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Mycobacterium marinum is closely related to Mycobacterium tuberculosis, the cause of tuberculosis in humans.
M. marinum has become an important model system for the study of the molecular mechanisms involved in
causing tuberculosis in humans. Through molecular genetic analysis of the differences between pathogenic and
nonpathogenic mycobacteria, we identified two loci that affect the ability of M. marinum to infect macrophages,
designated mel, and mel,. In silico analyses of the 11 putative genes in these loci suggest that mel, encodes
secreted proteins that include a putative membrane protein and two putative transglutaminases, whereas mel,
is involved in secondary metabolism or biosynthesis of fatty acids. Interestingly, mel, is unique to M. marinum
and the M. tuberculosis complex and not present in any other sequenced mycobacterial species. M. marinum
mutants with mutations in mel, and mel,, constructed by allelic exchange, are defective in the ability to infect
both murine and fish macrophage cell lines. These data suggest that the genes in mel, and mel, are important

for the ability of M. marinum to infect host cells.

Although mycobacteria were among the first organisms as-
sociated with disease in humans (19, 23), they remain possibly
the most important cause of death due to a single infectious
agent throughout the world. Possible reasons for this are the
relative difficulty of manipulating mycobacteria in the labora-
tory and the relatively low growth rate (~20-h generation
time) of the most important mycobacterial species, Mycobac-
terium tuberculosis. Investigators have sought appropriate mod-
els that are both relevant and easy to manipulate to speed
progress in tuberculosis research. Recently, there has been a
great deal of interest in Mycobacterium marinum as a model for
study of M. tuberculosis pathogenesis because of its ease of
genetic manipulation (2, 17, 33, 37), close genetic relationship
to M. tuberculosis (36, 42, 46), relatively high growth rate (~4-h
generation time) (10), and the presence of a number of useful
laboratory models for in vitro (16) and in vivo (14, 34, 38, 45)
virulence studies.

Pathogenic mycobacterial species, such as M. tuberculosis,
differ from nonpathogenic species, such as Mycobacterium
smegmatis, in that they invade mammalian cells more efficiently
(6, 13, 39), block lysosomal fusion (4, 20), and replicate well in
eukaryotic cells (29, 40, 47, 48). Investigators have taken ad-
vantage of these differences to identify the genes involved in
host cell interactions by cloning genomic DNA from patho-
genic species into nonpathogenic mycobacterial species (6, 29,
47, 48). Although these studies have resulted in identification
of genes that are potentially important, further analyses have
been slowed by the fact that they were isolated from slow-
growing pathogenic mycobacterial species. As a result, no
strains have been constructed with mutations in these genes,
and it remains unclear whether mutants would be defective for
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host cell interactions. Our group recently found that the rela-
tively rapidly growing pathogenic mycobacterium M. marinum
also differs from nonpathogenic mycobacteria in its ability to
invade, prevent lysosomal fusion, and replicate in macrophages
(16). However, no genetic analyses of these differences in host
cell interactions have been carried out.

In the present study we further characterized the differences
between M. marinum and M. smegmatis at the cellular and
molecular level in order to better understand the mechanisms
of host cell interaction by pathogenic mycobacteria. We ob-
served significant differences in the abilities of M. marinum to
adhere to and invade mammalian monocytic cell lines. Using
the ability to infect the human monocytic cell line THP-1 as a
selection, we identified two loci that confer enhanced host cell
infection and designated them mel, and mel, for “mycobacte-
rial enhanced infection loci. ” All of the genes in these loci are
present in M. tuberculosis in nearly the same gene order. In
addition, mel, appears to be present only in M. marinum and
M. tuberculosis complex. We constructed a specific M. marinum
mutation in each of these loci by allelic exchange and demon-
strated that the resulting mutants were defective in the ability
to infect both fish and murine macrophages. These data indi-
cate that mel, and mel, are involved in the ability of M. mari-
num to infect macrophages and support the use of M. marinum
as a model to speed progress in molecular analysis of myco-
bacterial virulence mechanisms.

MATERIALS AND METHODS

Bacterial strains and growth conditions. M. marinum strain M, a clinical
isolate obtained from the skin of a patient (32), was used in all studies. M.
marinum was grown at 33°C in 7H9 broth (Difco, Detroit, Mich.) supplemented
with 0.5% glycerol, 10% albumin-dextrose complex (ADC), and 0.05% Tween 80
(M-ADC-TW broth) for 5 days. M. smegmatis strain mc*155 (41) cultures were
grown in the same manner for 3 days at 37°C. The number of viable bacteria was
determined for each assay by the LIVE-DEAD assay (Molecular Probes, Eu-
gene, Oreg.) and by plating dilutions for CFU on 7H9 (M-ADC) agar (Difco).
All inocula used were >99% viable. Escherichia coli strains were grown in
Luria-Bertani (LB; Difco) medium at 37°C. Where appropriate, sucrose was
added at 10% weight per volume, kanamycin was added at a concentration of 25
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pg/ml, and chloramphenicol was added at 10 pg/ml. X-Gal (5-bromo-4-chloro-
3-indolyl-B-p-galactopyranoside) was used at a concentration of 40 wg/ml in
E. coli and 80 wg/ml in M. marinum.

Cell lines and culture conditions. The murine cell lines J774A.1 (ATCC
TIB67) and RAW264.7 (ATCC CRL-2278) were maintained at 37°C and 5%
CO, in high-glucose Dulbecco’s modified Eagle medium (Gibco, Bethesda, Md.)
supplemented with 10% heat-inactivated fetal bovine serum (Gibco) and 2 mM
L-glutamine. The human monocytic cell line THP-1 (ATCC TIB202) and the
human epithelial cell line HEp-2 (ATCC CCL23) were maintained at 37°C and
5% CO, in RPMI medium (Gibco) supplemented with 10% (THP-1) or 5%
(HEp-2) heat-inactivated fetal bovine serum (Gibco) and 2 mM L-glutamine.
The adherent carp monocyte/macrophage cell line CLC (European Collection of
Cell Cultures, 95070628) was maintained at 28°C and 5% CO, as described
previously (16).

Uptake, cell association, and adherence assays. Uptake and adherence assays
with adherent macrophages and epithelial cells were carried out in 24-well tissue
culture plates (Costar) as described previously (8, 9). J774A.1 and RAW264.7
cells were seeded at a density of 1 X 10° cells/well, CLC monocytes were seeded
at 2.5 X 10° cells/well, and HEp-2 cells were seeded at 1 X 10° cells/well, 18 to
24 h prior to use. In the case of THP-1 cells, all assays were done in suspension,
requiring that the cells be pelleted by centrifugation at 100 X g for 1 min before
each change of solution, and 10° cells were used per tube. The medium was
replaced before use for all cell types, and they were infected at a multiplicity of
infection (MOI) of 10 in each assay. In most uptake assays the cells and bacteria
were coincubated for 30 min at 37°C for all cells except fish monocytes, which
were incubated at 28°C. In some assays the coincubation period was varied to test
the effects of this time on the data obtained. After coincubation, the cells were
washed twice with phosphate buffered saline (PBS) and incubated in fresh
medium plus 200 pg of amikacin (Sigma Chemicals, St. Louis, Mo.)/ml for 2 h.
The cells were then washed once with PBS and lysed using 1 ml of 0.1% Triton
X-100 (Sigma) for 10 min. Dilutions were plated to determine intracellular CFU.
Cell association assays were carried out in a similar manner, except that, after 30
min of coincubation, the cells were washed five times with PBS prior to lysis. We
used two methods to measure adherence of the bacteria to host cells, immediate
assays and fixed-cell adherence assays. Immediate assays were carried out in a
manner similar to that of cell association assays except that, after the bacteria
were added to the cells, they were immediately washed five times with PBS. This
assay measures cell association at an early time point before uptake can occur. In
order to ensure that uptake was not a significant aspect of the data obtained in
these assays, we also utilized adherence assays with fixed cells, carried out as
previously described (8). Basically, cells were fixed in 3.7% formaldehyde for 10
min at room temperature and washed three times with PBS prior to addition of
bacteria. Bacteria were coincubated with fixed cells for 30 min, and then the cells
were washed and lysed and CFU were determined. Triton X-100 (0.1%) had no
effect on the viability of M. marinum or M. smegmatis, and all mycobacterial
strains used displayed comparable levels of killing by amikacin.

Intracellular survival assays. Intracellular survival assays were carried out in
a manner similar to that of uptake assays, but after amikacin treatment fresh
medium containing 30 g of amikacin/ml was added. The cells were incubated at
the appropriate temperature, lysed, and plated as described above at different
time points. Survival is expressed as the percentage of CFU present at each time
point compared to time zero (30 min), i.e., percent survival = (CFU T,/CFU T)
X 100.

Construction of M. marinum total DNA contiguous cosmid library in M.
smegmatis. The shuttle cosmid pJDC16, which was used as the vector for this
library, was constructed by cloning the mycobacterial origin of replication from
PALS5000 (35) into the cosmid pYUB289 (9). The plasmid pMV262 (44) was
digested with the restriction enzymes Mlul and Xbal and ligated to the purified
pYUB289 fragment containing the aminoglycoside transferase gene that confers
kanamycin resistance after digestion with Mlul and Nhel (Xbal and Nhel are
compatible). M. marinum chromosomal DNA was digested with Sau3Al to
produce fragments between 45 and 50 kbp in length. The fragments were de-
phosphorylated and ligated into the BamHI site of pJDC16. The resulting liga-
tion was in vitro packaged with the Gigapack Gold IIT system (Stratagene) and
used to infect E. coli strain x2819 (9) for in vivo packaging. More than 10,000
kanamycin-resistant x2819 colonies were pooled for in vivo packaging (22),
producing a lysate that had a titer of 10° cosmid-containing phages/ml. This
lysate was used to infect E. coli strain XL1-Blue and plated on LB agar plates
with kanamycin. The resulting colonies (~20,000) were pooled, and plasmid
DNA was prepared from them. The DNA was then transformed into M. smeg-
matis by electroporation. Approximately 5,000 kanamycin-resistant M. smegmatis
transformants were stocked as independent pools of approximately 1,000 clones
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each and enriched for M. marinum fragments that confer enhanced cell associ-
ation on M. smegmatis.

Bacterial transformation by electroporation. Electroporation of E. coli was
carried out as described previously (15). Electroporation of M. marinum was
carried out by first inoculating 500 ml of M-ADC-TW broth with 500 pl of a
refrigerated culture of M. marinum previously grown to stationary phase (4o of
>1.00); the culture was incubated at 33°C until A4, was 0.9 to 1.2; the culture
was incubated on ice for >30 min; and bacteria were washed with 5 ml of ice-cold
10% glycerol three times, washed with 50 ml of ice-cold 10% glycerol, and
suspended in 1 ml of 10% ice-cold glycerol. Approximately 100-pl aliquots of
bacteria were electroporated in 0.2-cm cuvettes at 2.5 kV, 25 wF, and 1,000 Q
parallel resistance, and bacteria were transferred into 1 ml of M-ADC-TW and
incubated for 3 h at 33°C prior to plating for CFU. The same protocol was used
for electroporation of M. smegmatis after growth at 37°C.

Identification of cosmids that confer enhanced infection. Five independent
pools of approximately 1,000 cosmid library clones in M. smegmatis were used to
infect THP-1 cells in a manner similar to that used for standard cell association
assays. Each of the five pools was separately used to infect 10° THP-1 cells at an
MOTI of 10 bacteria per cell for 30 min at 37°C. The cells were then washed five
times with warm PBS and lysed, and dilutions were plated to determine CFU.
Ten individual colonies from each infection were selected at random and
screened individually in cell association assays to evaluate their ability to confer
enhanced monocyte infection.

Characterization of cosmids that confer enhanced infection. Plasmid DNA
was isolated from M. smegmatis strains displaying an enhanced-infection pheno-
type, transformed into E. coli strain XL1-Blue (Stratagene), and restriction
mapped using Notl and Pstl. The DNA was transformed back into M. smegmatis
to confirm that the cosmids and not a secondary mutation in the M. smegmatis
chromosome were responsible for the enhanced-infection phenotype. To localize
the region responsible for the phenotype, each cosmid was mutagenized using
the TGS Template Generation System F-700 (Finnzymes), with a Mu-based
transposon carrying the chloramphenicol resistance gene (cat) and transformed
back into XL1-Blue. E. coli transformants were selected on LB agar plates
containing kanamycin and chloramphenicol. More than 200 colonies carrying
transposon insertions in each cosmid were picked, and plasmid DNA was iso-
lated. Transposon insertions were then mapped by restriction analysis with NotI.
Forty cosmids representing insertions in approximately every 1 kbp were selected
and transformed back into M. smegmatis. M. smegmatis clones were then retested
in cell association assays to identify cosmids with transposon insertions that failed
to confer the enhanced-infection phenotype on M. smegmatis.

Determination of the sequence of mel loci. Sequencing reactions were carried
out as described previously (9). Initially, sequencing was performed outwards
from both ends of the Mu transposon with the oligonucleotides SeqA (ATCAG
CGGCCGCGATCC) and SeqB (GTTTTTCGTGCGCCGCTTCA). Sequenc-
ing was continued by primer walking directly on the cosmid of interest. All
regions were sequenced completely on both strands with Big Dye Terminator
(Applied Biosystems) cycle sequencing and subsequent analysis on an ABI 310
automated sequencing apparatus (Applied Biosystems). Sequence analysis and
assembly were carried out using Gene Construction Kit 2 (Textco) software, and
comparison with known sequences was carried out using BLAST (3).

In silico analysis of mel loci. All putative open reading frames (ORFs) within
the mel loci were examined for similarity to other proteins in GenBank by using
protein-protein National Center for Biotechnology Information (NCBI) BLAST
(3), and putative protein motifs were identified using the NCBI Conserved
Domain Search (26). Putative gram-positive bacterial signal sequences were
identified within the ORFs by using SignalP 3.0 (30). Genome sequences were
analyzed for sequences similar to mel loci by using the most recent updates
available in the NCBI database for the completed genomes of Mycobacterium
avium subsp. paratuberculosis (www.ncbi.nlm.nih.gov), Mycobacterium bovis (18),
Mycobacterium leprae (12), and M. tuberculosis (11) and the nearly complete
Mycobacterium avium subsp. avium (Www.tigr.org), M. marinum (Www.sanger.ac
.uk), and M. smegmatis (www.tigr.org) genome sequences at their individual
websites.

Construction of M. marinum melE and melF mutants. The plasmid pJDC55
was constructed by deletion of the chloramphenicol resistance gene (cat) from
pIDCI15 (9). pJDC15 was digested with Sacl and Scal, to release the cat-con-
taining fragment. The vector was blunt ended using mung bean endonuclease
and then self-ligated to produce pJDCS55. pJDC55 carries an R6K origin of
replication from pJDC15 and thus is a suicide plasmid. This plasmid also carries
kanamycin resistance (aph) and the counterselectable sucrose sensitivity (sacB)
marker. In order to clone the Mu transposon-mutagenized melE and melF genes
into pJDCS55, we digested the cosmids with PmlI (melF) or Fspl (melE), purified
the appropriate fragment, and ligated it to FspI-digested pJDCS55. Ligations were
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FIG. 1. Percentage of the bacterial inoculum that is taken up by
cells after different periods of coincubation of M. smegmatis or M. ma-
rinum with the human epithelial cell line HEp-2 (A), murine macro-
phage cell line RAW264.7 (B), and human monocytic cell line THP-1
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transformed into E. coli strain Wec47 (XL1-Blue::\pir) (9), and clones were
selected on LB agar with kanamycin and chloramphenicol. The constructs were
purified and linearized by digestion with Nhel. The Nhel-digested fragments
were blunt ended using mung bean endonuclease and ligated to Scal-linearized
pYUBL174 (5). pYUB174 contains the B-galactosidase gene driven from the
mycobacteriophage L5 promoter, allowing for blue-white selection on X-Gal.
The ligations were transformed into E. coli strain XL1-Blue and selected on LB
agar with kanamycin, chloramphenicol, and X-Gal. Plasmid DNA was isolated
from positive clones and used to transform M. marinum. Plasmid integration
events were selected on M-ADC agar with kanamycin and X-Gal and grown in
M-ADC-TW broth for 5 days. Clones that carry the appropriate mutation as a
result of allelic exchange were then selected on M-ADC agar containing 10%
sucrose and X-Gal. Allelic-exchange mutants were confirmed by PCR and South-
ern analyses (data not shown).

Complementation of M. marinum mel mutants with M. tuberculosis homo-
logues. Complementing constructs for the melE and melF mutations in M. ma-
rinum were constructed by cloning the appropriate M. tuberculosis homologue
into pMV262 such that it would be expressed from the pMV262 hsp60 promoter.
The M. tuberculosis melE (Rv2569c) and melF (Rv1936) genes were cloned from
M. tuberculosis H37Rv total chromosomal DNA by PCR with the oligonucleotide
pairs EcomF (TATAAAGCTTGCGGCATGCAACCGCTGTGG) with EcomR
(TATACTGCAGGCAGACGTGCCGCCGCTACG) and FcomF (TATACTG
CAGCGTGAACGGCTGACCTGTGC) with FcomR (TATAAAGCTTCGGA
CGGCACG CACAAGACG), respectively. The PCR products were then di-
gested with Pstl and HindIII and directionally cloned into Pstl-and HindIII-
digested pMV262. Constructs were confirmed by restriction analyses and
complete sequencing of the M. tuberculosis gene to ensure the absence of PCR-
incorporated mutations. The constructs were then transformed into the appro-
priate M. marinum mutant and selected on kanamycin. The presence of the
correct complementing constructs in M. marinum, designated pJDC77 (melE)
and pJDC79 (melF), was confirmed by PCR.

Statistical analyses. All experiments were carried out in triplicate and re-
peated at least three times. The significance of the results was determined by
analysis of variance. P values of <0.05 were considered significant.

Nucleotide sequence accession numbers. The nucleotide sequences deter-
mined in this study have been deposited in GenBank with accession numbers
AY623663 (mel;) and AY623664 (mel,).

RESULTS

M. marinum is taken up by monocytes more efficiently than
is M. smegmatis. In our previous studies we found a significant
difference between the ability of the human and fish pathogen
M. marinum and the nonpathogenic mycobacterial species M.
smegmatis to enter both murine and fish monocytic cells (16).
This difference is not due solely to intracellular killing of bac-
teria but must be related to different levels of uptake, since
microscopic quantitation of cell-associated bacteria, which is
not affected by bacterial viability, correlates well with data
obtained from CFU. In order to better understand the molec-
ular mechanisms of enhanced uptake and intracellular survival
in macrophages by M. marinum, we further characterized up-
take into additional cell types (Fig. 1), including the human
epithelial cell line HEp-2, the murine macrophage cell line
RAW264.7, and the human monocytic cell line THP-1. We
found that, similarly to our previous observations in the murine
macrophage cell line J774A.1 and the fish monocytic cell line
CLC (16), M. marinum displays higher levels of uptake than
does M. smegmatis into each of these monocytic cell lines and
this difference is mostly independent of the bacterium-host cell
coincubation period (Fig. 1). In contrast, there is no significant

(C) as measured by uptake assays. Data represent the means and
standard deviations of assays done in triplicate from a representative
experiment. Experiments were repeated at least three times indepen-
dently.
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FIG. 2. Adherence of M. smegmatis and M. marinum to the human
monocytic cell line THP-1 assayed by using viable or formaldehyde-
fixed host cells. Data represent the means and standard deviations of
assays done in triplicate from a representative experiment. Data are
expressed relative to the levels of M. smegmatis adherence under the
same experimental conditions. Experiments were repeated at least
three times independently.

difference between the level of uptake of M. marinum and that
of M. smegmatis by HEp-2 cells after any length of coincuba-
tion, suggesting that the mechanism of uptake into monocytic
cells is different from that of uptake into epithelial cells. The
difference between the percentage of M. marinum taken up by
RAW264.7 (25 to 100%) and that take up by THP-1 (2.5 to
4%) is most likely due to the fact that RAW264.7 cells are
more fully differentiated than THP-1 cells and thus are more
phagocytic. Although the differences between uptake of M.
marinum and that of M. smegmatis are somewhat greater in
RAW264.7 cells, 37- to 40-fold compared to 20- to 23-fold in
THP-1 cells, the differences are more consistent between ex-
periments in THP-1 cells, making these cells the best choice for
use in later experiments.

M. marinum adheres to monocytes at higher levels than M.
smegmatis does. We were curious whether these differences in
uptake were the result of very early events during the interac-
tions of M. marinum with monocytic cells, such as adherence.
In order to examine this possibility more carefully, we con-
ducted two different types of adherence assays, the first using
fixed THP-1 cells for coincubation with the bacteria and the
second using addition of the bacteria to the host cells followed
by mixing and rapid washing to remove nonadherent bacteria;
this assay has also been termed an “immediate assay” (8).
Under both assay conditions more M. marinum bacteria than
M. smegmatis bacteria associate with THP-1 cells (Fig. 2). Al-
though fixed-cell assays result in between two- and threefold-
lower numbers of bacteria associated with cells than do imme-
diate assays, both methods of measuring adherence identify
similar differences between the adherence of M. marinum and
M. smegmatis. There is a sevenfold difference in adherence
between M. marinum and M. smegmatis in fixed cells and a
10-fold difference in the immediate assay. These data confirm
that M. marinum adheres more efficiently to monocytic cells
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than M. smegmatis does, suggesting that there are differences
between the initial interactions of M. marinum and M. smeg-
matis with monocytic cells.

Cell association assays in THP-1 cells allow measurement of
differences between M. marinum and M. smegmatis. Although
we did not observe any differences between the levels of sus-
ceptibility of M. smegmatis and M. marinum to amikacin, which
is used in our uptake assays to kill extracellular bacteria, we
wished to develop an assay for host cell infection that would
not involve antibiotics to ensure that we would not select for
resistant bacteria. Since the differences between M. marinum
and M. smegmatis are extremely consistent in THP-1 cells and
always at least 20-fold in uptake assays, we chose these cells for
use in our assays. We chose a cell association assay that in-
volved a 30-min coincubation of THP-1 cells with M. marinum
or M. smegmatis followed by extensive washing to remove ex-
tracellular bacteria. This assay resulted in greater than 50-fold-
higher levels of cell association with M. marinum than with M.
smegmatis. We obtained similar results at MOIs of 1 to 1,000
and when assays were carried out at 37 or 33°C, the normal
growth temperature for M. marinum. Thus, although the num-
bers of bacteria that become cell associated increase linearly
with increasing MOI, the relative numbers of M. marinum and
of M. smegmatis bacteria that are cell associated are similar
under all of these experimental conditions. As a result, all
further cell association experiments were conducted at the
relatively low MOI of 10 and at the most physiologically rele-
vant condition for the THP-1 cells, 37°C.

Isolation of cosmids that have the ability to confer enhanced
infection. We constructed a cosmid library of contiguous total
DNA fragments from M. marinum of between 40 and 50 kbp in
length and transformed this library as a pool of ~20,000 clones
from E. coli into M. smegmatis. We examined 20 random cos-
mid-containing clones in M. smegmatis individually for their
ability to confer enhanced infection of THP-1 cells. None of
these 20 clones displayed enhanced host cell infection (Fig.
3A). Five pools of ~1,000 M. smegmatis clones each were
enriched for clones that carry enhanced monocytic cell infec-
tion genes by their ability to associate with THP-1 cells in a
standard cell association assay. After enrichment, 10 clones
from each pool (a total of 50) were screened individually in cell
association assays. We found that 14 of these clones (28%)
displayed enhanced cell association after enrichment (Fig. 3B).
Interestingly, only three of these cosmid-containing clones,
Ms::cos20, Ms::cos31, and Ms::cos39, displayed enhanced up-
take (P < 0.05), and only Ms::cos20 displayed enhanced ad-
herence (P < 0.05) to THP-1 cells, whether the host cells were
viable or were fixed with formaldehyde (Fig. 4).

In order to ensure that the cosmid itself, rather than a
spontaneous mutation in the M. smegmatis genome, was re-
sponsible for the observed phenotype, we purified these cos-
mids from M. smegmatis, transformed them into E. coli for
amplification, and then retransformed them back into M. smeg-
matis. The resulting retransformed M. smegmatis clones carry-
ing cosmids from the M. marinum genomic library were then
screened for cell association and uptake compared to M. smeg-
matis (Fig. 5). Only cos20 and cos31 had the ability to confer
enhanced cell association and uptake (P < 0.01) on M. smeg-
matis. Since cos20 and cos31 displayed the most consistent
ability to confer enhanced cell association and uptake on M.
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FIG. 3. Cell association of M. marinum (Mm), M. smegmatis (Ms), and M. smegmatis containing the cosmid vector backbone alone (Ms::
pJDC16), random cosmids (Ms::ranl to Ms::ran20) (A), or individual cosmid clones after one round of cell association assay enrichment (Ms::cos1
to Ms::cos50) (B) with THP-1 cells. Data represent the means and standard deviations of assays done in triplicate from a representative
experiment. Data are expressed relative to the level of M. smegmatis cell association. The asterisks indicate statistically significant differences
between the individual clone and wild-type M. smegmatis (P < 0.01). Experiments were repeated at least three times independently.

smegmatis, only these two cosmid clones were chosen for fur-
ther analysis.

Cosmids cos20 and cos31 confer enhanced intracellular sur-
vival on M. smegmatis. It is possible that the enhanced cell
association and uptake that cos20 and cos31 confer on M.
smegmatis are at least partially due to enhanced survival sub-
sequent to uptake. In order to test this possibility, we examined
the abilities of Ms::cos20 and Ms::cos31 to survive in the mu-
rine macrophage cell line J774A.1 over time (Fig. 5C). We
found that both cosmids conferred an increased ability to sur-
vive during the first 24 h after infection (P < 0.001) and that
Ms::cos31 could persist out to 72 h, whereas wild-type M.

smegmatis was almost completely killed by 24 h and was not
detectable by 48 h. Although it is possible that these differences
in survival were at least in part the result of an increased
bacterial load due to enhanced uptake of the cosmid-contain-
ing clones, these observations suggest that either these cosmids
contribute to the ability of M. smegmatis to survive inside
mammalian macrophages or the mechanism of uptake that
they confer on M. smegmatis affects subsequent intracellular
events that impact intracellular survival.

Cosmids cos20 and cos31 confer enhanced uptake on M. ma-
rinum. Possibly the functions of the regions that each of these
cosmids encodes are affected by genes present in M. smegmatis
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FIG. 4. Uptake (A) and adherence (B) of M. marinum (Mm), M.
smegmatis (Ms), and M. smegmatis containing individual cosmid clones
with THP-1 cells. Data represent the means and standard deviations of
assays done in triplicate from a representative experiment. Data are
expressed relative to M. smegmatis uptake (A) and adherence (B).
Experiments were repeated at least three times independently.

that are not present in M. marinum. Thus, the genes that they
carry may actually play a different role in M. marinum. In order
to test this possibility, we transformed cos20 and cos31 into M.
marinum and examined the phenotype of the strains containing
these cosmids. Although the pAL5000 mycobacterial plasmid
origin of replication, which is present on these shuttle cosmids,
is thought to be a low-copy-number plasmid (43), it is likely
that carrying more than one copy of these genes, i.c., the
chromosomal copy and that on the plasmid, will confer a phe-
notype due to gene dosage effects. When we compared the
ability of M. marinum containing these cosmids to the ability of
M. marinum without them, we observed between 5- and 10-
fold-enhanced uptake (Fig. 5D). This observation suggests that
these genes have the ability to confer enhanced uptake on M.
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marinum and that their ability to confer this phenotype is not
dependent on genes present only in M. smegmatis.

Identification of the M. marinum genes that confer enhanced
uptake. In order to identify the mycobacterial enhanced infec-
tion loci (mel) carried on cos20 and cos31, we conducted sat-
urating in vitro transposon mutagenesis on each cosmid fol-
lowed by transformation back into M. smegmatis to examine
their ability to confer enhanced uptake. Over 200 Mu inser-
tions were obtained in both cos20 and cos31. Restriction map-
ping was used to determine the position of each insertion, and
more than 40 insertions in approximately every 1 kbp of both
cosmids were selected for transformation back into M. smeg-
matis. When these mutagenized cosmids were screened in cell
association assays, we identified five transposon insertions in
cos20 and six in cos31 that could no longer confer enhanced
host cell infection (Fig. 6). Sequence analysis of the junctions
of each transposon insertion allowed determination of the po-
sition for each insertion. The mel locus on cos20, designated
mel,, was localized to a region of approximately 10 kbp, and
that on cos31, designated mel,, was localized to a region of
approximately 7.5 kbp (Fig. 6). The intervening regions be-
tween each transposon insertion and at least 2 kbp upstream
were then sequenced by primer walking on cosmid DNA. Five
putative ORFs were identified in mel,, and six were identified
in mel,; they were given the designations melA4 to K (Fig. 7). All
11 of these ORFs include putative genes that are very similar
to genes present in M. tuberculosis, and the majority are in the
same gene order as in M. tuberculosis.

In silico analysis of mel4 to melK genes from M. marinum.
We examined the presence of ORFs similar to those in the
mel, and mel, loci in other mycobacterial species where ge-
nome sequences are available. Our analyses indicate that all
mycobacterial species, including M. tuberculosis complex, M.
avium complex, M. leprae, and M. smegmatis, carry at least a
portion of the mel, locus (Fig. 7). The organization of mel,
genes in M. tuberculosis and M. avium is very similar to that in
M. marinum. The greatest differences are in M. leprae, where
melA could not be found and both an intact mel/C and a puta-
tive melC pseudogene as well as a single melD pseudogene
were identified. In addition, the melE gene appears to be a
translational fusion with part of melC in M. leprae. Interest-
ingly, the mel, locus is present in the same gene order in both
M. marinum and M. tuberculosis complex mycobacteria but
appears to be absent in other mycobacterial species. We ex-
amined each ORF in the mel, and mel, loci for similarity to
putative ORFs in the M. tuberculosis genome as well as motifs
that might provide insight into the functions of the proteins
that they encode (Table 1). Highly similar proteins exist in M.
tuberculosis for all putative ORFs in both loci. All of the pu-
tative ORFs in mel, carry putative gram-positive bacterial sig-
nal sequences except for melD, suggesting that these proteins
are secreted. In contrast to the mel; locus, all of the putative
ORFs in the mel, locus carry significant motifs that suggest
biochemical functions of the proteins that they encode. Inter-
estingly, several of the orthologous clusters that display the
highest similarity to ORFs in the mel, locus are eukaryotic
clusters (KOG). This observation suggests that this locus is
involved in metabolism of complex fatty acids obtained from
eukaryotic cells.
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FIG. 5. Individual cosmid clones purified from M. smegmatis, retransformed into M. smegmatis (Ms::cos20, Ms::cos31, and Ms::cos39) or M.
marinum (Mm::cos20 and Mm::cos31), and tested for their ability to confer enhanced cell association (A), uptake (B and D), and intracellular
survival (C). Assays were carried out in the human monocytic cell line THP-1 (A, B, and D), the murine macrophage cell line J774A.1 (C and D),
and the fish monocytic cell line CLC (D). Data represent the means and standard deviations of assays done in triplicate from a representative
experiment. Data in panels A, B, and D are expressed relative to M. smegmatis cell association (Ms) (A), M. smegmatis uptake (Ms) (B), or M.
marinum uptake (Mm) (D). Experiments were repeated at least three times independently.

M. marinum mel mutants are defective in mammalian cell
infection. The fact that mel, and mel, can confer enhanced
host cell infection on both M. smegmatis and M. marinum
suggests that these genes are involved in the ability of myco-
bacteria to infect mammalian cells. However, it remains pos-
sible that these findings are the result of an artifact related to
their overexpression due to increased gene dosage. In order to
confirm that the mel genes are actually involved in host cell
infection by M. marinum, we took advantage of the transposon
insertions in these loci generated during localization of the mel
regions on the cosmids. Two transposon insertions, Tn22 in the
melE gene within mel, and Tnl in the melF gene within mel,,
were cloned into an allelic-exchange vector that carries lacZ
and sacB as counterselectable markers. Through the use of a
two-step selection procedure, we identified more than 12 white
sucrose-resistant colonies for each gene and screened for the

appropriate mutation by Southern and PCR analyses (data not
shown). Slightly less than 20% of the putative melE mutants
and 50% of the putative melF mutants carry the appropriate
mutation. To ensure that no secondary mutations were incor-
porated during genetic manipulation that could be responsible
for the observed phenotype and that the M. tuberculosis ho-
mologues of the mel genes had the ability to confer similar
functions, we complemented the melE and melF mutants. We
constructed pJDC77, which carries M. tuberculosis melE
(Rv2569c), and pJDC79, which carries M. tuberculosis melF
(Rv1936), respectively, expressed from the pMV262 hsp60 pro-
moter (44), and transformed these complementing constructs
into each of the mutants. We found that mutants with muta-
tions in both melE and melF display a defect in the ability to
infect the murine and fish macrophage cell lines J774A.1 and
CLC, respectively, and that their defects can be complemented
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FIG. 6. Cell association of M. smegmatis (Ms), M. marinum (Mm), and M. smegmatis containing cosmid 20 (Ms::cos20) or cosmid 31 (Ms::cos31)
as well as cosmid 20, which has a mini-Mu transposon insertion in it (A) (cos20Tn1 to cos20Tn36), or cosmid 31, which has a mini-Mu transposon
insertion in it (B) (cos31Tn1 to cos31Tn35), with THP-1 cells. Structure, approximate length and restriction map for each cosmid, and positions
of insertions are shown below cell association data. Plus signs indicate Mu insertions that do not affect the ability of the cosmid to confer enhanced
cell association, and minus signs indicate insertions that affect the phenotype conferred. The sizes of mel, and mel, loci as estimated from saturating
transposon mutagenesis data are shown below the cosmids. Data represent the means and standard deviations of assays done in triplicate from a
representative experiment. Data are expressed relative to M. smegmatis cell association. Experiments were repeated at least three times independently.

by the appropriate homologous gene from M. tuberculosis (Fig.
8). Interestingly, melE expressed from pMV262 confers en-
hanced cell association when J774A.1 cells are used, even with
the melE mutant, suggesting that this gene is sufficient to con-
fer enhanced cell association if present in multiple copies and
expressed from a strong promoter. However, no significant
enhancement was observed in CLC cells, suggesting that the

effects of melE overexpression on cell association are some-
what cell type specific. The defect in cell association observed
with the melE mutant is consistent in both cell types, though,
indicating that the cell type-specific effects are most likely an
artifact resulting from overexpression and not an inherent
characteristic of melE under normal conditions. Thus, we have
confirmed that the mel loci are involved in the ability of M. ma-
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structure of complementing constructs (pJDC77 and pJDC79) used in the present study. Numbers in parentheses indicate the approximate size
of the locus in M. marinum. Broken lines indicate very distant loci for which the distance that the break represents is indicated above the construct.
The gene or corresponding Rv number from the M. tuberculosis H37Rv genome sequence is shown above the construct. Arrows on constructs
indicate the deduced direction of transcription for each gene. Triangles above mel, and mel, indicate the position of insertion into each M. marinum
locus and the transposon number that corresponds with that used to construct M. marinum mutant strains by allelic exchange. Gene designations
that end in “p” indicate putative pseudogenes, and melC/E indicates an apparent translational fusion between melC and melE in the M. leprae mel,
locus. M. avium/paratuberculosis indicates locus organization that is the same for M. avium subsp. avium and M. avium subsp. paratuberculosis. M.

tuberculosis indicates locus organization that is the same for all M. tuberculosis complex mycobacteria.

rinum to infect macrophages and that the homologous gene
from M. tuberculosis can complement mutations in the M. ma-
rinum mel loci.

DISCUSSION

We identified two mycobacterial loci, mel, and mel,, that
affect the ability of M. marinum to infect macrophages. These
loci are composed of 11 genes that are similar to M. tubercu-
losis genes and when present on a low-copy-number mycobac-
terial plasmid confer enhanced infection of host cells on both
M. smegmatis and M. marinum. These loci were identified as a
result of attempts to determine the molecular bases for differ-
ences in the abilities of pathogenic and nonpathogenic myco-
bacteria to infect macrophages. Transfer of genomic DNA to
M. smegmatis from M. marinum as large (~45-kbp) genomic
fragments was chosen because of the likelihood that a large
number of genes would be involved in and possibly required
for the ability of mycobacteria to efficiently infect host cells.
Genomic loci involved were identified by enrichment for
clones that associate with THP-1 cells. Although 14 clones out
of 50 were identified that associate with mammalian cells at
higher levels than wild-type M. marinum does after enrich-
ment, none of the clones out of 20 examined had the ability to

confer this phenotype beforehand. This observation suggests
that cell association assays were very effective at enriching for
clones in the library that display enhanced host cell infection.

The majority of the 14 clones that displayed enhanced cell
association did not significantly affect uptake into THP-1 cells,
but this could be the result of a lesser effect either on adher-
ence or on the ability to survive intracellularly. This is because
uptake assays involve both a 30-min coincubation period to
allow uptake and a 2-h amikacin treatment to kill extracel-
lular organisms, ensuring that only intracellular bacteria are
counted. Although this assay is considered the “gold standard”
for evaluating uptake of bacteria into eukaryotic cells, it does
not differentiate adherence and intracellular survival if a sig-
nificant percentage of the bacteria are killed within the 2.5-h
assay period. The possibility that mel, and mel, can contribute
to intracellular survival is supported by our observation that
they can confer enhanced intracellular survival on M. smegma-
tis. Thus, further investigation of the other 12 clones that
display enhanced cell association is likely to result in identifi-
cation of additional mycobacterial factors involved in adher-
ence to monocytic cells.

It is interesting that, although we used a similar approach of
transferring genes from pathogenic mycobacteria to nonpatho-
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TABLE 1. Characteristics of genes in mel loci”

al%dO(g:lelile ‘M( (;Uuibjgcnlﬁf;’lsng??fozﬁge Fsc\;itl)? 131;?;11 C(f;i) Other similarity or motif(s)d Putative activity
mel,
melA Rv2560 (63, 249) 8e-79 (296) 377 CO65473, integral membrane protein; proline- Membrane protein (unknown)
rich amino terminus; gram-positive bacterial
signal sequence
melB Rv2566 (78, 1,121) 0.0 (1,730) 1,106 CO61305, cysteine protease-like transglutami- Transglutaminase or protease
nases; gram-positive bacterial signal sequence
melC Rv2567 (77, 894) 0.0 (1,311) 896 COG2307, COG2308, uncharacterized conserved Unknown
protein, gram-positive bacterial signal sequence
melD Rv2568c (80, 336) 1e-159 (563) 350 COG4307, uncharacterized conserved protein Unknown
melE Rv2569c (84, 282) le-134 (478) 336 COG1305, cysteine protease-like transglutami- Transglutaminase or protease
nases, gram-positive bacterial signal sequence
mel,
melF Rv1936 (95, 365) 0.0 (687) 379 COG2141, flavin-dependent oxidoreductases and Oxidoreductase
luciferase-like monooxygenase, luxA, alkanal
monooxygenase
melG Rv1937 (83, 837) 0.0 (1,434) 839 Fer2, 2Fe-2S, NqrF, UbiH, dioxygenase, Dehydrogenase
dehydrogenase, luxG
melH  Rv1938, ephB (82, 355)  1e-173 (608) 352 KOG4178, epoxide hydrolase, luxH Lipid transport and metabolism
mell Rv1939 (78, 170) Se-71 (267) 177 COG1853, oxidoreductase Flavoprotein oxygenase
mel] Rv1940, ribA (68, 344) le-116 (419) 365 KOG1284, bifunctional GTP cyclohydrolase Cyclohydrolase
II-DHBP synthase
melK Rv1941 (78, 221) 3e-77 (290) 256 KOG0725, broad-specificity-range reductase, fabG  Lipid metabolism-synthesis

“ Abbreviations: aa, amino acids; COG, cluster of orthologous groups; KOG, cluster of orthologous groups for eukaryotic genome; Fer2, 2Fe-2S, iron-sulfur cluster
binding domain; NqrF, Na™*-transporting NADH:ubiquinone oxidoreductase; UbiH, 2-polyprenyl-6-methoxyphenol hydroxylase; DHBP, 3,4-dihydroxy-2-butanone-4-

phosphate.

> M. tuberculosis gene to which the M. marinum gene displays similarity, along with percent identity at amino acid level and number of amino acids that could be

aligned to show this level of identity.

¢ Expectation frequency (E value) and score according to NCBI protein-protein BLAST in comparison with M. tuberculosis homologue.
4 Placement of putative protein product into a cluster of orthologues (COG or KOG) by use of CD-Search at NCBI and SignalP 3.0 at the Center for Biological

Sequence Analysis Website.

genic mycobacteria, we did not identify the same genes that
previous investigators did using different pathogenic mycobac-
terial species (6, 29, 47, 48). This is most likely due to differ-
ences in the assays used, since the majority of these groups
examined solely enhancement of intracellular survival and not
earlier events such as adherence and uptake. It is also possible
that our own studies have not characterized all of the M.
marinum genes, since it is likely that a large number of genes
are involved. Continued examination of loci from M. marinum
that affect, in particular, intracellular survival of mycobacteria
would be likely to identify a set of genes overlapping those
from previous studies. Thus, the differences in our enrichment
procedure were advantageous, since they allowed identifica-
tion of a new class of genes that play a role in the ability of
mycobacteria to infect mammalian cells.

The genes present in the mel loci are very intriguing, since
they may encode potential membrane-localized or secreted
components (mel,) and complex lipid-related components in-
volved in host cell infection (mel,). In the mel, locus, three of
the genes are of unknown function, though the suggestion that
melA could be a membrane protein fits well with our intuitive
understanding of bacterial factors that might be directly in-
volved in adherence and uptake into mammalian cells. In ad-
dition, the presence of two putative transglutaminases or cys-
teine proteases in the mel; locus is of great interest, since
transglutaminases can play a role in signal transduction in
eukaryotic cells as well as bacterial attachment. Transglutami-
nases have been shown to play an important role in pathogen-
esis by other bacterial species. The Bordetella bronchiseptica
dermonecrotic toxin is a transglutaminase that is toxic for

mammalian cells because of its ability to modify host cell
GTPases (21), Erlichia spp. can recruit transglutaminases from
host cells to cross-link proteins in the cell leading to internal-
ization of the bacteria (24), and Staphylococcus spp. appear to
use transglutaminases for attachment to host proteins, which is
believed to be important for colonization (28). However, in-
sight into the potential functions of these transglutaminases is
complicated by the fact that they are also usually proteases and
that eukaryotic transglutaminases may have evolved from bac-
terial cysteine proteases (25). The presence of both putative
transglutaminases in M. smegmatis suggests that these genes
may not function solely during disease. However, it is equally
possible that they are regulated or localized differently in
pathogenic and nonpathogenic mycobacterial species. Further
studies are necessary to differentiate between these possibili-
ties and to determine whether the biochemical activity con-
ferred by the putative transglutaminases plays a role in host
cell infection by mycobacteria.

The fact that all of the genes present in the mel, locus are
found only in M. marinum and M. tuberculosis complex myco-
bacteria suggests that this locus is important for pathogenesis.
Although putative proteins encoded by the genes in the mel,
locus have similarity to other bacterial proteins with known
biochemical functions, the exact structure of the molecule that
they produce remains unclear. Each of these genes appears to
have a function related to fatty acid or polyketide biosynthesis.
The fact that M. marinum carries these genes points toward a
potentially important parallel in the mechanisms that M. fu-
berculosis and M. marinum use to cause disease. The absence
of these genes in other mycobacterial species supports the
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FIG. 8. Cell association of M. marinum containing the vector back-
bone alone (Mm::pMV262), the M. marinum melE mutant containing
the vector alone (melE:pMV262) or the complementing construct
containing the M. tuberculosis melE (Rv2569c) gene (melE::pJDC77),
and the M. marinum melF mutant containing vector alone (melF::
pMV262) or the complementing construct containing the M. tubercu-
losis melF (Rv1936) gene (melF::pJDC79) in the murine macrophage
cell line J774A.1 (A) and the fish monocytic cell line CLC (B). Data
represent the means and standard deviations of assays done in tripli-
cate from a representative experiment. The asterisks indicate cell as-
sociation significantly different from that of wild-type M. marinum
carrying pMV262 (P < 0.01). Data are expressed relative to the cell
association of M. marinum that carries the vector backbone alone,
pMV262 (Mm::pMV262). Experiments were repeated at least three
times independently.
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great potential of M. marinum as a model for tuberculosis.
Recently genomic comparison of M. tuberculosis to M. leprae,
M. avium, M. marinum, and M. smegmatis was carried out. At
least six additional loci are present in both M. marinum and M.
tuberculosis but not in M. avium and M. smegmatis (27). How-
ever, unlike mel,, all of these loci were also found in M. leprae,
though this could be due to the fact that a “core” set of genes
was chosen for these analyses. Because of the differences be-
tween pathogenesis of M. leprae and that of M. tuberculosis and
the relatively greater similarity between M. tuberculosis and M.
marinum, detailed analysis of genes that fit within the same
category as the mel, locus, specific to M. tuberculosis complex
and M. marinum, is likely to provide insight into M. tuberculosis
pathogenic mechanisms. In addition, these analyses will allow
us to better understand what aspects of tuberculosis pathogen-
esis the M. marinum model can be best applied to.

With the identification of the mel, and mel, loci and dem-
onstration of their role in the ability of mycobacteria to infect
macrophages, we have made an important step toward under-
standing the molecular events involved in parasitism of host
cells by mycobacteria. Since both of these loci have the ability
to confer enhanced host cell infection on M. marinum, it is
likely that gene dosage effects could be used to upregulate a
number of different mycobacterial genes, thereby allowing
their isolation based on functional biological assays similar to
our cell association assay. We have previously been successful
at using this type of approach for the identification of genes
involved in host cell infection by Legionella spp. (9). Since Legio-
nella spp. and mycobacteria are very distantly related, this ap-
proach is broadly applicable to many bacterial species. In ad-
dition, one could imagine the design of a number of different
selection-enrichment strategies that would allow identification
of genes with functions other than those involved solely in host
cell infection. Indeed, these are not the first studies that have used
gene dosage effects to regulate a specific class of genes of interest
(1, 7, 31). Application of this and other strategies to the study
of mycobacterium-host cell interactions with M. marinum as a
facile genetic model system is likely to lead to a more compre-
hensive understanding of mycobacterial pathogenesis.
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