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Abstract. Mycoplasma penetrans invades HeLa cells and survives within them for prolonged periods of
time. The intracellular distribution of M. penetrans within HeLa cells was studied utilizing the acido-
tropic dye LysoTracker (green), which permeates cell membranes and upon protonation remains trapped
in acidic compartments. The excitation and emission spectra of the green LysoTracker are suitable for
colocalization studies with rabbit anti-M. penetrans antibodies and red Cy5 goat anti-rabbit IgG. The
images collected by confocal laser scanning microscopy revealed that in the infected HeLa cells almost
all Cy5 fluorescent foci (red) were located within the LysoTrack-labelled intracellular compartments,
apparently endosomes. Viable mycoplasmas were detected within endosomes for prolonged periods of
time, apparently due to a potent antioxidant activity detected in M. penetrans.

Invasive bacterial pathogens are capable of entering non-
phagocytic eukaryotic host cells where the host cyto-
plasm serves as a permissive environment for intracellu-
lar bacterial persistence and growth [19, 22, 23]. The
invasion of the pathogen is initiated by the binding of the
pathogen to the host cell surface, followed by internal-
ization. The intracellular fate of invading bacteria can
vary greatly. Some invasive bacteria appear to be able to
survive intracellularly for extended periods of time [1,
19, 22]. Other bacteria are degraded intracellularly via
endosome-lysosome fusion.

Mycoplasmas are the smallest and simplest self-
replicating bacteria. These organisms lack a rigid cell
wall and most of them are parasites, exhibiting strict host
and tissue specificities [21]. In some cases mycoplasmas
are associated with diseases in the urogenital or respira-
tory tracts, but in most cases mycoplasmas enter an
appropriate host in which they multiply and survive for
extended periods of time without causing major harm [4,
20, 25]. Current theory holds that mycoplasmas remain
attached to the surface of epithelial cells, although some
mycoplasmas have evolved mechanisms for entering

non-phagocytic host cells [21]. The intracellular location
is obviously a privileged niche, well protected from the
immune system and from the action of many antibiotics.

Mycoplasma penetrans strain GTU was isolated
from the urogenital tracts of an AIDS patient [17]. This
mycoplasma has invasive properties and was detected
within a variety of host cells [2, 11, 17]. In the present
study, we utilized the fluorescent pH-sensitive Lyso-
Tracker (LyT) stain and confocal microscopy to study
the intracellular fate M. penetrans internalized by HeLa
cells.

Materials and Methods

M. penetrans strain GTU was grown for 24 h at 37°C in a modified
Chanock medium [2] supplemented with 5% horse serum. The bacteria
were collected by centrifugation at 12,000 g for 20 min, washed twice,
and resuspended in a cold solution of 10 mM Tris-HCl in 250 mM NaCl
(pH 7.5; TN buffer) to a protein concentration of 1 mg/mL (�1011

CFU/mL). The human adenocarcinoma cells originating from the cer-
vix, HeLa-229 (ATCC#CCL-42.1), were grown at 37°C in humidified
atmosphere of 5% CO2 and 95% air in Dulbecco’s Modified Eagle
Medium (DMEM), supplemented with 10% glutamine and antibiotics
(100 U/mL penicillin and 100 �g/mL streptomycin) and with 10% fetal
calf serum (FCS, Biological Industries, Israel).
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gentamicin resistance assay [2, 8] and by confocal laser scanning
microscopy (CLSM) of immunofluorescently stained preparations [6].
For measuring the oxidative potential of M. penetrans, the cyclic
voltametry (CV) assay [14, 15] and the luminol-enhanced chemilumi-
nescence (CL) assay [10] were utilized. For cyclic voltametry, M.
penetrans (1 mg cell protein/mL) was dissolved in 2% Triton X-100
and the antioxidant activity was measured in a cyclic voltametry
apparatus (Model CV-1B, BAS, West Lafayette, IN). The antioxidant
activity of M. penetrans was also measured by the CL assay. Intact M.
penetrans (10 �g cell protein/mL) were added to a reaction mixture
containing urea-hydrogen peroxide (1 mM) and Na2SeO3 (2 mM), and
chemiluminescence was measured in a LUMAC/3M Biocounter
M2010 connected to a linear recorder.

To locate the adherent and ingested M. penetrans in infected
HeLa cells, a polyclonal monospecific antibody against M. penetrans
was used [6]. The infected HeLa cells were harvested with trypsin-
EDTA solution and seeded onto 12-mm glass coverslips, at a density of
3–5 � 104 cells per coverslip, placed in 24-well tissue culture plates
with 1 mL of fresh DMEM medium in each well and further incubated
under the same growth conditions to the confluent level of 60% (5 �
105 HeLa cells per coverslip). The culture medium was then replaced
with 1 mL of fresh DMEM medium without antibiotics and infected
with M. penetrans at a multiplicity of infection (MOI) of 10 for 4 h.
The infected HeLa cell cultures were incubated for various periods of
time, washed twice with phosphate-buffered saline (PBS) and stained
for 30 min at room temperature with the acidotropic vital fluorescent
probe, LysoTracker Green DND-26 (50 nM, Molecular Probes, Eugene,
OR). Cells were washed two times with PBS, fixed and permeabilized
for 5 min at �20°C with cold absolute methanol and washed twice with
PBS. Nonspecific staining was prevented by blocking with 2% normal
horse serum for 20 min. Then the serum was removed and HeLa cells
were immunostained with primary anti-M. penetrans antibody at a
1:200 dilution for 50 min. The coverslips were washed three times with
PBS and then incubated for 40 min with 1:200-fold diluted goat
anti-rabbit Cy5-conjugated IgG (Jackson, USA). Coverslips were fi-
nally washed four times with PBS and mounted onto glass slides with
antifading buffered medium (3% DABCO (Sigma), 25% glycerol, 10%
Mowiol (Calbiochem), and 0.1 NaN3, pH 8.0). Nonimmune sera were
used for negative controls.

A Zeiss LSM 410 confocal system attached to an Axiovert 135 M
inverted microscope and C-Apochromat 63 � 1.2 water immersion lens
was utilized. The fluorescence of LysoTracker (488 nm line of argon
ion laser with 515 nm emission filter) and Cy5 (633 nm line of He-Ne
laser with 665 nm emission filter) were monitored simultaneously with
differential interference contrast (DIC) bright field images according to
Nomarsky using dual detectors and filter block combinations with
dichroic beam splitters and emission filters. The small pinhole aperture
was set to give the best signal-to-noise ratio and image resolution, thus
optimizing optical sectioning. Confocal images were converted to a
TIFF format and transferred to a Zeiss imaging workstation for pseudo-
color representation. Regions where M. penetrans antibody (red) and
LysoTracker (green) are co-localized after superimposition of the two
images are shown in yellow. Z-series of optical sections were acquired
at spacing steps of 0.6 �m from the surface through the vertical axis of
the specimen by a computer-controlled motor drive. Entire series of
confocal images were assembled in an integral image processor and
projected into a single in-focus three-dimensional image using the
image analysis software (Zeiss).

Results and Discussion

In studying cell invasion it is necessary to discriminate
between external and internal bacteria. Among the vari-

ous techniques used to determine internalization [12, 23]
confocal laser scanning microscopy (CLSM) is an in-
valuable technique available to modern biology for ex-
amining single living cells in real time, using the grow-
ing arsenal of vital fluorescent probes [12]. We have
adapted CLSM for studying the intracellular distribution
of M. penetrans within HeLa cells. This approach pro-
vides a high degree of three-dimensional resolution and
allows distinction between intracellular and extracellular
mycoplasmas by simultaneous visualization of both pop-
ulations. The difference between HeLa cells fixed with
formaldehyde and those fixed and permeabilized with
Triton X-100 represents intracellularly located M. pen-
etrans. Using these methods it was previously estab-
lished that M. penetrans invades HeLa cells in a time-,
concentration-, and temperature-dependent fashion [2,
6]. The cytoplasmic pool of ingested mycoplasmas is
organized in small and confluent bright fluorescent ag-
gregates within vesicles [6, 24], supporting the transmis-
sion electron microscopy observations showing that in-
tracellularly located mycoplasmas are embedded within
well-defined vesicles [17, 24]. Accumulating data sug-
gest that M. penetrans entry into HeLa cells involves a
series of discrete events including membrane-assisted
binding, recruitment of cytoskeleton components, inter-
nalization and intracellular transport via a microtubule-
dependent process [20, 21]. The intracellular environ-
ment of the internalized M. penetrans is still unclear. It is
reasonable to assume that M. penetrans-containing en-
dosomes subsequently fuse with lysosomes, the terminal
degradative compartment in the endocytic routes of an-
imal cells [16]. Within the endolysosomes formed the
endocytosed macromolecules and foreign components
are digested [3, 16, 18]. To examine this possibility we
utilized the acidotropic dye LysoTracker Green, a weak
base conjugated to a green fluorochrome, as a marker of
endolysosome acidification. The LysoTracker freely per-
meates cell membranes, and upon protonation remains
trapped in the acidic compartment such as lysosomal
organelles. The excitation and emission spectra of the
green LysoTracker are suitable for colocalization studies
with rabbit anti-M. penetrans antibodies and red Cy5
goat anti-rabbit IgG. LSCM collects images that, unlike
standard fluorescence microscopy, are free from out-of-
focus blur, thus greatly improving in-plane resolution
along the z-axis and analysis of the surface of the cells
and the fine intracellular fluorescent structures [6]. Im-
ages collected on LSCM depicted the general pattern of
lysosomes stained by LysoTracker (green) and Cy5 (red)
representing intracellular mycoplasmas (Fig. 1). When
the intracellular distribution of M. penetrans in intracel-
lular compartments was investigated utilizing this double
staining method, it was observed that in infected HeLa
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Fig. 1. Laser scanning confocal images of lysosomes and bacteria within
HeLa cells. HeLa cells were infected with M. penetrans for 4 h, and
double-stained with LysoTracker (green) for lysosomes and with the Cy5
fluorophore (red) for mycoplasmas as described in Materials and Methods.
Panels A, B, and C show one xy optical section taken of the same field of
cells. LysoTracker fluorescence is depicted in green (A) and Cy5-labeled
M. penetrans antigens are depicted in red (B). The co-localized regions
(the combination of red and green colors) are depicted in yellow (C).

Fig. 2. Confocal micrographs of M. penetrans-infected HeLa cells.
HeLa cells infected with M. penetrans were double-stained for lyso-
somes (green) and mycoplasmas (red) as described in Materials and
Methods. (A) Uninfected cells; (B) 4 h postinfection; (C) 4 h postin-
fection of cells pretreated for 10 min with 4% formaldehyde.
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cells almost all Cy5 fluorescent foci (red) were located
within the LysoTracker-labeled intracellular compart-
ments (green), resulting in a yellow staining (Fig. 2B).
The relative extent of co-localization with the Lyso-
Tracker was over 90% and remained stable for the du-
ration of the experiment. As can be seen from Fig. 2C,
pretreatment of HeLa cells with 4% formaldehyde com-
pletely prevents the invasion of M. penetrans and all
cell-associated mycoplasmas were found outside the ly-
sosome-stained areas.

To check whether the cell cytoplasm can serve as a
permissive environment for intracellular bacterial persis-
tence and growth, HeLa cells were infected with M.
penetrans. Two hours postinfection, M. penetrans was
internalized without causing obvious damage to the host
cells, as shown by staining with the Live-Dead Viability
kit (Molecular Probes; data not shown). When the in-
fected cells were washed and further incubated for up to
7 days in a gentamicin-containing growth medium to kill
the extracellular mycoplasmas, mycoplasmal material re-
acting with anti-M. penetrans antiserum was found to
persist within the host cells throughout the incubation
period (Table 1), supporting previous data and suggest-
ing that the invading M. penetrans could be detected
within host cells for prolonged periods of time [11, 17].
Nonetheless, viable mycoplasmas could be detected
within HeLa cells up to 24 h postinfection (Table 1). The
duration of viable microorganism recovery depends on
the type of host cell. Thus, viable Yersinia enterocolitica
may reside within primary culture of synovial cells for 6
weeks [13], whereas in HeLa cells these organisms re-
side for only a few hours, apparently due to the high
proliferation rate of these cells [7]. Similar results were
obtained with Salmonella typhimurium [9].

Although M. penetrans is unable to circumvent the

host endocytic pathway and the organism is continuously
exposed within the endolysosomes to oxidative stress,
viable M. penetrans were detected within HeLa cells for
as long as 24 h postinfection, suggesting that M. pen-
etrans possesses a mechanism capable of scavenging
oxygen radicals. Reactive oxygen species (ROS) have

Table 1. Persistence of M. penetrans within HeLa cells

Time
postinfection (h)

Viability of
HeLa cells

(%)

Intracellular M.
penetrans (CEU/106

HeLa cells)

Fluorescence
intensity

(arb. units)

0 98.7 3.1 � 0.3�104 23.8
4 96.0 2.5 � 0.3�104 26.2
6 91.9 2.1 � 0.2�104 27.4

10 85.3 2.2 � 0.2�104 26.0
24 81.1 3.0 � 0.2�103 27.1
48 74.0 �103 19.9

168 31.2 �103 10.1

M. penetrans were incubated with HeLa cells for 2 h (MOI � 10) in an antibiotic-free DMEM medium, washed and further incubated in
DMEM containing 200 �g/mL of gentamicin. Viability of HeLa cells was assessed with the trypan blue cell exclusion test, and of M.
penetrans by plating. HeLa cells were washed, fixed with methanol, and immunostained with anti-M. penetrans antibodies with Cy5-conjugated
goat anti-rabbit serum. For each time period, fluorescence intensity of 10 random fields (about 20 cells per area) was taken and scored with
confocal microscopy and then averaged.

Fig. 3. Antioxidant activity in M. penetrans. Antioxidant activity was
determined by cyclic voltametry (CV) and by the luminol-enhanced
chemiluminescence assay (CL). For CL, mycoplasmas (10 �g cell
protein) were added to a radical-generating reaction mixture containing
1 mM urea, 1 mM hydrogen peroxide and 2 mM Na2SeO3, and chemi-
luminescence was measured: triangles, M. penetrans; squares, M.
capricolum; circles, control without mycoplasmas. For CV measure-
ments (insert), mycoplasmas (1 mg protein/mL) were treated with 2%
Triton X-100 and analyzed as described in Materials and Methods.
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been increasingly implicated as playing a central role in
the pathophysiology of clinical infection [18]. ROS ex-
hibit a broad spectrum of biotoxicity and are crucial to
host defense and the optimal microbicidal activity of
neutrophils and other phagocytes. In response, microor-
ganisms have developed complex strategies to defend
themselves against the injury, once oxidants are encoun-
tered [5, 18]. These defense mechanisms appear to be
particularly important for intracellular pathogens as they
aid in survival within the host cell. Indeed, we detected
a potent antioxidant activity within M. penetrans using
cyclic voltametry [14, 15] and the luminol-enhanced
chemiluminescence assays [10] (Fig. 3). Preliminary re-
sults suggest that the enhanced antioxidant activity of
mycoplasmas is due, in part, to a low-molecular-weight
component detected in the cytoplasm (A. Yavlovich,
unpublished data).
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