold (P < 0.05). We
hypothesized that this was due to low or no expression of some
proteins in some of the mutant strains. EspC, EspJ, and PPE68
secretion was reduced in the ΔeccCb1 strain relative to the WT
strain, but the significance of this change did not meet our P value
threshold. EspJ, in particular, has poor proteotypic properties, pro-
ducing only a single tryptic peptide with high reliability. However,
we did detect each protein in the complemented strains. We pre-
viously demonstrated that strict significance cutoffs in quantifying

components that are genetically absent underrepresents pheno-
typic changes because significance cutoffs are less reliable with
missing values in strains (53, 60). Because known ESX-1 sub-
strates fell below the P value cutoff, we compared the proteins
whose secretion was reduced by a log2 fold change ≥1 in the
ΔeccCb1, ΔesxA, and ΔesxB strains (Fig. 3B, brackets in Fig. 3A
and SI Appendix, Fig. S5) with the WT strain. We identified 20
proteins with reduced secretion in all three strains relative to the
WT strain (Fig. 3B). These 20 proteins included all 10 known
ESX-1 substrates that we could reliably measure, consistent with a
loss of ESX-1 secretion in these strains.

The 10 proteins not previously associated with the ESX-1
system (Fig. 3B) included PE/PGRS proteins, proteins involved
in cell-wall processes, and proteins involved in metabolism
(Fig. 3C) (41). For 8 of the 10 proteins, bioinformatic analysis
of predicted signal sequences (61) were predicted as “other”
(i.e., neither predicted Sec nor Tat substrates), similar to the
known ESX-1 substrates. Four of the 10 proteins were pre-
dicted PE/PGRS, and one had a predicted WXG motif. All five
had predicted helices at the protein N termini, similar to
known ESX-1 substrates (SI Appendix, Fig. S6). We conclude
that we have established a core set of ESX-1–dependent pro-
teins, which includes additional proteins in M. marinum that
may be potential ESX-1 substrates.

ESX-1 Substrates Are Differentially Required for Substrate
Secretion. To conclusively define the extent of substrate depen-
dency, we analyzed secretion from the substrate deletion strains.
The quantitative differences in each proteome represent differences

Fig. 3. Core M. marinum proteins dependent on ESX-1 for secretion. (A) Volcano plots of proteins measured in the ΔeccCb1, ΔesxA, and ΔesxA comple-
mented strains. The log2 fold change of secretion from each strain normalized to the WT strain is plotted against log10 of the P value. Horizontal black
dashed line signifies P = 0.05; blue dots indicate P ≤ 0.05; red dots indicate P > 0.05. Vertical, black dashed lines signify a log2 fold change = 1, 1. ESX-1 sub-
strates are labeled. The donut plots are functional analyses of M. marinum proteins in the quadrant indicated by the blue dashed lines. The purple and red
brackets at the bottom left of the volcano plots signify the proteins used in B. The data are reported in Dataset S2. (B) Venn diagram of the proteins with
reduced secretion in the ΔeccCb1, ΔesxA, and ΔesxB strains (SI Appendix, Fig. S5) as compared with the WT strains. (C) Functional analysis of the 20 core
proteins identified in B. All functional classifications were obtained from Mycobrowser. Avg, average; Pval, P value.
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in secretion that are dependent upon the loss of each individual
substrate. We grouped the substrates into four groups based on the
clustering shown in Fig. 2 and how the loss of each substrate
impacted the secretion of the other ESX-1 substrates.
The deletion (Fig. 4 A and B, Left) of the ppe68 or

MMAR_2894 genes resulted in changes to the M. marinum secre-
tome, including the known ESX-1 substrates (labeled in Fig. 4 A
and B). Complementation of each gene (Fig. 4 A and B, Right)
restored protein secretion to near WT levels. Based on our analy-
ses of the ΔeccCb1, ΔesxA, and ΔesxB strains, we considered the
proteins impacted by the loss of the MMAR_2894 and ppe68
genes by a log2 fold change ≥1 (pink brackets Fig. 4 A and B;
compare with Fig. 3). We compared these proteins (n = 58 from
the ΔMMAR_2894 strain; n = 362 from the Δppe68 strain,
respectively) with the 20 “core proteins” (Venn diagrams in Fig.
4). PPE68 and MMAR_2894 were required, to varying extents,
for the WT secretion of all of the known ESX-1 substrates.
PPE68 and MMAR_2894 were also required for WT levels of
secretion several additional core proteins (Dataset S2). Consistent
with these findings, both PPE68 and MMAR_2894 were required
for hemolysis and were partially cytolytic (Fig. 1). From these
data, we propose that PPE68 and MMAR_2894 are secreted
components of the ESX-1 secretory apparatus, similar to EsxA
and EsxB. In the remainder of this article, we refer to EsxA, EsxB,
PPE68, and MMAR_2894 as group I substrates.
Deletion of the ppe68 and MMAR_2894 genes resulted in

changes to additional proteins outside of the core (Dataset S2).

Based on the overall changes to the mycobacterial proteome in
the absence of PPE68 and MMAR_2894, we conclude that
these proteins may have distinct roles in mycobacterial physiol-
ogy beyond roles in ESX-1 substrate secretion.

We performed the same analyses on the remaining strains
lacking individual ESX-1 substrate genes. We grouped the
remaining substrates into three additional groups based upon
how they clustered in Fig. 2B, and we analyzed how they
impacted the secretion of the known ESX-1 substrates, using a
log2 fold change cutoff of ≥1 relative to the WT strain. We
placed EspB, EspJ, and EspK into group II, EspE and EspF
into group III, and EspA and EspC into group IV, as defined
below. Individual quantitative plots and Venn diagrams are in
SI Appendix, Figs. S7–S9.

The substrates in group II clustered together, as shown in
Fig. 2B. The loss of EspB, EspK, and EspJ resulted in a reduc-
tion (log2 fold change ≥1 relative to the WT strain) of the
secretion of group III, but not group IV substrates (SI
Appendix, Fig. S7). Group III substrates clustered together, as
shown in Fig. 2B. The loss of either EspE or EspF did not
impact the secretion of group II or group IV substrates (SI
Appendix, Fig. S8). The requirements for group IV substrates,
which also clustered together, were less clear from these analy-
ses, but it appeared that EspC was only required for EspA
secretion (SI Appendix, Fig. S9).

Loss of substrates in these groups had differing effects on the
overall proteome. For example, EspK (group II) and EspE and

Fig. 4. Group I substrates PPE68 and MMAR_2894 (PE) are required for the secretion of all known ESX-1 substrates. Volcano plots of protein levels of pro-
teins in the secreted fractions from A. The ΔMMAR__2894 strain or the ΔMMAR_2894 complemented strains or (B) Δppe68 or Δppe68 complemented strains
compared with the WT strain. The blue box represents the cutoff of log2 fold change ≥ to 1 and P < 0.05. The red bracket indicates those proteins with a
log2 fold change ≥1, regardless of P value. These proteins were used in the Venn diagrams (right) compared with the core proteins identified in Fig. 3. Avg,
average; Pval, P value.
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EspF (group III) substrates impacted few proteins outside of
the core proteins. In contrast, EspB and EspJ (group II) and
the group IV substrates impacted the proteome more broadly.
Together, these data demonstrate that the ESX-1 substrates dif-
ferentially contribute to ESX-1 secretion and may have unique,
broader impacts on the levels of proteins secreted into the cul-
ture media, either directly or indirectly.

Defining the Relationships between ESX-1 Substrates Reveals
Relative Levels of Substrate Dependency. To define the rela-
tionships between ESX-1 substrate groups, we generated a heat
map of the log2 fold change (mutant/WT levels) of ESX-1 sub-
strate levels secreted from M. marinum strains lacking specific
ESX-1 substrate genes and their isogenic complementation
strains (Fig. 5A and Dataset S1, E and F, for relative changes in

Fig. 5. ESX-1 substrates are differentially required for ESX-1–dependent secretion. (A) Heat map of the log2 fold change (mutant/WT levels) of ESX-1 sub-
strate levels in M. marinum strains lacking specific ESX-1 substrate genes and their complementation strains. The data are reported in Dataset S1, E. Visual-
izations of the relative impact of each substrate deletion on (B) group I (C) group II or (D) group III or (E) group IV substrates. Substrates of interest are shown
in the circles. Sector colors match the levels in the heat map in A. I, II, III, and IV refer to the substrate groups, which are separated by a dotted line. The dele-
tion strains for each substrate are white sectors. (F) Proposed order of substrate secretion. Avg, average; Pval, P value.
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ESX-1 substrates). The ΔeccCb1 strain exhibited reduced secre-
tion of all known ESX-1 substrates, as indicated by the blue
and green colors on the heat map (Fig. 5A). The additional
strains clustered into the groups similar to those we identified
by analyzing the volcano plots (Fig. 5A). M. marinum strains
lacking the group I substrates, ΔesxA, ΔesxB, Δppe68, and
ΔMMAR_2894, all clustered with the ΔeccCb1 M. marinum
strain, consistent with these substrates being part of the secre-
tory apparatus.
To interpret the heat map, we visualized the relationships

between substrates (Fig. 5 B–E). The sectors are colored based on
the log2 fold change in the heat map (Fig. 5A) to visualize the
magnitude of the dependence between the substrates for secre-
tion. Comparing the relative requirements of each substrate gene
for the secretion of each substrate (Fig. 5 B–E, circled in middle)
revealed patterns demonstrating that the requirement between
ESX-1 substrates is not equivalent. The secretion of the group I
substrates (EsxA, EsxB, and PPE68) was most impacted by other
group I substrates (EsxA, EsxB, PPE68, and MMAR_2894), as
indicated by the dark blue sectors (Fig. 5B). In contrast, the con-
tributions of the substrates in groups II, III, and IV to the secre-
tion of group I substrates was minimal (yellow sectors, log2 fold
change numbers in Dataset S1, E).
Although group I substrates were dependent upon each other, a

hierarchy of dependency was established. MMAR_2894 greatly
impacted the secretion of EsxA, EsxB, and PPE68. Although we
did not consistently detect MMAR_2894, we tested the require-
ment of PPE68, EsxA, and EsxB for MMAR_2894 secretion (SI
Appendix, Fig. S10). We constitutively expressed MMAR_2894
with a C-terminal Strep-tag (27) in the Δppe68, ΔesxA, and
ΔesxB strains and measured secretion of MMAR_2894-ST com-
pared with the WT and ΔeccCb1 strains. While PPE68 was
required for MMAR_2894-ST secretion (SI Appendix, Fig. S10A),
EsxA and EsxB were dispensable (SI Appendix, Fig. S10B). Consti-
tutive expression of MMAR_2894-ST in the Δppe68 strain did
not restore EsxB secretion (SI Appendix, Fig. S10A).
Because PPE68 and MMAR_2894 require each other for

secretion and are required for the secretion of all of the
additional substrates, we were surprised that deletion of either
ppe68 or MMAR_2894 was insufficient to block cytolysis

(Fig. 1C). To understand the relationship between PPE68 and
MMAR_2894, we generated a Δppe68 ΔMMAR_2894 strain.
The resulting double-deletion strain was nonhemolytic and
exhibited cytolytic activity similar to the ΔeccCb1 strain (SI
Appendix, Fig. S10 C–E). Together these data indicate that
MMAR_2894 and PPE68 are partially redundant for ESX-1
secretion, consistent with the divergent changes caused by the
loss of either to the M. marinum secretome (Fig. 4)

PPE68 greatly impacted the secretion of EsxA and EsxB.
Although EsxA and EsxB required each other for secretion, EsxA
and EsxB had a lesser impact on PPE68 secretion than
MMAR_2894 did on PPE68 secretion. From these data, we pro-
pose that PPE68 and MMAR_2894 are secreted prior to and are
required for the secretion of EsxA/EsxB (Fig. 5F). We also
observed this requirement by Western blot analysis (Fig. 1D).

The loss of any of the four group I substrates specifically and
negatively impacted the secretion of the group II substrates,
EspB, EspJ, and EspK (Fig. 5C). The greatest dependencies in
group II were the requirement of EspJ for EspK secretion and
the requirement of EspK for EspB secretion, as reported (19).
Any requirement of EspA, EspC, or PE35 on the secretion of
the group II substrates was less than that of the group I sub-
strates (yellow sectors). The loss of the group III (EspE or
EspF) substrates resulted in increased secretion of EspK, EspB,
and EspJ (Fig. 5C, orange sectors). From these data, we pro-
pose that the group II substrates require group I substrates for
protein secretion but not group III or group IV substrates.
Therefore, we propose that group II substrates are secreted after
group I substrates, and that EspJ is secreted prior to EspB and
EspK (Fig. 5F).

The loss of any of the group I or group II substrates nega-
tively impacted the secretion of EspE and EspF (Fig. 5D, blue
sectors). The requirement for group I substrates was stronger
than for the group II substrates (Fig. 5D, darker blue sectors).
group IV substrates had relatively little impact on the secretion
of EspE and EspF (Fig. 5D, yellow sectors). Notably, as previ-
ously demonstrated, EspE and EspF were each required for the
other’s secretion (21). From these data, we propose that group
III substrates require group I and group II substrates but not
group IV substrates for secretion.

Finally, the group I substrates were most required for the secre-
tion of the EspA and EspC group IV substrates (Fig. 5E, blue
and green sectors). In particular EsxA, EsxB, and MMAR_2894
were the substrates most required for EspA, while PPE68 was
most important for EspC (Fig. 5E). EspA and EspC require each
other for secretion (32). Interestingly, the loss of group II sub-
strates and, to a lesser extent, group III substrates resulted in
increased secretion of both EspA and EspC (Fig. 5E, orange and
red sectors). From these data, we propose that EspA and EspC
substrates are either regulated by or compete for secretion with
group II and group III substrates (Fig. 5F). Overall, these data
order protein secretion by ESX-1, demonstrating that the depen-
dency of secretion among ESX-1 substrates is not equivalent and
allowing inference into function.

Discussion

We provide a comprehensive proteo-genetic analysis of the con-
tribution of the known ESX-1 substrate genes to protein secre-
tion in M. marinum. Our genetic analyses showed that ESX-1
substrates are differentially required for hemolytic activity and
macrophage cytolysis. Our quantitative analyses revealed at least
four groups of ESX-1 substrates that differentially impacted
protein secretion. We identified proteins that significantly

Fig. 6. Model for hierarchical secretion of ESX-1 substrates and secretory
apparatus. We propose an inside-out assembly mechanism, whereby sev-
eral ESX-1 substrates are hierarchically secreted to form structural compo-
nents of the ESX-1 secretory machinery. CM, cytoplasmic membrane.
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correlate with ESX-1 substrate secretion or that may be poten-
tial ESX-1 substrates. Finally, our proteo-genetic analysis
implies a proposed order of hierarchical protein secretion and
transport, which is poised to be tested further in M. marinum,
M. tuberculosis, and in other mycobacterial species with ESX-1
systems.
Our data support a testable model for the role of ESX-1 sub-

strates in protein secretion, which we place in the context of
findings from the field (Fig. 6). We propose that the sequential
secretion of ESX-1 substrates implies an “inside-out” assembly,
similar to alternative secretory and flagellar machines in which
the extracytoplasmic subunits are transported through the
exporter in the cytoplasmic membrane (62). Several ESX-1 sub-
strates are likely structural components of the transport
machinery that span the MOM and traverse the surface of the
mycobacterial cell.
We suggest that the group I substrates form the channel con-

necting the Ecc conserved components in the membrane with
the mycobacterial cell surface. We showed that PPE68 and
MMAR_2894 require each other for secretion and are required
for the secretion of all other substrates, including EsxA and
EsxB. We propose that PPE68 and MMAR_2894 physically
form part of the channel in the periplasm and across the
MOM. PPE68 has been localized to the mycobacterial cell
envelope (63). Prior studies support that PE/PPE proteins are
transporters in the MOM (30, 31, 64, 65) and may transport
ESX proteins (66). The use of PE/PPE proteins to transport
across the MOM could be dynamic, allowing for the use of
multiple PE/PPE proteins under different conditions. The dele-
tion of the MMAR_2894 or ppe68 genes resulted in reduced
cytotoxicity (Fig. 1 and ref. 27), suggesting that the two pro-
teins have some degree of functional redundancy. Because
MMAR_2894 is not conserved in M. tuberculosis, additional PE
proteins may substitute for MMAR_2894. Although not yet a
general phenomenon, specific PE/PPE pairs have been shown
to switch partners, forming functional pairs with additional
noncognate PE/PPE proteins (30).
EsxA and EsxB potentially make up the remaining part of

the transporter that crosses the surface of the MOM. Our data
show that while PPE68 and MMAR_2894 have a large impact
on EsxA/EsxB secretion, the reverse is not true. EsxA/EsxB are
required for the secretion of the remaining substrates. EsxA and
EsxB directly interact (16, 67) and are surface localized and
detected in the culture supernatant during growth in vitro (15,
16, 42, 50, 59, 68). Esx proteins paralogous to EsxA and EsxB
are required for protein secretion across the MOM (64).
Finally, a direct interaction between EsxA and PPE68 has been
reported, connecting the two parts of the proposed trans-
MOM machinery (Fig. 6) (64).
ESX-1 substrates have been proposed to form rings (EspB)

or filaments (EspC) that form either a channel or a “needle”
(32–34). Neither of these proteins is required for WT levels of
ESX-1 substrate secretion, which may be explained by our
model. We propose that following the secretion of the group I
substrates, the group II substrates, EspB/EspK and EspJ, are
secreted. The contribution of these three proteins to group I
substrate secretion is relatively minimal, placing them next in
the secretory order (Fig. 5). These three proteins may extend
the ESX-1 secretory apparatus from the mycobacterial cell sur-
face (Fig. 6).
Our data show that EspJ is required for EspB and EspK

secretion. EspB and EspK directly interact (19). EspJ interacts
with the EsxB when partnered with EsxA (69), providing a
direct connection between the EsxB/A proteins and this part of

the secretory apparatus. During secretion, EspB is processed by
the MycP1 protease, an essential part of the ESX-1 secretory
apparatus (24, 70). The processed form of EspB, which corre-
sponds to its N-terminal half, forms heptameric rings (33).
EspK functions to keep EspB from oligomerizing inside of the
mycobacterial cell (71).

EspE and EspF (group III) are likely secreted following
group II. Our data show that group I and group II substrates
are required for EspE and EspF secretion (Fig. 5). EspE and
EspF negatively regulate ESX-1 substrate gene expression (21).
This relationship is reflected in Fig. 5 B and C (orange sectors);
deletion of the espE or espF genes increased the secretion of
group I and group II substrates as compared with the WT
strain. Similar increases in substrate secretion following the loss
of substrates with regulatory roles have been reported in type
III secretion systems (62, 72, 73).

EspE and EspF are required for hemolytic activity and for
macrophage lysis (Fig. 1 SI Appendix, Fig. S2, and ref. 21).
EsxA and EsxB may be required for lytic activity because they
are required for EspE and EspF secretion. The reverse is not
possible, because EspE and EspF are not required for the secre-
tion of EsxA and EsxB. Alternatively, several ESX-1 substrates,
including EspE and EspF, may form a multipartite cytolytic
toxin, similar to MakABE in Vibrio cholerae (74).

EspA and EspC (group IV) are essential for ESX-1 secretion
and virulence in M. tuberculosis (37, 75, 76). Our data show
that EspA and EspC are relatively dispensable for the secretion
of ESX-1 substrates, for hemolytic activity, and for macrophage
lysis in M. marinum. In contrast, the espA and espC genes are
paralogous to the espE and espF genes (37, 38, 75). The role or
regulation of these substrates may diverge between M. marinum
and M. tuberculosis. However, our data were insufficiently
resolved to incorporate this group of substrates into the ordered
assembly. Different infection models or in vitro growth condi-
tions could allow incorporation of these proteins into the
model.

Deletion of group II substrates increased EspA and EspC
secretion. Based on the type III secretion literature, several pos-
sible relationships may explain our data. First, the group II sub-
strates may regulate the expression of the espACD operon.
Alternatively, the group II substrates could broadly regulate
secretion, similar to PcrV in Pseudomonas (77). Deletion of the
pcrV gene results in constitutive unregulated secretion (77).
Second, based upon type III secretion in Yersinia, the group II
substrates may function as molecular rulers that regulate the
length of the secretory apparatus. Deletion of the YscP ruler in
Yersinia results in increased substrate secretion (78). Finally, the
group II substrates may be higher-affinity substrates for secre-
tion than the group IV substrates. In the absence of the group
II substrates, there may be less competition for secretion, result-
ing in hypersecretion of the group IV substrates. These mecha-
nisms need to be tested at the molecular level.

A major strength of our study is the scale and the use of
unmarked deletions and genetic complementation, which,
together, allowed us to identify changes in secretion caused spe-
cifically by the loss of individual substrate genes. Prior studies
revealed uncoupling of ESX-1 substrate dependency by focus-
ing on the interactions between a small number of substrates
(27, 43, 44, 46) or by using transposon-insertion strains to
define the dependency between substrate secretion (39, 42) or
host phenotypes (35, 47). Our study builds on these findings
and confirms, solidifies, and expands our understanding of the
specific ordered contributions of ESX-1 substrates to secretion.
Importantly, our studies revealed and resolved inconsistencies
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in the literature regarding the requirement of EspB, EspK,
EspJ, and EspE in the secretion of EsxA and EsxB (SI
Appendix, Table S5) as compared with studies using
transposon-insertion strains (35, 39, 42). Because EspA and
EspC are dispensable for ESX-1 secretion in M. marinum, it is
difficult to compare some of our findings with studies of M.
tuberculosis (43, 44, 47, 79). We previously (27) measured
secretion from the ΔMMAR_2894 strain using an independent
proteomics approach (Label Free Quant). We can directly com-
pare the fold-changes in secretion between our present and
prior study for the role of MMAR_2894 in secretion. Both
studies consistently reported decreased secretion of eight known
substrates in the same direction and magnitude. The relative
levels of EspF, EspB, and EspA secretion from the MMAR_
2894 differ by less than a log2 of 1; EspE, EsxB, EspK, and
PPE68 by log2 ≅3; and EspJ by log2 of 7.7. EspJ was not well
measured in the previous study and is problematic for proteo-
mics, as described earlier.
This study has yielded the largest quantitative dataset of

ESX-1 protein secretion to date, to our knowledge. We focused
on the secretome to glean insight into how each ESX-1 sub-
strate contributes to protein secretion. A caveat is that while
the substrate dependencies imply a hierarchy of secretion, the
complex interactions between substrates in the mycobacterial
cell could impact the protein levels in the secreted fraction
independently of secretion, affecting our proposed model. Pairs
of ESX-1 substrates require each other for stability (16, 32, 67, 80),
and this is reflected as a loss of secretion in our study. For example,
EsxB is not produced or secreted from the ΔesxA strain, and vice
versa (Fig. 1D) (16, 67, 80)). Substrates regulate the expression of
other substrates (21, 22). EspE and EspF negatively regulate esxBA
expression (21). Although EsxA and EsxB accumulate in the ΔespE
or ΔespF strains (ref. 21, and lane 8 in Fig. 1D), we did not mea-
sure a corresponding increase in EsxA/EsxB secretion. Finally, some
substrates require each other for secretion but not production. For
example, EspE is produced in but not secreted from the ΔespF
strain (21). Because transcriptional and posttranscriptional regula-
tion may impact ESX-1 substrate levels in the mycobacterial cell,
transcriptome, proteome, and protein stability studies performed
concurrently in this strain collection would be the best means to
understand the dynamics of ESX-1 substrates in the mycobacterial
cell and how this contributes to secretion.
Together, our comprehensive proteo-genetic analysis of ESX-1

secretion in M. marinum has provided a clear and testable model
for the order of substrate secretion and for discrete roles of ESX-1
substrates in protein secretion. Using both approaches, we were
able to define the degree of dependency of ESX-1 substrate

secretion, contributing to our understanding of how ESX-1 sub-
strates promote protein secretion.

Materials and Methods

M. marinum strains were generated from the M strain (WT; ATCC, BAA-525)
(81, 82) and maintained as described (20, 21, 27). Strains and plasmids are listed
in SI Appendix, Table S1. All oligonucleotide primers are listed in SI Appendix,
Table S2. Hemolysis assays were performed as described (42, 68). RAW 264.7
cells (ATCC, TIB-71) were cultured and passaged as described (27). RAW cells
were seeded at 2 × 105 cells/mL and infected at a multiplicity of infection of 5
(Fig. 1C; 1 × 106 cells/mL) and also infected at a multiplicity of infection of 2.5
(SI Appendix, Fig. S10; 5 × 105 cells/mL). Infections proceed for 2 h before genta-
mycin was added. Cytotoxicity assays and cell counts were performed as described
(20, 21). Protein-secretion assays were performed as described (20, 21, 27).
Secreted protein samples were prepared for mass-spectrometry proteomics as
described in refs. 83 and 84). Protein digests were labeled with one vial of 8-plex
iTRAQ reagent according to manufacturer’s instructions. Individual sets of iTRAQ-
labeled samples were subjected to nano-ultra-high performance liquid-
chromatography–tandem mass spectrometry (nUHPLC-MS/MS) as in refs. 84 and
85. Triplicate mass spectrometry were acquired on a Q-Exactive HF instrument
running an iTRAQ-adjusted TOP 15 acquisition. RAW files were converted to .mgf
using MS-convert and protein-spectral matching, and iTRAQ quantification was
performed using Protein Pilot with the Paragon Algorithm (54, 86) and background
quantitative correction. RAW and converted files are available at Mass Spectrometry
Interactive Virtual Environment (MassIVE): https://massive.ucsd.edu/ProteoSAFe/dataset.
jsp?task=3ef07e4e883e40d782c7ee41af293e83 (MSV000088597) (PDX030584).
Graphs for proteomic analyses were generated using R Studio. Replicates and the
statistical analyses are in the figure legends. A detailed explanation of study
methods is provided in the SI Appendix.

Data Availability. RAW and .mgf converted files have been publicly deposited
in Mass Spectrometry Interactive Virtual Environment (MassIVE; https://massive.
ucsd.edu/ProteoSAFe/static/massive.jsp) (MSV000088597/PDX030584).
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