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The cell-wall-less prokaryote Mycoplasma pneumoniae, long considered among the smallest and simplest cells
capable of self-replication, has a distinct cellular polarity characterized by the presence of a differentiated
terminal organelle which functions in adherence to human respiratory epithelium, gliding motility, and cell
division. Characterization of hemadsorption (HA)-negative mutants has resulted in identification of several
terminal organelle proteins, including P30, the loss of which results in developmental defects and decreased
adherence to host cells, but their impact on M. pneumoniae gliding has not been investigated. Here we examined
the contribution of P30 to gliding motility on the basis of satellite growth and cell gliding velocity and
frequency. M. pneumoniae HA mutant II-3 lacking P30 was nonmotile, but HA mutant II-7 producing a
truncated P30 was motile, albeit at a velocity 50-fold less than that of the wild type. HA-positive revertant II-3R
producing an altered P30 was unexpectedly not fully wild type with respect to gliding. Complementation of
mutant II-3 with recombinant wild-type and mutant alleles confirmed the correlation between gliding defect
and loss or alteration in P30. Surprisingly, fusion of yellow fluorescent protein to the C terminus of P30 had
little impact on cell gliding velocity and significantly enhanced HA. Finally, while quantitative examination of
HA revealed clear distinctions among these mutant strains, gliding defects did not correlate strictly with the
HA phenotype, and all strains attached to glass at wild-type levels. Taken together, these findings suggest a role
for P30 in gliding motility that is distinct from its requirement in adherence.

Mycoplasmas are cell-wall-less prokaryotes with minimal ge-
nomes and limited biosynthetic capabilities, dictating a strict
dependence on host species for survival in nature (43). Myco-
plasma pneumoniae is a human pathogen primarily colonizing
the respiratory tract. While the most common clinical mani-
festations of infection are tracheobronchitis and atypical or
“walking” pneumonia (7, 12, 14, 30), recent studies indicate a
strong correlation with asthma (5, 24, 38), and extrapulmonary
complications are not uncommon (53). Adherence of M. pneu-
moniae cells to host respiratory epithelium (cytadherence) is
required for colonization and pathogenesis (20) and is medi-
ated largely by a differentiated terminal organelle (9, 39). This
well-defined apical structure is a membrane-bound extension
of the mycoplasma cell distinguished ultrastructurally by an
electron-dense core (4), which is a major constituent of the M.
pneumoniae cytoskeleton (17, 35).

M. pneumoniae cells exhibit gliding motility, with the termi-
nal organelle always the leading end (6), but details regarding
the biological significance and the mechanism of gliding are
largely unknown. Although the M. pneumoniae genome has
been sequenced and twice annotated (11, 19), close inspection
reveals no homology to proteins known to be involved in bac-
terial motility of any type in walled bacteria. Furthermore,
while gliding motility has been described for several myco-
plasma species, even within the genus Mycoplasma there ap-
pear to be distinct gliding mechanisms, as proteins thought to
function in M. mobile gliding are absent from the genomes of

the gliding mycoplasmas M. genitalium, M. gallisepticum, and
M. pneumoniae (15, 19, 23, 37, 49, 56).

Analysis of M. pneumoniae hemadsorption (HA)-negative
mutants has resulted in identification of a number of proteins
associated with cytadherence (2, 27, 47, 48), including the
putative adhesin P30, a membrane protein which localizes pri-
marily to the terminal organelle (3) and which is predicted to
orient with a cytoplasmic N terminus and the C terminus ex-
posed on the cell surface (Fig. 1A) (10, 32). M. pneumoniae
HA mutant II-3 lacks detectable P30 due to a frameshift in the
corresponding gene (MPN453; Fig. 1A) (44). A second-site
mutation in HA revertant II-3R restores the wild-type reading
frame for all but 17 residues (Fig. 1A and B) (44). HA mutant
II-7 has an in-frame deletion of residues 207 to 254 in a C-
terminal Pro-rich repeat region (Fig. 1A) (10), resulting in an
internally truncated P30 derivative. Mutants II-3 and II-7 also
exhibit reduced levels of the peripheral membrane protein
P65, normally found on the mycoplasma cell surface at the
attachment organelle (25, 41). The function of P65 is unknown,
and it remains undetermined whether the cytadherence defects
in strains II-3 and II-7 are due directly to the loss/alteration in
P30 or are an indirect result of reduced levels of P65.

Possible consequences of the defects in mutants II-3 and II-7
on cell motility have not been investigated. In the current study
we assessed gliding motility on the basis of satellite growth
around microcolonies and by digital microcinematography for
wild-type M. pneumoniae, HA mutants II-3 and II-7, and re-
vertant II-3R, noting a correlation between the rate of satellite
growth and cell gliding velocities. Complete loss of P30 was
accompanied by failure to glide, while alterations in P30 re-
sulted in reduced gliding velocity and frequency. Complemen-
tation studies with recombinant wild-type and mutant P30 al-
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leles confirmed a specific requirement for P30 in gliding
motility and established that a gliding defect does not correlate
with reduced steady-state levels of P65. Attachment to a sub-
strate is a strict prerequisite for gliding motility, but reduced
gliding velocity and frequency for II-7 and II-3R was not a
function of substrate-binding capability, suggesting a direct
defect in the gliding mechanism resulting from the loss or
alteration of P30. Finally, in contrast to the markedly reduced
gliding speeds and frequencies that resulted from the changes
in P30 in II-7 and II-3R, the fusion of enhanced yellow fluo-
rescent protein (EYFP) at the C terminus of P30, nearly dou-
bling its size, had little effect on P30 function in gliding and
HA.

MATERIALS AND METHODS

Mycoplasma strains. Wild-type M. pneumoniae strain M129 (33) was used at
the 18th broth passage. Spontaneously arising HA mutants II-3 and II-7 (29), and
HA revertant II-3R (44), all derived from M129, were described previously.

Recombinant P30 derivatives and M. pneumoniae transformation. Resident
alleles for P30 from the wild type, mutant II-7, and revertant II-3R, together with
upstream MPN454 (p21) and its corresponding promoter (57), were amplified by
PCR, engineering an EcoRI site (underlined) in 5� primer EcoRIp21pos (5�-G
TAGCTTCATGAATTCGGTCT-3�), which was used with the 3� primer hmw3neg
(5�-CAAAGCTAATTGGTTCATCACTGTC-3�). The resulting PCR products
were cloned using standard protocols (45) into Tn4001.2062 within plasmid
pKV74 (18) by use of the EcoRI site in the upstream primer and a BamHI site
downstream of MPN453, then transformed into Escherichia coli, and subse-
quently purified and sequenced (Integrated Biotechnology Laboratories, Uni-
versity of Georgia, Athens, GA). Mycoplasma transformation was achieved as
described previously (18); multiple transformants were isolated from each trans-
formation and expanded as described previously (18, 52).

Western immunoblotting. Samples were prepared for sodium dodecyl sulfate
polyacrylamide gel electrophoresis as described previously (31) and Western
immunoblotting (54) as follows. After blocking in 5% skim milk in Tris-buffered
saline (TBS; 0.2 M Tris-HCl, 0.85% NaCl, pH 8.2), membranes were incubated
with primary antibody for 2 h at room temperature, washed five times for 5 min
each in TBS–0.05% Tween 20, probed with secondary AP-conjugated antibody
(Bio-Rad, Hercules, CA, or Promega, Madison, WI) for 1 h at room tempera-
ture, and washed again five times for 5 min each in TBS–0.05% Tween 20.
Monoclonal P30-specific antibody (44) was used at a dilution of 1:750, rabbit

anti-P65 serum (40) was used at 1:3,000, anti-P1 serum (28) was used at 1:1,000,
and anti-GFP (Clontech; Palo Alto, CA) was used at 1:1,000.

Generation of a P30-EYFP fusion. The gene for wild-type P30 was amplified by
PCR using 5� primer BamHIp21pos (5�-GTAGCTGGATCCACTTGGTCT-3�)
and 3� primer NcoIp30neg (5�-AAGCACCATGGAGCGTTTTGGTGGA-3�),
generating BamHI and NcoI sites (underlined) near the 5� and 3� ends of the
product, respectively, and replacing the stop codon with ATG of the NcoI
recognition sequence. The resulting product was digested with BamHI and NcoI
(Promega) and ligated into the corresponding sites of pEYFP (Clontech). The
resulting plasmid was digested with BamHI and EcoRI to liberate p30-eyfp,
which was cloned into the corresponding sites in the Tn4001 derivative in plas-
mid pMT85 (E. Pirkl and R. Herrmann, unpublished data), and then trans-
formed into E. coli DH5�. The resulting plasmid was sequenced and electropo-
rated into M. pneumoniae as described previously (18). Genomic DNA from
mycoplasma transformants was digested with HindIII (Promega), religated, and
transformed into E. coli. Plasmid DNA from kanamycin-resistant transformants
was sequenced to determine the transposon junction by use of pMT85-specific
primer pMT85seq (5�-CCGCGCGTTGGCCGATTCATTAATGCACGC-3�).
An intergenic insertion was identified for two of eight transformants sequenced,
one of which (an insertion at nucleotide 372735, between MPN312 and MPN313)
is described here.

EYFP fluorescence microscopy. Mycoplasma cultures were inoculated directly
into 600 �l of SP-4 medium (55) in four-well borosilicate-glass chambers (Nalge/
Nunc, Naperville, Ill.) and incubated overnight at 37°C. Phase and fluorescence
images captured on a Leica DM IRB inverted microscope (Leica Microsystems,
Wetlzlar, Germany) at an exposure of 0.4 sec by use of phase-contrast optics
(100� oil-immersion objective, 1.4 numerical aperture) through a Chroma
EYFP filter set (Chroma, Rockingham, VT) were recorded and digitized with a
Hamamatsu Orca ER charge-coupled device camera (Hamamatsu Photonics,
Hamamatsu City, Japan) using the computer program Openlab v3.0–4.0 (Impro-
vision, Lexington, MA). Images were merged using Openlab or Adobe Photo-
shop v6.0–7.0 (Adobe Systems, Inc., San Jose, CA).

Analysis of satellite growth. Motility stocks of each strain (see below) were
diluted serially to a dilution of 10�2 to 10�5 in SP-4 medium–3% (wt/vol) gelatin
and inoculated into adjacent wells of four-well borosilicate-glass chambers. At
12 h intervals postinoculation the appearance of satellite motility around colo-
nies was recorded digitally with phase-contrast optics (40� objective) as de-
scribed above.

Microcinematography and quantitation of cell gliding. In order to quantitate
gliding velocities for individual cells we modified a microcinematographic ap-
proach described over 30 years ago for M. pneumoniae (6) to take advantage of
new technologies. Mycoplasmas grown in SP-4 medium in tissue-culture flasks
for 72 h, until approximately the mid-logarithmic growth phase, were harvested
by centrifugation at 17,000 � g for 25 min at 4°C, suspended in 2.5 ml fresh SP-4

FIG. 1. Cytadherence-associated protein P30 in wild-type M. pneumoniae, mutants II-3 and II-7, and revertant II-3R. (A) Wild-type P30 is
predicted to have a single transmembrane domain. Experimental data (10, 32) suggest an orientation with the C terminus on the cell surface. For
P30-II-3R, a frameshift (open triangle) resulted in mutant II-3 with no detectable P30. A second site mutation (solid triangle) in revertant II-3R
restored P30 except for residues 135 to 151 (see panel B below). P30-II-7 is a P30 derivative resulting from in-frame deletion of residues 207 to
254 in mutant II-7. (B) Amino acid sequence for P30 from wild-type and II-3R M. pneumoniae for the indicated residues.

6282 HASSELBRING ET AL. J. BACTERIOL.



medium supplemented with gelatin (3% wt/vol) by passage through a 25-gauge
needle seven times, divided into motility stocks, and stored at �80°C. Motility
stocks were thawed, mixed with 500 �l of fresh SP-4–3% gelatin–0.05 M HEPES
(pH 7.2), passed through a 25-gauge needle five times to disperse cell aggregates,
and inoculated into four-well borosilicate glass chambers, which were placed
onto the observation stage of a Leica DM IRB microscope enclosed within an
incubation chamber (Solent Scientific Limited, Portsmouth, United Kingdom)
preheated to 37°C. After 10 min at 37°C, images were recorded and digitized at
automated frame intervals as described above. The number of cells per field at
the start of image capture was 30 to 60, with gliding velocities measured for a
minimum of 200 cells per strain from no less than five separate studies and
various motility stocks and media batches for control purposes. Gliding was
quantitated using Openlab measurements module v3.51–4.0 (Improvision).
Briefly, digitally recorded images of each frame were compiled into an image
stack, with motility quantitated by recording the x and y coordinates of the
leading edge of each motile cell in the observation field for each frame. An
intrinsic time stamp was assigned per frame during capture, and the gliding
velocity of each cell was calculated by dividing the distance covered (change in x
and y coordinates) by the absolute time between frames. A cell resting period was
assigned when there was no net cell movement greater than 1 pixel (0.0645 �m)
between sequentially captured frames. Corrected gliding velocities were calcu-
lated as the total distance traveled by a cell divided by the total time of the field
interval minus the amount of time spent in resting periods.

Analysis of HA and attachment to glass. HA is a convenient indicator for M.
pneumoniae cytadherence (50). Qualitative assessment of HA for mycoplasma
colonies was performed as described previously (29) using sheep or chicken
blood. HA was measured quantitatively with [3H]thymidine-labeled mycoplas-
mas (13), cultured in SP-4 rather than Hayflick medium. For quantitation of
attachment to glass, frozen stocks of radiolabeled mycoplasma cultures were
thawed and centrifuged for 5 min at 123 � g to remove cellular aggregates, and
150-�l aliquots of the resulting suspension were added to 500 �l of HEPES-
buffered SP-4 medium–3.9% gelatin, pH 7.2 (final gelatin concentration, 3.0%).
Suspensions were inoculated in triplicate onto sterile glass coverslips in 24-well
plates and incubated for 30 min at 37°C. Coverslips were then washed three times
in phosphate-buffered saline and analyzed by liquid scintillation spectrometry.
Experiments were repeated four times per strain per condition tested.

Statistical analyses. Quantitative motility, HA, and glass-binding data were
assessed for statistical significance. Differences between strains were considered
significant when data from comparisons made using a two-tailed Student’s t test
had a P value of �0.05.

RESULTS

Evaluation of gliding motility by satellite growth. Several
bacterial species manifest gliding motility as satellite growth or
colony spreading over time. Although there are exceptions,
satellite growth usually correlates with a gliding-competent
phenotype (34, 51). The known gliding mycoplasma species are
unique among gliding prokaryotes in that their motility re-
quires a solid-liquid interface (1, 6, 26), but we were unable to
observe satellite growth around wild-type microcolonies at an
agar/broth interface with agar concentrations ranging from 0.5
to 12.5% or with embedding in soft agar as described for M.
mobile (36). However, satellite growth was evident on polysty-
rene overlaid with agar at concentrations of �0.5% or on
polystyrene or glass when 3% gelatin was included in broth
medium to increase viscosity. Using the latter approach we
compared satellite growth levels for wild-type and P30 mutant
M. pneumoniae.

Wild-type satellite growth was most clearly observed after 48
to 72 h with stocks diluted sufficiently to allow unimpeded
spreading (Fig. 2). HA mutant II-3 exhibited no satellite
growth for up to 120 h postinoculation but rather formed
microcolonies having a smooth leading edge (Fig. 2). In con-
trast, HA mutant II-7 and revertant II-3R exhibited limited
satellite growth by 48 h, albeit much less dense than the wild-
type growth (Fig. 2). Satellite growth increased by 72 h but
remained considerably less abundant than for wild-type M.
pneumoniae cultured for the same time period. By 96 to 120 h,
satellite growth for both II-7 and II-3R approximated that seen
at 72 h for the wild type (data not shown). The extended time
scale required for wild-type satellite growth levels for these two
strains suggested lower gliding velocities and/or gliding fre-
quencies than for the wild type.

FIG. 2. Analysis of wild-type and mutant M. pneumoniae satellite growth. Colony morphology of wild-type, mutant II-3, mutant II-7, and
revertant II-3R cultured on glass in SP-4 medium–3% gelatin. Images were captured at 48 h and 72 h postinoculation as indicated. Bar, 30 �m.
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Quantitation of cellular gliding. Wild-type stocks prepared
without centrifugation exhibited a mean gliding velocity of 0.29
� 0.0069 �m/sec with a mean corrected velocity of 0.36 �
0.0082 �m/sec, consistent with data published previously (42).
However, wild-type stocks prepared with a centrifugation step
exhibited significantly lower mean gliding and corrected gliding
velocities of 0.18 � 0.0079 �m/sec and 0.26 � 0.0068 �m/sec,
respectively (Table 1). Jaffe et al. likewise noted that centrif-
ugation during mycoplasma stock preparation affected gliding
by M. mobile (22). However, as stock preparation for M. pneu-
moniae HA mutants required centrifugation, motility stock
cultures for all strains in subsequent studies here were pre-
pared in that manner.

Wild-type cellular gliding was recorded at 1 frame per sec
over 30-sec intervals, but no motility was observed for mutant
II-7 or revertant II-3R by these parameters (motility being
defined as the translocation of at least 1 �m per field interval).
However, cellular motility for II-7 and II-3R was evident with
image capture at 1 frame per min and field intervals of 20 min,
with velocities approximately 20- to 50-fold slower than wild-
type velocities (Table 1). Wild-type controls exhibited no re-
duction in motility after 20 min and remained steady over 3 h
(data not shown). Mutant II-3 exhibited no motility even when
observed over 3-h field intervals and was deemed nonmotile
under these conditions.

Wild-type M. pneumoniae cells commonly exhibit resting
periods of various lengths and frequencies during their motility
tracks (6, 42). Because reduced satellite growth could result
from increased resting frequencies rather than or in addition to
reduced gliding velocities, we also examined the percentage of
time that individual cells spent in intermittent resting periods
during their motility tracks (percent time resting). The slower-
gliding II-3R and II-7 strains also exhibited significantly higher
percent time resting values than did wild-type M. pneumoniae,
reflecting longer and/or more frequent resting periods (Table
1).

Analysis of recombinant P30 derivatives. To confirm that
loss or alteration in P30 was directly responsible for the ob-
served motility defects, mutant II-3 transformants with recom-
binant P30 alleles introduced via transposon delivery were
generated and analyzed. Multiple transformants were exam-
ined for each construct to control for the site of recombinant
transposon insertion, and representative steady-state levels for
each are shown by Western immunoblotting in Fig. 3. As ex-
pected, no P30 was detected in mutant II-3 while the truncated
P30 in II-7 migrated faster than wild-type P30 (Fig. 3A) (10,
44). Unexpectedly, the truncated P30 in II-7 was consistently

less abundant than its wild-type counterpart. Similar results
were observed using an antibody specific for the N terminus of
P30, indicating that epitope loss was not responsible for the
reduced band intensity (data not shown). The 17-residue
change in P30-II-3R increased its electrophoretic mobility to
approximately 28,000, compared to 32,000 for wild-type P30
(Fig. 3A), while minor species were also observed at approxi-
mately 56,000 and 114,000 (Fig. 3B), corresponding to dimeric
and tetrameric forms. Recombinant P30 levels in mutant II-3
transformants with the wild-type (II-3 � P30-WT), the II-7
(II-3 � P30-II-7), or the II-3R (II-3 � P30-II-3R) allele were
generally comparable to that in the corresponding strains from
which each was derived. Thus, P30 was produced at wild-type
levels in II-3 � P30-WT and near-wild-type levels in II-3R and
II-3 � P30-II-3R, and the truncated P30 was observed at sim-
ilarly reduced levels in II-7 and II-3 � P30-II-7 (Fig. 3A).

The II-3 transformants producing recombinant P30 were
evaluated for satellite growth and cellular gliding phenotypes.
Satellite growth for wild-type M. pneumoniae and II-3 �
P30-WT was indistinguishable over the same time frame; like-
wise, II-3 � P30-II-7 and II-3 � P30-II-3R exhibited limited
levels of satellite growth comparable to their II-7 and II-3R
counterparts (data not shown). In addition, gliding velocities
and resting frequencies for transformants with P30-WT, P30-
II-7, and P30-II-3R were comparable to those in wild-type,
II-7, and II-3R M. pneumoniae, respectively (Table 1). Thus,
the defects in gliding correlated specifically with loss or alter-
ation in P30.

Analysis of P30-EYFP. The P30-EYFP fusion of the pre-
dicted size (approximately 60,000) was produced in mutant II-3
transformants at levels near that of wild-type P30 and reacted
with antibodies to both P30 (Fig. 3) and GFP (data not shown).
Like P30 (reference 3 and data not shown), the P30-EYFP
fusion was observed by fluorescence microscopy to localize
predominantly at a single cell pole (Fig. 4A), which by time-
lapse microcinematography was shown to be the leading end of
motile cells (data not shown). Many nonmotile cells exhibited
two P30 foci (Fig. 4A, arrows), probably reflecting attachment
organelle duplication, which is thought to precede cell division
(47). Satellite growth for II-3 transformants with P30-EYFP
was indistinguishable from wild-type growth (Fig. 4B). Al-
though nearly double the size of wild-type P30, the P30-EYFP
fusion only reduced gliding velocity slightly (to 65 to 73% of
wild-type velocity) compared to the reduction to 2 to 5% of the
wild-type level with the P30 defects in II-7 and II-3R (Table 1).

P65 stability. P65 is found at reduced steady-state levels in
mutants II-3 and II-7 (25). The reversion in II-3 to yield II-3R

TABLE 1. Mean gliding and corrected gliding velocities and percent time resting for wild-type M. pneumoniae, cytadherence mutant and
revertant strains, and transformants

Mycoplasma strain Mean gliding velocity (�m/sec) Mean corrected gliding velocity (�m/sec) % Time resting

Wild-type M129 0.18 � 0.0079 0.26 � 0.0068 34.6
Mutant II-3 0 0 NA
Transformant II-3 � P30-WT 0.21 � 0.028 0.29 � 0.019 31.9
Transformant II-3 � P30-EYFP 0.10 � 0.025 0.19 � 0.020 50.3
Revertant II-3R 0.0058 � 0.00091 0.012 � 0.0023 47.8
Transformant II-3 � P30-II-3R 0.011 � 0.0049 0.018 � 0.0051 48.3
Mutant II-7 0.0035 � 0.0011 0.0059 � 0.00093 48.8
Transformant II-3 � P30-II-7 0.0056 � 0.0028 0.011 � 0.0081 54.7
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restored P65 to wild-type levels (Fig. 3C), as did the recombi-
nant wild-type, II-3R, and P30-EYFP alleles but not the II-7
allele when introduced into mutant II-3. Thus, II-3R was glid-
ing defective despite the presence of P65 at wild-type levels.

Analysis of HA and glass binding. HA provides a convenient
indicator for adherence to respiratory epithelium (50). As ex-
pected (29), when examined qualitatively the HA mutants II-3
and II-7 failed to adsorb sheep erythrocytes, while revertant
II-3R (44) was clearly HA positive, although not at the high
erythrocyte density of the wild type (Fig. 5A). A similar pattern
was observed with chicken erythrocytes (data not shown). The
quantitative HA assay reinforced in part the qualitative obser-
vations but also revealed a difference between II-3 and II-7
(Fig. 5B). While mutant II-3 bound to erythrocytes minimally
(5% of wild-type levels), HA by mutant II-7 was significantly
higher than that of mutant II-3, at approximately 35% of the
wild-type level. Revertant II-3R HA was substantially higher
than the II-7 level but still only approximately 60% of the
wild-type level. The contribution of P30 to the HA phenotype
of each was reinforced by the quantitative HA data obtained
using transformants producing recombinant P30 (Fig. 5B).
Somewhat surprisingly, however, the recombinant P30-EYFP
fusion restored HA in mutant II-3 to a level significantly higher
than in the wild type or II-3 � P30-WT.

By definition, attachment to a surface is a prerequisite for
gliding motility. Given the variability in HA and gliding motil-
ity with the loss or alteration in P30, we examined the glass
binding of each under conditions identical to those used to
assess cellular gliding velocities and frequencies. Unlike the

FIG. 3. Western immunoblot analysis of P30 and P65 in wild-type, mutant, revertant, and transformant M. pneumoniae. (A and B) Western
immunoblot analysis of the indicated strains probed with P30-specific antibodies. II-3 � P30, mutant II-3 transformed with the indicated
recombinant P30 allele by transposon delivery. (B) Samples processed to allow resolution of the multimeric forms of P30 from II-3R (arrows).
(C) Western immunoblot analysis of parallel samples from panel A by use of P65-specific antibodies (top panel) or P1-specific antibodies as an
internal control (bottom panel).

FIG. 4. Analysis of P30-EYFP in mutant II-3. (A) Fluorescence/
phase-contrast microscopy established that the P30-EYFP fusion lo-
calizes to the terminal organelle, and cells with a second fluorescent
focus were apparent (arrows). Bar, 2 �m. (B) Satellite growth in
mutant II-3 � recombinant P30-EYFP was indistinguishable from
growth in mutant II-3 � recombinant wild-type P30. Bar, 30 �m.
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HA data, all strains, including the nonmotile mutant II-3, ex-
hibited levels of glass attachment that were statistically com-
parable to the wild-type level (Table 2). Thus, under the con-
ditions used here to measure M. pneumoniae cell motility, the

gliding deficiencies were not simply a function of glass-binding
ability.

DISCUSSION

Mycoplasmas are considered to be among the smallest and
simplest known cells capable of self-replication, and yet M.
pneumoniae and related species exhibit distinct cellular polar-
ity characterized by the presence of a complex terminal or-
ganelle that is the leading end of gliding cells and initiates
mycoplasma binding to host cell receptors. However, the
mechanism by which M. pneumoniae glides is unknown, and its
genome contains no homologs of known motility proteins of
any type in walled bacteria or other mycoplasmas. Further-
more, very little is known about specific terminal organelle
components with respect to their function in adherence and
gliding (46).

In the current study we examined M. pneumoniae satellite

FIG. 5. Assessment of HA with wild-type M. pneumoniae and P30 mutant, revertant, and transformant strains. (A) Qualitative HA by the
indicated strains. Bar, 60 �m. (B) Quantitative HA by the indicated strains normalized to wild-type binding. Error bars, standard errors of the
means; WT, wild type.

TABLE 2. Wild-type and mutant glass binding under conditions
used for quantitation of gliding velocities and frequenciesa

Strain % Retained � SEM

Wild type .............................................................................. 100 � 10
HA mutant II-3.................................................................... 84 � 10
HA mutant II-7.................................................................... 93 � 7
HA revertant II-3R ............................................................. 87 � 8
II-3 � P30-WT..................................................................... 90 � 7
II-3 � P30-II-7..................................................................... 93 � 20
II-3 � P30R ......................................................................... 97 � 6
II-3 � P30-EYFP ................................................................ 102 � 7

a All strains exhibited levels of binding that were indistinguishable from wild-
type levels (P 	 0.05). Attachment data shown normalized to wild type.

6286 HASSELBRING ET AL. J. BACTERIOL.



growth around microcolonies as a possible indicator of gliding
motility. Attempts to promote satellite growth using soft agar
as described for gliding walled bacteria (34, 51), Mycoplasma
mobile (36), and Spiroplasma citri (21) were unsuccessful, but
satellite growth was apparent when M. pneumoniae was cul-
tured on plastic or glass in growth medium containing gelatin.
At the concentrations examined gelatin is visibly less viscous
than soft agar and hence probably requires less force for glid-
ing to be achieved. The inability to observe M. pneumoniae
satellite growth in soft agar at concentrations of �0.5% may
therefore reflect a lower force-generating capacity than for
other gliding species. Regardless, our finding that HA mutant
II-7 but not HA mutant II-3 exhibited satellite growth, albeit
much more slowly than with the wild type, was unexpected, as
was the finding that satellite growth by the HA-positive rever-
tant II-3R was not like wild-type growth. A requirement for
P30 in cytadherence was established previously (3, 29); the
current studies indicated an additional role for P30 in gliding
motility.

We modified existing microscopy protocols (6) to take ad-
vantage of digital technology and measure mycoplasma gliding
on the cellular level. Gliding velocities for wild-type strain
M129 were comparable to those reported previously (42) for
the wild-type FH strain (data not shown) and 20- to 50-fold
faster than mutant II-7 and revertant II-3R velocities, while
mutant II-3 was nonmotile. Thus, the cell velocities and gliding
frequencies for wild-type M. pneumoniae, mutants II-3 and
II-7, and revertant II-3R correlated directly with their satellite
growth phenotypes, demonstrating that satellite growth is a
good indicator for identifying potential gliding-defective mu-
tants in this species.

Transformation of mutant II-3, having no detectable P30,
with recombinant wild-type, mutant, or revertant alleles for
P30 by transposon delivery, yielded motility phenotypes that
were comparable to those of the strains from which each re-
combinant allele originated (Table 1). Therefore, it was pos-
sible to correlate the specific defects in P30 with the altered
motility phenotypes, underscoring a role for P30 in M. pneu-
moniae gliding motility. Our results from complementation
analysis also confirmed that the stability of cytadherence-asso-
ciated protein P65 is affected specifically by the loss or alter-
ation of P30. However, as gliding remained deficient despite
restoration of P65 to wild-type levels in II-3R and mutant II-3
producing recombinant P30-II-3R, the motility defects in P30
mutants cannot be attributed to an effect on P65 levels.

For mutant II-7 and revertant II-3R the reduced gliding
velocities correlated specifically with a 48-residue deletion and
a 17-residue substitution, respectively, in the putative cell sur-
face domain of P30 (Fig. 1). The latter was associated with the
formation of multimers that were stable to detergent denatur-
ation (Fig. 3B). Wild-type P30 has a single Cys residue located
in the predicted transmembrane domain, while the substitution
in P30R introduced two additional Cys residues (Fig. 1B). P30
is predicted to assume a coiled-coil conformation from resi-
dues 90 to 150 (data not shown), which includes the region
encompassed by the substitution in P30R. Additional Cys res-
idues in this region might promote multimerization in the
oxidizing environment of the cell exterior. However, the P30R
multimers were resistant to reducing agents dithiothreitol and

-mercaptoethanol, with and without alkylation with iodoac-

etamide (data not shown), suggesting that non-disulfide-cova-
lent or strong hydrophobic interactions may contribute to mul-
timerization. Somewhat surprisingly, while the relatively minor
substitution in II-3R reduced gliding velocity markedly, fusion
of EYFP to P30, which approximately doubled its size, im-
paired P30 function very little and actually increased HA by
50%. The reason for enhanced HA with this fusion is not clear,
but the fact that gliding was not similarly enhanced reinforces
the impression of dual but distinct functions of P30 in cytad-
herence and cell gliding.

The observation that HA mutants II-3 and II-7 differed with
respect to gliding motility prompted a closer examination of
their HA phenotypes. As expected, the two were indistinguish-
able by qualitative screening, whereby mycoplasma colonies
adsorb erythrocytes (Fig. 5A). However, as determined by the
more sensitive measure of attachment of radiolabeled myco-
plasmas to erythrocytes in suspension, mutant II-7 adherence
was six- to sevenfold higher than that of mutant II-3. Further-
more, closer inspection of revertant II-3R revealed intermedi-
ate levels of HA by both qualitative and quantitative tech-
niques (Fig. 5). The relative levels of HA actually paralleled
the gliding velocities, with wild-type 		 revertant II-3R 	
mutant II-7 		 mutant II-3, raising the possibility that the
gliding defect might actually be an extension of the HA defi-
ciency. However, this conclusion was not supported by the
observation that under the conditions used to assess cell glid-
ing, all strains attached to glass at comparable levels.

The role of P30 in gliding motility is not clear. The major
adhesin protein P1 localizes to the terminal organelle in wild-
type M. pneumoniae and in P30 mutants but is nonfunctional in
the latter, raising the possibility that P30 is required to stabilize
the adhesin in the appropriate conformation in the myco-
plasma membrane (44). Antibodies to P1 cause gliding myco-
plasmas to detach from the glass surface (46), but detachment
was not pronounced in our studies with P30 mutants. Taken
together, these observations suggest that P30 may contribute to
the linkage between surface-binding moieties and the force-
generating mechanism of M. pneumoniae.

Finally, individual cells of mutants II-3 and II-7 (44) and
revertant II-3R (data not shown) exhibit a branched morphol-
ogy rather than the filamentous spindle-like morphology of
wild-type M. pneumoniae after attaching to plastic or glass.
Whereas the nonmotile mutant II-3 retains this branched mor-
phology, mutant II-7 (44) and revertant II-3R (data not
shown), for which the gliding machinery is indeed active
though less efficient, eventually assume a filamentous shape
over time. Thus, based on the current study, the filamentous,
extended morphology of wild-type cells is likely a function of
cell gliding, in which case the filamentous appearance of M.
pneumoniae cells on ciliated respiratory epithelium (8, 16) sug-
gests that gliding indeed occurs on the surface of host cells as
well.

In summary, the current report provides the first genetic
evidence linking a specific protein to gliding motility by M.
pneumoniae. Furthermore, specific domains of P30 thought to
be oriented on the mycoplasma cell surface were implicated in
gliding function. Surprisingly, fusion of EYFP to the C termi-
nus of P30 had little impact on gliding and actually enhanced
HA. Additional studies, including structural analysis of the
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surface domain of P30, will be required to establish in more
detail how P30 functions in both gliding and cytadherence.
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