








morphology of the Tn insertion strain, it failed to restore ESX-1
secretion as measured by Western blot analysis (Fig. 2B).

Wild-type M. marinum lyses sheep red blood cells (sRBCs) in a
contact-dependent, ESX-1-dependent manner (32, 55). There-
fore, we also measured ESX-1 function by measuring hemolysis.
The wild-type M strain lysed sRBCs, resulting in an increased
OD405 (Fig. 2C, and inset). The �RD1 strain failed to lyse RBCs
because of a nonfunctional ESX-1 system, resulting in an OD405

value comparable to that of the negative control for RBC lysis
(PBS). Similarly, the M. marinum 1663::Tn::1664 strain failed to
lyse RBCs, confirming a defect in the ESX-1 system. Consistent
with our findings shown in Fig. 2B, the complementation plasmid
did not restore hemolytic activity to the 1663::Tn::1664 strain.
Taken together, these data indicate that the M. marinum 1663::
Tn::1664 strain was deficient for ESX-1 export in vitro. However,
although the complementation plasmid restored the colony mor-
phology phenotype of the 1663::Tn::1664 strain, it did not restore
ESX-1 export using accepted in vitro ESX-1 secretion assays.

The MMAR_1663-MMAR_1668locus is required for M. ma-
rinum virulence. The M. bovis BCG vaccine strain bears a
genomic deletion that includes the RD1 locus, which carries sev-
eral orthologs of genes required for ESX-1 export in M. tubercu-
losis (3–5, 56, 57). In M. bovis BCG, restoration of EsxA and EsxB
export led to a visible change in M. bovis colony morphology (29).
Because we were able to complement the M. marinum colony
morphology phenotype but not the ESX-1 secretion defect, we
sought to further characterize the 1663::Tn::1664 and comple-
mented strains. With few exceptions, loss of ESX-1-dependent
secretion as measured by the in vitro assays described in Fig. 2
correlates with loss of virulence in ex vivo and in vivo infection
models (3, 5, 32, 42, 58). Based on our finding that the 1663::Tn::
1664 strain was deficient for ESX-1-dependent secretion, we tested
if this strain was attenuated for virulence in cell culture infection
models.

We previously demonstrated that infection of Acanthamoeba
castellanii with M. marinum led to amoeba lysis in an ESX-1-
dependent manner (40). We infected amoebae with M. marinum
strains at an MOI of 10 and measured cytolysis after 24 h using
ethidium homodimer 1 (EthD-1). EthD-1 is a viability stain that
cannot cross intact cellular membranes. Upon disruption of the
cell membrane, EthD-1 binds DNA and emits red fluorescence. By
24 h postinfection wild-type M. marinum M lysed the amoebae,
resulting in red fluorescence and destruction of the amoeba
monolayer (see Fig. S1 in the supplemental material). Because the
RD1 deletion strain (�RD1) is deficient for ESX-1 export (41), it
did not lyse the amoeba monolayer and failed to lead to fluores-
cence of EthD-1 (see Fig. S1). Like the �RD1 strain, the 1663::Tn::
1664 strain failed to lyse the amoeba monolayer and did not result
in EthD-1 fluorescence. Importantly, the complemented strain
lysed the amoeba monolayer and resulted in increased EthD-1
fluorescence (see Fig. S1).

Uptake, replication, and the cytosolic access of M. marinum
leads to ESX-1-dependent cytolysis in macrophages (6, 8, 10, 32).
We infected RAW 264.7 cells with M. marinum at an MOI of 10
and measured cytolysis at 24 h following infection. We measured
cell viability using calcein-AM, a membrane-permeable dye that is
cleaved by esterases in the cytoplasm of living cells. Following
cleavage, the resulting product emits green fluorescence and is
retained within the cell. EthD-1 was used to stain lysed RAW cells.
As we found in the amoeba infection model, infection of RAW
cells with wild-type M. marinum led to decreased viability (less
green signal) and increased lysis (more red signal) compared to
the uninfected control (Fig. 3A). The �esxBA strain is deficient for
ESX-1 secretion and failed to lyse the macrophage monolayer to
appreciable levels. Infection with the 1663::Tn::1664 strain re-
sulted in phenotypes similar to infection with the �esxBA strain.
As we observed for the amoeba infection, infection of RAW cells
with the M. marinum complemented strain led to decreased via-

FIG 2 MMAR_1663-MMAR_1668 is required for ESX-1 export. (A) Sche-
matic of the in vitro ESX-1 secretion assay. (B) M. marinum ESX-1 substrate
production and secretion into the bacteriological medium as detected by
Western blot analysis. The RNAP beta subunit served as a control for lysis and
as a loading control for the cell lysate (CL); MPT-32 served as loading control
for the culture filtrate (CF). The CFP-10 antibody detected the EsxB protein
from M. marinum (indicated by the open arrow). A cross-reacting band is
present below the EsxB band as determined by the lack of the top band in the
�RD1 control strain. The ESAT-6 antibody detected the EsxA protein from M.
marinum. The �RD1 strain served as a control for antibody specificity. �, anti;
comp, complemented strain. (C) Hemolysis assay to measure ESX-1 function.
PBS served as a negative control, and water served as a positive control for RBC
lysis. Error bars represent the standard deviations. Representative experiments
of three biological replicates are shown. The inset is a photograph of the he-
molysis assay for the M and �RD1 strains.
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bility and lysis of the RAW cell monolayer. By quantifying the
EthD-1-stained cells (Fig. 3B), we conclude that the complemen-
tation plasmid partially restored the ability of the 1663::Tn::1664
strain to lyse RAW cells. Together, these data indicate that the
MMAR_1663-MMAR_1668 region is essential for M. marinum
virulence. Moreover, these data reveal that the complementation

strain, which was phenotypically ESX-1 deficient by two indepen-
dent in vitro measures of ESX-1 function, partially restored myco-
bacterial virulence.

Cell-associated EsxAB are physiologically relevant for viru-
lence. An M. tuberculosis strain that failed to export ESAT-6
(EsxA) and CFP-10 (EsxB) into the culture supernatant in vitro
but remained virulent in both cell-based and mouse models of
infection was recently reported (42). One potential explanation
for this finding was that the M. tuberculosis strain exported ESX-1
substrates to a level below the limits of detection of Western blot
analysis (42). EsxA and EsxB have been detected not only in the
bacteriological medium during in vitro growth but also in the cell
wall and associated with the mycobacterial cell surface (28–31).
Therefore, an alternate hypothesis to explain the observed dispar-
ity between ESX-1 export in vitro and virulence is that cell-associ-
ated EsxA and EsxB, not EsxA and EsxB in the culture superna-
tant, mediate virulence.

To test this hypothesis we measured ESX-1 substrates on the
cell surface using a whole-colony MALDI-MS secretion assay we
developed previously (44). For the whole-colony ESX-1 assay (Fig.
4A), the M. marinum strains were grown on Sauton’s agar to in-
duce ESX-1 export. We performed an aqueous protein extraction,
which is highly enriched for proteins that are extrinsically associ-
ated with the mycobacterial cell. We measured the levels of EsxA
and EsxB on the mycobacterial cell surface using MALDI-time of
flight (TOF) MS (44). We detected high levels of both EsxA and
EsxB on the surface of the wild-type M. marinum strain (Fig. 4B).
We did not detect EsxA or EsxB on the surface of the �RD1 strain
which bears a deletion including the esxBA genes. The eccCb::Tn
M. marinum strain has a Tn insertion in the eccCb gene, which
encodes an ATPase required for ESX-1-dependent secretion (3, 5,
18, 32). This strain produces but does not secrete EsxB and EsxA
and served as a control for lysis in the MALDI assay (44). Accord-
ingly, EsxB and EsxA were not detected on the surface of the
eccCb::Tn strain. Consistent with the loss of ESX-1 export, EsxB
and EsxA were not detected on the surface of the 1663::Tn::1664
strain. However, strong peaks for both EsxB and EsxA were de-
tected in the proteins isolated from the surface of the comple-
mented strain (Fig. 4B).

To address the question of the magnitude of complementation
observed at the cell surface, we used targeted mass spectrometry
with heavy-isotope standards to probe the surface-associated
EsxA and EsxB proteome quantitatively. Surface proteins were
collected from each strain as in the MALDI assay. We readily de-
tected EsxA and EsxB in surface protein fractions from the wild-
type M strain, consistent with the MALDI detection (Fig. 4C). We
did not detect EsxA on the surface of the �RD1 strain as expected.
We detected low levels of EsxB on the cell surface of the �RD1
strain, corresponding to 5% of the EsxB present on the surface of
the wild-type strain. Low levels of EsxA and EsxB were present on
the cell surface of the M. marinum 1663::Tn::1664 strain, corre-
sponding to 31% and 19%, respectively, of the EsxA and EsxB
present on the surface of the wild-type strain. Indeed, small peaks
corresponding to both EsxA and EsxB were present in the MALDI
spectra for this strain. Consistent with the MALDI data shown in
Fig. 4B, the complemented strain showed a partial restoration of
both EsxA and EsxB, corresponding to 53% and 70% of the wild-
type levels, respectively. Based on absolute quantification of EsxA
in the surface protein fractions, we confirmed modest but signif-
icant complementation of EsxA on the surface of the comple-

FIG 3 The MMAR_1663-MMAR_1668 region of the M. marinum genome is
required for virulence. M. marinum infection of the RAW 264.7 cell line was
performed at an MOI of 10. Images were acquired at 24 h postinfection with a
20� objective on a Zeiss Axio Observer microscope. Scale bar, 20 mm. EthD-1
staining showed membrane permeabilization of the macrophages, resulting in
red fluorescence. Calcein-AM labeled live macrophages following infection.
(B) Quantitation of the infection data shown in panel A. Red EthD-1-stained
cells per field were counted; four independent fields from each infection were
counted, and the counts were averaged. Error bars indicate the standard devi-
ations between fields.
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mented strain (Fig. 4D). When normalized to typical Western
blot loading controls, low-level complementation of EsxA was
measured (17.9 ng/colony in the complemented versus 10.4
ng/colony in the 1663::Tn::1664 strain). Together, these data in-
dicate that complementation of the 1663::Tn::1664 strain led to a
partial restoration of ESX-1-mediated transport of EsxB and EsxA
to the surface of the mycobacterial cell.

Complementation does not restore EsxA and EsxB secretion
to the culture supernatant. To definitively show that the comple-
mented strain failed to restore secretion of EsxA and EsxB into the

culture supernatant, we prepared protein fractions as described in
the ESX-1 secretion assay in Fig. 2A. We then used the targeted
detection of EsxA and EsxB proteins with an MRM-based pro-
teomics approach to quantify the production and secretion of
EsxA and EsxB into the culture supernatant (19). To determine
the absolute quantity of EsxA and GroES and to define the lower
limits of detection and sensitivity of this approach, we included
stable heavy-isotope versions of tryptic peptides from EsxA and
GroES as absolute internal standards to utilize stable-isotope di-
lution quantitation.

FIG 4 Complementation partially restores the translocation of EsxA and EsxB to the mycobacterial cell surface. (A) Schematic of the whole-colony MALDI MS
ESX-1 secretion assay. (B) MALDI peaks for EsxA and EsxB generated from surface proteins from M. marinum strains. The �RD1 strain lacks the genes encoding
EsxA and EsxB and served as a control for specificity. The eccCb::Tn strain produces but does not export EsxA or EsxB and served as a control for lysis. (C)
Differential quantitative mass spectrometry-based analysis of surface protein (SP) complementation from the wild-type, �RD1, mutant, and complemented
strains. Relative quantification was determined by analysis of tryptic digests of washed colony extracts (surface proteins) compared using LC-MS/MS (MRM-
based) measurement. Lysis and normalization were performed using levels of GroES and GroEL. The �RD1 strain served as a negative ESX-1 and lysis control.
Standard error is shown from triplicate analysis. (D) Absolute levels of EsxA and GroES from colony surface proteins from the wild-type (WT), �RD1,
1663::Tn::1664, and complemented strains. Quantification was determined by LC-MS/MS (MRM-based) analysis of tryptic digests with the addition of 13C15N
stable heavy-isotope versions of peptides from each protein. EsxA values shown are normalized to the GroES values shown. Standard error is shown from
triplicate analyses. Large colonies yielded about 10 to 20 �g of total soluble protein.
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As shown in Fig. 5A, we readily detected the production and
secretion of EsxA and EsxB into the culture supernatant by the
wild-type M strain. The production and secretion of EsxA corre-
sponded to 5,828 	 332 ng/mg of whole-cell lysate and 1.056 �
104 	 634 ng/mg of culture supernatant (Fig. 5A and B). Deletion
of the RD1 region resulted in loss of detection of EsxA in both the
whole-cell lysate and the culture supernatant. In the �RD1 strain,
we observed a 50-fold decrease in the levels of EsxB in the cell
lysate and a 500-fold decrease in the levels of EsxB in the culture
supernatant. The residual signals were likely due to a second iden-
tical EsxB protein in M. marinum encoded outside the RD1 locus
(MMAR_0187), which prevented us from accurately quantifying
EsxB using stable heavy-isotope peptides, and was also observed in
the data shown in Fig. 4B and C. For both EsxA and EsxB, the
1663::Tn::1664 strain and the complemented strains showed a 30
to 40% decrease in the protein levels in the cell lysate. This de-
crease corresponded to 3,143 	 204 ng/mg and 3,001 	 93 ng/mg
of cell lysate for the 1663::Tn::1664 and complemented strains,
respectively. Secretion levels of EsxA and EsxB were comparable in
the culture supernatant to levels less than 1% of the wild-type
strain. Absolute quantitation of EsxA in the culture supernatant
was 28 	 4.3 ng/mg and 40 	 3.7 ng/mg of culture supernatant for

the transposon insertion and complemented strains, respectively,
which does not appear significant compared to the wild-type
strain.

These experiments were controlled by measuring relative
changes in MMAR_2929, a secreted protein bearing an Sec signal
sequence (59) (Fig. 5A). We observed a relative increase in
MMAR_2929 in culture supernatants generated from both the
1663::Tn::1664 and the complemented strains compared to the
wild-type strain. Levels of GroES were used as an internal control
and were extremely consistent between strains, with an average
quantity of 7,160 ng 	 475 ng of GroES/mg of total cell lysate (Fig.
5B). Levels of GroES were used as a lysis marker in culture super-
natants and were consistent for all strains other than the �RD1
strain, which exhibited less lysis and was corrected for in subse-
quent quantification. EsxA and EsxB have large signal-to-noise
ratios by targeted proteomics in the wild-type M strain
(�15,000:1 at 3
), and we observed more than 3 orders of linear
dynamic range, compared to an exact isotopic standard. Based on
these data, we estimate the lower limits of detection for this assay
of EsxA to be better than 3 ng/mg of culture filtrate. We would
thus reliably be able to detect and quantify EsxA production and
export at less than 0.05% of the levels we detected from the wild-

FIG 5 Differential and absolute quantification of ESX-1 substrates in M. marinum. Relative levels of EsxA, EsxB, and MMAR_2929 in whole-cell lysates and
culture supernatants from the �RD1, 1663::Tn::1664, and complemented M. marinum strains were compared to levels of the wild-type M strain. Error bars
represent the average percent coefficient of variation of the cell lysates (CL) and culture filtrates (CF). (B) Absolute levels of EsxA and GroES in whole-cell lysates
and culture supernatants generated from the wild-type, �RD1, 1663::Tn::1664, and complemented strains. Quantification was determined by analyzing tryptic
digests by LC-MS/MS triple-quadrupole MRM-based proteomics with 13C15N stable heavy-isotope versions of peptides from each protein. Our linear dynamic
range was 4 orders of magnitude, and the LLOQs were approximately 2.5 ng/mg for EsxA and 250 pg/mg for GroES. Error shown is the percent coefficient of
variation of the measured value. *, MRM value; **, bicinchoninic acid protein assay of bulk material.
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type strain. Together, these findings demonstrate that the comple-
mentation of the Tn insertion in the MMAR_1663-MMAR_1668
locus restored the localization of EsxA and EsxB to the mycobac-
terial cell surface but not the export of EsxA and EsxB into the
culture supernatant.

DISCUSSION

The presence of EsxA, EsxB, and other ESX-1 substrates in the
bacteriological medium has been routinely used as a measure of
ESX-1 export in several mycobacterial species. This assay has been
central in defining the components and the substrates of the
ESX-1 system as well as the molecular mechanisms underlying
substrate selection and export (initial examples include references
3 and 5). Indeed, in the vast majority of reports, the secretion of
the EsxA and EsxB substrates into bacteriological medium
matches the virulence phenotype of the mycobacterial strain. The
presence of EsxA and EsxB in the culture supernatant correlates
with virulence while the absence of these proteins correlates with
attenuation. There are four reports in which in vitro ESX-1 secre-
tion as detected by Western blot analysis on culture filtrates did
not match the virulence phenotypes in a variety of infection mod-
els (42, 58, 60, 61). In three of these reports, M. tuberculosis strains
that still secreted EsxA and EsxB into the bacteriological medium
were attenuated for virulence (58, 60, 61). In 2013, Chen et al.
constructed EspA variants in M. tuberculosis which resulted in a
loss of ESX-1 export into the culture supernatant in vitro by West-
ern blot analysis, yet the strains were as virulent as wild-type M.
tuberculosis in both mouse and macrophage infection models
(42). Here, in our attempts to complement an M. marinum trans-
poson insertion strain with a defect in ESX-1 export, we uncov-
ered a disparity similar to that reported in the study of Chen et al.:
loss of EsxA and EsxB export into the culture supernatant did not
correspond to attenuation. This is the first example of a disparity
between in vitro export and virulence in M. marinum. Our studies
indicate that the disparity observed is a direct consequence of the
assay used to measure ESX-1 export. We reconciled this apparent
disparity by measuring ESX-1-mediated translocation of EsxA
and EsxB to the M. marinum cell surface (44). We have definitively
shown that in the complemented strain, EsxA and EsxB were ex-
ported to the cell surface of M. marinum but not released into the
bacteriological medium.

In M. tuberculosis, both EsxA (ESAT-6) and EsxB (CFP-10)
have been localized to the cell wall and to the cell surface (28–31).
Moreover, the exogenous addition of EsxA to ESX-1-deficient,
irradiated M. tuberculosis H37Rv led to reassociation of EsxA to
the cell surface and lytic activity against alveolar cells (28). Here,
we provide the first example of a mycobacterial strain that trans-
locates the EsxA and EsxB proteins to the cell surface but not into
the bacteriological medium in vitro. We show that this M. mari-
num strain is virulent and retains the ability to infect and cause
cytolysis of both macrophages and amoebae, ESX-1-mediated
functions that have been ascribed to EsxA (4, 28, 39). Interest-
ingly, we found that EsxB was more readily detected on the my-
cobacterial cell surface than EsxA. This result is in line with the
study of Kinhikar et al. which identified CFP-10 (EsxB) on the cell
surface of M. tuberculosis but reported a paucity of ESAT-6 (EsxA)
(28).

It is not clear if the ESX-1 substrates are true exoproteins (re-
leased from the cell) or extrinsically associated with the MOM and
shed, either actively or passively, into the bacteriological medium

in vitro. We propose, in line with the findings by Kinhikar et al.,
that it is likely that translocation of EsxA and EsxB to the myco-
bacterial cell surface, rather than the active secretion or passive
shedding into the bacteriological medium, correlates with viru-
lence in M. marinum (28, 29). While it is not yet resolved if ESX-1
substrates remain cell associated in vivo, association of EsxA and
EsxB with the mycobacterial cell surface may explain why the ac-
tive export of ESX-1 substrates into the phagosome or cytosol of
the macrophage has not been routinely observed.

In considering why the complemented strain exported ESX-1
substrates to the cell surface but did not release them into the
culture supernatant, we can propose at least two ideas. First, the
release of EsxA and EsxB into the culture medium could be active,
and the locus we have identified could be involved in this process.
However, if this model were correct, we would have expected to
see a partial restoration of EsxA and EsxB in the culture superna-
tant. Alternatively, the levels of EsxA/B on the cell surface in the
complemented strain are lower than those in the wild-type strain.
It could simply be that ESX-1 substrates are passively shed in the
culture supernatant. Less protein on the surface could translate to
a lack of shedding into the medium.

Genetic complementation in mycobacteria is often difficult.
We show here that complementation is not straightforward and
that a negative result should not be taken to mean that comple-
mentation has failed. Clearly, the success of the complementation
depends highly on the assay used for detection. Although we
achieved partial complementation, this strain served as a valuable
tool in dissecting how commonly used ESX-1 export assays corre-
late with each other and with virulence. Our study also raises the
question of how widely used in vitro assays reflect ESX-1 export
that occurs within a host cell. Based on our findings, colony mor-
phology phenotypes and whole-colony secretion assays correlate
with M. marinum virulence. The correlation between hemolytic
activity and secretion of ESX-1 substrates into the bacteriological
medium with virulence is less clear.

Finally, we report a novel locus outside the extended RD1 re-
gion in the M. marinum genome that is required for ESX-1-medi-
ated export. Importantly, our study proves that there are addi-
tional genes outside the extended RD1 locus which affect ESX-1
secretion in M. marinum. There have been several genetic screens
designed to identify genes required for ESX-1 export and ESX-1
substrates. There has never been a direct, saturating screen to
identify all of the known ESX-1 components or substrates in any
organism. Indeed, screens to find secreted proteins have specifi-
cally missed ESX-1 substrates (62). A screen for ESX-1 genes in M.
marinum using hemolysis assays identified genes only in the ex-
tended RD1 locus (32). This screen was not saturating and, based
on our findings here (Fig. 2B), may not reflect the type of ESX-1
export that mediates virulence. Hemolysis has historically corre-
lated with both virulence and the presence of ESX-1 substrates in
the culture supernatant (see, for example, reference 32). Here, we
report the first disparity between these assays. Importantly, the
partially complemented strain was nonhemolytic but caused in-
termediate levels of cytolysis in macrophage-like cells. These find-
ings highlight the point that the mechanisms underlying hemoly-
sis and cytolysis may be distinct.

Reintroduction of the 3= half of MMAR_1663 and the entirety
of MMAR_1664-MMAR_1668 to the 1663::Tn::1664 Tn insertion
strain led to a restoration of colony morphology, a partial resto-
ration of the translocation of EsxA and EsxB to the M. marinum
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surface, and a partial restoration of ESX-1-mediated virulence in
cell culture models of infection. As shown in Table 2, several genes
surrounding the transposon insertion are essential for growth in
vitro in M. tuberculosis, including the ortholog of the gene imme-
diately upstream of the transposon insertion, MMAR_1663 (54).
The transposon insertion strain exhibited a lag in growth com-
pared to the wild-type M strain, indicating that the transposon
likely had some effect on MMAR_1663 (Fig. 1C). The comple-
mentation plasmid contained the 3= half of the MMAR_1663 gene
and failed to restore the growth phenotype (Fig. 1B and C). Yet the
complementation plasmid partially restored virulence and export
(Fig. 3 and Fig. 4), implicating genes other than MMAR_1663 in
ESX-1 export. Importantly, these findings demonstrate that the
lag in growth was not entirely responsible for the attenuation ob-
served in both amoebae and macrophages. While we have not
determined which individual gene or genes are specifically re-
quired for ESX-1 secretion and virulence in this study, based on
the position of the transposon insertion and the orientation of the
annotated genes on the genome (45), it is probable that either
MMAR_1664, MMAR_1665, or both genes are required.

In M. tuberculosis, the ortholog of MMAR_1664 is Rv3037c
(77% identical at the amino acid level) (Table 2). The closest or-
thologs of MMAR_1664 and Rv3037c resemble S-adenosylme-
thionine (SAM)-dependent methyltransferases (MeTs). Rv3037c
was identified as required for M. tuberculosis infection of macro-
phages using the transposon site hybridization (TraSH) approach
(63). It is not known how Rv3037c contributes to M. tuberculosis
virulence, but this gene has not previously been linked to ESX-1
export. We would hypothesize, based on our findings, that the
Rv3037c gene and/or other genes at the locus promote ESX-1 ex-
port in M. tuberculosis.

MMAR_1665 is also conserved in M. tuberculosis. MMAR_
1665 is 79% identical to Rv3036c (TB22) at the amino acid level.
TB22 is a protein likely secreted by the Sec secretion system based
on the presence of a predicted N-terminal signal sequence (59).
Because we were unsuccessful in determining if MMAR_1664 and
MMAR_1665 are operonic, the contribution of MMAR_1665 to
ESX-1 is unclear.

Finally, considering that the Tn insertion mapped to an inter-
genic region, there remains a formal possibility that the trans-
poson insertion disrupted a small regulatory RNA located be-
tween MMAR_1663 and MMAR_1664. Determining the precise
mechanism of how the transposon disrupts ESX-1 export will be
the focus of future investigations.
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