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The aggregation of mycobacterial cells in a definite order, forming microscopic structures that resemble
cords, is known as cord formation, or cording, and is considered a virulence factor in the Mycobacterium
tuberculosis complex and the species Mycobacterium marinum. In the 1950s, cording was related to a trehalose
dimycolate lipid that, consequently, was named the cord factor. However, modern techniques of microbial
genetics have revealed that cording can be affected by mutations in genes not directly involved in trehalose
dimycolate biosynthesis. Therefore, questions such as “How does mycobacterial cord formation occur?” and
“Which molecular factors play a role in cord formation?” remain unanswered. At present, one of the problems
in cording studies is the correct interpretation of cording morphology. Using optical microscopy, it is some-
times difficult to distinguish between cording and clumping, which is a general property of mycobacteria due
to their hydrophobic surfaces. In this work, we provide a new way to visualize cords in great detail using
scanning electron microscopy, and we show the first scanning electron microscopy images of the ultrastructure
of mycobacterial cords, making this technique the ideal tool for cording studies. This technique has enabled
us to affirm that nonpathogenic mycobacteria also form microscopic cords. Finally, we demonstrate that a
strong correlation exists between microscopic cords, rough colonial morphology, and increased persistence of

mycobacteria inside macrophages.

Mycobacterium tuberculosis, the causative agent of human
tuberculosis (TB), killed 1.5 million people in 2006. A further
200,000 HIV-positive people died from HIV-associated TB
(http://www.who.int/tb/en/index.html). Intensive research into
the virulence factors that determine the pathogenicity of M.
tuberculosis have been carried out since the tubercle bacillus
was discovered. Unfortunately, despite the knowledge ob-
tained, the factors that make M. tuberculosis virulent have not
yet been identified (23, 29). One of the first phenotypic char-
acteristics linked to virulence was the microscopic formation of
cords. When M. tuberculosis cells grow in a liquid medium
without detergent, they form tight bundles, or cords, consisting
of bacilli in which the orientation of the long axis of each cell
is parallel to the long axis of the cord. M. tuberculosis micro-
scopic cords were first observed by Robert Koch in 1882, but
knowledge of their significance increased in 1947 with studies
by Middlebrook et al. (16). These authors compared the viru-
lent H37Rv and avirulent H37Ra M. tuberculosis strains and
found that the formation of cords took place only in the viru-
lent strain, whereas cells from the avirulent H37Ra strain were
not oriented and merely formed irregular clumps. In 1953,
Bloch isolated a toxic glycolipid from M. tuberculosis and re-
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lated it to the virulence of the tubercle bacillus and to cording.
Bloch named the glycolipid cord factor, and later, it was iden-
tified as trehalose dimycolate (TDM) (2, 17). However, 56
years after Bloch’s description, we know that TDM is not the
cording factor, as multiple alterations in cell envelopes unre-
lated to TDM can lead to loss of cording (see reference 8 for
an excellent review). Furthermore, all the Mycobacterium spp.
researched to date (pathogenic and nonpathogenic, with the
exception of M. leprae, which has only trehalose monomycolate
[5]) have TDM in their cell walls (8).

The formation of microscopic cords has also been described
in M. marinum, a fish, amphibian, and opportunistic human
pathogen that is phylogenetically related to members of the M.
tuberculosis complex (11, 24, 25). Genetic validation of the link
between cording and virulence was obtained by means of the
construction of transposon mutants in strains of both the M.
tuberculosis complex and the species M. marinum (8).

A recent occurrence with M. abscessus has strengthened the
argument for the relationship between cording and virulence.
Smooth M. abscessus colonies can switch to rough colonies,
and interestingly, the rough morphotype formed microscopic
cords in a liquid medium and was more virulent than the
smooth morphotype in human monocytes and in a mouse TB
model (12). Smooth colonies did not form cords in liquid
medium and contained large amounts of cell wall glycopep-
tidolipids that were present in only minimal amounts in rough
cording types (12). The authors concluded that the ability to
switch from smooth noncording to rough cording morphotypes
may allow M. abscessus to make the transition between a col-
onizing phenotype and a more virulent invasive form. This is a
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very interesting hypothesis, supported by the findings of Cathe-
rinot et al. (3), who reported a case of acute respiratory failure
involving a rough variant of M. abscessus. Another correlation
can be made from these findings, between rough colonies and
cording, since only rough colonies of M. abscessus formed
microscopic cords, and cording M. tuberculosis and M. mari-
num strains displayed only rough colonies.

In previous works, we obtained spontaneous rough-colony
mutants from the species M. chubuense, M. gilvum, M. obuense,
M. parafortuitum, and M. vaccae. As we have previously re-
ported, in all these species, colonies with both smooth and
rough morphologies produced TDM in similar amounts, and
no differences were found in the patterns of the other cell wall
glycolipids and mycolic acids (1). However, smooth colonies
synthesized a saturated polyester that was absent in rough
colonies (1, 21). This compound is a long-chain saturated fatty
acid polyester of estolide-like structure containing mainly C, .,
and C,g,, saturated acids linked to C,,, C,, and C, 4 saturated
alcohols (21).

M. vaccae was considered nonpathogenic until 1996, when it
was described as the causal agent of pneumonia and cutaneous
diseases (10). The other species studied are phylogenetically
related to M. vaccae but are not considered to be pathogenic.
All these species belong to the rapidly growing scotochromo-
genic mycobacteria (RGSM) group and are phylogenetically
distant from M. abscessus, M. marinum, and the species of the
M. tuberculosis complex (28). The relationship between micro-
scopic cording and rough colonies in pathogenic species led us
to study the formation of microscopic cords in the rough vari-
ants of these RGSM.

To date, cords have been detected only by optical micros-
copy. Using this technique, it is sometimes difficult to distin-
guish between cording and clumping, which is a general prop-
erty of mycobacteria due to their hydrophobic surfaces. In this
work, the formation of microscopic cords has been studied with
scanning electron microscopy (SEM) for the first time in order
to achieve the following main objectives: (i) to be able to affirm
without the slightest doubt if a mycobacterial strain forms
microscopic cords and (ii) to observe clearly the ultrastructure
of cords and the organization of mycobacterial bacilli in these
cords. We also used confocal laser scanning microscopy
(CLSM) to obtain images of the colony structure. A compar-
ison was made between both the structure of the colonies and
the ultrastructure of the microscopic cords in the aforemen-
tioned strains of RGSM and the M. marinum type strain.

Microscopic cords today are considered to be related to
virulence, so an interesting question is, if these rough colonial
morphotypes produce microscopic cords, are they more viru-
lent than the original smooth ones? In order to have a prelim-
inary evaluation of this, we also researched the capacities of
both rough and smooth mycobacteria to survive in murine
macrophages.

MATERIALS AND METHODS

Strains and growth medium. The M. chubuense ATCC 27278", M. gilvum
DSM 43547, M. obuense ATCC 27023", M. parafortuitum ATCC 19686", and M.
vaccae ATCC 15483 smooth strains and their respective rough natural mutants
(obtained by us in previous works [1, 21]) were grown, together with the strain M.
marinum ATCC 9277, on Trypticase soy agar (TSA) (Scharlau Chemie, Spain)
medium for 2 weeks at 30°C. M. marinum was included as a positive control for
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FIG. 1. Only rough colonies form spreading pellicles in TSB liquid
medium. (A) M. chubuense. (B) M. gilvum. (C) M. obuense. (D) M.
parafortuitum. (E) M. vaccae. (F) M. marinum. On the left are shown
smooth and rough colonies grown on TSA plates. The colonies shown
are representative of hundreds of colonies obtained throughout the
study. On the right, the growth on TSB medium of an isolated colony
taken from TSA is shown. For rough variants, the formation of
spreading pellicles was observed in glass tubes. The size of the scale
bars is 2 mm.

cording. The colonies obtained were studied by CLSM. For Ziehl-Neelsen
smears and SEM studies of cords, one isolated colony was inoculated into
Trypticase soy broth (TSB) (Scharlau Chemie, Spain), and the cultures were
incubated (without shaking) at 30°C for 2 weeks.

Optical microscopy. In order to observe the morphology of the colonies grown
on TSA, optical microscopy was performed using a Leica MZFLIII stereo mi-
croscope (Leica, Germany). Ziehl-Neelsen stains of spreading pellicles (for
rough mutants) or sediments (for smooth mutants) that the mycobacteria formed
in TSB were observed with a Leica-DMRBE microscope (Leica, Germany)
equipped with differential interference contrast. Micrographs were taken using a
DC 250 digital camera system.

CLSM. Colonies grown on TSA for 2 weeks were labeled with 10 pg/ml
Hoechst 33342 (Molecular Probes) for 1 h at 37°C in the dark. The colonies were
washed in 0.1 M phosphate-buffered saline (PBS) (Sigma-Aldrich, Germany)
and mounted on Mat-Teck culture dishes (Mat Teck Corp., Ashland, MA).

Observations were made with a TCS-SP5 confocal laser scanning microscope
(Leica, Germany) using a Plan Apo 40X (numerical aperture [NA], 1.25) oil
objective. Hoechst 33342 DNA labels were excited with a blue diode (405 nm)
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FIG. 2. Colonial cords are formed by the rough colonies of all of the species, with the sole exception of M. parafortuitum. Shown are CLSM
micrographs of rough colonies grown on TSA with three-dimensional projections in x-y, x-z, and y-z views. (A) M. chubuense. (B) M. gilvum. (C) M.
marinum. (D) M. obuense. (E) M. parafortuitum. (F) M. vaccae. The images are representative of the studies performed with colonies of four

different cultures.

and detected in the 415- to 460-nm range. To determine the colony structure, a
series of horizontal (x-y) optical sections were collected at 1-um intervals
throughout the thickness of the colony. The projections of the series obtained
were generated with Imaris v. 6.1.0. software (Bitplane, Switzerland) in order to
visualize the structures formed by the bacteria in three dimensions. The 3 topo-
graphical images were obtained using LAS AF software (Leica, Germany).

SEM of cells grown in TSB. Cells for SEM studies were taken from spreading
pellicles (for rough mutants) or sediments (for the smooth colonies) formed by
mycobacteria in TSB. The pellicles or pellets were deposited on Nuclepore
track-etch membranes with a pore size of 0.2 pm (Whatman, United Kingdom).
Duplicates of each sample were processed after air drying. One set of samples
was fixed following conventional electron microscopy methods. In short, samples
were fixed in 2.5% (vol/vol) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4)
for 2 h at 4°C, washed 4 times for 10 min each time in 0.1 M phosphate buffer,
postfixed in 1% (wt/vol) osmium tetraoxide with 0.7% ferrocyanide in phosphate
buffer, washed in water, dehydrated in an ascending ethanol series (50, 70, 80, 90,
and 95% for 10 min each and twice with 100% ethanol), and dried by critical-
point drying with CO,. This method enabled the samples to be well preserved,
eliminating the main extracellular matrix and facilitating the observation of cells.
The other set of samples was fixed directly with osmium vapor impregnation (12
h) and dried. This anhydrous method is a rapid and nondestructive technique
that enables native and fragile structures with extracellular components to be
conserved. All samples were mounted on adhesive carbon films and then coated
with gold. Bacilli were observed with an S-570 scanning electron microscope
(Hitachi Ltd., Japan) at an accelerating voltage of 15 kV.

Infection of macrophages. The murine macrophage J774 cell line was main-
tained in Dulbecco’s modified Eagle’s medium with L-glutamine (Gibco BRL),
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Lonza Ltd.,

Switzerland), 100 pg/ml streptomycin, and 100 U/ml penicillin at 37°C in an
atmosphere containing 5% CO,.

The bacterial colonies were scraped from TSA plates and suspended in PBS,
slightly vortexed with glass beads, and allowed to settle for 30 min. The super-
natant was adjusted to 1.0 McFarland standard. The cells were pelleted and
resuspended in complete medium without antibiotics. Clumps of bacteria were
disrupted by ultrasonic treatment of bacterial suspensions in an ultrasonic water
bath as previously described (26). The disruption of bacterial clumps was further
assessed microscopically. In a series of preliminary experiments, cell viability was
tested after sonication for both smooth and rough variants of each mycobacterial
species in order to verify the cell counts obtained in McFarland adjustments.

Macrophage cells (6 X 10° per well) were seeded onto 48-well tissue culture
plates in complete medium without antibiotics, and 24 h later, they were infected
with each of the different mycobacterial strains at a multiply of infection (MOI)
of 100 for 3 h. After three successive washes with PBS to remove extracellular
bacteria, the cells were incubated with fresh complete medium at 37°C. All
infections were performed in triplicate. At different time points after infection (3,
8, 24, 48, 72, and 96 h), the cell culture supernatants were removed and the
macrophages were lysed with 400 wl/well of 0.1% Triton X-100 (Sigma-Aldrich,
Germany). The bacterial counts in the cell lysates were determined in CFU by
plating serial dilutions on TSA plates and incubating the cultures at 30°C for 2
weeks.

Statistical analyses. Data are presented as the mean = standard deviation
(SD). First, data were log transformed and tested for both normal distribution
(Kolmogorov-Smirnov) and homogeneity of variances (Levene). To determine if
there were significant differences in the survival of smooth and rough variants
inside J774 macrophages, an analysis of variance (ANOVA) was performed.
Intergroup divergences at each time were calculated using the paired Student’s



1754 JULIAN ET AL.

¥ () 100 P y [um) 100

.\ B

y [um) 100 y (om)

J. BACTERIOL.

1 d
¥ [um]

F

FIG. 3. Topographic reconstruction of colonies corresponding to those in Fig. 2. (A) M. chubuense. (B) M. gilvum. (C) M. marinum. (D) M.
obuense. (E) M. parafortuitum. (F) M. vaccae. Evenness in color reflects uniformity of the colony surface. Strong variation in color shows high

irregularity on the colony surface.

t test for comparison of means. Values of P > 0.05 were considered statistically
significant. All statistical procedures were performed using SPSS 15.0 software
(SPSS Inc., Chicago, IL).

RESULTS

CLSM showed different types of colonial architectures
among the rough colonies. The original strains of M. chu-
buense, M. gilvum, M. obuense, M. parafortuitum, and M. vaccae
used in this study formed smooth and rough colonies when
cultured on TSA. Meanwhile, M. marinum formed only rough
colonies (Fig. 1). When we observed the rough colonies with
binocular stereomicroscopy, we noted that the M. chubuense,
M. gilvum, M. obuense, and M. vaccae colonies had highly
textured surfaces with marked wrinkles. On the other hand, M.
marinum and M. parafortuitum formed flat colonies with less
relief (Fig. 1). We decided to use CLSM to study these rough
colonies in depth. Side views of the three-dimensional recon-
structed images were used to determine the colony structure
(Fig. 2). CLSM showed that the rough colonies of M. chu-
buense, M. gilvum, M. obuense, and M. vaccae had a more
spatially heterogeneous structure, forming thick colonial cords
(Fig. 2A, B, D, and F, respectively). This heterogeneity could
also be discerned along the z axis on the x-z projection. How-
ever, the colonies of M. marinum and M. parafortuitum showed

a homogeneous flat structure (Fig. 2C and E). The presence of
fine and flat colonial cords was clearly visualized in M. mari-
num (Fig. 2C), and no relief or cords were detected in the M.
parafortuitum colonies (Fig. 2E). Smooth colonies of all the
strains showed no contours or colonial cords (see Fig. S1 in the
supplemental material).

Figure 3 shows the surface topography and uses a false-color
scale to represent total depth, from blue (deepest valleys) to
yellow (highest peaks). Irregularities in the surface are re-
flected by changes in color: strong variation in color indicates
avery irregular surface, and evenness of color shows a uniform
surface. All the rough colonies, with the exception of those of
M. marinum and M. parafortuitum (Fig. 3C and E, respec-
tively), showed prominent peaks and valleys with randomly
distributed peaks.

SEM showed that microscopic cords were present in all the
spreading pellicles formed by the rough colonies. Smooth and
rough colonies of M. chubuense, M. gilvum, M. obuense, M.
parafortuitum, and M. vaccae, as well as the rough colonies of
M. marinum (Fig. 1), were cultured in TSB. M. marinum was
included in the study as a positive-control strain for cording,
since the observation of cords in this species (by optical mi-
croscopy) was previously described by others (11, 24). As
shown in Fig. 1, the rough colonies inoculated into the TSB
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FIG. 4. Spreading pellicles fixed with osmium vapors show cords with native extracellular components. The SEM micrographs show the
different cord morphologies formed in TSB liquid medium by rough colonies of M. chubuense (A), M. gilvum (B), M. marinum (C), M. obuense
(D), M. parafortuitum (E), and M. vaccae (F). Note the large amounts of extracellular components covering the cells. These native components
persisted in the samples due to being directly fixed with osmium vapors. The micrographs are representative of the general aspects of four different
cultures.

grew as a spreading pellicle that climbed the walls of the glass
tubes. On the other hand, the smooth colonies did not spread
or climb but merely grew inside the medium, producing an
appreciable precipitate at the bottom of the tube.

Cells for the Ziehl-Neelsen smear and SEM were taken from
spreading pellicles (for the rough variants) or sediments (for
the smooth variants). Figure 4 shows the SEM images obtained
when the pellicles were fixed directly with osmium vapors. This
process conserves the materials and structures very well and
allows fragile structures to be observed at high magnification.
We thus observed the presence of cords in all the spreading
pellicles. M. parafortuitum (Fig. 4E) formed flat cords, while M.
chubuense and M. vaccae formed large, prominent cords (Fig.
4A and F, respectively). Bacilli in the cords acted as cover for

an extracellular substance that was removed when the pellicles
were fixed with glutaraldehyde and dehydrated with ethanol
(Fig. 5 and 6). We were therefore able to clearly observe the
bacilli packed end to end and side to side to form a cord in
which the orientation of the long axis of each cell was parallel
to the long axis of the cord.

The SEM images presented in this work are the first images
in which it is possible to clearly observe this phenomenon (Fig.
5 and 6; see Fig. S3 in the supplemental material). Fine cords
formed by a few bacilli were observed in M. marinum and M.
parafortuitum, and according to the images obtained using di-
rect fixation with osmium vapors, more robust cords formed by
more bacilli were observed in the other species. No such clear
and definitive images of the presence of cords were obtained
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FIG. 5. Spreading pellicles fixed with conventional methods for SEM show the organization of bacilli in the cords. Shown are SEM micrographs
of cords formed in liquid medium by rough colonies of M. chubuense (A), M. gilvum (B), M. marinum (C), M. obuense (D), M. parafortuitum (E),
and M. vaccae (F). The samples were processed following conventional SEM procedures of fixation with aldehydes, and the extracellular
components are greatly extracted, rendering the cell surface visible. Note the differences in cord morphology among the species. The images are
representative of images obtained from four different cultures.

with optical microscopy (see Fig. S2 in the supplemental ma-
terial).

SEM of sediments from smooth mycobacteria that grew
inside the TSB medium revealed masses of bacterial cells with-
out orientation, and empty spaces were clearly visible among
the single cells (see Fig. S4 in the supplemental material). In
Figure S4, we show only the images obtained of the smooth M.
vaccae, since the images obtained of the smooth morphotypes
of the other species studied were very similar.

Increased survival of rough cording morphotypes in J774 mac-
rophages compared to smooth noncording morphotypes. J774, a
murine monocyte/macrophage cell line, enables comparative
studies of virulence among mycobacterial strains in a homoge-
neous population to be carried out. This cell line is widely used

in pathogenicity studies, and the behavior of pathogenic and
nonpathogenic species in J774 cells is well known (7, 14, 20,
27). In order to investigate the relationship between cord for-
mation and virulence, the J774 macrophage cell line was in-
fected with M. marinum and each variant of the five different
RGSM species, and their intracellular survival was tested by
measuring intracellular CFU by plating macrophage lysates
over a 96-hour period. A significant increase in the survival of
bacilli from rough colonies was detected for all species (F =
255,049; P < 0.001).

As Fig. 7 shows, M. marinum survived inside macrophages,
but it did not replicate, leading to a steady decline in the viable
counts. This is the typical behavior described for this species in
the J774 cell line when cultures were produced at 37°C (20).
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FIG. 6. High magnification of spreading pellicles, fixed with conventional methods for SEM, with bacilli arranged along the long axis of the
cord. SEM micrographs at high magnification show details of cords formed in liquid medium by rough colonies of M. chubuense (A), M. gilvum
(B), M. marinum (C), M. obuense (D), M. parafortuitum (E), and M. vaccae (F) in samples processed following conventional SEM procedures of
fixation with aldehydes. The images are representative of images obtained from four different cultures.

The abilities of the other strains to persist inside macrophages
varied depending on the species and the colonial morphology.
Interestingly, the smooth variants of all the RGSM species
showed impaired intracellular survival compared to the rough
variants (Fig. 7). Eight hours after infection, the J774 cell line
killed the smooth variants more rapidly than the rough vari-
ants. After 24 h, the differences in the abilities to persist inside
macrophages increased by about 1 to 2 log units in the rough
variants compared to the respective smooth variants. In all
cases, the number of mycobacterial cells decreased over time,
but at the end of the experiments (96 h), and with the sole
exception of M. parafortuitum, survival was statistically signif-
icantly higher in the rough than in the smooth variants. In all
cases, rough strains emerged from macrophage infection as
rough again.

DISCUSSION

We started this work with the aim of inquiring whether
rough colonies of RGSM were able to produce microscopic
cords, a characteristic that is considered a virulence factor in
the genus Mycobacterium. In M. tuberculosis complex strains,
microscopic cording observed in liquid medium by optical
microscopy has been correlated with highly textured colo-
nies that form many wrinkles or serpentines when grown on
agar surfaces (9, 13, 16). This pattern of growth has also
been described in M. abscessus (12). The combination of
CLSM and SEM enabled us to affirm that rough wrinkled
colonies of M. chubuense, M. gilvum, M. obuense, and M.
vaccae formed microscopic cords when cultured in a liquid
medium but rough colonies of M. parafortuitum and M.
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FIG. 7. Increased survival of rough cording morphotypes in J774 macrophages compared with smooth noncording morphotypes. J774 macro-
phages were infected with the smooth (@) or rough (O) variants of M. chubuense (A), M. gilvum (B), M. obuense (C), M. parafortuitum (D), and
M. vaccae (E) and the M. marinum rough strain (F). At 3, 8, 24, 48, 72, and 96 h after infection, the supernatants were removed and serial dilutions
of lysed macrophages were plated on TSA plates. Each time point represents the average colony counts * SD from three serial dilutions from each
triplicate well of infected macrophage cultures. The data are representative of one out of three independent experiments. *, P < 0.05; **, P <

0.001 (unpaired Student’s ¢ test).

marinum that displayed flat morphologies without apprecia-
ble relief also formed microscopic cords when cultured in a
liquid medium (Fig. 1 to 6). The initial conclusion of this
work, therefore, is that the architecture of rough colonies is
not correlated with microscopic cording, since both flat and

wrinkled colonies formed microscopic cords in liquid me-
dium.

Microscopic cording, in RGSM and M. marinum, was ob-
served by means of the SEM and the Ziehl-Neelsen stain
performed on the spreading pellicles that the rough colonies
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formed when cultured in liquid medium. The discovery that
virulent tubercle bacilli grew on the surface of a liquid me-
dium, forming veils that spread uniformly over the entire sur-
face of the liquid medium, and climbed up the sides of the glass
container, was first described by Koch in 1884 and later by
others as a typical characteristic of M. tuberculosis complex
strains. Cording in these pellicles was observed by optical mi-
croscopy and traditional stains (9, 13, 15, 16, 19). The forma-
tion of spreading pellicles has been extensively studied in the
nonpathogenic species M. smegmatis, in which it has been re-
lated to iron availability, synthesis of short-chain mycolic acids,
and synthesis of mycolyl-diacylglycerols (4, 18). However, no
studies relating the formation of spreading pellicles to the
formation of microscopic cords have been performed in M.
smegmatis. The formation of spreading pellicles has not been
reported in M. marinum and M. abscessus, the other two spe-
cies in which microscopic cording has been reported (12, 24).
Our second conclusion is that rough RGSM and M. marinum
also form spreading pellicles and that the formation of these is
linked to the formation of microscopic cords (Fig. 1 and Fig. 4
to 6; see Fig. S3 in the supplemental material).

Smooth colonies of RGSM were unable to grow on the
surface of the liquid medium, and SEM of sediments revealed
that they were also unable to form cords (Fig. 1; see Fig. S4 in
the supplemental material). The application of SEM to the
study of the pellicles clearly showed that they all contained
cords and that the volume, thickness, prominence, and archi-
tecture of cords were different among the species (Fig. 4 to 6;
see Fig. S3 in the supplemental material). Cording has previ-
ously been studied only with optical microscopy, using mainly
Ziehl-Neelsen, Kinyoun, and auramine rhodamine stains (9,
13, 24). In this work, SEM was applied to the study of cords for
the first time, providing the first images that enable the ultra-
structure of these characteristic formations to be observed.
Whether a strain produces cords can be categorically deter-
mined by SEM, significantly improving on the observations
performed with optical microscopy (see Fig. S2 in the supple-
mental material) and showing cord images of high definition
and quality. Our results demonstrate that SEM is a powerful
tool for detecting the presence and morphology of cords in
mycobacteria. Our third conclusion is that SEM is the best
technique for studying microscopic cording.

Natural or constructed mutants of the M. tuberculosis com-
plex species, M. marinum, and M. abscessus that were unable to
form microscopic cords showed impaired virulence compared
to the original cording strains (6, 8, 9, 12, 16). Virulence in
mycobacteria is associated with the ability of the bacterial cells
to survive in host macrophages (7, 14, 20, 22, 23, 27, 29). The
J774 mouse macrophage cell line is one of the most frequently
used tools for comparative studies of virulence among myco-
bacterial strains (7, 14, 20, 27). When we compared survival in
J774 macrophages between rough cording and noncording
smooth colonies of RGSM, we found that mycobacteria from
rough colonies persisted longer than those from smooth colo-
nies inside macrophages. These results support the role of
microscopic cording in the virulence of mycobacteria.

In summary, we have studied rough colony mutants of M.
chubuense, M. gilvum, M. obuense, M. parafortuitum, and M.
vaccae strains, demonstrating that, unlike the smooth mutants,
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all the rough mutants formed spreading pellicles that con-
tained microscopic cords.

To date, microscopic cords have been described only in the
M. tuberculosis complex, M. marinum, and rough M. abscessus.
We have described this phenomenon for the first time in other
mycobacterial species belonging to the RGSM group. Al-
though microscopic cording had been related to rough wrin-
kled colonies in the M. tuberculosis complex and in M. absces-
sus, we used CLSM and SEM to show that flat colonies without
wrinkles or other contours also produce microscopic cords
when cultured in a liquid medium. The SEM techniques used
in this work allowed us to ascertain whether mycobacteria
produce cords, to obtain detailed images of their ultrastruc-
ture, and to establish that cording ultrastructure differences
among the species studied exist. Finally, we showed that rough
cording colonies persisted longer in cultured macrophages
than the original smooth noncording ones.

We believe that the results presented in this work open up
many new possibilities for the study of cords, a virulence factor
of historical significance in mycobacteriology that intrigues My-
cobacterium cell envelope researchers. Furthermore, this study
improves our understanding of the biology of different species
of the genus Mycobacterium, which could contribute to a better
understanding of how M. tuberculosis and other mycobacteria
cause disease.
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