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Freeze-fracture electron microscopy was used to investigate the membrane architectures of high-passage
Borrelia burgdorferi B31 and low- and high-passage isolates of B. burgdorferi N40. In all three organisms,
fractures occurred almost exclusively through the outer membrane (OM), and the large majority of
intramembranous particles were distributed randomly throughout the concave OM leaflet. The density of
intramembranous particles in the concave OM leaflet of the high-passage N40 isolate was significantly greater
than that in the corresponding leaflet of the low-passage N40 isolate. Also noted in the OMs of all three
organisms were unusual structures, designated linear bodies, which typically were more or less perpendicular
to the axis of the bacterium. A comparison of freeze-fractured B. burgdorfjeri and Treponema paUlidum, the
syphilis spirochete, revealed that the OM architectures of these two pathogens differed markedly. All large
membrane blebs appeared to be bounded by a membrane identical to the OM of B. burgdorferi whole cells; in
some blebs, the fracture plane also revealed a second bilayer closely resembiing the B. burgdorferi cytoplasmic
membrane. Aggregation of the lipoprotein immunogens outer surface protein A (OspA) and OspB on the
bacterial surface by incubation of B. burgdoiferi B31 with specific polyclonal antisera did not affect the
distribution ofOM particles, supporting the contention that lipoproteins do not form particles in freeze-fractured
OMs. The expression of poorly immunogenic, surface-exposed proteins as virulence determinants may be part of
the parasitic strategy used by B. burgdorferi to establish and maintain chronic infection in Lyme disease.

Lyme disease (Lyme borreliosis) is a tick-borne, multisystem
infectious disorder caused by the spirochetal bacterium Borre-
lia burgdorferi (50). Like all spirochetes, B. burgdorferi consists
of an outer membrane (OM) that surrounds the periplasmic
space, the peptidoglycan-cytoplasmic membrane (CM) com-

plex, and the helically shaped protoplasmic cylinder (4, 28).
During the past decade, many B. burgdorferi polypeptides have
been characterized by molecular and/or immunological tech-
niques (3, 5, 10, 30, 34, 36, 47, 53), and the cellular locations of
some polypeptides, including surface-exposed proteins, have
been determined (3, 5, 31, 46, 55). Despite these advances, we
still know very little about the membrane constituents or the
overall membrane architecture of the Lyme disease spirochete.
This paucity of information compromises our understanding of
physiological processes that sustain the bacterium, particularly
in the hostile environment of the mammalian host, and hinders
efforts to characterize potential virulence determinants and
candidate vaccinogens. An improved understanding of B.
burgdorferi membrane ultrastructure also might provide in-
sights into the strategies that enable the spirochete to evade
host immune clearance mechanisms.

Integral membrane proteins can be visualized by freeze-
fracture electron microscopy (EM) as intramembranous parti-
cles (IMPs) (24). Freeze-fracture EM, therefore, can provide
information about the protein content and ultrastructure of a

biological membrane, and the technique has been used to
examine membranes from many types of prokaryotes, includ-
ing pathogenic and nonpathogenic spirochetes (27, 28, 40, 51,
52). In view of the small amount of freeze-fracture data
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currently available for the Lyme disease spirochete (39, 51), we
conducted a detailed freeze-fracture EM analysis of B. burg-
dorferi. Our objective was to develop a more complete under-
standing of B. burgdorferi membrane architecture and its
potential relationship to Lyme disease pathogenesis.

MATERIALS AND METHODS

Bacterial strains and cultures. The avirulent (high-passage)
B31 strain of B. burgdorferi was supplied by Alan Barbour (San
Antonio, Tex.) and maintained in BSKII medium (1). A
virulent (low-passage) isolate of B. burgdorferi N40 was pro-
vided by Stephen Barthold (New Haven, Conn.). The virulence
of the isolate was confirmed by its ability to induce carditis and
arthritis in 2-week-old C3H/HeJ mice following intradermal
inoculation with i04 organisms (7). The low-passage N40
isolate used for freeze-fracture experiments was passaged no
more than five times following recovery from inoculated mice.
An avirulent isolate that did not cause disease in C3H/HeJ
mice was obtained by passaging the virulent N40 isolate
approximately 40 times in BSKII medium. Logarithmic-phase
cultures of the B. burgdorferi isolates were processed for
immunofluorescence microscopy and/or EM as described be-
low. Treponema pallidum (Nichols) was maintained by intrat-
esticular passage in New Zealand White rabbits as described
previously (40).

Fixation and embedding. A 10-ml culture of B. burgdorferi
B31 in BSKII medium was fixed by the addition of an equal
volume of 4% (vol/vol) glutaraldehyde in 100 mM sodium
phosphate-100 mM sucrose (pH 7.4) (final glutaraldehyde
concentration, 2%) as described previously (15). After incuba-
tion for 1 h at room temperature, the cells were harvested by
centrifugation at 10,000 x g for 30 min. The pellet was
transferred to a microcentrifuge tube containing 1 ml of
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low-melting-temperature agarose in 100 mM sodium phos-
phate buffer in a 45°C circulating water bath; after gentle
swirling, the agarose was placed on ice. The solidified agarose
plug was removed from the microcentrifuge tube, and the
portion containing the bacterial pellet was cut into approxi-
mately 1-mm3 blocks with a scalpel. The blocks were trans-
ferred to Wheaton vials for 1 h of postfixation with 1% osmium
tetroxide, dehydration in graded ethanol and propylene oxide,
and embedding in Epon-Araldite.

Production of rabbit polyclonal antisera directed against
OspA and OspB. Nonlipidated forms of outer surface protein
A (OspA) and OspB were produced by cloning DNA frag-
ments encoding the mature forms of each immunogen into the
respective BamHI and SmaI sites or BamHI and EcoRI sites of
pGEX-2T (Pharmacia LKB Biotechnology, Piscataway, N.J.).
The fragments were produced by the PCR with the following
synthetic oligonucleotide primers: for ospA, 5'-TTGGATCCT
GTAAGCAAAATGTTAGCAGC-3' (BamHI site plus nucle-
otides 199 to 219) and 5'-TCTCCTTAlTTTTAAAGCGTT-3'
(complementary to nucleotides 959 to 978); and for ospB, 5'-TT
GGATCCTGTGCACAAAAAGGTGCTGAG-3' (BamHI site
plus nucleotides 1028 to 1048) and 5'-TTGAATTCCTAGCT
GATGCCIT1lGTAGGG-3' (complementary to nucleotides
1888 to 1907 plus EcoRI site) (10). The resulting constructs
were designated pDA25 and pDA300, respectively. Expression
of the appropriate fusion proteins was confirmed by immuno-
blotting, and DNA sequence analysis confirmed the sequences
through the fusion joints.

Glutathione S-transferase (GST) and GST fusion proteins
were purified by affinity chromatography on a glutathione-
agarose matrix. To produce polyclonal antisera, 3-kg female
New Zealand White rabbits were primed by combined intra-
muscular and subcutaneous injection with 100 pug of purified
protein in complete Freund's adjuvant. This injection was
followed at 3-week intervals by boosters consisting of 50 ,ug of
protein in incomplete Freund's adjuvant, administered by the
same routes. Two weeks after the final immunization, the
animals were exsanguinated. Western blot (immunoblot) anal-
ysis of the resultant antisera with nitrocellulose strips contain-
ing approximately 2 x 107 organisms revealed that the titer of
each antiserum against the respective native immunogen was
at least 1:5,000.

Incubation of B. burgdorferi B31 with rabbit polyclonal
antisera for immunofluorescence microscopy and freeze-frac-
ture EM. For immunofluorescence microscopy, a 10-ml culture
of B. burgdorferi B31 was harvested at 10,000 x g and gently
resuspended in the same volume of 1x CMRL (GIBCO,
Grand Island, N.Y.). The suspension was divided into 10 1-ml
aliquots, and 4 ,lI of 25% (vol/vol) glutaraldehyde was added to
five (final glutaraldehyde concentration, 0.1%); all 10 suspen-
sions were incubated at 34°C for 30 min. The cells were washed
twice by centrifugation in a microcentrifuge and suspended in
1 ml of CMRL-5% fetal bovine serum (CNMRLFBS). Ten
microliters of either normal rabbit serum or rabbit anti-GST
antiserum was added to two separate sets of fixed and unfixed
cells (final dilution, 1:100); 2 ,lI of rabbit anti-OspA-GST or
anti-OspB-GST antiserum was added to two additional sets of
cell suspensions (dilution, 1:500). No antisera were added to
the remaining two aliquots to serve as additional controls for
the primary antibodies. All 10 aliquots were incubated for 1 h
at 34°C and then were washed twice with CMRIVFBS. After
the second resuspension in 1 ml of CMRIJFBS, 1 ,ul of
fluorescein isothiocyanate-conjugated affinity-purified goat an-
ti-rabbit antibodies (Organon Teknika, Durham, N.C.) was
added to each suspension (1:1,000 dilution), and incubation
was done at 34°C for 30 min. The cells then were washed two

more times with CMRL/FBS. Ten microliters of each suspen-
sion was spotted onto glass microscope slides and gently heat
fixed. In a parallel immunofluorescence experiment, a second
10-ml culture was washed twice as described above. Ten-
microliter droplets of the washed cells were placed onto clean
glass microscope slides, air dried, and fixed in 100% methanol
for 10 min. The slides were incubated for 1 h in a humidified
chamber with 10-pl droplets containing 1:100 or 1:500 dilu-
tions of control antisera or antisera directed against the
GST-Osp fusion proteins, respectively. The slides were
washed, incubated for 30 min with a 1:1,000 dilution of
fluorescein isothiocyanate-conjugated goat-anti-rabbit immu-
noglobulin G, washed again, air dried, and then overlaid with
coverslips. All slides were examined by routine dark-field
microscopy and by fluorescence microscopy with a mercury
UV light source and 500-nm band-pass and EY-455 edge
filters.

For freeze-fracture EM, 0.2 ml of heat-inactivated (30 min,
56°C) normal rabbit serum or rabbit antiserum directed against
OspA-GST, OspB-GST, or GST was added to each of four
different 10-ml cultures of B. burgdorferi B31 (1:50 final
dilutions of sera). Immediately after the addition of sera, 0.2
ml of each cell suspension was removed and added to separate
wells of a 96-well microtiter plate to monitor aggregation. The
cell suspensions and the 96-well plate were placed in an
incubator at 34°C for 1 h. During the 1-h incubation, the wells
of the microtiter plate were inspected by phase-contrast mi-
croscopy for agglutination of bacteria. At the conclusion of the
incubation, 0.8 ml of 25% glutaraldehyde (final concentration,
2% [vol/vol]) was added to each suspension. The cells were
fixed at 34°C for 1 h and stored thereafter at 4°C until
processed for freeze-fracture EM as described below.

Freeze-fracture EM. Ten-milliliter cultures of the various B.
burgdorferi strains or 10 ml of a suspension of T. pallidum
freshly harvested from rabbit testes was fixed at room temper-
ature in 2% glutaraldehyde. The fixed spirochetes were col-
lected by centrifugation and then suspended in 0.5 ml of
phosphate-buffered saline (pH 7.4). For cryoprotection, glyc-
erol was slowly infused into each sample to a final concentra-
tion of 30% (vol/vol). The bacteria were concentrated further
by centrifugation for 2 min in a microcentrifuge; the cell pellets
were resuspended gently in 1 drop of the supernatant and
stored at 4°C until processed.

Approximately 2 pI of each preparation was placed in gold
specimen holders designed for Balzers freeze-fracture units.
The holders were plunged by hand into ethane cooled with
liquid nitrogen and kept immersed for 5 to 6 s. The specimens
then were rapidly transferred to liquid nitrogen storage prior
to freeze fracture. For freeze fracture, the specimens were
placed on a Balzers 400 stage cooled in liquid nitrogen. The
stage with the specimens then was placed inside the IBalzers
unit precooled to - 170°C at a vacuum of 4 x 10-7 millibars
(4 x 10-' Pa). The unit temperature then was raised to
- 105°C, following which the specimens were fractured and
immediately coated with platinum and carbon at angles of 45
and 90°C, respectively. The replicas then were floated in
undiluted commercial bleach (Clorox) for approximately 12 h,
washed three times in double-distilled water, and transferred
to 200-mesh copper grids.
EM. Replicas and ultrathin sections were photographed with

a JEOL 100SX electron microscope at 80 kV of accelerating
voltage. Most fields were photographed in stereo with 6° tilts of
the goniometer. The resulting negatives were examined as
stereo pairs.

Particle counts and statistical analyses. Photomicrographic
enlargements were overlaid with a grid divided into 1-cm2
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blocks. For each fracture face, the numbers of particles were

counted within 50 grid squares on 8 to 10 different organisms;
particle densities then were calculated with the following
formula: particles per square micrometer = (total particles
counted x total magnification2)/(50 x 108 1Lm2/cm2). The
differences between mean particle densities were analyzed for
statistical significance with the Mann-Whitney nonparametric
comparison test (18).

RESULTS

Molecular architecture of avirulent and virulent B. burgdor-
feri. It was essential at the outset to discriminate leaflets
originating from the borrelial OM and CM. This was accom-

plished in two ways. First, endoflagella often were exposed in
cross-fractured cell bodies of B. burgdorferi B31, and leaflets
external to these morphological markers could be designated
concave or convex OM leaflet (Fig. 1A). Second, in rare

instances, concentric OM and CM leaflets were revealed in a

single organism (Fig. 1B and C). With both approaches, it was
clear that the vast majority of fractures occurred through the B.
burgdorferi OM.

Both the concave and the convex OM leaflets of B. burgdor-
feri B31 contained a mixture of randomly distributed particles
of various sizes (Fig. 1). More than 90% of the OM IMPs
partitioned with the concave leaflet. Mean particle densities in
the concave and convex OM leaflets were 1,512 ± 153 and 98
± 31 particles per RMm2, respectively (Fig. 1 and 2). Consistent
with the preferential partitioning of OM particles with the
concave leaflet, pits were observed only in the convex fracture
face (Fig. 1B and C). The mean particle density in the convex

CM leaflet, 4,687 + 160/jim2, was significantly higher than the
density in either OM fracture face (P < 0.0001). Because of the
small areas of the concave CM leaflet visualized, it was not
possible to determine accurately the mean particle density in
this leaflet, although it appeared to be somewhat lower than
that in the convex fracture face (Fig. 1).
To extend the above-described findings, freeze-fracture

analysis was performed on virulent (Fig. 3A) and avirulent
(Fig. 3B) isolates of the extensively characterized N40 strain of
B. burgdorferi (8, 23). As with the high-passage B31 strain,
fractures occurred predominantly through the OMs of both
N40 isolates, with particles partitioning predominantly with the
concave leaflet (Fig. 2). Surprisingly, the mean particle density
in the concave OM leaflet of the avirulent N40 isolate (Fig. 2B)
exceeded that in the corresponding leaflet of the virulent N40
isolate (Fig. 2A) (1,699 ± 249 versus 1,091 + 156 particles per

im2 , respectively), a difference that was statistically significant
(P < 0.01).
For all three B. burgdorferi isolates, many convex OM

leaflets contained structures designated linear bodies (Fig. 4).
Linear bodies averaged 0.13 ± 0.04 jim in length and were

usually more or less perpendicular to the axis of the cell (Fig.
4). Complementary grooves were found in some concave OM
fractures (Fig. 4B).
The membrane architecture of T. pallidum, the cause of

syphilis, has been investigated extensively by freeze-fracture
EM (40, 52). In view of the clinical and histopathological
similarities between Lyme disease and syphilis (43, 50), we

compared the OM architectures of B. burgdorferi and T.
pallidum. As previously noted (12, 40, 51), the particle densi-
ties in the concave and convex OM leaflets of T. pallidum (Fig.
SB) were extremely low and virtually identical (85 ± 37 and 77
± 10 particles per jim2 in the concave and convex leaflets,
respectively). In contrast to the heterogeneous randomly dis-
tributed IMPs in the concave OM leaflets of B. burgdorferi

(Fig. 5A), T. pallidum OM particles were extremely uniform
and grouped into regions of relatively high density alternating
with "bare" areas (Fig. 5B). The tendency of T. pallidum OM
particles to align into rows (Fig. 5B) also was not observed for
B. burgdorferi (Fig. SA). The mean particle densities in the OM
leaflets of the three B. burgdorferi isolates and T. pallidum are
depicted graphically in Fig. 2.

Ultrastructural analysis of B. burgdorferi blebs. The propen-
sity for B. burgdorferi to shed membrane vesicles (blebs) is a
poorly understood property of the Lyme disease spirochete (4,
26). The observation that leaflets derived from the OM and
CM of B. burgdorferi cells possess distinctive morphologies
(Fig. 1) suggested that the freeze-fracture technique could help
to elucidate the membrane composition of blebs and, possibly,
their site(s) of cellular origin. Although B. burgdorferi sheds
blebs of diverse sizes (4, 26), we focused this analysis upon the
large blebs. Virtually all blebs contained concave or convex
leaflets identical to the OM fracture faces of intact organisms
(Fig. 6A to C). Some blebs also contained a second convex
leaflet strongly resembling the convex CM fracture face of
intact organisms (compare Fig. 6D with Fig. 1A and B). Rare
fractures through organisms shedding blebs also were found in
which the concentric convex fracture faces exposed in the blebs
appeared to be identical to the corresponding OM and CM
leaflets of the adjacent cell (compare Fig. 6E with Fig. 1B and
C). Ultrathin sections confirmed that some blebs contained
two lipid bilayers surrounding ostensible cytoplasmic material
(Fig. 6F). In some blebs, linear bodies were found adjacent to
what appeared to be polar defects of uncertain origin (Fig. 6B
and C). In a cell extruding a bleb, linear bodies were aligned
along the septum developing between the organism and the
bleb (Fig. 6E).
Do OspA and OspB fonn particles in freeze-fractured B.

burgdorferi OMs? Barbour et al. (6) reported that incubation of
B. burgdorferi with an OspA-specific monoclonal antibody
aggregated the antigen on the bacterial surface (indicated by a
beaded pattern of immunofluorescence) and that aggregation
was prevented when the cells were fixed prior to incubation
with the antibody. We obtained immunofluorescence results
identical to those obtained by Barbour et al. (6) when motile
and fixed spirochetes were incubated with a 1:500 dilution of
polyclonal antiserum directed against the OspA-GST or OspB-
GST fusion protein (data not shown). We then reasoned that
the correlation of these findings with freeze-fracture EM
findings could be used to determine whether either OspA or
OspB is among the particles observed in freeze-fractured B.
burgdorferi OMs. Aggregates of OM particles were not ob-
served in spirochetes agglutinated with a 1:50 dilution of either
Osp-specific antiserum (compare Fig. 1 and 7).

DISCUSSION

Compared with the OMs of gram-negative bacteria, spiro-
chetal OMs are substantially more susceptible to disruption by
physical manipulations and chemical agents (e.g., detergents)
(4, 19, 28). For this reason, many of the techniques developed
for identifying OM constituents of gram-negative bacteria have
met with limited success when applied to spirochetal patho-
gens (19, 49). Freeze-fracture EM circumvents this problem
because it can be performed without the manipulations that
tend to disrupt motile organisms. Interestingly, the use of
freeze-fracture EM to investigate spirochetal ultrastructure is
not a recent development (28, 35). Spirochetologists in the
molecular era have rediscovered the technique as a means of
obtaining ultrastructural information for correlation with mo-
lecular and immunochemical data.
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FIG. 1. Freeze-fracture analysis of B. burgdorferi B31. The concave and convex leaflets of the OM are indicated by OM and OM, respectively,
while CM and CM indicate the respective concave and convex leaflets of the CM. Arrowheads point to cleaved endoflagella. Bars, 0.5 ,um.
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FIG. 2. Mean particles densities of B. burgdorferi and T. pallidum
convex and concave OM leaflets. Bb3l, B. burgdorferi B31. SD,
standard deviation.

When overlying lipid bilayers are freeze cleaved, the fracture
plane passes preferentially through the membrane with the
lower protein/phospholipid ratio. For this reason, fractures in
typical gram-negative bacteria rarely occur through the pro-
tein-rich, phospholipid-poor OM (9, 32). In contrast to the
OMs of gram-negative bacteria, the B. burgdorferi OM con-
tained the preferred plane of cleavage, and this was explained
by the significantly higher particle density of the B. burgdorferi
CM. It is noteworthy that a predominance of OM fractures
appears to be a characteristic common to pathogenic spiro-
chetes (40, 51). Although the particle densities of B. burgdor-
feri OMs greatly exceeded those of T. pallidum OMs (Fig. 5),
they were well below those in the closely packed OMs of
typical gram-negative bacteria (32, 40). The direct relationship
between the density of OM particles in gram-negative bacteria
and spirochetes and the respective growth rates of these
bacteria may reflect, in part, differences in the number of OM
transporters (4, 14, 33).

FIG. 3. OM ultrastructures of low (A)- and high (B)-passage isolates of B. burgdorferi N40. OM leaflets are designated as in the legend to Fig.

1. Bars, 0.5 p.m.
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FIG. 4. OM linear bodies in B. burgdorferi B31 (A, B, and C) and low-passage N40 (D). OM leaflets are designated as in the legend to Fig.
1. Arrowheads and arrows denote, respectively, linear bodies in convex OM leaflets and complementary grooves in concave fracture faces. Bars,
0.5 ,um.
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FIG. 5. OM of B. burgdorferi B31 (A) and T. pallidum (B). OM leaflets are designated as in the legend to Fig. 1. Bars, 0.5 ,um.

From the nucleotide sequence analysis, it was predicted that
OspA and OspB are synthesized as precursors with leader
peptides terminated by lipoprotein consensus tetrapeptides
(10). This prediction subsequently was confirmed by metabolic
radiolabeling studies with [3H]palmitate (13). As with other
prokaryotic lipoproteins (37), the lipid moieties of the Osps are
believed to provide the membrane anchors for their hydro-
philic polypeptides (21, 23, 37). On the basis of the known
membrane topography of lipoproteins (37), immunoblot anal-
yses, and metabolic radiolabeling of total B. burgdorferi mem-
brane proteins with 35S-amino acids or [3H]palmitate (13) and
the theoretical consideration that the density of OM particles
in B. burgdorferi is far too low to account for the extremely
plentiful Osp immunogens (32, 39), we proposed that B.
burgdorferi contains two classes of integral membrane proteins:
(i) abundant lipoproteins which are not visualized by freeze-
fracture EM and (ii) poorly immunogenic, relatively less
abundant transmembrane proteins which are the "particle
formers." The finding that the aggregation of Osps on the

borrelial surface failed to alter the distribution ofOM particles
has provided the first experimental evidence to support this
classification scheme for B. burgdorferi membrane proteins.
Recently, we noted essentially equivalent numbers of OM
particles in a B. burgdorferi antibody escape mutant and its B31
parental strain (38). Given that all B. burgdorferi OM proteins
characterized to date are lipid modified (13, 25, 36), we believe
that none of the particle-forming transmembrane proteins in
the B. burgdorferi OM have yet been identified and character-
ized. The poor immunogenicity of these proteins is attested to
by the fact that, to our knowledge, no investigators have
reported the generation of monoclonal antibodies directed
against them.

Attenuation of virulence during repeated in vitro passage of
clinical and tick isolates of B. burgdorferi is associated with a
loss of plasmids and alterations in polypeptide profiles (2, 36,
44, 45). Prior studies of changes in protein expression have
focused on lipid-modified surface antigens (36, 44, 45). The
freeze-fracture findings presented here for the N40 isolates
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FIG. 6. Membrane ultrastructure of B burgdorferi blebs. Large blebs of B. burgdorferi B31 (A, B, D, and E) and N40 (C) were examined by
the freeze-fracture technique (A to E) or ultrathin sectioning of plastic-embedded specimens (F). Concave and convex leaflets are designated as
in the legend to Fig. 1. Arrowheads in panels B, C, and E indicate linear bodies. Bars, 0.5 ,um.

suggest that alterations also occur in the expression of nonlipi-
dated OM proteins. This suggestion is supported by analyses in
which total amphiphilic proteins of both N40 isolates were
radiolabeled with either 35S-amino acids or [3H]palmitate;
increased or de novo expression of several nonlipidated pro-
teins was noted in the avirulent isolate (16). It is interesting to
note that Walker and coworkers (51) did not observe differ-
ences in particle densities between OMs of high- and low-
passage isolates of B. burgdorferi B31. Additional freeze-
fracture studies of paired virulent and avirulent isolates are
therefore warranted.
During in vitro cultivation, B. burgdorferi sheds membrane

blebs ranging in size from small vesicles to those with diame-
ters exceeding the width of the spirochetal cylinders (4, 26).

Limited evidence supports a role for these structures in Lyme
disease pathogenesis. Garon and coworkers (20, 54) detected
B. burgdorferi blebs in specimens from Lyme disease patients
and demonstrated that purified blebs stimulate nonspecific
proliferation of murine B celis in vitro. We reasoned that
freeze-fracture analysis might clarify the membrane composi-
tion of blebs and, at the same time, help to explain the
intriguing observation that B. burgdorferi blebs contain extra-
chromosomal DNA elenments (26). Virtually all large blebs
were bounded by a membrane identical to the OM of the
parental bacterial cells. In some micrographs, including one of
an organism extruding a large bleb, the fracture plane revealed
a second lipid bilayer morphologically similar to the CM. As
previously demonstrated (4), blebs with two lipid bilayers
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FIG. 7. Freeze-fracture analysis of B31 cells following incubation in polyclonal
designations are as in the legend to Fig. 1. Bars, 0.5 ,um.

antiserum specific for OspA (A) or OspB (B). Leaflet

surrounding cytoplasmic material also were observed in ultra-
thin sections. Thus, our findings support the hypothesis of
Garon and coworkers that blebs are pinched-off sections of cell
wall which contain trapped cytoplasmic material, including
plasmids (11, 26). These findings also imply that shedding of at
least some membrane blebs involves extensive remodelling of
the entire borrelial cell wall, including the peptidoglycan
sacculus.
To our knowledge, linear bodies have not been described for

prokaryotes. Initially, we were concerned that they were arti-
facts caused by plastic deformation of IMPs (48). However,
this possibility was eliminated by finding complementary
grooves in concave OM fractures. Given the resemblance
between linear bodies and tight junctions of eukaryotic cells
(22, 29), it is tempting to speculate that linear bodies stabilize
the loosely adherent B. burgdorferi OM by creating local
regions of tight contact between the OM and the CM. Addi-
tional studies will be needed to determine the function(s) of
these unusual structures.
There is now a substantial body of in vitro evidence that

individual B. burgdorferi strains can modulate the expression of
OspA and OspB, either spontaneously or in response to the
binding of specific antibodies (17, 41, 42). The effect of similar
phenomena occurring in vivo would be to diminish or even
eliminate lipoproteins as targets for host clearance mecha-

nisms. One interpretation of the freeze-fracture findings is that
the B. burgdorferi OM would retain a number of potential
antigenic targets in the event of mutation or downregulation in
the expression of OspA or OspB (51). However, if the conten-
tion that OM particles represent poorly immunogenic integral
membrane proteins is correct, then the loss of Osp immuno-
gens could drastically diminish the immunogenicity of the B.
burgdorferi surface. Although differing substantially from T.
pallidum with respect to overall OM ultrastructure, like the
syphilis spirochete, B. burgdorferi may have evolved a parasitic
strategy that includes the use of low-copy-number, poorly
immunogenic molecules as surface-exposed virulence determi-
nants (39). A major objective of ongoing efforts in our labora-
tory is to characterize these nonlipidated OM proteins of B.
burgdorferi and evaluate their contribution(s) to Lyme disease
pathogenesis.
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