
A Novel ESX-1 Locus Reveals that Surface-Associated ESX-1
Substrates Mediate Virulence in Mycobacterium marinum

George M. Kennedy,a Gwendolyn C. Hooley,a Matthew M. Champion,b,c,d Felix Mba Medie,a,d Patricia A. DiGiuseppe Championa,c,d

Department of Biological Sciences,a Department of Chemistry and Biochemistry,b Center for Rare and Neglected Diseases,c and Eck Institute for Global Health,d University
of Notre Dame, Notre Dame, Indiana, USA

EsxA (ESAT-6) and EsxB (CFP-10) are virulence factors exported by the ESX-1 system in mycobacterial pathogens. In Mycobac-
terium marinum, an established model for ESX-1 secretion in Mycobacterium tuberculosis, genes required for ESX-1 export re-
side at the extended region of difference 1 (RD1) locus. In this study, a novel locus required for ESX-1 export in M. marinum was
identified outside the RD1 locus. An M. marinum strain bearing a transposon-insertion between the MMAR_1663 and
MMAR_1664 genes exhibited smooth-colony morphology, was deficient for ESX-1 export, was nonhemolytic, and was attenu-
ated for virulence. Genetic complementation revealed a restoration of colony morphology and a partial restoration of virulence
in cell culture models. Yet hemolysis and the export of ESX-1 substrates into the bacteriological medium in vitro as measured by
both immunoblotting and quantitative proteomics were not restored. We show that genetic complementation of the transposon
insertion strain partially restored the translocation of EsxA and EsxB to the mycobacterial cell surface. Our findings indicate that
the export of EsxA and EsxB to the cell surface, rather than secretion into the bacteriological medium, correlates with virulence
in M. marinum. Together, these findings not only expand the known genetic loci required for ESX-1 secretion in M. marinum
but also provide an explanation for the observed disparity between in vitro ESX-1 export and virulence.

The ESAT-6 system-1 (ESX-1)/WXG-100 secretion system
(Wss) is required for the virulence of both Gram-positive and

mycobacterial pathogens (1–5). In mycobacterial pathogens the
ESX-1 system likely promotes permeabilization of the phago-
somal membrane allowing either the bacterial cell or bacterial
products access to the cytosol of the macrophage (6–10). The
ESX-1/Wss system is conserved and functional in nonpathogenic
bacteria, where it promotes a range of activities, including conju-
gation (11–16).

Protein substrates are translocated across the mycobacterial
cytoplasmic membrane by the ESX-1 export system (3, 5). Several
genes are required for protein translocation, disruption of which
results in loss of substrate secretion into the bacteriological me-
dium (culture supernatant) in vitro (3–5, 17–26). It is unknown
how the protein substrates are secreted across the mycolate outer
membrane (MOM) out of the mycobacterial cell or if the known
ESX genes promote MOM translocation. Likewise, it is not clear if
the ESX-1 substrates are true exoproteins (released from the cell)
or extrinsically associated with the MOM and shed into the bac-
teriological medium (27–29). Indeed, in addition to the culture
supernatant, ESX-1 substrates have been localized to the myco-
bacterial cell wall and associated with the surface of the mycobac-
terial cell (28–31). It is unclear which population of ESX-1 sub-
strates mediates virulence. The active secretion of ESX-1
substrates into the phagosome or cytosol of the macrophage has
not been routinely observed.

In the human pathogen Mycobacterium tuberculosis, three ge-
netic loci are required for substrate translocation. The largest lo-
cus is the extended region of difference 1 (RD1), which refers to a
region of the M. tuberculosis genome that is absent from the My-
cobacterium bovis BCG vaccine strains (3–5). The two additional
loci include the espACD operon and espR (23, 24, 26).

Mycobacterium marinum is a pathogenic mycobacterial species
that is established as a model for studying ESX-1 export in M.
tuberculosis (32–35). In M. marinum the extended RD1 locus

(MMAR_5439 through MMAR_5459, based on homology to the
genes in M. tuberculosis) is the only genomic region reported to be
required for ESX-1 export (18, 32, 34, 36–39). Transposon inser-
tions within or targeted deletion of individual genes in the ex-
tended RD1 locus prevents the export of ESX-1 substrates, includ-
ing EsxA (ESAT-6) and EsxB (CFP-10) (EsxA/B) in vitro and
attenuates M. marinum in macrophage, amoeba, and zebrafish
models of infection (32, 40, 41).

In general, genetic manipulations to the ESX-1 system which
result in loss of substrate secretion into the culture supernatant in
vitro lead to loss of virulence in infection models (initially de-
scribed in references 3 and 5). Recent work from Chen et al. re-
ported variants of EspA, an ESX-1 substrate in M. tuberculosis,
which led to strains that were deficient for ESX-1 secretion as
measured by Western blot analysis of culture filtrate proteins (42).
Surprisingly, these M. tuberculosis strains were virulent in both
macrophage and mouse infection models (42). While this result
may be interpreted to mean that ESX-1 export and secretion are
not required for virulence, there is long-standing evidence to the
contrary. The mechanism underlying the apparent disparity be-
tween a loss of ESX-1 secretion and virulence remains undefined.

Here, we report the identification of a region of the M. mari-
num genome, outside the extended RD1 locus, required for ESX-1
export. We demonstrate that insertion of a transposon in the in-
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tergenic region between MMAR_1663 and MMAR_1664 in the M.
marinum genome altered colony morphology, disrupted ESX-1-
mediated hemolysis and substrate export into the bacteriological
medium in vitro, and attenuated M. marinum in cell culture
models of infection. The addition of a second copy of the
MMAR_1663-MMAR_1668 genes led to complementation of col-
ony morphology and a partial complementation of the virulence
defect. However, ESX-1-dependent contact-dependent hemolysis
and secretion of protein substrates into the bacteriological me-
dium were not restored. Using a whole-colony ESX-1 secretion
assay that measures the translocation of the EsxA and EsxB ESX-1
substrates to the cell surface and quantitative proteomics, we con-
firmed partial complementation of ESX-1 function. We propose
that the translocation of EsxA and EsxB to the mycobacterial cell
surface rather than export into the bacteriological medium corre-
lates with virulence in M. marinum. Together, our findings ex-
pand the known genetic loci required for ESX-1 secretion and
explain the observed disparity between in vitro ESX-1 export and
virulence in M. marinum.

MATERIALS AND METHODS
Bacterial strains and cultures. Mycobacterium marinum strains were
grown at 30°C in Middlebrook 7H9 liquid broth (Sigma-Aldrich, St.
Louis, MO) with 0.1% Tween 80 (Fisher Scientific, Pittsburgh, PA) or on
Middlebrook 7H11 agar as described previously (19), supplemented with
kanamycin (20 �g/ml; IBI, Poesta, IL) or hygromycin (50 �g/ml; EMD
Millipore, Billerica, CA) as necessary. The mycobacterial strains used in
this study are listed in Table 1. All strains were derived from the M. ma-
rinum M strain (ATCC BAA-535). The M. marinum strain 14 was con-
structed by introduction of the pMB272 suicide plasmid which carries the
Mariner transposon (Tn) into the M strain (43). Mycobacterial transfor-
mation was performed using electroporation as previously described (43,
44). Following introduction of the plasmid, counter-selection was applied
by adding sucrose to the agar, and growth was at 32°C to promote plasmid
loss and transposon insertion into the genome as described previously
(44). The transposon insertion site was identified by extracting and digest-
ing the M. marinum genomic DNA and generating a plasmid library in
pBluescript SK� (Agilent Technologies, La Jolla, CA) (44). All restriction
enzymes were purchased from New England BioLabs (NEB; Ipswich, MA)
and used according to the manufacturer’s recommendations. All plasmid

preparations were made using an AccuPrep Plasmid MiniPrep DNA Ex-
traction Kit (Bioneer, Alameda, CA). The plasmid including the genomic
DNA bearing the transposon insertion was selected by introduction of the
library into Escherichia coli DH5� and selecting for resistance to kanamy-
cin. The insertion site was identified using the 821A (5=-CGCATCTTCC
CGACAACGCAGACCGTTCC) and 822A (5=-TAATCGCGGCCTCGA
GCAAGACGTTTCCCG) primers which anneal to the Tn and allow
sequencing of the genomic regions flanking the transposon (43). All prim-
ers were ordered from Integrated DNA Technologies. In the M. marinum
strain 14, the transposon inserted between a T/A dinucleotide (bases
2010906/2010907). The aph promoter on the Tn was in the reverse orien-
tation to the predicted MMAR_1664 open reading frame (ORF). The
�RD1 and the eccCb::Tn M. marinum strains were obtained from Eric J.
Brown (18, 41).

Construction of p=1663–1668 complementation plasmid. The
p=1663–1668 plasmid was constructed by amplifying a 5.8-kb region from
M. marinum M genomic DNA using the OGK29 (5=-GCTCTAGAGAAG
TGGTCGATCTCGTATG) and OGK30 (5=-AAAACTGCAGGCGAAAT
GTTCGAGGATCTG) primers (XbaI and PstI restriction sites are under-
lined). The resulting PCR product included genomic DNA including the
3= half of MMAR_1663 through the first �300 bp of MMAR_1669 as
annotated in MycoBrowser (45). The PCR product was purified using an
AccuPrep PCR Purification Kit (Bioneer, Alameda, CA). The resulting
digested product was introduced into the pMV206Hyg shuttle vector (23,
46) using standard molecular biology approaches according to the man-
ufacturer’s instructions (NEB, Ipswitch MA). The plasmid was confirmed
by sequencing analysis in the Notre Dame Genomics and Bioinformatics
Core Facility (https://www3.nd.edu/�genomics/). The resulting plasmid
was introduced into the 14 M. marinum strain using electroporation. The
resulting complementation strain was confirmed by amplifying the hy-
gromycin resistance gene from the episomal plasmid following genomic
DNA extraction using the OPC81 (5=-ACGAAAGGCTCAGTCGAAAG)
and OPC82 (5=-TCCGCTGTGACACAAGAATC) primers.

M. marinum infection of amoebae and macrophage-like cells. Acan-
thamoeba castellanii amoebae were cultured and maintained at room tem-
perature in PYG-712 medium as previously described (40). M. marinum
strains were cultured in vitro as described above. Twenty-four-well plates
were seeded with 5 � 105 A. castellanii amoebae per well and infected with
M. marinum at a multiplicity of infection (MOI) of 10. The infections
were centrifuged briefly to ensure efficient contact with and uptake of
bacteria. After 2 h, monolayers were treated with gentamicin (100 �g/ml;
Research Products International [RPI], Mount Prospect, IL) for 1 h to
eliminate extracellular bacteria. Infections and incubations were carried
out at room temperature. The infected amoebae were incubated at room
temperature for 24 h.

The mouse macrophage-like cell line RAW 264.7 was a gift from Jeff
Schorey. The cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% fetal bovine serum (HyClone, Logan, UT,
USA), at 37°C under a humidified atmosphere of 95% air and 5% CO2.
The cells were seeded in 24-well plates (Greiner Bio-One, Monroe, NC), at
a density of 5 � 105 cells/well, 1 day prior to infection. The cells were
infected with mycobacteria at an MOI of 10 for 2 h at 37°C in 5% CO2. The
extracellular bacteria were removed as described above, and cells were
further incubated at 37°C in 5% CO2 for 24 h.

Viability assays. Cell viability analysis of A. castellanii was performed
by treating infected monolayers with ethidium homodimer (4 �M) (Live/
Dead Viability/Cytotoxicity Kit; Molecular Probes) for 30 min at room
temperature, protected from light. The calcein-acetoxymethyl (calcein-
AM) stain did not visibly stain the amoebae. Infected monolayers of RAW
264.7 cells were stained with ethidium homodimer 1 and calcein-AM
(Live/Dead Viability/Cytotoxicity Kit; Life Technologies, Grand Island,
NY) at 37°C in 5% CO2 for 1 h. For both amoebae and macrophages,
imaging was performed using a Zeiss AxioObserver A1 inverted micro-
scope with phase-contrast, rhodamine (red), and green fluorescent pro-
tein (GFP) filters. The relative cytotoxicity exhibited by infected cells was

TABLE 1 Strains used in this study

M. marinum strain Genotype
Reference
or source

M Wild-type M. marinum ATCC
1663::Tn::1664 strain M strain bearing a transposon

insertion between the
MMAR_1663 and
MMAR_1664 genes

This study

1663::Tn::1664/p=1663–1668
strain

Complemented; transposon
insertion strain bearing an
episomal plasmid carrying
the C-terminal half of
MMAR_1663 through
MMAR_1668

This study

�RD1 strain M strain bearing a genomic
deletion including
=eccCb-=espK

41

�esxBA strain M strain bearing a deletion
covering the esxB and esxA
genes

32
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quantified by enumeration of dead cells in at least four fields chose ran-
domly for each strain.

Hemolysis assay. Hemolysis assays were described previously by
Champion et al. (44). Briefly, M. marinum strains were grown in 25 ml of
7H9 broth (Middlebrook) and 0.1% Tween 80 with the appropriate anti-
biotics as required. Bacterial strains were normalized by number of cells as
calculated by measuring the absorbance at the optical density at 600 nm
(OD600). Bacterial cells and sheep red blood cells (sRBCs; BD biosciences,
San Jose, CA) were washed with phosphate-buffered saline (PBS), mixed,
collected by centrifugation, and incubated for 2 h at 30°C. Hemolysis was
measured by changes in the absorbance at the OD405 using a SpectraMax
M5 plate reader (Molecular devices, Sunnyvale, CA). Water and PBS were
used as positive and negative controls, respectively.

ESX-1 secretion assay. ESX-1 protein export assays to measure ESX-
1-dependent translocation of EsxA and EsxB in the culture supernatant
were performed as described previously (19, 44). Briefly, M. marinum
cultures were grown to saturation in 7H9 defined broth and diluted to an
OD600 of 0.8 in 50 ml of Sauton’s defined broth with 0.05% Tween 80 and
antibiotics as required. After 48 h of growth at 30°C, cells were harvested
by centrifugation, and spent medium was filtered to generate culture fil-
trates. Whole-cell lysates were generated by lysing the mycobacterial cells
with a Mini-Bead Beater-24 (BioSpec, Bartlesville, OK), and culture fil-
trates were concentrated and treated with phenylmethylsulfonyl fluoride
(PMSF) as described previously (19, 44).

The protein fractions were used either for Western blot analysis or for
targeted multiple-reaction monitoring (MRM) proteomics (see below).
Protein concentrations were measured using a MicroBCA Protein Assay
Kit (Thermo Scientific/Pierce, Rockford, IL); 10 �g of cell lysate and cul-
ture filtrate were separated using 4 to 20% Criterion TGX Precast Gels
(Bio-Rad, Hercules, CA). Proteins were transferred to nitrocellulose and
detected by Western blot analysis using LumiGLO Chemiluminescent
Substrate (KPL, Gaithersburg, MD) for CFP-10 (NR-13801; BEI Re-
sources, Manassas, VA) and ESAT-6 (AB26246; Abcam, Cambridge, MA)
and FAP/MPT-32 (NR-13807; BEI Resources) antibodies as described by
Champion et al. (44). A Li-Cor Odyssey Imaging System (LI-COR, Lin-
coln, Nebraska) was used to image the anti-RNA polymerase (RNAP) beta
subunit antibody (AB12087; Abcam) in immunoblots. The following an-
tibody dilutions were used in this study: 1:5,000 anti-RNAP beta subunit
in blocking buffer for fluorescent Western blotting (Rockland, Gilberts-
ville, PA) and 1:5,000 anti-CFP-10, 1:5,000 anti-FAP/MPT-32, and
1:3,000 anti-ESAT-6 in 5% milk in PBS with 0.1% Tween 80 (PBST).
Secondary antibodies were used at the following concentrations; 1:10,000
goat anti-mouse IgG DyLight 800 secondary antibody (35521; Pierce Bio-
technology, Rockford, IL) in blocking buffer for RNAP immunoblots,
1:5,000 goat anti-mouse IgG horseradish peroxidase (HRP) conjugate
secondary antibody (NB710-94938; Novus Biologicals, Littleton, CO) in
5% milk in PBST for ESAT-6 immunoblots, and 1:5,000 goat anti-rabbit
IgG HRP conjugate secondary antibody (12-348; Millipore, Billerica, MA)
in 5% milk in PBST for CFP-10 and FAP/MPT-32 immunoblots.

MS-MALDI. Matrix-assisted laser desorption ionization (MALDI) se-
cretion assays were performed essentially as described in our previous
work (44). Briefly, �5-mm-sized colonies from bacteria grown for 7 days
on Sauton’s agar plates were removed with a toothpick to a 0.22-�m-
pore-size centrifuge filter (Corning, NY). Fifty microliters of liquid chro-
matography-mass spectrometry (LC-MS)-grade water (Honeywell
Burdick and Jackson, Wicklow, Ireland) was added and briefly vortexed
on low (2/8 arbitrary units [AU]) and then centrifuged at 2,000 � g for 60
s. One microliter of sample from each M. marinum strain (M, �RD1
eccCb::Tn, 1663::Tn::1664, and complemented strains) was deposited
onto an Au-MALDI target and dried, and 1 �l of saturated sinapic acid in
50% acetonitrile– 0.1% trifluoroacetic acid (TFA) was applied as an over-
lay and allowed to dry. Myoglobin (10 �M) was applied as an external
standard adjacent to the spots for analysis/calibration. MALDI spectra
were acquired in linear mode on an AutoflexIII (Bruker, Billerica, MA)
with a low-mass deflection set to 4,000 m/z and 300 nS of delay (47). A

total of 1,000 spectra were summed at a laser frequency of 100 Hz. Spectra
were processed using a 10-amu Gaussian smooth and a linear calibration
to the [M � H]1� and [M � 2H]2� peaks of myoglobin as we described
previously (44). Colony response was normalized using normalized peak
intensities of secreted peaks at �7,500 m/z and 8,000 m/z.

Nano-UHPLC-MRM. Targeted mass spectrometry via multiple-reac-
tion monitoring (MRM) was performed essentially as described previ-
ously (19, 48, 49). Briefly, 50-�g fractions of culture filtrates or whole-cell
lysates were denatured with 2,2,2-trifluoroethanol (2,2,2-TFE; Sigma, St.
Louis, MO), reduced and alkylated (with dithiothreitol [DTT] and iodo-
acetamide [IAA], respectively), and then digested with trypsin (overnight
at 1:50). Surface protein samples were digested identically; but there was
approximately 10 to 20 �g of total protein, and approximately 250 ng was
used per injection. After quenching, 5-�g aliquots were desalted using C18

ZipTips (Millipore, Boston, MA), and 3 �l each of a 13C15N stable-isotope
version of EsxA and GroES peptides (0.71 �M and 0.65 �M) was added
prior to drying. The internal tryptic sequence NH2-LAAAWGGSGSEAY
R-OH (EsxA) was synthesized (New England Peptide, Gardner, MA) at
�95% purity with [U-13C6, 15N4]arginine (residue in boldface). NH2-
EKPQEGTVVAVGPGR-OH with [U-13C6, 15N4]arginine was synthe-
sized for GroES. Both peptides were checked for purity, and MRM tran-
sitions were validated prior to use (see Fig. S3 in the supplemental
material) (46, 50–52). Samples were resuspended into 20 �l of 0.5% for-
mic acid, and 2 �l of this mixture (500 ng) was injected onto a 100-�m by
100-mm C18 BEH column (Waters, Milford, MA). This represents the
injection of 213 fmol of EsxA and 195 fmol of GroES heavy-isotope pep-
tides. Protein digests were separated using a 90-min gradient from 2 to
35% of solvents A and B (A, 0.1% formic acid; B, acetonitrile– 0.1% for-
mic acid) at 650 nl/min on an Eksigent 2D Ultra nano-ultrahigh-perfor-
mance liquid chromatography (UHPLC) system (Eksigent, Dublin, CA).
MRM transitions were determined from empirical LC-tandem MC (MS/
MS) data and existing MRM data we have previously published (19, 44,
52).The transition list is included as Table S2 in the supplemental mate-
rial. Mass spectrometry was performed on a QTrap 6500 running in triple
quadrupole mode (AB Sciex, Foster City, CA). Dwell times, collision en-
ergy (CE), voltage, and other parameters are listed in Table S2. Each sam-
ple was injected in triplicate, with biological duplicates. Targeted pro-
teomics peak areas were integrated with a single three-point Gaussian
smooth using the MQ4 algorithm within Multiquant, version 2.2 (AB
Sciex). Protein loading and cell lysis were normalized as described previ-
ously (19, 53), and absolute quantification was facilitated by the use of the
stable heavy-isotope internal standards. Peak areas and associated statis-
tics are available in Fig. S4 to S7 in the supplemental material. Approxi-
mate lower limits of quantification (LLOQs) were determined by scaling
the observed signal-to-noise (S/N) ratio of ESAT-6 stable isotope peptide
to an S/N limit of 3:1 to 5:1.

RESULTS
Identification of a smooth M. marinum strain. We generated a
transposon insertion library in M. marinum M consisting of
�25,000 independent transposon (Tn) insertion strains (44). Us-
ing this library, we sought to identify additional genes required for
ESX-1 secretion in M. marinum. In M. marinum loss of some
ESX-1-associated genes has been reported to lead to smooth-col-
ony morphology (18). By examining the colony morphology of
Tn-bearing strains, we identified M. marinum strain 14, which
exhibited a smooth-colony morphology following growth on
7H11 agar compared to the rough, wild-type phenotype of the M
strain (Fig. 1A). Note that M. marinum strain 14 had a shiny ap-
pearance compared to wild-type M. marinum (Fig. 1A).

We identified the location of the Tn insertion in the M. mari-
num genome by isolating the Tn-containing DNA and defining
the Mariner Tn/genome junction by DNA sequencing analysis (as
described in Materials and Methods) (44). The Tn inserted be-
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tween a T/A dinucleotide (bases 2010906/2010907) 120 bp up-
stream from the predicted start site for the MMAR_1664 gene as
annotated by MycoBrowser (Fig. 1B) (45). We will refer to strain
14 as the 1663::Tn::1664 strain from this point forward to indicate
the location of the Tn insertion in the M. marinum genome.

We attempted to determine which gene was transcriptionally

affected by the Tn insertion using reverse transcriptase PCR. We
were unable to detect transcription from MMAR_1663 or
MMAR_1664 in wild-type M. marinum in vitro (data not shown).

To test if the colony morphology phenotype was due to the
insertion of the Tn in the M. marinum genome, we introduced the
region of the M. marinum M genome spanning from the middle of
the MMAR_1663 gene through MMAR_1668 into a promoterless
episomal plasmid (pMV206Hyg). We confirmed the presence of
the complementation plasmid in the M. marinum transposon in-
sertion strain using PCR. Introduction of the p=1663–1668 plas-
mid into the 1663::Tn::1664 M. marinum strain restored the
rough-colony phenotype (Fig. 1A). From these data, we conclude
that the transposon insertion was responsible for the smooth-
colony phenotype observed in the 1663::Tn::1664 strain.

The orthologous locus in the M. tuberculosis genome includes
several genes required for growth in vitro (54), including the or-
tholog of MMAR_1663, the gene directly upstream of the Tn in-
sertion (Table 2). We therefore measured growth of the M, 1663::
Tn::1664, and complemented strains in defined 7H9 broth to test
if the 1663::Tn::1664 strain was defective for growth in vitro com-
pared to the wild-type M strain. We observed a lag during loga-
rithmic growth for the 1663::Tn::1664 strain compared to the M
strain (Fig. 1C). Introduction of the complementation plasmid
into the 1663::Tn::1664 strain failed to restore normal growth,
likely because the complementation plasmid did not include all of
the MMAR_1663 gene. Together, these data indicate that we have
identified a novel locus in the M. marinum genome, disruption of
which leads to a smooth-colony phenotype.

Disruption of the MMAR_1663-MMAR_1668 locus leads to
loss of ESX-1 export. Because of the observed smooth-colony
morphology phenotype, we tested if the 1663::Tn::1664 strain was
deficient for ESX-1 export (18, 29). We measured ESX-1-depen-
dent secretion of the EsxB and EsxA substrates into bacteriological
medium in vitro using cell fractionation followed by Western blot
analysis (Fig. 2A). The M strain produced and exported EsxA and
EsxB into the culture filtrate (Fig. 2B). The deletion in the �RD1
M. marinum strain includes the esxBA genes, which encode EsxB
and EsxA. Accordingly, the EsxB and EsxA proteins were not de-
tected in the cell lysate or culture filtrate fractions. The 1663::Tn::
1664 strain produced but did not export EsxB or EsxA, demon-
strating a defect in ESX-1 export (Fig. 2B). The secretion of the Sec
substrate, MPT-32, was not affected, indicating that the 1663::Tn::
1664 strain was not generally defective for protein export. Despite
the ability of the complementation plasmid to restore the colony

FIG 1 Identification and characterization of a smooth M. marinum strain. (A)
Images of the indicated M. marinum strains grown on 7H11 agar plates show-
ing the colony morphology phenotypes of the wild-type M strain, the Tn
insertion strain, and the complemented strain. (B) The site of Tn insertion in
the M. marinum strain 14 genome. The Tn inserted 120 bp upstream of the
MMAR_1664 gene. The construct used for complementation is indicated be-
low the locus and included the C-terminal half of the MMAR_1663 gene
through the MMAR_1668 gene. (C) Growth as measured by absorbance at the
OD600 of M. marinum cultures in 7H9 defined broth. Error bars represent
standard deviations.

TABLE 2 Comparison of the MMAR_1663-MMAR_1668 genomic regions in M. marinum and M. tuberculosis

M. marinum gene M. tuberculosis gene
% Amino acid
identity Proposed function (reference)a

MMAR_1663 Rv3038c 87 Conserved hypothetical ortholog, MeT; essential for in vitro growth in M. tuberculosis (54)
MMAR_1664 Rv3037c 77 Conserved hypothetical ortholog, SAM-MeT; essential for growth in macrophages in M.

tuberculosis (63)
MMAR_1665 Rv3036c (TB22.2) 79 Conserved hypothetical secreted/outer membrane protein; similar to MPT-64
MMAR_1666 Not conserved NAb Hypothetical membrane protein
MMAR_1667 Rv3035 82 Conserved protein; ortholog, pyrrolo-quinoline quinone/8-blade beta propeller

Essential for in vitro growth in M. tuberculosis (54)
MMAR_1668 Rv3034c 93 Possible maltose O-transferase family; essential for in vitro growth in M. tuberculosis (54)
a Proposed functions collected from MycoBrowser, the TB Database, and NCBI BLAST. MeT, methyltransferase.
b NA, not applicable.
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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_1668 locus 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.

Cell-Associated EsxA/B Mediate Mycobacterial Virulence

May 2014 Volume 196 Number 10 jb.asm.org 1883

http://jb.asm.org


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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