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Bacterial biofilms are communities of bacteria that are enclosed in an extracellular matrix. Within a biofilm
the bacteria are protected from antimicrobials, environmental stresses, and immune responses from the host.
Biofilms are often believed to have a highly developed organization that is derived from differential regulation
of the genes that direct the synthesis of the extracellular matrix and the attachment to surfaces. The myco-
plasmas have the smallest of the prokaryotic genomes and apparently lack complex gene-regulatory systems.
We examined biofilm formation by Mycoplasma pulmonis and found it to be dependent on the length of the
tandem repeat region of the variable surface antigen (Vsa) protein. Mycoplasmas that produced a short Vsa
protein with few tandem repeats formed biofilms that attached to polystyrene and glass. Mycoplasmas that
produced a long Vsa protein with many tandem repeats formed microcolonies that floated freely in the medium.
The biofilms and the microcolonies contained an extracellular matrix which contained Vsa protein, lipid, DNA,
and saccharide. As variation in the number of Vsa tandem repeats occurs by slipped-strand mispairing, the
ability of the mycoplasmas to form a biofilm switches stochastically.

Biofilm formation can enhance the resistance of pathogens
to antimicrobial agents (6) and immune surveillance (36). This
has been attributed in part to the encasement within an extra-
cellular matrix of the biofilm that isolates and protects the
bacteria from the host immune response. The extracellular ma-
trix of a biofilm is complex and usually contains lipid, protein,
DNA, and exopolysaccharide (1, 2, 4, 38). Most studies have
focused on the complexity of the molecular systems involved in
the formation of the matrix constituents. The formation of bio-
films by some bacteria is dependent on two-component and quo-
rum-sensing systems that regulate macromolecules necessary for
attachment and matrix synthesis (24). A recent trend is to de-
scribe biofilm formation in the context of a multicellular structure
that develops as a result of programmed gene expression (7, 21).

Few studies address the formation of biofilms from the view-
point of simplicity. The recent finding that mycoplasmas can
form biofilms (19) provides us with a model in which microor-
ganisms using minimally regulated genetic systems, or perhaps
stochastically modulated genetic systems, can form biofilms.
The mycoplasmas are the smallest and simplest of self-repli-
cating cells (11, 22). Although some mycoplasmas can produce
complex structures such as an attachment organelle, their ge-
nomes encode only a few hundred proteins. There are no
known two-component regulatory systems or other recogniz-
able global regulators in most species of mycoplasmas, includ-
ing Mycoplasma pulmonis. The lack of such regulators can be
attributed to the survival of the mycoplasmas in only one en-
vironmental niche: the animal host.

The variable surface antigen (Vsa) proteins of the murine

respiratory pathogen M. pulmonis are associated with virulence
(34) and mediate the susceptibility of the mycoplasma cells to
complement (26, 27). A Vsa protein contains a conserved
N-terminal region attached to one of several C-terminal tan-
dem repeat regions (3, 28). Vsa phase variation results when
DNA inversions recombine an alternate tandem repeat region
with the vsa expression site (25, 29). Size variation results when
slipped-strand DNA replication alters the length of the vsa tan-
dem repeat region through the gain or loss of one or more repeat
units. As both Vsa phase and size variations occur stochastically,
cultures of mycoplasmas consist of mixed populations of cells
that produce varied Vsa proteins.

Variation of the Vsa protein affects the surface characteris-
tics of the mycoplasma cell (9, 37). Independent of the partic-
ular vsa gene that occupies the vsa expression site, mycoplas-
mas that produce a long form of the Vsa protein of about 40
tandem repeats do not adhere to polystyrene or erythrocytes.
These mycoplasmas are resistant to killing by complement (26,
27). Mycoplasmas that produce a short Vsa protein with only a
few tandem repeats (e.g., five repeats or less) adhere to poly-
styrene, adsorb erythrocytes, and are efficiently killed by com-
plement.

We present here evidence that the length of the Vsa tandem
repeat region affects the formation of a structured biofilm and
an extracellular matrix. Cultures that produced the short Vsa
protein formed biofilms attached to glass and polystyrene. Like
biofilms that have been described for other bacteria, the matrix
contained saccharide, lipid, protein, and DNA. Cultures of
mycoplasmas that produced a long Vsa protein with many
tandem repeats did not form a biofilm but did form free-
floating microcolonies that contained an abundant extracellu-
lar matrix. These results demonstrate that the ability of the
mycoplasmas to form a biofilm is modulated by stochastic
events (slipped-strand mispairing within the vsa gene) in the
absence of known, global gene regulatory systems.
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MATERIALS AND METHODS

Mycoplasma strains. Table 1 summarizes the characteristics of the strains of M.
pulmonis used in this study. The R suffix on the strain and protein designations
refers to the number of tandem repeats on the Vsa protein. All of the strains
used in this study were derived from M. pulmonis strain CT and were grown in
mycoplasma broth supplemented with 20% heat-inactivated (HIA) whole horse
serum (HyClone) as described previously (12). Strains CT182-R3, CT182-R40,
CTG-R5, CTG-R40, and CT228 are previously described mutants (26, 27, 29)
that contain transposon Tn4001T (10) inserted in their genomes. Strains
CT182-R3 and CT182-R40 produce a VsaA protein with 3 tandem repeats or
about 40 tandem repeats, respectively. In strains CT228, CTG-R5, and CTG-
R40, Tn4001T disrupts the gene encoding the HvsR recombinase that catalyzes
vsa gene rearrangements, resulting in phase-locked strains that produce VsaA
with 40 tandem repeats and VsaG with 5 or about 40 tandem repeats, respec-
tively. Strain CTp12, which produces VsaA-R40, and strains CT39-6-2 and
CTH.8, which produce VsaH, were previously described (26, 27) and do not
contain transposon Tn4001T.

Mycoplasmas were cultured in mycoplasma broth in polypropylene tubes
(Fisher Scientific), in polystyrene flasks, or on glass coverslips at 37°C. To extend
the time of growth of a culture, beginning on the second day of culture, the
medium was changed daily.

Quantitative Vsa analysis. The amount of VsaA protein, as a percentage of
the total protein produced by a mycoplasma culture, was estimated by densito-
metric analysis of the VsaA protein bands in sodium dodecyl sulfate (SDS)-
polyacrylamide gels that were stained with Coomassie blue. Cultures of M.
pulmonis strain CT182-R3 were washed three times with phosphate-buffered
saline (PBS), and the protein concentration was determined by the method of
Bradford (Bio-Rad). Ten, 5, 2.5, and 1.25 micrograms of total mycoplasma
proteins was resolved in 7.5% SDS-polyacrylamide gels and stained with Coo-
massie blue as previously described (26). The gels included lanes that contained
2.5, 1.25, 0.625, and 0.313 �g of bovine serum albumin (fraction V; Sigma) as
standards. The bands containing Vsa protein were identified by Western analysis
of parallel gels using Vsa-specific monoclonal antibody as described previously
(26).The amount of protein in the VsaA major band was determined, and the
percentage of VsaA protein produced was calculated as (amount of VsaA pro-
tein/amount of total protein) � 100. Although there are other minor bands of
VsaA protein in a lane, this method provides a reasonable lower-limit estimate
of amount of VsaA protein produced as a percentage of total mycoplasma
protein production.

Scanning electron microscopy. Mycoplasmas were grown in mycoplasma broth
on plastic coverslips. The biofilms were washed three times in PBS, immersed in
2.5% glutaraldehyde in cacodylate buffer (0.1 M; pH 7.3) for 30 min, and rinsed
three times in cacodylate buffer. The biofilms were immersed in 1.0% osmium
tetroxide in cacodylate buffer for 1 h, followed by a brief rinse in distilled water.
The biofilms were dehydrated through a 50%, 75%, 95%, and 100% series of
washes in ethanol. This was followed by dehydration in a 1:1 (100% ethanol-
hexamethyldisilizane) solution for 4 min and two final dehydrations in 100%
hexamethyldisilizane for 4 min. The biofilms were dried overnight and sputter
coated with gold palladium. The samples were observed with an International
Scientific Instruments ISI-SX-40 scanning electron microscope.

Fluorescence microscopy. Twenty-microliter samples were taken from cultures
of mycoplasmas that produced the long R40 form of the Vsa protein, diluted with
50 �l of PBS, and placed on glass slides or nitrocellulose discs (Bio-Rad), and
allowed to dry. Mycoplasmas that produced the short form of the Vsa protein
were grown in mycoplasma broth on glass coverslips (Fisher Scientific). The

coverslips were removed from the medium, washed once gently by being sub-
merged in PBS, and allowed to dry. The dried cells were fixed in 10% neutral
buffered formalin (4.0% formaldehyde, 0.4% sodium dihydrogen orthophos-
phate, 0.65% disodium hydrogen orthophosphate [pH 7.0]) for 15 min at room
temperature, washed three times in PBS, and blocked for 30 min with PBS
containing 5% HIA horse serum (HyClone). The cells were incubated with
rabbit anti-VsaA immune serum diluted 200-fold in PBS containing 5% HIA
horse serum, washed three times with PBS, incubated with donkey anti-rabbit
antibodies (3) conjugated to either Alexa Fluor 488 or Alexa Fluor 647 (Molec-
ular Probes, Eugene, OR; 10 �g/ml in PBS containing 5% HIA horse serum),
counterstained with Hoechst 33342 at 20 �g/ml in water, and mounted to the
slides with Pro Long Gold mounting medium (Molecular Probes).

For fluorescence microscopy with lectins, wheat germ agglutinin (WGA),
Griffonia simplicifolia lectin-I (GS-I), and Griffonia simplicifolia lectin-II (GS-II)
that were conjugated to fluorescein isothiocyanate (EY Laboratories) were used.
Canavalia ensiformis lectin (ConA), which requires 4 mM Ca2� in a Tris-based
buffer for binding, and Arachis hypogaea lectin (PNA), which binds optimally in
a bicarbonate-based buffer with a pH of 9.0, were diluted in PBS buffer without
Ca2� (pH 7.3) and used as controls for nonspecific binding. Mycoplasmas that
were grown and fixed with formalin as described above were incubated with 50
�g/ml of the lectins in PBS at room temperature for 45 min, washed three times
in PBS, and mounted as described above. PBS alone was also incubated with the
mycoplasmas as a control for background.

To determine the amount of nonspecific binding of WGA to the mycoplasmas,
50 �g/ml of WGA was incubated with 1.0 �g/ml or 0.1 �g/ml of N,N�,N�-
triacetylchitotriose (a trimer of N-acetylglucosamine) in PBS for 30 min at room
temperature. The lectins were then incubated with the mycoplasmas, and fluo-
rescence microscopy was performed as described above. As a control, WGA was
incubated with PBS alone.

For staining with Congo red, the mycoplasmas were fixed as described above
and incubated in an aqueous solution containing 0.1% Congo red for 30 min at
room temperature (30). Red fluorescence was observed using 350-nm excitation
and 715-nm emission filters.

To detect the presence of nonviable mycoplasma cells in a culture, Hoechst
33342 and propidium iodide (PI) were added to unfixed cultures of mycoplasmas
to give a final concentration of 20 �g/ml. Fluorescence from PI was observed
using 590-nm excitation and 617-nm emission filters. As PI does not enter cells
with intact cell membranes, while Hoechst stain does diffuse through cell mem-
branes, we interpreted mycoplasmas that stained with both PI and Hoechst stain
as cells that were nonviable.

Mycoplasma cell membrane was detected by fluorescence microscopy using
the membrane dye FM4-64FX (Molecular Probes). Mycoplasma cells were in-
cubated with 20 �g/ml of FM4-64FX for 30 min at room temperature prior to
fixation with formalin as described above. Fluorescence was observed using
555-nm excitation and 617-nm emission filters.

The cell-to-cell spacing was determined by digitally measuring the distances
between mycoplasma cells and their three closest neighboring cells. The median
cell-to-cell spacing of cells in the microcolonies or the biofilms was analyzed by
the Mann-Whitney rank sum test (SigmaStat version 2.03).

Digital images were acquired at a magnification of �1,600 with a Leica HC
fluorescence microscope fitted with the Chroma 86012v2 filter set. Hoechst
fluorescence was observed with 350-nm excitation and 475-nm emission filters.
Alexa Fluor 488 or the fluorescein isothiocyanate-labeled lectins were observed
with 495-nm excitation and 535-nm emission filters. Digital images were also
acquired with an Olympus B16 laser scanning confocal microscope. Images were

TABLE 1. Summary of the characteristics of the M. pulmonis strains used in this study

Strain Vsa type No. of tandem
repeats

Ability to form
a biofilma Comments and/or reference

CTp12 VsaA 40 � 27
CT182-R3-1 VsaA 3 � Isogenic sibling of CT182-R40 (27)
CT182-R3-2 VsaA 3 �
CT182-R40 VsaA 40 � Isogenic sibling of CT182-R3 (27)
CT228 VsaA 40 � Phase-locked (27)
CTG-R5 VsaG 5 � Phase-locked; isogenic sibling of CTG-R40 (26)
CTG-R40 VsaG 40 � Phase-locked; isogenic sibling of CTG-R5 (26)
CT39-6-2 VsaH 0 � 27
CTH.8 VsaH 0 � 26

a As determined by both macroscopic and microscopic observation.
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analyzed using the ImageJ image analysis software (version 1.33u; National
Institutes of Health; http://rsb.info.nih.gov/ij/), the GNU Image Manipulation
Program (GIMP version 2.2.8; http://www.gimp.org), or the MetaMorph Imaging
System (version 7.0; Molecular Devices Corporation, Sunnyvale, CA).

RESULTS

Vsa production by M. pulmonis. The positions of VsaA pro-
tein bands on SDS-polyacrylamide gels were identified by com-
paring Western blots reacted with Vsa-specific antibody to gels
stained with Coomassie blue (Fig. 1). The upper major protein
band of the VsaA protein from M. pulmonis strain CT182-R3
was in a region of the gel that had a low background of other
proteins. Strain CT182-R40 had a minor protein band at the
same position as the major VsaA-R3 protein band. However,
Western blot analysis indicated this band was a minor VsaA
protein band that is normally observed in the Vsa ladder pat-
tern. The amount of protein in the VsaA-R3 band of CT182-R3
was estimated by comparison to bovine serum albumin standards.
From several preparations of CT182-R3, the amount of VsaA-R3
was estimated to range from 7% to 10% of the total protein
produced by the mycoplasma cultures.

Biofilm formation by mycoplasma cells is affected by the
length of the Vsa tandem repeat. Mycoplasmas that produced
a short form of the VsaA, VsaG, or VsaH protein, i.e., strain
CT182-R3, CT39-6-2, CT-H.8, or CTG-R5, grew adhered to
untreated glass and formed a biofilm (Fig. 2A to E). In cultures
of mycoplasmas that were grown overnight, individual cells or
small clusters of cells were observed attached to the glass (Fig.
2B). In cultures that were grown for 1 to 2 days, the mycoplas-
mas formed a network of cells (Fig. 2C). Analysis of a series of
images that represented different focal planes of the biofilms
indicated that mycoplasma cells formed a honeycombed layer
that contained numerous cavities (Fig. 2C). The cavities ap-
peared to be continuous with the mycoplasma growth medium.
Outgrowths of mycoplasma cells (Fig. 2A, D, and E), which
resembled towers, extended from the honeycombed regions of
all the biofilms that were observed. The diameters of the tow-
ers ranged from about 10 �m to greater than 50 �m, and
channels were observed within the towers. After 3 days of
growth, as the biofilms became increasingly dense, the prom-
inence of the cavities was reduced and the diameter of the
towers increased.

In contrast, mycoplasmas that produced a long form of the
Vsa protein (VsaA-R40 or VsaG-R40) did not grow adhered
to glass or to polystyrene. They formed microcolonies that
floated freely in the medium (Fig. 2F; see Fig. 4A) and ranged
in diameter from about 10 �m to greater than 50 �m. The
mycoplasma cells were distributed throughout the mass of the
microcolonies, and a large amount of a matrix material was
observed between the cells. Microcinematographic analysis re-
vealed that microcolonies incubated with the DNA stain
(Hoechst 33342) were pliable (see Fig. S1 in the supplemental
material). We consistently observed this flexing (or changes in
morphology) of unfixed microcolonies from cultures of myco-
plasmas that produced the long Vsa protein.

When the viable biofilms that were produced by strains
CT182-R3 and CTG-R5 were costained with the DNA stains
Hoechst 33342 and PI, few of the cells in the honeycombed
regions bound PI (Fig. 3A). However, PI bound to large

amounts of an amorphous material in the channels within the
towers of the biofilms. In the microcolonies produced by strain
CTp12, PI bound to very few of the mycoplasma cells (Fig. 3B).

The length of the Vsa tandem repeat affects the extracellular
spaces of the biofilms and microcolonies. The median cell-to-
cell spacing in the biofilms (9.25 �m; n � 56) was greater (P �
0.001) than the cell-to-cell spacing in the microcolonies of
mycoplasmas that produced the long form of the Vsa protein
(21.3 �m; n � 52). Cell-to-cell measurements within the towers
of the biofilms were impractical to obtain, as these cells were
too densely associated. Strains CT182-R3 and CTG-R5 formed
microcolonies but not biofilms when they were grown in
polypropylene tubes (Fig. 4B). The cell-to-cell measurements
within these microcolonies, like the measurements between
the cells in the towers of the biofilms, were too dense to obtain.

VsaA epitopes, observed by indirect immunofluorescence mi-
croscopy, were detected on the cells of all of the cultures of
mycoplasmas that produced VsaA (Fig. 2). Control strains of
mycoplasmas that produced VsaG had no detectable VsaA
epitopes (Fig. 2H). After 2 to 3 days of growth of CT182-R3,
VsaA epitopes were observed on the cells comprising the
honeycombed region, and the greatest intensity of labeling was on
the external cell layers of the towers of the biofilms (Fig. 2C and
E). VsaA epitopes were rarely observed between the cells in the
biofilm. However, the antibody apparently did not penetrate all
areas of the biofilm, and the signal diminished as the distance
from the outer surface of the tower increased. Few epitopes were
detected on the cells that were located inside the towers. Addi-
tionally, VsaA epitopes were not detected on the mycoplasmas on
the surface of the channels inside the towers. VsaA epitopes were
detected on the external surface but not inside of the smaller
clusters of cells in the biofilms that were 1 to 2 days old.

After 2 to 3 days of growth, VsaA epitopes were detected in
between the cells of microcolonies of strains CT182-R40,
CTp12, and CT228 (Fig. 2F and G). The extracellular Vsa
epitopes appeared to be substantially more abundant in the
microcolonies that produced VsaA-R40 (strains CTp12,
CT228, and CT182-R40) (Fig. 2F) than in the biofilm pro-
duced by strain CT182-R3. Additionally, the extracellular
epitopes were observed in fibrous, net-like structures in cul-

FIG. 1. Estimation of VsaA production by M. pulmonis strain
CT182-R3. Western blot analysis (lanes W) and SDS-polyacrylamide
gels stained with Coomassie blue (lanes C) of the isogenic siblings M.
pulmonis strains CT182-R3 and CT182-R40 are shown. The arrows
point to the VsaA-R3 protein bands. For strain CT182-R3 this is the
uppermost major VsaA band. For strain CT182-R40 the VsaA-R3
protein band is one of the lower minor VsaA bands. Densitometric
analysis was performed on the major VsaA-R3 protein band of strain
CT182-R40 in SDS-polyacrylamide gels that were stained with Coo-
massie blue.
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FIG. 2. Immunofluorescent images of biofilms and microcolonies of M. pulmonis. VsaA epitopes are in green and DNA (Hoechst 33342) is in blue.
The scale bars are in red. (A) Three-dimensional reconstruction of a biofilm formed by strain CT183-R3 after 3 days of growth on glass coverslips. The
upper image shows the biofilm observed from an angle of elevation of 25 degrees, while the lower image is a horizontal reconstruction of the biofilm.
The red arrows point to the tower structures. (B) Laser scanning confocal microscopy image of a small cluster of biofilm-forming mycoplasma cells grown
overnight on glass coverslips. (C) Digital image of the honeycombed region. The red arrow points to the cavities in the honeycombs. (D) Scanning electron
microscopic image of a tower structure. (E) Cross-sectional image of a biofilm tower acquired by laser scanning confocal microscopy. The arrow points to a
channel within the tower. (F) Microcolony of a strain that produces VsaA-R40. The arrow points to extracellular VsaA epitopes. (G) Laser scanning confocal
microscopy image of a region of cells adjacent to a microcolony. The red arrow denotes the web-like structures that contain VsaA epitopes. (H) Immunoflu-
orescent image of a biofilm of mycoplasmas that produce the short form of VsaG (control showing that antibody is specific for VsaA).
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tures of mycoplasmas that produced VsaA-R40 (Fig. 2G).
These fibrous structures were not detected in the biofilms. In
some areas of the microcolonies, DNA was present while VsaA
epitopes were not detected.

Binding of lectins, Congo red, and membrane dyes to the
mycoplasmas and matrix. Amorphous material was detected
in the extracellular spaces of the microcolonies and biofilms
that were incubated with Congo red and observed by fluores-
cence microscopy. In the biofilms, large amounts of Congo red
staining were observed throughout the mycoplasma towers of
the biofilms and within the channels of the towers (Fig. 5A).
Smaller amounts of the material were associated with the my-
coplasmas in the honeycombed region of the biofilms. In the
cultures of mycoplasmas that produced Vsa-R40, the amor-
phous material was abundant and was observed between the
cells of the microcolonies (Fig. 5B). The amorphous material
was not detected when mycoplasma broth alone was incubated
with Congo red. Red fluorescence was not detected in myco-

plasma biofilms or microcolonies that were incubated with
Hoechst 33342 in the absence of Congo red.

All of the M. pulmonis strains tested bound the lectins WGA
and GS-II (Fig. 6). The lectins ConA (Fig. 6C and F) and PNA
(not shown) did not bind the mycoplasmas, and ConA was
chosen as a negative control for subsequent experiments. GS-I,
which was tested only with the biofilms, bound to strains
CT182-R3, CTG-R5, CT39-6-2, and CTH.8. The towers of the
biofilms bound the lectins to a greater extent than the honey-
combed regions (Fig. 6B). The greatest intensity of binding by
the lectins was observed in the channels within the towers.
Analysis of microcolonies from the cultures that produced
Vsa-R40 (including strains CTp12 [Fig. 6G] and CTG-R40
[Fig. 6H]) indicated that the lectins bound to copious amounts
of saccharide between the cells. Whether the mycoplasmas
produced a biofilm or a microcolony, the greatest degree of
lectin binding was localized to regions between the myco-
plasma cells.

FIG. 3. DNA staining of a viable (nonfixed) biofilm (A) and a microcolony (B) with Hoechst 33342 and propidium iodide. The biofilms and
microcolonies were from cultures that were grown for 2 days. Panel A shows both the honeycombed region of the biofilm and a tower structure
(on the right side of panel A). Hoechst staining is shown in blue, and propidium iodide staining is shown in red. The scale bar represents 10 �m.

FIG. 4. Representative images from microcinematographic analysis of a viable CTp12 microcolony (A) and fluorescence microscopy of a
CTG-R5 microcolony (B). The mycoplasma cultures were grown in polyurethane tubes and stained with Hoechst 33342. The scale bar represents
10 �m.
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The binding of WGA to the biofilms was inhibited when the
lectin was incubated with as little as 0.1 �g/ml of N,N�,N�-
triacetylchitotriose prior to its incubation with the biofilms
(data not shown). The binding of WGA to the biofilms was not
inhibited when the lectins were incubated with PBS prior to its
reaction with the biofilms. This indicated that the binding of
WGA to the biofilms was specific.

Staining of the mycoplasma membranes with the membrane
dye FM4-64FX revealed an intense red fluorescent signal in
the centers of the microcolonies and the towers of the biofilms
(Fig. 7). The red fluorescence colocalized well with the DNA
staining (Hoechst 33342). The channels within the towers con-
tained an amorphous material that was intensely stained with
the membrane dye and lightly stained with the Hoechst DNA
stain (Fig. 7A and D). This same pattern of membrane staining
was also observed in the microcolonies (Fig. 7B and E). No red
fluorescent signal was detected when FM4-64FX was excluded
from the protocol (Fig. 7F).

DISCUSSION

The formation of biofilms by most microorganisms involves
the regulation of genes that are essential for attachment to
surfaces and the production of extracellular matrices (7, 20, 21,
31). Several mycoplasma species have recently been shown to
form biofilms (19), but the macromolecules and the mecha-
nisms that contribute to biofilm structure are unknown. The
results presented here demonstrate that the length of the Vsa
tandem repeats is associated with the formation of biofilms or
microcolonies ands affect the interactions between the myco-
plasma cells. As global regulatory systems are not known to
exist in M. pulmonis and size variation of the Vsa protein
occurs stochastically, the ability of M. pulmonis to form a bio-
film is stochastic and may not involve any significant changes in
gene regulation. Also, as the length of the Vsa protein and not
the particular Vsa protein being produced (VsaA, VsaG,
VsaH, or VsaI) affects the cell’s susceptibility to complement
and adsorption to erythrocytes (26), it suggests that the Vsa

tandem repeat region nonspecifically modulates interactions at
the mycoplasma surface. It is hypothesized that the long Vsa
proteins sterically hinder interactions between the mycoplasma
cell surface and the environment. As the Vsa protein consti-
tutes a significant proportion (7% to 10%) of the total protein
produced by the mycoplasmas, this would be consistent with
the model in which Vsa can function as a steric shield.

Cultures of mycoplasmas that produced a short VsaA,
VsaH, or VsaG protein formed biofilms on glass surfaces.
Regardless of the particular Vsa protein (VsaA, VsaH, or
VsaG) being produced, the structures of the biofilms were
similar and they contained honeycombed regions and towers.
The formation of a biofilm by a strain (CTG-R5) that was
phase locked and could produce only VsaG indicates that
phase variation of the Vsa proteins is not required for the
formation of a biofilm. That only few cells in the honeycombed
region bound PI, compared to the towers, suggested that little
cell death occurs in the honeycombed region. As with other
biofilms, the cavities of the honeycombed region may facilitate
the uptake of nutrients (17, 18).

Mycoplasma strains that produced long Vsa protein formed
microcolonies that did not adhere to glass. However, the mi-
crocolonies did share a characteristic that is similar to that of
biofilms that are attached to surfaces. They produced an abun-
dant matrix material. The distance between the cells in the
microcolonies was greater than the distance between the cells
in the biofilms, and the unfixed microcolonies appeared to be
flexible and moved en masse. The extracellular matrix, as re-
vealed by the amount of space between the cells and the abun-
dance of lectin and Congo red binding, appeared to be substan-
tially more abundant in the microcolonies than in the biofilms.
These observations are consistent with the presence of a matrix
that functions to hold the cellular mass together. As such, the
microcolonies could be thought of as free-floating biofilms. As
few cells in the microcolonies bound PI, it is unlikely that the
extracellular matrix impedes nutrients that are critical for my-
coplasma growth.

FIG. 5. Congo red fluorescence of a M. pulmonis tower (A) and a microcolony (B). Mycoplasma cells stained with Hoechst 33342 are shown
in blue. The scale bar represents 10 �m.
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Consistent with what has been described for the extracellular
matrices formed by other bacteria, the matrix formed by the
mycoplasmas contained protein (VsaA epitopes), lipid, DNA,
and saccharide (2, 21, 23, 36, 38). Vsa is anchored to the cell
surface via the acyl moiety of this lipoprotein (3, 28). The VsaA
epitopes could have been released into the extracellular matrix
by blebbing of the mycoplasma cell membrane and/or cell
death, as have been extensively described for other prokaryotes
(16). In support of either of these mechanisms, VsaA epitopes
were associated with the membrane dye FM4-64FX, and VsaA
epitopes were not detected in the supernatants of the culture

medium (not shown). This suggests that the extracellular VsaA
epitopes remained attached to membrane.

The binding of lectins and Congo red to the microcolonies
and the biofilms indicates that saccharide, perhaps copious
amounts of it, occupies the spaces between the mycoplasma
cells. Although Congo red has been shown to bind to a number
of substrates (13, 15, 30), it interacts strongly with various
polysaccharides (35). The staining of bacterial cultures with
Congo red may provide a rapid method of identifying patho-
genic bacterial species that produce extracellular matrices. The
strong binding of Congo red and the lectins to material be-

FIG. 6. Lectin binding to M. pulmonis biofilms that produce VsaA (strains CT182-R3 [A, B, and C] and CTp12 [G]) or VsaG (strains CTG-R5
[D, E, and F] and CTG-R40 [H]). The binding of GS-II (left panels), WGA (center panels), or ConA (right panels) is shown in green, and the
DNA (Hoechst 33342) is shown in blue. The honeycombed region of the biofilm is shown in the optical cross-section in panel B (arrow). The red
scale bars represent 10 �m.
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tween the cells suggests that saccharides are important for
matrix function. The binding of WGA and GS-II indicates that
N-acetylglucosamine (GlcNAc) is present in a poly- or oligo-
saccharide. As the ligands for GS-I include 	-galactose, the
binding of GS-I to the mycoplasmas suggests that the compo-
sition of the saccharides in the matrix is complex. These sac-
charides are likely synthesized by the mycoplasma, as several
enzymes that could utilize GlcNAc for polysaccharide synthesis
and a glycosyltransferase are predicted from the M. pulmonis
genome sequence (5). It is unlikely that the Vsa proteins are
associated with absorbing the saccharides from the medium.
As the towers and the microcolonies appeared to retain similar
amounts of saccharide and as strains CT39-6-2 and CTH.8,
which produce a Vsa protein with no tandem repeats, bound
WGA, GS-I, and GS-II, the tandem repeat region of the Vsa
protein is not necessary for retaining saccharides in the matrix.

The mycoplasmas that produced the longer Vsa-R40 protein
contained a larger volume of matrix than did the mycoplasmas
that produced the short Vsa-R3 or Vsa-R5 protein. This result
was true regardless of whether the cells producing the short
form of the Vsa protein were grown as a biofilm or grown as
detached microcolonies in polypropylene tubes. These data
indicate that the cell-to-cell spacing is affected by the length of
the Vsa tandem repeat region. If the Vsa proteins contribute to
the matrix by a mechanism that is independent of the saccha-
rides, perhaps the Vsa tandem repeat regions interact with
each other or some other ligand or affect the hydration of the
matrix.

As extracellular matrices have been shown to impart struc-
ture to biofilms (7), it is likely that the main function of the
matrix in the mycoplasmal biofilm and microcolonies is to hold
the mycoplasma cell mass together. Whether the mycoplasmas
form an attached biofilm or a free-floating microcolony appar-
ently depends on the Vsa protein’s modulation of attachment
to surfaces. This is plausible, as the formation of a biofilm can
result from a two-step process, i.e., the initial attachment of
bacteria to a surface and the subsequent accumulation of a
matrix (39). As microcolonies do not attach to surfaces, this
indicates that coaggregation is not sufficient for the formation
of biofilms on a surface as has been described for other mi-
croorganisms (14). Although the possibility that regulatory
events contribute to the maturation of the mycoplasmal biofilm
cannot be excluded, these results indicate that the length of the
Vsa protein is the dominant factor contributing to biofilm
formation.

The ability of M. pulmonis to form a biofilm may be a
virulence factor. Biofilm formation may be an alternate mech-
anism to resist the host’s immune system. M. pulmonis cells
that produce the short VsaH protein are sensitive to comple-
ment lysis in vitro but survive in an immunocompetent host,
indicating that the mycoplasma has an alternate mechanism to
resist innate host defenses such as complement (8). Myco-
plasma cells form aggregates and microcolonies on cell mono-
layers (33) and tracheal explants (32), suggesting that compo-
nents of the biofilm, perhaps the towers, could form in the
host. Our previous work demonstrating that mycoplasmas that

FIG. 7. Detection of cell membranes in biofilms and microcolonies by using FM4-64FX. (A and D) Images of the same tower in a biofilm
formed by M. pulmonis strain CT182-R3. (B and E) Images of the same microcolony formed by M. pulmonis strain CTp12. (C) Honeycombed
region of the biofilm. The microcolony and the biofilm were stained with Hoechst 33342 (shown in blue) and FM4-46FX (shown in red). VsaA
epitopes are in green. (F) Biofilm tower that was not stained with FM4-64FX (negative control). Red scale bars represent 10 �m. The yellow arrows
indicate areas of intense membrane fluorescence and low DNA fluorescence.

1912 SIMMONS ET AL. J. BACTERIOL.



produce the short Vsa protein are efficiently killed by comple-
ment was done with preparations of mycoplasma cells that
were dispersed by gentle sonication. It remains to be deter-
mined whether the mycoplasmas in biofilms would be pro-
tected from the effects of complement or other immune com-
ponents. It is plausible that the large amount of extracellular
matrix material could impede interactions with complement or
phagocytes.
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