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Abstract. Analysis of freeze-fracture replicas and thin
sections of cells of the bacteriaSulfobacillus thermosul-
fidooxidansand Anaerobacter polyendosporusshowed
that their cytoplasmic membranes contain some regions
in the form of flat lamellar inverted lipid membranes a
few tenths of nanometers to a few microns in size. The
specific features of these membrane structures are as
follows: (i) they contain no familiar intramembrane par-
ticles commonly present on freeze-fracture replicas; (ii)
in cross thin sections, intramembrane structures are bi-
furcate on the periphery and look like thylakoids; and
(iii) the leaflets of intramembrane structures inS. ther-
mosulfidooxidanscells are corrugated. These structures
were revealed in bacterial cells cultivated under normal
growth conditions. The data obtained suggest the occur-
rence of a complex type of compartmentalization in bio-
logical membranes.
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Introduction

The modern concept of the structure of biomembranes is
based on the idea of a lipid bilayer as the main structural
unit of eukaryotic and prokaryotic membranes. How-
ever, the cytoplasmic membrane of some archaea is
made up of a single layer of specific bipolar lipids (Lang-
worthy, Tornabene & Holzer, 1982; Gliozzi et al., 1982;
Rolandi et al., 1986). Moreover, there have been reports
indicating that lipid molecules may form nonbilayer
structures in some regions of membranes, such as hex-

agonal HI and HII phases, cubic and rhombic particles,
and inverted lipid micelles and vesicles (Cullis et al.,
1980; Borovjagin, Vargara & McIntosh, 1982; Verkleij,
1984; Borovjagin et al., 1987; Borovjagin & Sabelnikov,
1989; Epand, 1998; May & Ben-Shaul, 1999). It should,
however, be noted that most of these observations were
made in experiments with artificial membranes, whereas
little is known about the formation of nonbilayer lipid
structures in natural biomembranes.

Gram-positive bacteria are a convenient model for
studying the structure of biomembranes, since they have
only the cytoplasmic membrane, which considerably
simplifies the interpretation of photomicrographs. When
studying the ultrastructure of cells of novel bacterial spe-
cies,Anaerobacter polyendosporus(Siunov et al., 1999)
and Sulfobacillus thermosulfidooxidans(Suzina, 1999),
we found that some regions of their cytoplasmic mem-
branes (CMs) contain multilayer structures.

In this work, we present evidence that these struc-
tures can be considered as flat lamellar intramembrane
structures (LIMS).

Materials and Methods

BACTERIAL STRAINS

In this study we used two gram-positive bacteria, which do not possess
outer cell membrane and distinct intracytoplasmic membranes.Sulfo-
bacillus thermosulfidooxidansstrain VKM B-1269 (4DSM 9293) is a
gram-positive aerobic thermoacidophilic spore-forming bacterium ca-
pable of oxidizing sulfur, its reduced compounds, sulfide minerals, and
ferrous oxide at low pH values (1.0–3.5) in a temperature range of 30
to 58°C (Golovacheva & Karavaiko, 1978). This bacterium is a mem-
ber of theClostridium–Bacillussubphylum and forms one phylogenetic
cluster with the genusAlicyclobacillus(Tourova et al., 1994).Anaero-
bacter polyendosporusstrain PS-1 is an obligately anaerobic meso-
philic heterotrophic bacterium capable of forming 6–7 endospores perCorrespondence to:V.I. Duda
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cell. In physiology and phylogeny, this bacterium is close to saccha-
rolytic species of the genusClostridium (Siunov et al., 1999).

GROWTH MEDIA AND CULTIVATION CONDITIONS

S. thermosulfidooxidansstrain VKM B-1269 was grown in five media.
Medium 1 contained (g/l distilled water) (NH4)2SO4, 6.0; K2HPO4,
0.2; KCl, 0.2; MgSO4? 7H2O, 1.0; Ca(NO3)2, 0.02; and yeast extract,
0.2 (pH 2.25). Media 2–5 were as medium 1 except that they were
additionally supplemented with 0.5 g/l glucose, 2.5 g/l pyrite, 33.4 g/l
FeSO4? 7H2O, and 0.5 g/l elemental sulfur, respectively. The pH of
these media was 2.25. The cultivation time was 1–5 days.S. thermo-
sulfidooxidanswas cultivated in shaken (160 rpm) 250-ml Erlenmeyer
flasks containing 100 ml of the growth medium. To maintain the bac-
terium in the active state, it was alternatively grown either in medium
3 or in medium 4 to change the mineral source of energy (ferrous oxide
or pyrite) (Tsaplina et al., 1991). Growth was monitored by measuring
the protein content of the culture (Hartree, 1972). Cells for the prepa-
ration of specimens were separated from the culture liquid by centrifu-
gation at 4,500 ×g for 30 min and washed with medium 1 from which
yeast extract was omitted.

An. polyendosporusstrain PS-1 was grown anaerobically at 28°C
on potato agar (PA) or in a synthetic medium with glucose as the
carbon and energy source (Duda et al., 1987).

THIN SECTIONING

Bacterial cells were prefixed with a 1.5% solution of glutaraldehyde in
0.05M cacodylate buffer (pH 7.2) at 4°C for 1 hr. After thrice washing
with this buffer, the material was refixed with 1% solution of OsO4 in
the same buffer at 20°C for 3 hr and dehydrated. The material was then
embedded in Spurr epoxy resin and cut into thin sections. The sections
were mounted on Formvar-coated grids and contrasted with a 3% so-
lution of uranyl acetate in 70% ethanol and then with lead citrate
(Reynolds, 1963) at 20°C for 4–5 min. Freeze-substitution thin sec-
tions were prepared as described by Hoch (1986). Cells were rapidly
fixed with liquid propane (−196°C) and dehydrated in a temperature-
controlled chamber with cold acetone (−85°C) containing 1% OsO4.
After dehydration, the material was embedded in Spurr epoxy resin and
cut into thin sections, which were then mounted on grids and further
contrasted with lead citrate (Reynolds, 1963).

FREEZE-FRACTURING

We carried out freeze-fracturing in a JEE-4X vacuum evaporator
equipped with an accessory providing a rapid quenching of microbial
cells at a rate of about 106°C/s (Fikhte, Zaichkin & Ratner, 1973).
The preliminary steps of biomass preparation for cryofixation (cen-
trifugation of cells and their transfer to the evaporator) were carried out
either at room temperature (20°C) or cultivation temperature (28 and
48°C for An. polyendosporusand S. thermosulfidooxidans,respec-
tively). In some experiments, cells were fixed with a 1.5% solution of
glutaraldehyde in 0.06M cacodylate buffer (pH 7.2) at 4 or 48°C for 1
hr. The material was placed in liquid propane overcooled to −196°C
with liquid nitrogen and freeze-fractured at −100°C at a pressure of 3
× 10−4 Pa. Replicas of freeze-fractured cells were prepared by shad-
owing with a platinum–carbon mixture at an angle of 30° and then of
carbon alone at an angle of 90°.

Results

The analysis of the freeze-fracture replicas and thin sec-
tions of S. thermosulfidooxidanscells allowed us to re-

veal the following ultrastructural features of this bacte-
rium. Like other bacteria,S. thermosulfidooxidansex-
hibited the presence of EF face and PF face (the latter
with a great number of IMPs about 10 nm in diameter) in
freeze-fracture replicas. However, the CM of this bacte-
rium also contained numerous randomly distributed nar-
row pocketlike invaginations (PLIs) 0.05 to 0.4mm long
(Figs. 1, 4 and 7). PLIs were observed on both faces of
the CM and contained no IMPs. The number, orienta-
tion, and the length of PLIs inS. thermosulfidooxidans
cells did not depend on the cultivation media in which
they were grown, except the cells grown in medium 3
with pyrite, which were found to have invaginations as
long as a whole bacterial cell (up to 1mm in length)
predominantly located near growing septa. The surface
density of PLIs on freeze-fracture replicas strongly de-
pended on cultivation temperature and the temperatures
at which the biomass was prepared for cryofixation.
When the cultivation temperature was changed from
28°C to 48–50°C, the number of the PLIs observed per
mm2 of freeze-fracture replica varied from 2–5 to 0–3.
However, as the temperature at which the biomass was
prepared for cryofixation was changed from 48–50 to
20°C, the surface density of PLIs increased to 50–60 per
mm2. The results were essentially the same if, before
cryofixation, cells were prefixed with 1.5% glutaralde-
hyde. It should be noted that we were the first to observe
PLIs in the CM of prokaryotic cells, although such struc-
tures had already been observed in yeast cells, which,
unlike bacterial cells, additionally contain IMPs (Moore
& Muhletaler, 1963).

In freeze-fractured replicas, the LIMSs of sulfoba-
cilli looked like sheets of different forms and sizes (Figs.
1–9) sometimes covering up to half the visible surface of
the replica of a longitudinally fractured cell. These
smooth IMP-lacking sheets of LIMSs were found to
overlie the PF or EF face of the CM. The sheet edges are
abrupt, so that shadowing the replicas led to the deposi-
tion of Pt on the edges. As for conventional prominences
and depressions on the PF and EF faces, they look
smooth and without abrupt edges.

Analysis showed that up to 60% of young cells con-
tain such structures (seeTable) irrespective of the culti-
vation medium and temperature (48–50°C or 28°C). In
some cultures grown in medium 5 with elemental sulfur,
the percentage of LIMS-containing cells increased to
80%. Inasmuch as the cytoplasmic membrane is frac-
tured along the hydrophobic interior of the lipid bilayer
and the LIMS leaflets in the electron micrographs of
freeze-fracture replicas overlie the PF or EF face of the
CM (Figs. 1–9), it can be inferred that LIMSs are located
in the hydrophobic interior of the CM between its outer
and inner leaflets. It can be seen from Figs. 1 and 9 that
PLIs occur in part on the open PF face of the freeze-
fracture replica and in part beneath the patchlike layer, as
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indicated by arrows in these figures. Hypothetically, in-
tramembrane leaflets composed of nonpolar lipids can
give similar images. In this case, however, these hydro-
phobic electron-transparent regions would be about 20–
30 Å thicker in cross thin sections, which is not the case
(see below).

In some cells, LIMSs have a distinct corrugated ap-
pearance (Figs. 4 and 8) because LIMS leaflets contain
parallel ridges with a hemispherical profile spaced 32.4
nm apart. In different cells, the ridge thickness varies
from about 20 to 27 nm, the interridge valley being 5.4
to 10.4 nm wide. In some cells, ridges longer than 0.5
mm are bent in their central part at an angle of 120 or 60°
(seeFig. 8).

Figures 3 and 5 show the likely directions of fracture
planes and Fig. 32A–C, the possible disposition of lipid
molecules in membranes. Corrugated LIMSs can be ob-
served in some spores situated in the cytoplasm (Fig. 9).

LIMS leaflets show either smooth (Fig. 4), granular,
or curved appearance (Fig. 5). Some LIMSs have the
alternating regions of regularly arranged ridges, smooth
zones, and hemispheres with a diameter of about 250 Å
(Fig. 7). The LIMSs described were observed in cells
grown either organotrophically in the glucose-containing
medium 2 or mixotrophically in medium 3 or 5 contain-
ing pyrite and elemental sulfur, respectively. The inci-
dence, size and structural organization of intramembrane
sheets depended on the growth phase of cells. The maxi-
mum number of such structures was observed in actively
growing young cells from the early logarithmic growth
phase (seeTable). At the same time, the structural or-
ganization of LIMSs depended neither on the cultivation
conditions (the composition of the growth medium and
cultivation temperature) nor on the conditions of the pre-
liminary steps of biomass preparation for cryofixation
(the temperature of biomass preparation and the involve-
ment of the glutaraldehyde fixation step).

As is evident from the electron micrographs of thin
sections of cells prepared by the conventional methods of
fixation and embedding (Figs. 10–21), the CM ofS. ther-
mosulfidooxidanscells has a trilaminar asymmetric pro-
file with the electron-dense outer layer, which is thicker

than the inner, cytoplasm-adjacent, layer. The CM of
sulfobacilli is characterized by a pronounced bending
and the presence of pocketlike invaginations directed to-
ward the cytoplasm (Figs. 11 and 14). From outside, the
CM is bounded by the cell wall (CW) usually composed
of a single 25- to 30-nm-thick layer, which is typical of
gram-positive bacteria. Some cells exhibited the pres-
ence of the surface S layer (Fig. 21), which was de-
scribed in detail elsewhere (Severina et al., 1998). The
cytoplasm contained electron-dense polyphosphate gran-
ules but no poly-b-hydroxybutyrate granules. In thin
sections, the nucleoid looked like an electron-transparent
slightly fibrillar zone. Thin sections also exhibited the
presence of rare intracytoplasmic membrane structures
of vesicular and looplike (tubular or helical) form (Fig.
10) and specific lamellar membrane structures (LIMSs)
incorporated into the CM (Figs. 10–21). In the images
that were made under low magnification, LIMS look like
local thickenings of the CM (Fig. 10). But in the elec-
tron micrographs that were obtained under high magni-
fication, the thin structure of LIMS can be seen (Figs. 11,
12, 14, 17, 19, 21).

Figures 13, 15, 16, 18, 20 give a schematic interpre-
tation of the respective electron microscopic images.
Some of the leaflets of multilamellar membrane struc-
tures occurred in the periplasmic space, and some were
partially immersed in the cytoplasm. A unit LIMS was
composed of three electron-dense layers interspaced by
two electron-transparent layers representing hydrophobic
lipid zones (Fig. 11–15). The central electron-dense
layer with a thickness of about 60 Å was two times as
thick as the peripheral electron-dense layers, which sug-
gests that the central layer may represent two closely
adjacent outer electron-dense membrane layers. On the
periphery of LIMSs, the CM had a bifurcate profile,
suggesting its cleavage along the hydrophobic region
into two layers embracing the inner electron-dense (hy-
drophilic) and outer electron-transparent (hydrophobic)
zones. These intramembrane structures exhibited the
features that are typical of inverted lipid membranes.
Cells may contain from one to several unit LIMS located
either laterally or at the cell poles (Figs. 17–21).

Thin sections of cells prepared by the freeze-
substitution method also exhibited the presence of
LIMSs (Fig. 21). Although the CM images in this case
had lower contrast than the images obtained by conven-
tional methods (this was probably due to the fact that
fixation and dehydration in cold acetone (−85°C) caused
an insignificant loss of cellular components), alternating
electron-transparent and electron-opaque layers and the
bifurcate profile of the CM located on the LIMS periph-
ery can be easily seen in these images.

Analysis of electron micrographs showed that at
least some LIMSs were due to invaginations of the outer
leaflet of the CM into the periplasmic space. As can be
seen from Figs. 14 and 19 (such images are not rare), the

Table Percentage of cells with LIMS of the total examined

Bacteria Freeze-fracturing Thin
sectioning

Sulfobacillus thermosulfidooxidans,
str. DSM 9293

30–601, 802 10–202

Anaerobacter polyendosporus PS-120–303

60–804

1 Cells were grown in medium 2 or 3.
2 Cells were grown in sulfur-containing medium 5.
3 Cells were grown on PA.
4 Cells were grown anaerobically and then exposed to the air for 24 hr.
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CMs may contain a number of digitate outgrowths whose
cross sections have a trilaminar appearance. This im-
plies that these outgrowths are formed by the invagina-
tion of only the outer layer of the CM, since, if the
outgrowths were formed by the invagination or folds of
lipid bilayer, their cross sections would have a pentala-
minar appearance and the central lamina would represent
a thick electron-dense layer composed of two hydro-
philic sublayers. Therefore, the variant depicted in Fig.
16 is excluded. The distal parts of periplasmic evagina-

tions merged with the CM lipid bilayer, as indicated by
arrows in Figs. 14 and 19, to form lamellar inverted
membrane structures (LIMSs). If one membrane locus
contain several evaginations, this gives rise to multilayer
LIMS. Generally, the percentage of cells with LIMSs
reached 18–20 (see Table). Some difference with the
data obtained from the freeze-fracture method can be
explained by the fact that this method examines large
membrane areas, while the thin sectioning reveals only
small part of CMs. It should also be taken into account

Figs. 1, 2, 4,and6–9. Electron micrographs of the freeze-fracture replicas ofSulfobacillus thermosulfidooxidanscells. Pocketlike invaginations of
the CM are seen in Figs. 1, 2, 4, and 7. LIMSs are presented in Figs. 1, 2, 4, and 6–9. Figs. 1, 2, 4, 7, and 8 show the PF face of the CM, and Fig.
6 shows its EF face. Figure 9 presents the replica of a freeze-fractured spore-bearing cell with the PF face of the inner sporal membrane containing
ridged LIMS. CM, cytoplasmic membrane; SR, smooth region; PF and EF, the PF and EF faces of the freeze-fractured CM; CW, cell wall; S, the
S layer of the envelope; IMP, intramembrane particle; LIMS, lamellar intramembrane structure; PLI, the pocket-like invagination of CM; E,
endospore; Cy, cytoplasm; P, periplasm; and Sph, spherical particles. Large dark arrowhead shows the direction of shadowing. Figures 1 and 6–9,
bar4 0.5 mm; Figs. 2 and 4, bar4 0.1 mm. Figs. 3, 5.Drawing illustrating the electron microscopic image of the LIMS shown in Fig. 2 and 4,
respectively, the most likely direction of fracture, and the formation of PF face. (A) closed inverted membrane; (B) open inverted membrane. For
designations, see the legend to Figs. 1–9.
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Figs. 6–9.
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that, unlike the freeze-fracture method, the thin section-
ing may lead to a number of artifacts.

As can be seen from the cell cross section given in
Fig. 14, the length of the LIMS leaflets is about1⁄3 of the
length of the CM, which agrees with the data on the size
of the LIMS leaflets observed on freeze-fracture replicas.
Figures 14 and 19 show that the electron-transparent
outer layer of a trilaminar leaflet is about 20 Å thicker
than the analogous layer of the inner leaflets of LIMS
and CM. These data, together with observed changes in
the IMP composition, evidence that the formation of
LIMSs is accompanied by a modification of membranes.

Similar LIMSs were also observed in cells of the
other bacterium studied,An. polyendosporus.Moreover,
analysis of the freeze-fractured cells of this bacterium
allowed some new features of the structural organization
of LIMS to be obtained. Replicas of freeze-fracturedAn.
polyendosporuscells exhibited the presence of the con-
vex inner leaflet (PF face) and the concave outer leaflet
(EF face) of the cytoplasmic membrane (Figs. 22–31).
The PF face contained a great number of intramembrane
particles (IMPs) 9 to 12 nm in size, whereas the number
of such particles on the EF face was considerably less,
which is also typical of membranes of other bacterial
species (Murray, 1978; Vaisman, 1981; Mayer, 1999).
The distribution of IMPs over the faces was not uniform:
there were numerous smooth zones on these faces, often
having the form of round (Fig. 23) or polygonal plaques
and strips (Figs. 22, 24, 26, 28, 30). In many instances,
these zones had two or more layers. Correspondingly,
the replicas of freeze-fractured membranes exhibited not
only the PF (Fig. 22, 24, 28) or EF face (Fig. 26, 30) but
also other layers overlying the faces. Such a location of
these layers on replicas suggest that in situ they are lo-
cated in the hydrophobic interior between the outer and
inner leaflets of the CM. The intramembrane structures
(IMSs) discussed, which were named flat lamellar intra-
membrane structures (LIMSs), may consist of one or a
few layers, so that their freeze-fracture replicas have one
layer about 50 Å in thickness (Figs. 24 and 26) or several
such layers. For instance, the freeze-fracture replica of
the LIMS shown in Fig. 30 had three layers overlying the
EF face, which were evidently formed as a result of
shifting the fracture plane from one membrane leaflet to
another. As can be seen from Figs. 28 and 30, which
show multilayer LIMSs, LIMS leaflets can lie below the
fracture plane of the PF and EF faces. The uneven edges
of the LIMS leaflets are probably due to the different
adhesion of different layers of LIMS. Generally, LIMSs
can be observed on both faces of the plasma membrane
(Figs. 24–31) and may be 20-to-30 nm wide and 2-to-3
mm long. Unlike the PF face and EF face of the cyto-
plasmic membrane, LIMSs lacked IMPs of usual sizes
but had sparse IMPs of larger sizes (about 150 nm in
diameter) (Figs. 22 and 24), which presumably repre-

sented lipid particles. At the same time, the LIMS layers
adjacent to the outer layer of the CM generally did not
contain large IMPs (Figs. 26 and 30). InAn. polyen-
dosporuscells grown on potato agar or in synthetic me-
dium, LIMSs could be observed in different growth
phases. The predominant location of LIMSs was sub-
central, although they might occur in different parts of
the cell. Extended, sometimes multilamellar, LIMSs
were most frequent in the cells of cultures grown as
lawns on solid media and kept aerobically at +5°C during
a period from several hours to three days. Analysis of
the freeze-fractured cells ofClostridium acetobutylicum,
Alicyclobacillus acidocaldarius,and Saccharomyces
cerevisiaeshowed the presence of membrane structures
similar to the LIMS of the two bacteria described above.
However, the percentage of LIMS-containing cells in
this case was low (V.I. Duda, T.S. Kalebina and N.E.
Suzina,in preparation).

Discussion

The possible existence of inverted lamellar lipid mem-
branes was first shown in experiments with artificial
membranes (Cullis et al., 1980; Quin & Williams, 1983).
In this paper, we present electron microscopic evidence
that LIMSs are formed in the membranes of bacterial
cells grown in optimal nutrient media at normal growth
temperatures and pH values. The evidence was obtained
from the analysis of freeze-fracture replicas and thin sec-
tions prepared by conventional methods of fixation and
embedding and by the freeze-substitution techni-
que. The location of LIMSs in the hydrophobic interior
of the CM follows from the occurrence of these struc-
tures on both PF and EF faces of freeze-fracture replicas
and from the specific appearance of LIMSs on thin sec-
tions, where they look like inverted lipid membranes
bounded by the CM monolayer leaflets. Analysis of the
structural organization of LIMSs showed that they may
be multilamellar with smooth leaflets of different length
and exterior; they distinctly differ from the common
IMPs of the CM; paired membranes may have the form
of thylakoids; in cross thin sections, the peripheral re-
gions of the CM are bifurcate; in sulfobacilli, LIMSs
have a corrugated appearance (Figs. 4, 8, 9 and diagram
C Fig. 32). LIMSs can be formed either by the invagi-
nation of the outer leaflet of the CM (seeFigs. 15, 19 and
schemeB in Fig. 32) or by the fusion of intramembrane
lipid vesicles, as follows from the analysis of electron
micrographs in Figs. 7 and 32E. The mechanism of
LIMS formation through the fusion of inverted lipid
vesicles has also been postulated for artificial lipid mem-
branes (Cullis et al., 1980; Quinn & Williams, 1983),
although the latter substantially differ from natural bio-
membranes in chemical composition and physicochem-
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Fig. 10. General view of cells with LIMSs. Bar4 1.0 mm. Figs. 10–21. Electron micrographs of the ultrathin sections ofSulfobacillus thermo-
sulfidooxidanscells. IM, intracytoplasmic membrane stricture; E, the CM evagination; N, nucleoid; P, polyphosphate granules. For other desig-
nations,seethe legend to Figs. 1–9.Figs. 11and12. Fragments of the thin sections ofS. thermosulfidooxidanscells with one unit LIMS. Bar4
0.1 mm. Fig. 13. Drawing illustrating the structure of the LIMSs shown in Figs. 11 and 12.Fig. 14. Unit LIMS with the lateral region of the
periplasmic evaginate of the outer lipid layer (arrow) which is not fused with the CM. The cross section of the evaginate has two outer electron-dense
layer and central electron-opaque layer. Double arrow points to the exit of the evaginate from the CM and its distal region. Bar4 0.1 mm. Fig.
15. Drawing illustrating the structure of the LIMSs shown in Fig. 14.Fig. 16. Drawing of the trilaminar periplasmic evaginate (fold) of the CM,
whose cross section has six layers.
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ical properties. The formation of lipid vesicles inside the
lipid bilayer of membranes may occur through the fusion
of the CM near growing septa in the process of cell
division and probably through the local accumulation of
newly synthesized lipids in some regions of the CM.

The evagination of the outer leaflet of the CM to-
ward the periplasm may be due to a differential distri-
bution of intramembrane lateral pressure, which depends
on the composition of the lipid bilayer (Cantor, 1999).
The outer leaflet of the CM seems to evaginate more
easily than its inner leaflet, since the latter contains more
IMPs and is bound to ribosomes, nucleoplasm, and the
bacterial cytoskeleton, which resembles that of eukary-
otes (Margolin, 1998). The lipid asymmetry of bacterial
membranes should also be taken into account (Op den
Kamp, 1979; Devaux, 1991). The evagination of the
outer layer of the CM is of interest in relation to the
biogenesis of the outer membrane of the cell wall (or
second lipoprotein membrane) of gram-negative bacte-
ria. In particular, the vegetative cells of the recently iso-
lated spore-forming bacteriaSporomusa(Moller et al.,
1984) andSporohalobacter(Oren & Stackebrandt, 1987)
possess such membrane. As spores are known to have

no CW, outer membrane must rapidly form during spore
outgrowth. In this case, it would be reasonable to sug-
gest that the outer membrane of the CW is formed
through the evagination and expansion of the outer leaf-
let of the sporal CM.

The reason for the corrugated appearance ofS. ther-
mosulfidooxidansLIMSs and the presence of PLIs in the
membranes of this bacterium still remains unknown;
however, we may relate this to the specific lipid compo-
sition of membranes of this organism. Indeed, as shown
by Tsaplina et al. (1994), the membrane lipids ofS. ther-
mosulfidooxidansVKM B-1269 contain from 30 to 60–
70% v-cyclohexanoic acid, depending on the growth
conditions. At the same time, the fatty acid composition
of An. polyendosporusmembranes is different and re-
sembles that of butyric acid clostridia, whose major fatty
acids are myristic (C14:0), palmitic (C16:0), and hexa-
deconic (C16:1) acids (V.I. Duda et al.,submitted).
Thus, the characteristic constituents of membranes of
clostridia andAn. polyendosporusare plasmalogens,
whose actual effect on the structure and function of
LIMSs is to be elucidated.

The general functions of LIMSs are probably the

Fig. 17. Electron micrograph of the CM region with two unit LIMSs. Bar4 0.1mm. Fig. 18.Drawing illustrating the structure of the LIMSs shown
in Fig. 17.Fig. 19.Multilamellar LIMS. Bar4 0.1 mm. Fig. 20.Drawing illustrating the likely structure of the multilamellar LIMS shown in Fig.
19. Fig. 21. Freeze-substitution thin section with LIMSs. Bar4 0.1 mm.
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same as those of the nonbilayer regions of biomembranes
(Cullis et al., 1980; Verkleij, 1984; Norris, 1989; Duong
et al., 1997). We believe that LIMSs may represent a
reserve of lipids and membrane units, which are utilized
during the active growth of cells or when it is necessary
to rapidly enlarge the reserve of membranes, to repair

them, to form intracytoplasmic membrane structures of
the mesosome type, or to relieve membrane tension. Al-
ternatively, LIMSs may be involved in the translocation
of lipids across the membrane and in the processes re-
lated to cell growth and differentiation, such as the sepa-
ration of nucleoids, formation of septa, and sporogenesis.
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Fig. 22. PF face of the CM containing an extended smooth polar region with scarce large IMPs. Bar4 0.5mm. Figs. 22–29. Electron micrographs
of freeze-fracture replicas ofAnaerobacter polyendosporusstrain PS-1 cells grown on potato agar (Figs. 22–24, 26, 28, 30) and kept aerobically
at +5C for 24 hr (Fig. 29).Fig. 23. PF face of the CM with the round smooth regions lacking IMPs. Bar4 0.1 mm. Fig. 24. PF face of the CM
containing an extended region of LIMS with large IMPs. Bar4 0.1 mm. Fig. 25. Drawing illustrating the membrane structure shown in Fig. 24.
Fig. 26. EF face of the CM containing an extended region of LIMS with scarce IMPs. Bar4 0.1 mm. Fig. 27. Drawing illustrating the fracture
of the CM and the formation of the EF face shown in Fig. 26.
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Some functions of LIMSs may be species-
specific. In sulfobacilli, these structures are most likely
involved in the oxidation of sulfur. In view of this, of
interest is the recent suggestion about the involvement of

discrete multilamellar membrane structures in sulfur
transport in sulfide-oxidizing bacteria (Taylor & Wirsen,
1997).

LIMSs may be responsible for the tolerance of the
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Fig. 28. PF face of the CM with a region of multilamellar LIMS. Bar4 0.5 mm. Fig. 29. Drawing illustrating the fracture of the CM and the
formation of PF face with LIMS in the CM layer adjacent to the cytoplasm (seeFig. 28).Fig. 30.EF face of the CM with a region of multilamellar
LIMSs. Bar4 0.5mm. Fig. 31.Drawing illustrating the formation of the EF face and multilamellar LIMS shown in Fig. 30. Due to different mutual
adhesion of different regions of the LIMS layers, the fracture plane can shift from one membrane leaflet to another. EF face is formed by the upper
CM layer adjacent to the CW.
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obligately anaerobic bacteriumAn. polyendosporusto
oxygen: the vegetative cells of this bacterium incubated
on solid nutrient media in the presence of atmospheric
oxygen remain viable during 3–7 days. After 1–3 days
of such incubation, the number of LIMSs and their mean
size inAn. polyendosporuscells considerably increased
(Fig. 30). As for the effect of the lipid composition of
membranes on their permeability to oxygen, it has been
demonstrated by Subczynki, Hyde and Kusumi, 1989.
In cyanobacteria, surface structures formed by hetero-
cysts considerably decrease the penetration of oxygen
into cells (Walsby, 1985). The functional role of LIMSs
in microorganisms is to be elucidated in depth.

LIMSs and intramembrane lipid vesicle are specific
compartments within the lipid bilayer of the CM, whose
existence is indicative of complex compartmentalization
processes in biomembranes. The formation of similar
membrane structures had been predicted by Cullis et al.

(1980) in their study of artificial lipid membranes. The
presence of LIMSs in such dissimilar microorganisms as
anaerobic heterotrophic mesophilic bacteria and aerobic
mixotrophic thermoacidophilic bacteria suggests that
they may be common to many microorganisms.

This work was supported by grants 99-04-49144, 99-04-49145, and
99-04-49146 from the Russian Foundation for Basic Research.
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