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Abstract

The Mycobacterium smegmatis genome contains six operons designated mce (mammalian cell entry). These operons, which encode
membrane and exported proteins, are highly conserved in pathogenic and non-pathogenic mycobacteria. Although the function of the Mce
protein family has not yet been established in Mycobacterium smegmatis, the requirement of the mce4 operon for cholesterol utilization and
uptake by Mycobacterium tuberculosis has recently been demonstrated. In this study, we report the construction of an M. smegmatis knock-out
mutant deficient in the expression of all six mce operons. The consequences of these mutations were studied by analyzing physiological
parameters and phenotypic traits. Differences in colony morphology, biofilm formation and aggregation in liquid cultures were observed,
indicating that mce operons of M. smegmatis are implicated in the maintenance of the surface properties of the cell. Importantly, the mutant
strain showed reduced cholesterol uptake when compared to the parental strain. Further cholesterol uptake studies using single mce mutant
strains showed that the mutation of operon mce4 was reponsible for the cholesterol uptake failure detected in the sextuple mce mutant. This
finding demonstrates that mce4 operon is involved in cholesterol transport in M. smegmatis.
© 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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indication came from Arruda et al. [2] that described an
invasin-like gene, later known as mcelA that conferred on
non-pathogenic Escherichia coli the ability to invade and
survive within macrophages and human HeLa cells. Flesselles

1. Introduction

The analysis of the complete sequence of the Mycobacte-
rium tuberculosis H37Rv genome revealed the presence of

four paralogous mce genes, all encoded in an operon structure
consisting of eight genes (yrbEA, yrbEB, mceA, mceB, mceC,
mceD, mceE, mceF) [1]. There is increasing evidence
showing that these operons are important for the virulence of
the Mycobacterium tuberculosis complex species. The first
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et al. [3] reported that a BCG strain mutated in mcelA
exhibited reduced ability to invade the non-phagocytic
epithelial cell line HeLa. Moreover, M. tuberculosis knock-
out mutants deficient in the expression of the mcel, mce2
and mce3 operons showed alteration on their ability to
multiply/persist when inoculated in mice [4,5]. Although
this evidence relates the mce operons to the virulence of
pathogenic mycobacteria, the completion of the sequencing
of the Mycobacterium smegmatis genome indicated that
orthologs of the mce genes are present in this specie as well
(http:www.tigr.org). Bioinformatic analysis and assembly
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of information previously published [6,7] showed that M.
smegmatis differs from M. tuberculosis in that it has six mce
operons instead of four (mcel, 3, 4, 5, 5 bis and 7). Moreover,
a detailed phylogenetic study carried on by Casali & Riley [6]
showed the presence of mce loci not only in mycobacteria but
also in other actinomycetes. In this study Casali & Riley [6]
have hypothesized that the mce operons are transport
systems. This hypothesis is supported by the recent finding
that the mce4 operon is involved in cholesterol uptake and
utilization in M. tuberculosis [8]. In addition, Mohn et al. [9]
found that a homologous system performs the same function
in Rhodococcus jostii RHA. However, it is unclear which
functions the other Mce proteins of M. tuberculosis have and
what their functions are in other bacteria such as M. smeg-
matis. In this work we evaluated the physiological role of the
Mce proteins through the construction of M. smegmatis
knock-out mutants deficient in the expression of mce operons.
We found that the deletion of the mce4 operon impaired
cholesterol uptake by M. smegmatis. This finding indicates
that, similarly at what happens in M. tuberculosis and R. jostii,
the Mce4 proteins are involved in the transport of cholesterol
by M. smegmatis. We also found that the lack of all Mce
proteins produced subtle alterations in colony morphology, in
biofilm formation as well as significant aggregation when
cultured in liquid media devoid of tensioactives. Our results
suggest that one or more mce operons may be related to cell
envelope biosynthesis processes or to the maintenance of its
structure.

2. Methods
2.1. Culture media and bacterial growth conditions

M. smegmatis mc® 155 and the isogenic sextuple mce
mutant (A6 mce) were propagated in different media as
follows: Middlebrook 7H9 broth supplemented with glycerol
0.5% (v/v) (G), dextrose 0.2% (w/v) (D), NaCl 0.81% (w/v)
(S), Tween 80 0.2% (w/v) (T) and albumin 10% (w/v) (A),
(7TH9 GADST for short); variations in the composition of the
media consisted in the elimination of one or more of the
supplements as shown in the denomination of the medium.
Muller Hinton (MH) broth and Hartmans-de Bont [10] media
supplemented with different components were also used.
When indicated, agar (Difco, 1.5% w/v) was added to liquid
medium.

For lipid extractions, the strains were cultured on Sauton
minimal medium (0.5 g/L K;HPO,, 0.5 g/LL MgSO,7H,0, 2 g/
L citric acid, 4 g/L. L-asparagine, 0.05 g/L ferric ammonium
citrate, 0.025% (vol/vol) tiloxapol, pH 6.9) containing 0.1%
(wt/vol) glycerol as unique carbon source. When the bacteria
were grown with unmarked cholesterol a Sauton minimal
medium containing 0.4 g/L L-asparagine (Sauton low aspara-
gine for short) was used. Cholesterol was dissolved in 100%
ethanol and used at a 0.01% (wt/vol) final concentration.

Biofilm formation was assessed in M63 minimal medium
supplemented with casaminoacids (0.5%), dextrose (2%),
MgSO, (1 mM) and CaCl, (0.7 mM).

Triton WR1139, a non-metabolizable tensioactive agent,
was added at 0.125 pg/ml to prevent clumping when Tween 80
was omitted from liquid media.

2.2. Construction of mce mutants in M. smegmatis and
generation of the Amce4 complemented strain

For the deletion of the six mce operons, upstream and
downstream regions of each operon were amplified by
PCR using the primers described in Table 1 (Supplementary
material 1). The 12 resultant regions were cloned in the
pGEM-T vector (Promega) and then subcloned in the p2Nil
vector [11]. The final delivery vectors were obtained by
ligating the Pacl cassette from pGOALI17s into each p2Nil
delivery plasmid.

The vectors generated were pretreated with UV light
(100 mJ x cm™2) and used to electroporate M. smegmatis mc*
155 or the different intermediate strains constructed. The non-
marked mutants were obtained using a two-step strategy
described previously [11] and they were identified by colony
PCR, using the primers described in Table 2 (Supplementary
material 1).

Intents to clone the whole mce4 operon from M. smegmatis
were unsuccessful. For this reason the mce4 deletion in Amce4
was complemented by the addition of pmce4 plasmid vector
(GenBank accession no. DQ823233), which contains the
orthologous mce4 operon from M. tuberculosis. The com-
plemented strain was used in cholesterol uptake experiments.

2.3. Macroscopic and microscopic studies

Colony morphology was analyzed by plating 2 pl spots or
aliquots (=100 colony forming units (CFU)) of the parental
and the A6 mce mutant strains on solid Mueller Hinton,
Hartmans-de Bont or Middlebrook7H9 media with the addi-
tion of glycerol, NaCl, albumin and dextrose in different
combinations. Congo Red, an azo-dye with a well known
affinity for lipids and lipoproteins, was added to improve
visualization of colony morphology alterations as described by
Cangelosi et al. [12]. Plates were inspected after three days at
37 °C either by naked eye or under a binocular scope at low
magnification. Congo Red binding assays were done as
described by Cangelosi et al. [13]. Each determination was
done at least three times by duplicate.

The study of the sliding motility of the wild-type
and mutant strain was carried out as described by Martinez
et al. [14].

Biofilm formation was analyzed in multititer plates con-
taining 3 ml of supplemented M63, inoculated with 2 pl of
a fresh stationary culture of each strain followed by incubation
at 37 °C for 18 days. After this time, colony forming units for
each well were determined and biofilm formation was assessed
by the addition of Crystal Violet (1% w/v in water) for 30 min,
washing of the wells and extraction of the bound dye with 3 ml
of ethanol for 1 h as described prevously [14]. The extracted
Crystal Violet was quantitated spectrophotometrically at
570 nm; CFU present in each well were determined by plating
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serial dilutions of each culture in Mueller Hinton agar media.
Each determination was done at least three times in triplicate.
Final CFUs were similar between wild-type and mutant strain
therefore Abss;o values were compared directly.

Biofilms were also analyzed by confocal microscopy.
Parental and A6 mce M. smegmatis strains expressing GFP
were grown in 7H9 GADST until stationary phase. These
cultures were used to inoculate M63 supplemented minimal
medium contained in Lab-Tek Chamber Slides (Thermo
Scientific) at an initial OD of 0.005. Bacteria were cultured at
37 °C in humid chambers and biofilms examined daily using
a Leica confocal system with a 63 x water immersion objec-
tive and the 488 nm argon laser line. Images were obtained
and processed using the Leica Confocal Software. The anal-
ysis of cell aggregation was carried out as described by
Deshayes et al. [15]. Briefly, duplicate cultures of the parental
and the mutant strains were grown in MH broth or Mid-
dlebrook 7H9 GADS broth in the absence or presence of
tensioactives (the latter culture used as an estimate of the OD
of the former). When an ODgyo,, = 0.8 was reached in the
cultures grown in the presence of tensioactives, aliquots of the
cultures devoid of tensioactives were withdrawn and left
standing for 10 min at room temperature. After that, the
supernatants were removed and the cell sediments were vor-
texed with 4 mm glass beads and resuspended in the original
volume of medium. An aggregation index (Al) was calculated
as a ratio of optical densities (ODg) of the aggregated cells
resuspended by mechanical agitation and dispersed cells in the
supernatants. Assays were performed at least three different
times by triplicate.

2.4. Cholesterol uptake

M. smegmatis parental and mutant strains were grown in
Middlebrook 7H9 GADST medium and used to inoculate
a Sauton low asparagine medium containing unmarked
cholesterol. The strains were growth at 37 °C in agitation
until stationary state phase. Then, the cells were washed
twice with PBS buffer and diluted to an ODggq of 0.5-0.6 in
a Sauton low asparagine medium containing 0.02 pCi/ml
[4-1%C] cholesterol. The bacteria were incubated at 37 °C and
1 ml culture samples were taken at various time points. The
ODgpp was measured to each sample and then they were
centrifuged to 12,000 rpm for 5 min at 4 °C, washed twice
with TE buffer and resuspended in 100 pl. A 10 pl aliquot of
cells was mixed with 100 pl liquid scintillation solution and
the cell-associated [14C] cholesterol was measured using
a 1450 Microbeta TriLux Liquid Scintillation and Lumines-
cence Counter (Perkin Elmer). The assay was performed
three times.

The uptake experiment was modified when the com-
plemented strain was evaluated. The cells were grown in
Sauton medium containing glycerol, instead of cholesterol,
and cultivated at room temperature without agitation until
stationary state phase. Then, the uptake experiment was per-
formed as described above but the washes were done with
Sauton low asparagine medium, instead of TE buffer.

3. Results

3.1. Construction of M. smegmatis mutants lacking
mce operons

The mce operons from M. smegmatis mc* 155 were
mutated using the gene knock-out system described by Parish
& Stoker [11]. In order to delete each mce operon completely,
upstream and downstream regions from each operon were
cloned in the delivery vector, as described in the methodology
section. This strategy allowed the construction of unmarked
mutants. The first deletion made was that of mce4 operon,
then double (mce4+3), triple (mce4+3+5bis), quadruple
(mce4+3+5bis+5), quintuple (mced4+3+5bis+5+1) and
sextuple (mce4+3+5bis+5+1+7) mutants were constructed.
The deletion of the mce operons was confirmed by PCR
(Fig. 1) using primers that amplify the wild type and mutant
allele from each operon. These results suggest that the mce
operons are not essential in M. smegmatis, at least under the
standard growth conditions used in this study. The first
examination of the deletion mutants by naked eye failed to
reveal any noticeable phenotype affecting size or morphology
of the colonies on Middlebrook 7H9 agar medium (data not
shown).

3.2. M. smegmatis sextuple mce deletion mutant
is altered in colony morphology

In order to further characterize the sextuple Amce mutant
strain, we analyzed its ability to grow in liquid and solid media
of different composition at 37 °C. That was tested on the
chemically defined Middlebrook 7H9 broth medium to which
glycerol, dextrose, albumin and NaCl were added in different
combinations. Mueller Hinton medium was used as a complex,
rich medium with and without dextrose or glycerol, while
Hartmans-de Bont medium with glycerol or dextrose as carbon
source was used as minimal medium. In all cases Tween or
Triton were present to avoid clumping. No differences were
observed between growth of the wild-type strain and the
sextuple mce deletion mutant, at any stage of the growth curve,
although a slightly slower growth rate on 7H9 —GADST was
reproducibly seen for the mutant strain (data not shown). Thus,
the loss of all the mce operons does not have any significant
consequence on growth in the most commonly used liquid
media, ruling out their involvement in the import of nutrients
or export of metabolic end products or any major structural
components required for viability or optimal growth under
laboratory conditions.

We next set out to analyze colony morphology and size on
different solid media with various carbon sources. For that
purpose, Middlebrook 7H9 agar and Mueller Hinton agar were
used as rich media with the addition of carbon sources in
different combinations as described above. Hartmans-de Bont
minimal medium was again included to test other substrates.
In all these cases Congo Red was used with a dual purpose, in
first place as an aid to improve the visualization of possible
alterations in cell morphology and secondly as a mean to
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Fig. 1. PCR reactions to screen for mutant strains. Different sets of primers were designed to amplify the wild type and mutant alleles from each operon, as shown
in panel A, and they were used to screen for mutants. Vertical arrows represent the beginning and the end of each mce operon and delimit the fragments that were
deleted from the genome. Panel B shows PCR reactions done with one clone (called 25) of the sextuple mutant to confirm the deletion of each operon. Colony PCR
was performed to this clone with the set of primers “A” to amplify the mutant allele and with the set of primers “B” and “C” to amplify the wild type allele from
each mce operon. +A: positive control of the mutant allele using the delivery plasmid to mutate the corresponding operon as template. +B and +C: positive
controls of the wild type allele using genomic DNA from M. smegmatis mc* 155 as template.
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assess changes in the lipid and lipoproteins contents of the cell
envelope [12]. Surprisingly, the sextuple mce mutant consis-
tently produced “hairy” colonies on all of the media tested
(Fig. 2). These projections, similar to short spikes and hairs,
could be easily detected under a binocular scope at low
magnification. This phenotype was specially noticeable when
plated on Mueller Hinton and —although less remarkable- on
Middlebrook media devoid of dextrose. When Hartmans-de
Bont media was used, while parental colonies were smooth
and lacked the usual colonial morphology, mutants produced
rough colonies bearing some projections, albeit fewer than in
Mueller Hinton medium (Fig. 2). In all cases, independent of

A

1,6X A6 mce

me'155 1,6X A6 mce

A6 mce

the medium used, the sextuple mce deletion mutant had a drier
appearance than the wild-type strain. Altogether, the observed
changes in morphology, suggest cell envelope alterations of
unknown nature associated to the loss of the mce operons.

3.3. M. smegmatis sextuple Amce mutant reveals
alterations in biofilm formation and clumping

Based on the results described above, we set out to inves-
tigate possible changes in the cell envelope structure and
composition of the mutant. An approach consisted in
comparing the binding of Congo Red [12] to wild-type and

A6 mce

2X A6 mce

2,5X A6 mce

Fig. 2. Impact of the deletion of the six mce operons in colony morphology. Aliquots of fresh cultures of either M. smegmatis mc?155 (left) and M. smegmatis A6
mce (right) were plated on MH 0.2% dextrose (panel A); MH 0.5% glycerol (panel B); MH (panel C); Middlebrook 7H9 10% ADS (panel D); Middlebrook 7H9
0.5% glycerol, 0.2% dextrose (panel E); Hartmans-de Bont 0,5% glycerol, 0.2% dextrose (panel F). Congo Red (100 pg/ml) was added to all the tested media.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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mutant colonies. Quantitation of the extracted Congo Red
showed no significant difference between parental and mutant
strains (data not shown). Other indirect approaches for the
analysis of the cell envelope included the examination of the
ability for sliding motility [14] and biofilm formation [16] of
the mutant and parental strains of M. smegmatis. These
phenotypic traits were chosen because of their relationship to
the cell envelope composition [14,17]. No differences in the
motility assay were detected between both strains (data not
shown). However, we were able to observe variations in the
biofilms produced by the sextuple deletion mutant compared
to that of the wild-type strain (Fig. 3). Although the amount of
biofilm -quantitated by Crystal Violet binding- was similar in
the mutant and wild- type strains (Supplementary material 2),
two important differences were observed. In the first place,
alteration in the biofilm surface was observed in the mutant as
compared to the parental strain (Fig. 3A), with the sextuple
mce mutant showed a smoother surface than the parental
strain. A close examination of the biofilm structure by
confocal microscopy showed that the mutant biofilm contained
bigger bacterial clumps than those of the wild-type biolfim
(Fig. 3B). The second difference was related to the amount of
time that the biofilm could maintain its organization on the
medium/air interface before collapsing, probably due to aging.
While the biofilms produced by the wild-type strain detached
from the walls of the well and were covered by the culture
medium by day 8, the biofilm generated by the sextuple
deletion mutant could stay on the interface, attached to the

walls of the well for more than 26 days without collapsing.
Another evidence suggestive of cell envelope alterations
generated by the loss of the mce operons was observed when
the mutant was grown in 7TH9 —GADS devoid of Tween 80; in
these conditions, the degree of clumping was twice higher than
the one observed for the wild-type strain (Fig. 4, panel B and
C). The same phenotype was seen when Mueller Hinton was
used, although in this case, the aggregation was markedly
increased leading to clumps that we were not able to break up
mechanically by vortexing with glass beads (Fig. 4A). Thus,
these results strongly reinforce our idea that at least one of the
mce operons is functionally related to cell envelope structure.

3.4. Deletion of the mce4 operon in M. smegmatis
impaired the uptake of cholesterol

A recent report by Pandey & Sassetti [8] showed that a M.
tuberculosis H37Rv Amce4 knock-out strain was defective in
cholesterol transport. Thus, it seemed reasonable to test the
proficiency of our sextuple mce deletion mutant to transport
this steroid. The role of the Mce proteins in cholesterol uptake
was examined by measuring [4-'*C] cholesterol uptake in
mutant and wild-type strains. The rate at which the sextuple
mce mutant accumulated [4-14C] cholesterol was lower than
that of the parental strain, indicating that at least one of the
mce operons participates in the cholesterol uptake. Given that
mce4 operon participates in the transport of cholesterol in
M. tuberculosis and in R. jostii RHA we compared the uptake

WT GFP

A6 mece GFP

Fig. 3. Biofilm formation of M. smegmatis mc*155 and its A6 mce mutant derivative. Panel A: Cultures from both strains were grown in supplemented minimal
salts M63 medium in 12-well multititre plates for up to eighteen days at 37 °C. For the sake of simplicity only the time points up to seven days are shown. Panel B:
Sections derived from confocal microscopy of the biofilms developed by parental and A6 mce strains expressing GFP on chamber slides.
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with shaking without shaking

30

25 4

20 A

15 4

1o I

Aggregative index (Al)

0.5 -

°e mc155 A6 mce

Fig. 4. Loss of mce operons increases clumping. Aggregation of M. smegmatis mc*155 and its A6 mce mutant derivative was determined as described by Deshayes et al.
[15] Panel A: MH; Panel B: Middlebrook 7H9-ADS-glycerol. Panel C: determination of the aggregation index (Al see text for details) for cultures grown in Mid-
dlebrook 7H9-ADS-glycerol; cultures of the A6 mce mutant grown in MH were extremely difficult to resuspend and thus their aggregation index could not be quantified.

of [4-'*C] cholesterol by a single mce4 mutant of M. smegmatis cholesterol at a similar rate than that of the sextuple mce
to those of the sextuple mce mutant and the parental strains. A mutant, while the accumulation of [4-'*C] cholesterol in mutant
single mcel mutant of M. smegmatis was included as control. mcel was equal to that of the parental strain (Supplementary
As it is shown in Fig. 5A, mutant mce4 accumulated [4—14C] material 3). In addition, we tested the cholesterol uptake in
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Fig. 5. The mce4 operon is required for cholesterol uptake in M. smegmatis. A)
The indicated strains of M. smegmatis were grown on Sauton medium con-
taining cholesterol at 37 °C, washed and incubated with [4-'4C]-cholesterol for
the indicated times. The cell-associated radioactivity remaining after extensive
washing was quantified and expressed as cpm x ml™" x ODggonm. B) The
cholesterol uptake was measeared in a conplementated M. smegmatis Amce4
mutant. The strains were grown on Sauton medium containing glycerol at
25 °C, and the cholesterol uptake was evaluated as described above. One of
three independent experiments with similar result is shown.

the Amce4 strain complemented with an intact copy of the
mce4 operon from M. tuberculosis. The growth of the com-
plemented strain either in the presence of cholesterol as sole
carbon source or at 37 °C, or in both conditions was signifi-
cantly impaired (data not shown). For these reasons, the
cultures for the complementation experiments were grown in
a cholesterol-free media, at 25 °C. Fig. 5B shows that the
reintroduction of mce4 restored the uptake of cholesterol in
the mutant strain at similar level to that of the parental strain.
However, the cholesterol uptake kinetic in the complemented
strain showed to be delayed as compared to that of the wild
type, suggesting differences in the Mce4 transport system
between M. smegmatis and M. tuberculosis. Together these
results demonstrate that, as it happens in M. tuberculosis and
R. jostii RHA, the Mce4 proteins of M. smegmatis participate
in the transport of cholesterol. Besides, these proteins seem to
be the only ones among Mce proteins involved in cholesterol
uptake.

3.5. The cell lipid profile is not altered in the sextuple
mce null mutant

Based on functional experiments, Santangelo et al. [18]
have recently found that the regulator of the mce3 locus,

Mce3R, negatively regulates the expression of two additional
transcriptional units, predicted to be involved in lipid metab-
olism or redox reactions. These findings, together with other
published reports [19] and our observations linking M. smeg-
matis mce4 to cholesterol uptake, led us to hypothesize that
the mce operons could be implicated in the transport of lipids.
Thus, we set out to analyze the lipid profile of the sextuple
mce null mutant, grown in Middlebrook 7H9-GAD or Mueller
Hinton. The lipids from whole cell extracts, cytoplasm plus
membrane and cell wall fractions of the sextuple mce deletion
mutant and of the wild-type strain were analyzed by 1D-TLC
with various solvent systems to resolve different lipids from
M. smegmatis: (phosphatidylinositol (PI), phosphatidyletha-
nolamine (PE), cardiolipin (CL), phosphatidylinositol man-
nosides (PIM), trehalose monomycolates (TMM), trehalose
dimycolates (TDM) and glycopeptidolipids (GPLs) (see
Supplementary material 4). Against our expectations, no
differences in the lipid profiles were observed under the
conditions tested between the two strains (Fig. S4). Analysis
of extractable lipids and cell wall-bound mycolic acid contents
also failed to show any significant differences between mutant
and wild-type strains (data not shown). Therefore, although
a phenotype compatible with cell envelope alterations was
noticeable, we were not able to identify its molecular basis.

4. Discussion

The role of mce operons in mycobacteria has been an
intriguing enigma for several years. So far, mce operons 1,2, 3, 4
and the combination 3 + 4 have been knocked-out in M.
tuberculosis [3,20]. In all cases except for mcel, the deletion
strains showed a decrease in virulence. Interestingly, all of the
attenuated strains behaved in vivo in a slightly different way,
with respect to the progression of disease, pathology and
immune responses, suggestive of their non-redundant functions.
With the goal of elucidating the roles of the mce operons in
mycobacterial physiology and their relationship to the patho-
genesis of TB, we undertook the generation of a M. smegmatis
mutant deficient in the expression of all mce operons.

Our results showed that the M. smegmatis sextuple mce
deletion mutant was still able to grow at rate comparable to
that of the parental strain in all of the different culture media
tested. Thus, the transport (import or export) of essential
structural components or nutrients by the mce operons could
be ruled out. In order to determine whether the loss of the
entire mce gene repertoire could have a more delicate impact
on the cell envelope organization, we compared wild-type and
mutant colonial morphology on different culture media, their
ability to bind Congo Red, their sliding motility, and capacity
to form biofilms, all tests directly or indirectly associated to
cell envelope alterations. Surprisingly, mutant colonies
showed a “hairy” appearance. This phenotype was more
clearly observed in the richest medium used, Mueller Hinton.
Since colony morphology reflects bacterial cell interactions,
this result pointed out to a possible modification of cell
envelope surface components. Consistently with this
presumption, the distribution to the bacteria in the biofilm
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formed by the mutant showed to be more aggregated than that
of the parental strain. In addition, the mutant biofilm could
remain at the surface of the medium without collapsing longer
than the parental biofilm; thus, together with the colonial
morphology alterations, these results were suggestive of cell
envelope changes. More evidence of alterations in cell enve-
lope was provided by aggregation studies, in which the mutant
strain formed more clumps than the parental strain when both
were grown in liquid culture medium without added ten-
sioactives. Thus, taken altogether these results suggest that the
mce operons of M. smegmatis are implicated in the mainte-
nance of the surface properties of the cell. In spite of this we
still don’t know which operons are responsible for the
observed phenotypes (biofilm alterations, cell aggregation and
altered colony morphology) and more work is needed in order
to elucidate this.

In a previous work, Santangelo et al. [18] used microarray
analysis to compare the transcriptional profile of an M.
tuberculosis mutant strain defective in the production of
Mce3R, the repressor of the mce3 operon, to parental M.
tuberculosis H37Rv. In that work they found that Mce3R
controls the expression of a number of genes involved in lipid
metabolism and B-oxidation in M. tuberculosis. In addition,
the lipid profiles of both strains were analyzed by TLC and
variations have been observed between the mutant and the
wild-type strain. These results, which suggest that the mce
operons from M. tuberculosis encode lipid transporters, are
supported by those of Pandey & Sassetti [8] and Mohn et al.
[9], who demonstrated that the mce4 operon is involved in the
transport of cholesterol in M. tuberculosis and R. jostii RHA,
respectively. Here we found that the role of mce4 operon in
cholesterol transport is also conserved in M. smegmatis and
that the uptake of this steroid seems to be an exclusive func-
tion of mce4 among the six mce operons. However, as in the
case of M. tuberculosis [8], there is same residual cholesterol
uptake in the mce4 mutant of M. smegmatis, which could be
due to another less efficient import system or may simply
reflect passive diffusion across the membrane. Complemen-
tation with an intact copy of mce4 from M. tuberculosis
restored the uptake of cholesterol in M. smegmatis Amce4, but
a clear delay in the cholesterol uptake kinetic was detected in
the complemented strain when compared to that of the
parental strain. In addition, the expression of Mce4 proteins
from M. tuberculosis significantly impaired the growth of M.
smegmatis when bacteria were growth either in the presence of
cholesterol or at 37 °C. Therefore, in spite of the fact that the
function of Mce4 transporters are conserved in M. tuberculosis
and M. smegmatis, there would be differences in the choles-
terol affinity, transport efficiencies or regulation of the
expression between both Mce4 systems.

The failure in cholesterol uptake, together with a recent
report by Dunphy et al. [21] in which they found that mcel
fadD5 mutant of M. tuberculosis was diminished in growth in
minimal medium supplied only with mycolic acid as a carbon
source, lead us to analyze if the sextuple mutant was dimin-
ished in growth in minimal medium supplied only with
different steroids (oleic acid, palmitic acid, stearic acid,

testosterone and cholesterol, all prepared in ethanol) as a sole
carbon source (data not shown). However, no obvious differ-
ences were observed between the mutant and parental strains,
al least in the conditions and with steroids tested here. Of
course, we cannot exclude that mce operons play a role in the
transport of other types of host lipid or fatty acid substrates
that have not been tested here. In summary, our results suggest
that the mce operons may have a role in transport of molecules
that either provide M. smegmatis with carbon sources or form
part of the cell envelope architecture. Thus, along with the fact
that the mce4 operon of M. smegmatis is involved in choles-
terol transport, it is a challenging hypothesis to postulate that
mce operons have two functions, with some of them per-
forming import, modification and export of steroids and others
transporting cell wall compounds in mycobacteria.

All together, the results obtained in this study and the
availability of the herein reported M. smegmatis mce null
mutants will help to decipher the biological significance of the
Mce protein family in mycobacteria.
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