
INFECTION AND IMMUNITY,
0019-9567/00/$04.0010

July 2000, p. 4238–4244 Vol. 68, No. 7

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

In Vitro Cell Invasion of Mycoplasma gallisepticum
FLORIAN WINNER, RENATE ROSENGARTEN, AND CHRISTINE CITTI*

Institute of Bacteriology, Mycology and Hygiene, University of Veterinary
Medicine Vienna, A-1210 Vienna, Austria

Received 3 February 2000/Returned for modification 4 April 2000/Accepted 17 April 2000

The ability of the widespread avian pathogen Mycoplasma gallisepticum to invade cultured human epithelial
cells (HeLa-229) and chicken embryo fibroblasts (CEF) was investigated by using the gentamicin invasion
assay and a double immunofluorescence microscopic technique for accurate localization of cell-associated
mycoplasmas. The presence of intracellular mycoplasmas in both cell lines was clearly demonstrated, with
organisms entering the eukaryotic cells within 20 min. Internalized mycoplasmas have the ability to leave the
cell, but also to survive within the intracellular space over a 48-h period. Frequencies of invasion were shown
to differ between the two cell lines, but were also considerably dependent on the mycoplasma input population.
Of the prototype strain R, a low-passage population in artificial medium, Rlow, was capable of active cell
invasion, while a high-passage population, Rhigh, showed adherence to but nearly no uptake into HeLa-229 and
CEF. By passaging Rlow and Rhigh multiple times through HeLa-229 cells, the invasion frequency was signif-
icantly increased. Taken together, these findings demonstrate that M. gallisepticum has the capability of
entering nonphagocytic host cells that may provide this pathogen with the opportunity for resisting host
defenses and selective antibiotic therapy, establishing chronic infections, and passing through the respiratory
mucosal barrier to cause systemic infections.

The genus Mycoplasma, now numbering over 100 species,
represents wall-less prokaryotes known to cause chronic dis-
eases in humans and animals. The avian pathogen Mycoplasma
gallisepticum induces severe chronic respiratory disease in
chickens (18) and sinusitis in turkeys (9, 42), which cause
significant economic loss to the poultry industry (29). Like a
large number of other pathogenic mycoplasmas, this agent
colonizes its host via the mucosal surface of the respiratory
tract. One crucial, initial step for the establishment of the
disease is the adhesion of M. gallisepticum to its host target cell.
Following the colonization of the respiratory tract, M. gallisep-
ticum disease may progress to systemic infection, resulting in
salpingitis, arthritis, and passage of the organism through the
egg (33, 34). Isolation of the pathogen from the hock of
chicken with polyarthritis induced by experimental infection
(20) and from diverse body sites of naturally infected birds,
such as the urogenital tract, the bile (4), or the brain (7),
implies that M. gallisepticum has the ability to translocate
across the respiratory mucosal barrier, to enter the blood-
stream, and to disseminate throughout the body.

Our current understanding of the virulence factors that may
promote M. gallisepticum infection and induce disease is lim-
ited. Earlier studies revealed that M. gallisepticum strains differ
markedly in their pathogenicity for chickens (22, 23, 30, 34)
and that in vitro passages in artificial medium of a particular M.
gallisepticum strain affect its virulence (24). More specifically,
experimental infection studies with chickens showed that a
low-passage population (Rlow) and a high-passage population
(Rhigh) of the M. gallisepticum prototype strain R colonize the
trachea, while only Rlow induces air sac lesions (22).

In the mid-1960s, studies of the interaction of M. gallisepti-
cum with animal cells indicated that this prokaryote is an
extracellular parasite that adheres to the epithelial cell surface

by a terminal bleb structure (39, 44). A few years later, reports
noting the presence of M. gallisepticum within epithelial cells
(5, 37) seemed to conflict with this description. These early
observations of intracellular M. gallisepticum were not further
pursued until the present study, although several hallmarks
associated with M. gallisepticum infections may argue for its
intracellular localization: the usual establishment of chronic
disease once the bird is infected with M. gallisepticum (36),
including the possibility that the infection may be dormant
until the bird is stressed (33), as well as the limited effects of
antibiotic treatment of infected birds, which usually does not
result in the total elimination of infection (36).

In 1989, the discovery of the human mycoplasma species
M. penetrans inside eukaryotic cells (25) stimulated interest in
determining whether other mycoplasmas were able to invade
epithelial cells. Since then, three other human mycoplasmas
that colonize the respiratory and/or the genital tract, M. fer-
mentans (35, 38), M. genitalium, and M. pneumoniae (3, 27),
were shown to be facultative intracellular organisms. These
findings offered a new perspective regarding the strategies em-
ployed by these organisms to survive and persist within their
complex immunocompetent hosts. For these very simple pro-
karyotes, invasion may offer access to almost unlimited nu-
trients for growth and protection against the host immune
defense. This phenomenon may also play a crucial role in
allowing pathogenic mycoplasmas to reach more favorable
niches and cause systemic infections by passing the mucosal
barrier.

In light of these new findings and the advantage of recent
imaging technologies combining confocal laser scanning mi-
croscopy (CLSM) with immunofluorescent techniques, we
have reexamined the ability of M. gallisepticum to function as
an intracellular organism. One approach that may enable a
better understanding of the interaction occurring between M.
gallisepticum and its host cell is the use of cultured monolayers
of established cell lines, which offers a less complex environ-
ment than that of the actual target tissue. In the present study,
we used human epithelial cells and chicken embryo fibroblasts
(CEF) as a model system to demonstrate that M. gallisepticum
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strain R may indeed act as a facultative intracellular microor-
ganism, with the virulent low-passage population Rlow and the
avirulent high-passage population Rhigh showing differences in
their invasion frequency that increase after multiple passages
through cultured cells.

MATERIALS AND METHODS

Mycoplasma strains and growth conditions. The M. gallisepticum laboratory
passage populations Rlow and Rhigh used in this study were kindly provided by S.
Levisohn, Kimron Veterinary Institute, Bet Dagan, Israel. Rlow and Rhigh cor-
respond to the prototype strain R propagated 10 and 160 times in artificial
medium, respectively (24). Prior to infection, mycoplasma cultures were grown at
37°C in modified Hayflick medium (41) containing 20% (vol/vol) heat-inacti-
vated horse serum (Life Technologies, Inc., Rockville, Md.) to mid-exponential
phase, as indicated by the metabolic color change of the medium. The number of
viable mycoplasmas in a suspension was determined by plating serial dilutions on
Hayflick medium containing 1% (wt/vol) agar, followed by incubation at 37°C.
After 6 to 8 days, the number of CFU was counted by using an SMZ-U ste-
reomicroscope (Nikon Corp., Tokyo, Japan).

Cell culture. All cell culture reagents were obtained from Gibco BRL, Life
Technologies. The human epithelial-like cell line HeLa-229 (ATCC CCL-2.1)
and the CEF (ATCC CRL-1590), both purchased from the American Type
Culture Collection (ATCC; Manassas, Va.), were certified to be free of myco-
plasmas. Cells were grown in a 5% CO2 atmosphere at 37°C in minimum
essential medium (MEM) containing 2 mM L-glutamine and Earl’s balanced
salts, supplemented with 7.5% (vol/vol) fetal calf serum, 5% (vol/vol) tryptose
phosphate broth, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 100
IU of penicillin per ml, 100 mg of streptomycin per ml, and 10 mM HEPES
buffer. This formulation is designated throughout this report as MEMS. Propa-
gation of the cell lines was performed in cell culture flasks (Iwaki Glass Co., Ltd.,
Gyoda, Japan). Cell monolayers were detached from cell culture vials by
trypsinization as recommended by the ATCC and seeded at 10 to 20% conflu-
ency into Lab Tech II chamber slides (Nalge Nunc International, Naderville, Ill.)
for confocal microscopy (see below) 24 h prior to mycoplasma infection and at
30 to 40% confluency into 24-well microdilution dishes (Corning Costar Europe,
Badhoeverdorp, The Netherlands) for the gentamicin assay (see below) 3 days
prior to infection. Cell cultures were regularly shown to be free of mycoplasma
contamination by plating the eukaryotic cells on mycoplasma agar medium as
described above.

Infection experiments. Mycoplasma invasion experiments were carried out in
24-well microdilution dishes containing MEMS. Cell monolayers were infected
with mid-exponential-phase cultures of mycoplasmas resuspended in MEMS at a
multiplicity of infection (MOI) of approximately 20 (i.e., approximately 107 CFU
per 5 3 105 eukaryotic cells) and incubated for 5 min to 48 h at 37°C with 5%
CO2. Prior to infection, mycoplasma suspensions were forced 15 times through
a 23-gauge needle to disrupt mycoplasma aggregates without affecting myco-
plasma viability.

Gentamicin invasion assay. The sensitivity of M. gallisepticum to gentamicin
was assayed in 96-well microtiter plates (Corning) by using checkerboard arrays
of 10-fold dilutions of the mycoplasma inocula seeded in modified Hayflick
medium to reach a final concentration of 1024 to 1027 CFU per ml. In the
second dimension, twofold dilutions of a gentamicin (Sigma, St. Louis, Mo.)
solution were added to the various inocula, with a final concentration of 12.5 to
200 mg/ml. After 3 h of incubation at 37°C, aliquots of cultures were plated on
Hayflick agar medium without gentamicin. Plates were incubated at 37°C for 6
days, before the number of CFU was determined. Using this procedure, no
survivor was detected in a culture seeded with an initial inoculum of 106 organ-
isms and grown in the presence of 100 mg of gentamicin per ml. To ensure the
reliability of the assays described below, a working concentration of 400 mg/ml
was further used.

The gentamicin invasion assay, which was performed to determine the inter-
nalization of M. gallisepticum by eukaryotic cells, was derived from the procedure
reported by Elsinghorst (11) and originally developed by Kihlström (19). Briefly,
infected cell monolayers were washed three times at room temperature with
phosphate-buffered saline (PBS; 2.7 mM KCl, 1.47 mM KH2PO4, 137 mM NaCl,
8.0 mM Na2HPO4 [pH 7.4]) to remove nonadherent mycoplasmas. The cells
were then trypsinized, and extracellular mycoplasmas were killed by incubation
of the infected cells in MEMS supplemented with 400 mg of gentamicin per ml
for an additional 3-h period at 37°C in a 5% CO2 atmosphere. After gentamicin
treatment, the infected cells were collected by centrifugation at 1,000 3 g for 10
min and washed with PBS. They were then resuspended in modified Hayflick
medium, and appropriate dilutions were plated on agar medium to allow intra-
cellular mycoplasmas to form colonies. The number of CFU was counted and
compared to the number of CFU inoculated per well to determine the invasion
frequencies. The morphology of the infected cells was assessed at various time
points by using a Nikon Diaphot 300 phase-contrast microscope. In addition, the
number of dead cells stained with 0.5% (wt/vol) nigrosin solubilized in PBS was
determined by using a standard light microscope. The persistence and replication
of mycoplasmas within the eukaryotic intracellular space were also assessed by
the same procedure, except that after 2 h of infection, the monolayers were

incubated for 24 or 48 h in MEMS containing 100 mg of gentamicin per ml in
order to prevent the multiplication of mycoplasmas outside the eukaryotic cells.
The gentamicin invasion assay was also used to assess whether intracellular
mycoplasmas were able to escape from the cell. For this purpose, cell monolayers
were infected, and extracellular mycoplasmas were killed with gentamicin after
2 h of infection as described above. Cells were then overlaid with fresh MEMS
without the antibiotic, and after 2 additional h of incubation, the number of CFU
in the supernatant and in the cell fraction was determined by plating of successive
dilutions on agar plates and compared to the number of CFU in the supernatant
and in the cell fraction after incubation with medium containing gentamicin, as
determined in parallel control experiments. Each experiment was performed in
triplicate.

Invasion assay in the presence of eukaryotic cytoskeleton inhibitors. The role
of eukaryotic cytoskeletal components in M. gallisepticum cell invasion was as-
sessed by coincubating the infected cells with microfilament or microtubule
inhibitors. Inhibition assays were performed in the presence of the microfilament
inhibitor cytochalasin D (5 mg/ml) (Sigma) or the microtubule inhibitor nocoda-
zole (10 mg/ml) (Sigma), as described elsewhere (31). Briefly, cytochalasin D was
preincubated with the cells for 30 min at 37°C prior to infection. Nocodazole was
preincubated with the cells for 1 h at 4°C and then for an additional 30 min at
37°C prior to infection. In both experiments, inhibitors were present throughout
the 2-h infection period, until the medium containing nonadherent mycoplasmas
was replaced by fresh MEMS containing 400 mg of gentamicin per ml. Invasion
assays were then performed as described above. Possible adverse effects of the
inhibitors on the viability of eukaryotic cells were assessed by nigrosin staining as
described above. Colony plate counts of mycoplasma suspensions with or without
inhibitors demonstrated that the chemicals did not significantly affect M. galli-
septicum viability.

Propagation of M. gallisepticum in HeLa-229 cells. Enrichment of invasive
mycoplasmas was achieved by performing successive infection experiments, as
described above. Briefly, after 2 h of infection, HeLa-229 cell monolayers were
washed with PBS to remove nonadherent mycoplasmas and incubated overnight
at 37°C. Viable membrane-bound and intracellular mycoplasmas obtained by
plating the infected, trypsinized cells on mycoplasma solid medium were recov-
ered in PBS, diluted 1:100 in MEMS, and subjected to an additional cycle of
infection. Mycoplasma populations resulting from 3 or 10 cycles of HeLa cell
infection with Rlow (designated as Rlowp3 and Rlowp10, respectively) or from 10
cycles of infection with Rhigh (designated as Rhighp10) were used in further
experiments.

Antibodies. Anti-M. gallisepticum serum was generated by inoculating rabbits
subcutaneously with 1010 CFU of M. gallisepticum Rlow suspended in 1 ml of PBS,
followed by three monthly injections of an identical suspension. The presence of
specific antibodies in the serum, collected 2 weeks after the last injection, was
monitored by immunostaining of M. gallisepticum colonies and by Western blot
analysis of M. gallisepticum whole-cell extracts. For this purpose, various serum
dilutions in PBS containing 1% (wt/vol) bovine serum albumin (PBS-BSA) were
used. Rabbit preimmune serum was used as a negative control. For the double
immunofluorescence experiments described below, sera were diluted 1:150 in
PBS-BSA. Texas red-labeled and fluorescein isothiocyanate (FITC)-labeled goat
antibodies to rabbit immunoglobulins (Ig) (Harlan Sera-Lab, Ltd., Loughbor-
ough, England) were diluted 1:150 in PBS-BSA for immunostaining.

Double immunofluorescence microscopy technique. Detection of mycoplas-
mas within eukaryotic cells was performed by using the double immunofluores-
cence microscopy procedure described by Heeseman and Laufs (17). In all
experiments, four washes were performed with PBS-BSA. Cell lines, propagated
overnight into four-well Lab Tech II chamber slides (Nunc), were infected with
a mycoplasma suspension as described above and incubated for an additional 2
or 14 h. After washing, the chamber slides were overlaid with 0.3 ml of rabbit
anti-M. gallisepticum serum and gently shaken at 20°C for 20 min. The excess
antiserum was removed by successive washes, and the cells were covered with 0.3
ml of FITC-labeled antirabbit Ig as a secondary antibody at 20°C for 20 min to
stain extracellularly located mycoplasmas. Air-dried cells were then fixed and
permeabilized for antibody diffusion by using successively 50, 75, and 96% (vol/
vol) ethanol solutions and finally 100% methanol. After air drying at 20°C, the
monolayers were again overlaid with anti-M. gallisepticum serum, followed by
Texas red-labeled antirabbit Ig as a secondary antibody to stain extracellular and
intracellular mycoplasmas. Finally, the chambers were removed, and the cells
were rinsed with PBS and mounted under a glass coverslip in 1:1.7 (vol/vol)
glycerol-PBS containing 13% (wt/vol) Mowiol (Clariant, Muttenez, Switzerland)
and 0.5% (wt/vol) n-propyl gallate (Sigma). The cells were examined by CLSM
with a Leica TCN-NT confocal laser scanning microscope (Leica Microsystems
Heidelberg, Heidelberg, Germany) with an oil immersion lens (magnification,
363). Extracellular and intracellular mycoplasmas were examined through the
appropriate FITC and Texas red filter sets, respectively.

Statistical analysis. Invasion frequencies are expressed as the mean 6 stan-
dard deviation of n independent values. The significance of differences between
means of experiments was calculated by Student’s t test. Differences with P ,
0.05 were considered significant.
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RESULTS

Invasion of M. gallisepticum into cultured eukaryotic cells.
To investigate the capability of M. gallisepticum to invade cul-
tured eukaryotic cells, HeLa-229 cell monolayers were infected
with a low-passage population of the prototype strain R, Rlow.
After 2 h of infection, the infected monolayers were exposed to
400 mg of gentamicin per ml, trypsinized, and directly plated on
Hayflick agar medium to allow intracellular mycoplasmas to
form colonies. The results of this experiment were expressed as
the percentage of CFU obtained after gentamicin treatment
relative to the initial inoculum (frequency of invasion) and are
summarized in Table 1. The data revealed that approximately
4.17% of the initial inoculum had survived the gentamicin
treatment. Plating of the infected cells on agar medium con-
taining 200 mg of gentamicin per ml showed that this value was
not due to the selection of gentamicin-resistant mutants, but
indicated that M. gallisepticum strain Rlow is capable of invad-
ing nonphagocytic cells. Identical sets of experiments were
performed with CEF monolayers, and comparison of the in-
vasion frequencies showed that the invasion rate of M. galli-
septicum strain Rlow is significantly higher in CEF than in
HeLa-229 cells (Table 1; P , 0.05).

There are currently no data available regarding factors in-
fluencing cell internalization of mycoplasmas; however, attach-
ment of the mycoplasma to the eukaryotic cell is certainly a
prerequisite of the invasion process. Previous reports have
shown that M. gallisepticum possesses a battery of genetic sys-
tems that generate high-frequency variation in expression of
surface components within propagating clonal populations (2,
16, 21, 26, 43). Because some of these variable products are
involved in M. gallisepticum-host cell interactions (2, 26) and
because the inoculum population used as in this study is not
per se a clonal population, Rlow was subjected to three succes-
sive cycles of HeLa-229 cell infection as described in Materials
and Methods to define whether the invasion process could be
improved by preadapting the mycoplasmas to the cell culture
environment, thereby enriching or selecting mycoplasma sub-
populations presenting a more adhesive or invasive phenotype.
The invasion frequency of the resulting passage, designated
Rlowp3, was shown to be higher with HeLa-229 cells, as well as
with CEF, than the invasion frequency of Rlow (Table 1; P ,
0.05). Finally, the frequency of invasion of mycoplasmas recov-
ered after seven additional passages of Rlowp3 in a HeLa-229
cell culture, designated as Rlowp10, was significantly increased
in HeLa cells (P , 0.001) but not in CEF (P , 0.5) when
compared to Rlowp3 (Table 1).

Entry of M. gallisepticum into nonphagocytic cells was con-
firmed by the double immunofluorescence assay developed by
Heesemann and Laufs (17) and modified in the present study

as described in Materials and Methods. CLSM analysis of
double-immunostained HeLa and CEF monolayers infected
with Rlow, Rlowp3, and Rlowp10, respectively, demonstrated the
presence of mycoplasmas within the eukaryotic cells and con-
firmed the results obtained with the gentamicin invasion assay.
This is illustrated in Fig. 1, which shows three CLSM micro-
graphs of the same area of a CEF monolayer infected for 14 h
with Rlowp3, each image representing the superimposition of
four optical sections through the infected cell monolayer. Vi-
sualization of extracellular mycoplasmas (green fluorescent
flask shapes) was obtained with the FITC filter set (Fig. 1A),
while Texas red filtering (Fig. 1B) revealed both extracellular
and intracellular mycoplasmas (red fluorescent flask shapes).
Finally, Fig. 1C, representing the computer-generated super-
imposition of the two previous images, clearly indicates the
localization of the extracellular mycoplasmas (yellow) and the
intracellular mycoplasmas (red) which parasitize the entire cell
target. No immunofluorescence was detected when the same
experiment was performed with noninfected monolayers (data
not shown). In agreement with the results obtained by using
the gentamicin invasion assay, the estimation of the number of
intracellular immunofluorescent mycoplasmas showed that the
frequency of invasion of Rlowp3 was higher in CEF (Fig. 1C)
than in HeLa-229 cells (Fig. 2C). Interestingly, confocal mi-
crographs indicated that mycoplasmas in contact with HeLa
cells or CEF are mostly isolated when Rlowp3 (Fig. 2B and C)
or Rlowp10 (Fig. 2D) was used as inoculum, while Rlow ap-
peared to form aggregates on the cell surface as well as in the
intracellular space (Fig. 2A). This may explain the observed
differences in calculating the frequency of invasion by using the
gentamicin assay. Attempts at reducing the aggregate forma-
tion of the original Rlow population by sonication resulted in an
increase in the CFU counts but a decrease of the invasion
frequencies, suggesting this procedure may affect the invasive
capability by stressing the organisms or by altering their surface
architecture.

Time course of M. gallisepticum cell invasion and survival
within the cell. To determine the time required for M. galli-
septicum to enter the eukaryotic cell, HeLa-229 (Fig. 3A) and
CEF (Fig. 3B) cell monolayers were infected with Rlowp3 and
treated with gentamicin at different time points ranging from 5
min to 48 h in order to kill extracellular mycoplasmas. The
results indicated that penetration of M. gallisepticum into cul-
tured cells occurred as early as 5 min after infection and that
the number of intracellular mycoplasmas increased rapidly
within the first 2 h.

Intracellular persistence of M. gallisepticum cells was exam-
ined by incubating Rlowp3-infected HeLa-229 monolayers for
48 h in the presence of gentamicin to prevent extracellular
growth of mycoplasmas (data not shown). The percentage of
intracellular mycoplasmas after 24 h (6.8%) was higher than
that after 2 h (5.6%) and then decreased within the following
24 h to 3.9%. The morphology and viability of infected cells
were examined by light microscopy and staining of dead cells,
indicating that infection with M. gallisepticum at an MOI of
approximately 100 did not affect the HeLa-229 monolayer, but
induced the progressive vacuolation of CEF 8 h after infection,
resulting in 100% lethality 48 h after infection. Survival of the
internalized mycoplasmas past 48 h could not be assessed be-
cause the infected HeLa cells started detaching after this time
period.

The decrease in internalized organisms after 24 h raised the
question of whether the mycoplasmas are dying intracellularly
or whether they are killed after leaving the cells by the genta-
micin in the medium. To further assess the capability of the
internalized mycoplasmas to leave the cell, the presence of

TABLE 1. Frequencies of invasion of cultured HeLa and CEF cells
by M. gallisepticum strain R populations

M. gallisepticum strain
R populationa

% Invasionb

HeLa-229 CEF

Rlow 4.17 6 0.72 5.48 6 1.12
Rlowp3 4.98 6 1.29 8.96 6 1.10
Rlowp10 6.02 6 0.68 9.33 6 0.88
Rhigh 0.35 6 0.24 1.11 6 0.34
Rhighp10 4.72 6 1.16 5.69 6 1.52

a Described in Materials and Methods.
b Percentage of mycoplasmas forming colonies after gentamicin treatment

relative to the initial inoculum. Values represent the means of at least three
independent experiments performed in triplicate 6 standard deviations.
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organisms in the supernatant of infected HeLa cell monolayers
following gentamicin treatment was determined as described in
Materials and Methods. The results showed that 37% 6 6.4%
of Rlowp3 organisms internalized 2 h after inoculation had
escaped from the cells within the following 2 h, with 86% of the
escaped mycoplasmas associated with the cell membrane.

Role of eukaryotic cytoskeletal components in M. gallisepti-
cum cell invasion. The role of host cytoskeletal components in
the invasion process was examined by performing the genta-
micin invasion assay in the presence of the microfilament in-
hibitor cytochalasin D and the microtubule inhibitor no-
codazole, respectively. Reproducible results indicated that the
invasion ability of Rlowp3 in the presence of nocodazol was
reduced by 72%, whereas cytochalasin D had no significant
inhibitory effect on the invasion process. Neither of the inhib-
itors affected the viability of the eukaryotic cells nor reduced
the viability of mycoplasmas more than 26%.

Variability of M. gallisepticum invasion frequencies. As
shown by immunofluorescent staining of HeLa-229 cell mono-
layers infected with Rlowp10 (Fig. 2D), most of the mycoplas-
mas in contact with the cells are located intracellularly (red
fluorescence), with the intracellular organisms parasitizing the
entire cytoplasmic space. In contrast, no intracellular myco-
plasma could be detected when the same experiment was per-
formed with the Rhigh population (Fig. 2E). Similarly, the fre-
quency of invasion of M. gallisepticum Rhigh as assessed by the
gentamicin assay was shown to be extremely low compared to
that of Rlow, Rlowp3, or Rlowp10 (Table 1). This was observed
independently of the cell line, although the number of myco-
plasmas surviving the gentamicin treatment was higher in CEF

(1.11%) than in HeLa-229 cells (0.35%) (P , 0.01). From
these data, it can be concluded that the inability of Rhigh to
efficiently invade eukaryotic cells resulted from its successive
passaging in artificial media (i) by complete loss of genetic
information necessary for the invasion process and/or (ii) by
selection of populations that have switched on and/or off vari-
able components directly or indirectly involved in the invasion
process. To further assess whether minor subpopulations pre-
senting invasive capabilities could be selected, Rhigh was prop-
agated 10 times through HeLa-229 monolayers as described
in Materials and Methods, and the resulting population,
Rhighp10, was examined for its cell invasiveness by using the
gentamicin assay. The results showed (i) that the invasion
frequency of Rhighp10 in HeLa-229 cells (4.72%) or in CEF
(5.69%) was significantly higher (P , 0.001) than that of Rhigh
(0.35% and 1.11%, respectively) and (ii) that Rlowp10 and
Rhighp10 had similar levels of gentamicin survival (Table 1).
Invasion of HeLa-229 cells by Rhighp10 was further confirmed
by the double immunofluorescence assay (Fig. 2F), in which
red fluorescent flask-shaped organisms corresponding to inter-
nalized mycoplasmas were observed by CLSM. In contrast
to infection with Rlow, infection of cell monolayers with
Rhigh did not result in any mycoplasma aggregates inside or
outside the eukaryotic cells. Further experiments revealed
that (i) 5.8% of the Rhighp10 inoculum survived intracellu-
larly after 24 h, while no intracellular organism was detected
after 48 h, and (ii) 15% of the mycoplasmas internalized 2 h
after inoculation had the ability to leave the cell within the
following 2 h.

FIG. 1. Confocal micrographs depicting the interaction of M. gallisepticum strain R with CEF cells. Panels A to C represent the same area of a CEF monolayer
infected for 14 h with M. gallisepticum Rlowp3 and immunostained as described in Materials and Methods. (A) FITC fluorescence showing mycoplasmas which are
extracellularly located. (B) Texas red fluorescence showing extracellular and intracellular mycoplasmas. (C) Superimposed images of panels A and B indicating the
localization of extracellular (yellow) and intracellular (red) mycoplasmas. For illustration, the localization of five intracellular mycoplasmas has been circled. Each
micrograph is the result of four focal sections through the monolayer. Bars, 10 mm.
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DISCUSSION

The data presented in this report provide evidence that the
ability of mycoplasmas to enter nonphagocytic cells is not re-
stricted to the human mycoplasmas M. penetrans (25), M. fer-
mentans (35, 38), M. pneumoniae (3), and M. genitalium (27),
because it is also shared by the avian mycoplasma species M.
gallisepticum. In this study, the presence of M. gallisepticum
organisms within HeLa-229 or CEF cells was clearly demon-
strated by two different approaches: (i) the gentamicin assay,
which provides a semiquantitative method for comparison of
invasion frequencies among different mycoplasma populations;
and (ii) the double immunofluorescence labeling technique
combined with CLSM, which offers a simple and accurate
differentiation between intracellular and extracellular myco-
plasmas. In addition, the utilization of CLSM revealed that
intracellular M. gallisepticum cells parasitize the entire target
cell from close to the cell membrane to the perinuclear regions.
A similar observation was reported for internalized M. pen-
etrans in WI-38 human lung cells (3).

Interestingly, the invasive capability of M. gallisepticum was
altered by serial multiplication of the original strain R in arti-
ficial medium: while the high-passage population, Rhigh, al-
though adhering to HeLa-229 and CEF cells, does not show a
significant invasion potential, the low-passage population,
Rlow, is capable of both adhesion and invasion. Even though
the factors distinguishing Rlow from Rhigh have yet to be iden-
tified, the difference in internalization between the two myco-
plasma populations suggests that mycoplasma entry into eu-
karyotic cells may be a phenomenon clearly distinct from
attachment. This is in agreement with the previous report of
Baseman et al. on the isolation of M. pneumoniae mutants that

have retained their cytoadherent property, but are deficient in
invasion (3).

Whether the increase in the percentage of organisms pre-
senting an invasive phenotype after passage of Rlow through
cultured HeLa-229 cells is due to the loss of mycoplasma
autoaggregation (as seen in Rlow) rather than to a selection of
the “invasive phenotype” remains to be elucidated. Since Rhigh
does not aggregate, the presence of mycoplasmas presenting
an “invasive phenotype” within the total Rhigh population after
passage through HeLa-229 cell monolayers raised the question
of to what extent the invasion process is linked to the existence
of multiple genetic systems spontaneously generating pheno-
typic variants in M. gallisepticum (2, 26, 43). In an attempt to
address this question, a clonal population derived from Rhigh
that was randomly selected and shown to be noninvasive was
passaged 10 times through cell culture. Since this procedure
did not result in the selection of an invasive population (data
not shown), it is more likely that the original Rhigh population
was composed of phenotypically mixed organisms, most of
which have lost their capacity for cell invasion. Comparison by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis of
the protein profiles of Rlow, Rlowp3, Rlowp10, Rhigh, Rhighp3,
and Rhighp10 revealed variation in several components, none
of which directly correlated with the variation in invasion fre-
quency (A. Lugmair, F. Winner, R. Rosengarten, and C. Citti,
unpublished data). Considering that Neisseria meningitidis se-
rogroup B undergoes concurrent phase switching of multiple
surface components in order to invade nasopharyngeal epithe-
lial cells (10), a similar role of such variable surface compo-
nents of M. gallisepticum in the invasion process cannot be
ruled out, in particular because it is very likely that certain

FIG. 2. Confocal micrographs depicting the interaction of M. gallisepticum strain R with HeLa-229 cells. Panels A to F represent HeLa-229 cell monolayers infected
with Rlow (A), Rlowp3 (B and C), Rlowp10 (D), Rhigh (E), and Rhighp10 (F). Cell monolayers were infected for 2 h (B) or 14 h (A, C, D, E, and F) and immunostained
as described in Materials and Methods. Each micrograph represents superimposed images sequentially obtained by using the FITC and Texas red filter sets, each image
corresponding to four focal sections through the respective cell monolayer. The insert in panel A illustrates the intracellular aggregation of Rlow. Bars, 10 mm.
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variable components provide the organism with an enhanced
ability to adhere to the eukaryotic cell (2).

Several invasive bacteria were shown upon contact with the
host cell surface to trigger cytoskeletal rearrangements that
result in bacterial internalization via microtubule- and/or mi-
crofilament-based mechanisms (8, 13–15, 28, 32). In a recent
paper by Borovsky et al., it was demonstrated that both micro-
filaments and microtubules play a crucial role in M. penetrans
invasion of HeLa cells (6). In our study, the microfilament
inhibitor cytochalsin D did not significantly decrease the fre-
quency of invasion of M. gallisepticum Rlowp10 into HeLa cells,
while the microtubule inhibitor nocodazole reduced the cell
entry, suggesting that M. gallisepticum may use a different strat-
egy from that of M. penetrans to reach the intracellular space.

One remarkable finding of the present study is the ability of
the internalized mycoplasmas to survive within the eukaryotic
cell. Indeed, M. gallisepticum remains viable during extended
periods of intracellular residence, although a reduction in gen-
tamicin survivors occurred between 24 and 48 h postinfection.
Persistence of the human pathogen M. penetrans within WI-38
human lung cells has also been observed over a 24-h period,
with a decrease in the number of internalized organisms by
90% between 24 and 48 h postinfection (3). Even though
digestion of internalized M. gallisepticum during intracellular
residence cannot be ruled out, the capacity of internalized
organisms to leave the cell may account for the decrease in
intracellular organisms observed between 24 and 48 h in the
presence of gentamicin. In the course of our study, the pres-
ence of internalized fluorescent structures representing two
connected M. gallisepticum cell bodies with their opposed ter-
minal bleb structures directed outwards was observed several
times (data not shown). Whether this observation reflects di-
viding or aggregating organisms cannot be defined at this
point. However, the increase in the number of internalized
mycoplasmas during incubation of HeLa cells with Rlowp3 in
the presence of gentamicin over a 24-h period indicates that M.
gallisepticum may indeed replicate intracellularly.

Although the ability of internalized M. gallisepticum to mul-
tiply within the host cell remains to be convincingly demon-
strated, the results presented in this study offer new insights

into the potential virulence strategies employed by this avian
pathogen. Invasion of nonphagocytic host cells may provide M.
gallisepticum with the ability to cross the respiratory mucosal
barrier and gain access to the bloodstream, but may also allow
this pathogen to avoid host protective mechanisms as well as
selective antibiotic treatment. Even though virulence is the
result of multiple events that involve both the pathogen and its
host, the incapacity of the avirulent Rhigh population to enter
HeLa-229 or CEF cells is one argument to support the hypoth-
esis presented above. Several other successful bacterial patho-
gens have been shown to colonize their hosts by translocating
across the respiratory epithelium after invading the epithelial
cells. One example is Bordetella avium, which translocates
across the epithelium overlying the bronchus-associated lym-
phoid tissue of turkeys via cell invasion (12). Another example
is Escherichia coli 078, which crosses the air-blood barrier of
turkeys by vacuole transportation through the cells (1), while
Haemophilus influenzae was shown in in vitro studies to cross-
polarized human epithelial cell layers by entering the intercel-
lular space (40). Whether M. gallisepticum host cell invasion
also occurs in vivo and whether this capability provides the
organism indeed with a means to translocate across the respi-
ratory epithelium and successfully colonize its host remain to
be elucidated. Nevertheless, the finding that M. gallisepticum is
capable of both entering and escaping eukaryotic cells along
with the reported isolation of M. gallisepticum from multiple
body sites (4, 7) supports the speculation that the systemic
dissemination of this particular pathogen from the respiratory
tract may in fact be associated with its translocation across
various host cell layers via cell invasion.
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FIG. 3. Time course of M. gallisepticum invasion into cultured HeLa-229 (A) or CEF (B) cells. Gentamicin invasion assays were performed as described in Materials
and Methods with HeLa or CEF monolayers infected with Rlow (}), Rlowp3 (Œ), Rlowp10 (■), and Rhigh (F). Each value represents the mean 6 standard deviation
of a minimum of three independent experiments performed in triplicate.
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