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Most modern reviews about bacterial cell wall properties use
the traditional classification of prokaryotic envelopes as either
gram positive or gram negative (27, 30). Mainly based on the
variance of their peptidoglycan architecture, both envelope
types show a characteristic difference when stained with crystal
violet (Gram staining) (see reference 12). The multilayered
peptidoglycan of gram-positive bacteria, with a thickness rang-
ing from 20 to 40 nm, usually forms a physical barrier for the
dye. In gram-negative bacteria, however, with their relatively
thin sacculus of 2 to 6 nm, the stain can easily be washed out.
Together with other characteristics, such as the occurrence of
accessory cell wall polymers or the presence of an outer mem-
brane, the peptidoglycan architecture largely determines the
different properties of the two cell wall types in terms of me-
chanical stability, permeability, and resistance toward chemical
substances (106). Although this classification is generally use-
ful, it oversimplifies the concept of bacterial cell walls. It also
ignores, for example, that the largest and perhaps most diverse
group of bacteria, the cyanobacteria, possess cell envelopes
with a combination of these features.

Despite their overall gram-negative structure, the peptido-
glycan layer found in cyanobacteria is considerably thicker
than that of most gram-negative bacteria (Fig. 1). In unicellular
strains such as Synechococcus, its thickness is about 10 nm (44),
reaching 15 to 35 nm in filamentous species like Phormidium
uncinatum and more than 700 nm in large cyanobacteria like
Oscillatoria princeps (56). Chemical analysis of cyanobacterial
peptidoglycans has revealed further unusual characteristics.
The degree of cross-linking between the peptidoglycan chains
within the murein of Synechocystis sp. strain PCC 6714 is far
higher than the usual 20 to 33% found in most gram-negative
bacterial peptidoglycans (42), and in fact, the extent of cross-
linking (56 to 63%) (66) is more similar to the values reported
for gram-positive bacteria (76). On the other hand, most pen-
tapeptides involved in cross-linkage contained only the typical
gram-negative bacterial diamino acid meso-diaminopimelic
acid, in contrast to L-diaminopimelic acid or L-lysin in gram-
positive peptidoglycan tetrapeptides (107), although L-lysin has
been found in the pentapeptides of the cyanobacterium
Anabaena cylindrica (75). Clearly, more studies are needed to
establish the general composition of cyanobacterial peptidogly-
cans. Another typical constituent of gram-positive peptidogly-
cans, teichoic acid, is also missing in cyanobacterial cell walls.
Nevertheless, the cyanobacterial peptidoglycan is complexed
with specific polysaccharides (62, 67) in a fashion very similar

to that of gram-positive bacterial peptidoglycan; this feature is
also found in the peptidoglycan of the closely related prochlo-
rophytes (64).

The unique mosaic of different bacterial cell wall features is
also found in the cyanobacterial outer membranes: the lipo-
polysaccharides (LPS) of cyanobacteria not only contain small
amounts of bound phosphate (111) but also often lack keto-
deoxyoctonate (86, 127), a common LPS component of gram-
negative bacterial outer membranes. On the other hand, the
cyanobacterial O antigen is reminiscent of the Escherichia coli
O antigen (69, 130) and is responsible for cyanophage adsorp-
tion (108) or endotoxic activity in aquatic environments (71; S.
Fukuoka, Q. Adil, H. Kakita, and H. Obika, J. Endotoxin Res.
3:35, 1996). Furthermore, the outer membranes of cyanobac-
teria contain constituents not usually present in gram-negative
bacteria. Among these components are carotenoids (91, 102),
unusual fatty acids, such as b-hydroxypalmitic acid which are
found in the lipid A moiety (112), or porins, which are an-
chored to the underlying peptidoglycan layer via bridge-like
coiled-coil domains (49). This list of cyanobacterium-specific
cell envelope features is not complete but rather gives an idea
how these cell walls might have changed as a consequence of
specific adaptations during their (assumed) nearly 3.5 billion
years of evolution (25). Our minireview will therefore focus on
some of these features and discuss them with respect to general
concepts of transenvelope transport, cell wall design, motility,
or evolution of this important group of bacteria. By necessity,
we have selected a few aspects of the cyanobacterial envelopes,
and we apologize that due to the limited space, certain topics
such as the complex differentiation processes of cyanobacterial
cell walls during heterocyst formation have been omitted.

CYANOBACTERIAL CELL WALLS AND
ENDOSYMBIOSIS

Probably the most exciting recent results of cyanobacterial
studies are hints indicating that properties once thought to be
exclusive to higher plants have their roots back to cyanobac-
terial ancestors of today’s chloroplasts. Originally, the concept
of a cyanobacterium-chloroplast transition during evolution
was based on the discovery of cyanelles, chloroplast-like cya-
nobacterial endosymbionts found in a number of taxonomically
unrelated eukaryotes (78). The cyanobacterial nature of these
cyanelles was evident from their peptidoglycan-containing en-
velopes and their usage of phycobilisomes as light-harvesting
complexes (79). More direct evidence for the cyanobacterial
nature of chloroplasts came later with the discovery of the
prokaryote-type chloroplast genetic system and protein trans-
lation machinery, especially their 70S ribosomes, and their
double-layered envelopes. The identification of further links
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accelerated with the availability of the first completely se-
quenced cyanobacterial genome (87). Using the sequence of
Synechocystis sp. strain PCC 6803, it could be shown that plant
phytochromes might have evolved from phytochrome-like mol-
ecules in cyanobacteria (131; J. Hughes, T. Lamparter, F. Mitt-
mann, E. Hartmann, W. Gartner, A. Wilde, and T. Borner,
Letter, Nature 386:663, 1997; for a review, see reference 95)
and that these proteins control similar light-dependent pro-
cesses (24, 70), despite their prokaryotic organization in two-
component regulatory systems (93).

Such links could also be established for the cyanobacterial
cell walls. The analysis of the complete sequence of Synecho-
cystis sp. strain PCC 6803 allowed the identification of three
open reading frames (ORFs), named synToc75, synToc34, and
synTic55, with significant homology to components of the pep-
tide-translocating system of the pea chloroplast (16, 103). This
peptide-translocating system is used by the chloroplast for the
import of cytosolically synthesized proteins. This process
became necessary as most of the genes of the prokaryotic
chloroplast’s ancestors were transferred after endosymbiosis to
the cell nucleus. In pea chloroplasts, the protein translocation
system is composed of two separate complexes, Toc and Tic,
which are located in the outer (Toc) and inner (Tic) envelope
of the chloroplast, respectively (81). The Toc complex consists
of at least three proteins designated Toc86, Toc75, and Toc34,
but only the function of Toc75 has been elucidated in some
detail. This protein forms a voltage-gated channel in lipid
membranes in vitro (52), a property which has also recently
been demonstrated for the Synechocystis homologue synToc75
(51). The gating behavior of both channels changes dramati-
cally in the presence of preproteins, suggesting that they form
a major part of the protein translocation pore. No function is
known for the second homologue, synToc34, which has the
same distribution of GTP-binding sites and the same mem-
brane anchor domain as its pea homologue.

Finally, the third ORF, synTic55, has a homologue in the
chloroplast’s inner envelope translocation complex, Tic, made
up of the proteins Tic110, Tic55, Tic22, and Tic20. The struc-
ture and function of this translocon are less clear, as only a few
components have been characterized so far. Nevertheless, syn-
Tic55 contains the same Rieske-type iron-sulfur cluster and

mononuclear iron-binding site as the pea Tic55, indicating a
similar function (23). This function is, however, not yet known,
but chemical modification with diethylpyrocarbonate arrests
the translocation of the preprotein at the level of the inner
membrane. As no other genes encoding potential homologues
of the Toc and Tic machinery have yet been identified in
Synechocystis, we can only speculate about the origin of the
other proteins. Altogether, these results suggest that the chlo-
roplast protein import machinery was recruited from a preex-
isting transport system present in the cyanobacterial cell wall
and thus support the hypothesis of a prokaryotic origin of the
chloroplasts.

Further relations between cyanobacteria and plant chloro-
plasts were demonstrated to be present in the cyanobacterial
outer membrane. This outer membrane usually contains a spe-
cies-specific repertoire of carotenoids, in addition to different
lipids and proteins (65, 91, 102). The fact that the chloroplast
outer envelope membrane also contains such carotenoids (28,
61) supports the speculation that this plastid envelope is an-
other relic of the endocytic event that led to the development
of this organelle (29). It has been suggested that these carote-
noids might protect the cyanobacterial cells from high light
intensity, particularly in the UV range (92), a hypothesis sup-
ported by the facts that the carotenoid synthesis in cyanobac-
teria is enhanced under these light qualities (32) and that
transcription of genes involved in the carotenoid synthesis such
as crtB (phytoene synthetase) and crtP (phytoene desaturase)
reaches its highest level under these light conditions (34).
However, carotenoids are not the only potential photoprotec-
tive substances found in cyanobacterial envelopes. In many
species like Nostoc commune, the carbohydrate sheaths (see
“Cyanobacterial cell walls and external layers” below) contain
aromatic pigments like scytonemin (99) or oligosaccharide my-
cosporine amino acids (OS-MAAs) (15, 110), which can effec-
tively absorb UV light with their extended p electron systems
(25). In this organism, different qualities of UV light even lead
to synthesis of different sunscreen pigments: UV-B (,315-nm
wavelength) induced the formation of OS-MAAs, whereas
UV-A (315 to 425 nm) induced almost exclusively scytonemin
synthesis (32). Most likely, these UV protection mechanisms
have their origin in the conditions found on Earth 3.5 billion

FIG. 1. Electron microscopical comparison of the gram-negative cell envelopes of the cyanobacterium P. uncinatum (A) and E. coli (B). Both bacteria were
identically processed using cryosubstitution procedures. Note the combination of gram-positive and gram-negative features present in the cyanobacterial cell wall, like
the thick peptidoglycan layer and the outer membrane, respectively. The external layer of Phormidium is composed of an S-layer (see Fig. 3) and oscillin fibrils creating
a serrated surface topography. CM, cytoplasmic membrane; EL, serrated external layer; OM, outer membrane; P, peptidoglycan layer. Bars, 100 nm.
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years ago, when the evolution of cyanobacteria began. The lack
of an ozone layer at that time forced all organisms to adopt to
extreme UV radiation. Even today, these mechanisms enable
cyanobacteria to flourish in an extreme array of habitats, many
of which, like tropical pools, rock surfaces, or terrestrial hab-
itats of the Arctic and Antarctic, are characterized by intense
solar radiation. However, some species like the antarctic cya-
nobacterium Oscillatoria priestleyi try to avoid this radiation
rather than tolerate it and simply escape from UV light by
gliding motility (100).

CYANOBACTERIAL CELL WALLS AND TRANSPORT

One of the major functions of every bacterial cell envelope
is to allow sufficient transport of nutrients and metabolites into
and out of the cell, a function especially delicate in cyanobac-
teria as their thick, multilayered envelopes form a considerable
mechanical and permeability barrier for most larger molecules.
Consequently, cyanobacteria have developed different trans-
port systems, and as in other bacteria these transport systems
can be discriminated according to the energy source used for
transport, the complexity of the transport machinery, or the
chemical nature of the translocated substrates (reviewed in
reference 94). Compared to E. coli, much less experimental
data are available for most of these transport systems, and we
will therefore discuss some of their general properties using
the following examples: (i) cyanobacterial porins as examples
for diffusion-based import; (ii) ATP-binding cassette (ABC)
transporters as examples of oligomeric transporters; (iii) the
question of “Bayer bridges” acting as transport routes for the
translocation of components within the cell wall (transmigra-
tion); and (iv) the junctional pore complex (JPC) as an exam-
ple for a multicomponent export machinery.

Cyanobacterial porins, outer membrane proteins with tails.
The permeability characteristics of the outer membrane of
gram-negative bacteria are largely determined by two types of
molecules: porins, which are nonspecific diffusion channels for
small solutes (11), and transport systems for substrates which
are unable to diffuse passively through hydrophilic pores (94).
In most gram-negative bacteria, porins are unusually stable
trimers formed by polypeptides of 30 to 40 kDa (115, 128). The
porins characterized so far in cyanobacterial cell walls are
bigger and composed of monomers of about 50 to 70 kDa. In
contrast, however, the measured single-channel conductance
of these porins in lipid bilayer experiments is much smaller,
e.g., 0.5 nS for Synechococcus SomA (48) versus 2 to 3.5 nS for
typical gram-negative bacterial porins, such as E. coli OmpC,
PhoE, or OmpF, or Rhodobacter capsulatus porin (88). This
discrepancy between higher molecular mass and low conduc-
tance has also been found in other cyanobacterial species (10,
63, 113; A. Hansel and E. Hoiczyk, unpublished data). As there
are no selectivity measurements for cyanobacterial porins, we
can only speculate about reasons for the observed smaller
conductances. They might reflect the photoautotrophic “life-
style” of cyanobacteria, which require porins that are only large
enough to facilitate the uptake of small solutes such as ions
from their environment, whereas organic compounds are syn-
thesized by the bacteria themselves. As cyanobacteria live
mostly in low-nutrient environments, the strict molecular size
cutoff of their porins would also protect the cells better from
harmful agents such as toxins or antibiotics. Heterotrophic
bacteria, however, such as E. coli or R. capsulatus depend on
the uptake of larger molecules such as sugars or amino acids
(26) for which they clearly need larger porins. Nevertheless,
certain cyanobacterial strains are able to take up sugars from

their environment (105), but the specific larger porins for this
process have not yet been characterized.

Why then are cyanobacterial porins larger (50 to 70 kDa)
than their eubacterial counterparts (30 to 40 kDa)? The de-
duced protein sequences of the two porins, SomA and SomB,
of Synechococcus sp. strain PCC 6301 (48, 49, 123) gave the
first clue to the answer. Both porins contained a 120-amino-
acid (aa)-long domain not yet observed in this class of outer
membrane proteins (59) N-terminally preceding the typical
porin b-barrel region formed by 14 to 16 membrane-spanning
segments. This domain accounted for the higher molecular
weight and consists of two a-helices, flanked by a short b-sheet
and followed by a coiled-coil motif. Similar domains have been
described for S-layer proteins (surface layer homology [SLH]
domains) (33, 82), where they connect these proteins to the
peptidoglycan (89) or to secondary cell wall polymers (104)
and thereby stabilize the cell wall. Apparently, this motif is a
widespread feature of cyanobacterial porins, as the complete
sequence of Synechocystis sp. strain PCC 6803 (87) encodes six
homologues of SomA and SomB, all with highly conserved
SLH domains (49). Sequence alignments of this and other SLH
domains show similarities between the cyanobacterial porins
and cell wall proteins of the evolutionary very ancient Thermus
group, a result which fits well into the hypothesis that these two
prokaryotic groups are rather closely related (22, 46). Com-
pared with other SLH domains in bacterial S-layers or extra-
cellular proteins, the cyanobacterial and Thermus SLH do-
mains contain different highly conserved amino acids in their
55-aa-long binding motif (33). Also, the proteins contain only
one copy of the cyanobacterial and Thermus SLH domains,
whereas S-layers and extracellular proteins contain at least two
to three complete repeats of the motif. This suggested close
phylogenetic relationship between cyanobacteria and the Ther-
mus group was recently also proposed using sequence compar-
isons of the heat shock proteins Hsp60 and Hsp70 (46).

Cyanobacterial ABC transporters. Only a few cyanobacte-
rial ABC transporters have so far been studied in some detail.
One of these transporters might be encoded in Synechocystis by
the ORFs designated slr0040, slr0041, slr0043, and slr0044,
which show homology to nrtA to D (87) a nitrate transport
system studied in Synechococcus sp. strain PCC 7942 (90),
Anabaena sp. strain PCC 7120 (40), and Phormidium lamino-
sum (84). In all these species, the system is required for nitrate
permeation into the cells and is for that reason induced under
nitrogen depletion and inhibited by ammonium. The function
of the product of slr0042 in this nitrate permease system is not
clear, but based on its sequence homology, it could constitute
a nitrate-specific pore-forming outer membrane component of
the transporter, a hypothesis which definitely requires experi-
mental proof.

Studies of the formation of heterocysts which specifically
differentiated cells for N2 fixation (reviewed in references 43
and 129) in certain filamentous cyanobacteria have identified
another ABC transporter, encoded by devBCA. In Anabaena
sp. strain PCC 7120, this ABC transporter is required for the
export of glycolipids to the heterocyst cell walls, an impregna-
tion process necessary to protect the nitrogenase from oxygen
(50). DevA is a protein with high similarity to ATP-binding
cassette proteins, while DevB and DevC show similarities to
membrane fusion and membrane-spanning proteins of ABC
transporters, respectively (35). Anabaena strains carrying mu-
tations in any of the three proteins lack the typical heterocyst
glycolipid layer and also fail to induce the hetM gene, suggest-
ing that completion of the heterocyst envelope is a develop-
mental checkpoint (43). Another protein revealing homology
to an ABC transporter protein is encoded by hetC. Its expres-
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sion is required for the formation of proheterocysts, the first
microscopically visible stage of these highly differentiated cells
(74).

Do cyanobacteria use adhesion sites (Bayer bridges) for the
transport of components within the cell wall? Besides the
import and export of substances, gram-negative bacteria must
also translocate components of the outer membrane through
the intermembrane space. While in some model systems, such
as the outer membrane protein OmpA (37, 38), specific export
signals have been identified, nothing is known about the phys-
ical route used by these proteins to reach the outer membrane.
Since there is no direct contact between the two membranes,
the existence of discrete adhesion sites in E. coli has been
proposed (5, 6, 7). Attempts to isolate these structures have
revealed no unequivocal results (8, 9), and their existence has
therefore been questioned repeatedly (53, 72). However, the
existence of very thin connections between the two membranes
has not yet been verified or ruled out. Cyanobacteria use the
same machinery as E. coli (i.e., the Sec proteins) to transport
substances across the cytoplasmic membrane (97), and one can
imagine that they will also use the same transport routes to

bridge the intermembrane space. However, structures which
could be interpreted as putative adhesion sites have never been
seen in electron micrographs of cyanobacterial cell walls (Fig.
1). This observation confirms those of other studies (77) and
might be a consequence of the larger distance between the two
membranes, which prevents the optical illusion of adhesion
sites which is easily created by a superposition effect of two
membranes in close proximity (described in reference 72).
Moreover, the study of negatively stained isolated cell walls
showed no pores besides the canals of the JPCs. The existence
of lipid bridges traversing the peptidoglycan layer is therefore
difficult to imagine. How, then, do the components of the out-
er membrane cross the intermembrane space? We think one
plausible concept is a simple diffusion-based model, which
would work without proteinaceous pores in the peptidoglycan
layer for which no evidence exists. Similar to the transport of
molecules through the thick peptidoglycan layer of gram-pos-
itive bacteria (2), proteins of the outer membrane could simply
diffuse through the peptidoglycan layer, with only a delay from
encountering the cell wall during their passage. More difficult
to explain is the translocation of LPS or lipids, the outer mem-

FIG. 2. Electron micrographs of negatively stained JPC of P. uncinatum, the carbohydrate secretion organelles which generate the thrust for locomotion in
cyanobacteria. (A) Highly enriched fraction of isolated pore complexes. Bar, 150 nm. (B) Appearance of the holo-organelle consisting of a tube-like part and the
attached pore complex. (C) Average of side-view projections of the pore complex. The overall length of the complex is 32 nm, measuring 8 nm at the terminal opening.
Reproduced from reference 58, with permission of Elsevier Science.
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brane “building blocks.” However, these amphipathic mole-
cules have the tendency to form micelles in aqueous environ-
ments like the periplasmic space. If their concentration in this
compartment were above their critical micelle concentration,
these molecules would be almost entirely micellar, allowing
their diffusion through the hydrated meshwork of the pepti-
doglycan. This model could principally function like the trans-
location of lipoteichoic acids through the cell walls of gram-
positive bacteria (36).

The JPC, a complex carbohydrate export machine. In recent
years, it has become more and more evident that gram-nega-
tive bacteria possess highly sophisticated translocation ma-
chines which enable them to transport large substrates in a
single step across their complex envelopes. The flagellar basal
body (83), the type III secretion apparatus (41), and DNA
transfer machines (120) are examples of such translocation
machines. So far, none of these systems have been reported for
cyanobacteria. However, recently a novel type of transport

complex, termed the JPC, has been found in some motile
cyanobacteria (Fig. 2) (58). This complex forms either rows or
girdles, which encircle the filaments on both sides of each cross
wall and were first detected after acid treatment of isolated
sacculi (85). After isolation, the JPC consists of two substruc-
tures: a straight tube-like part, 13 nm in diameter, and a ter-
minal pore part with an overall length of 32 nm and a maximal
width of about 20 nm. All in all, the whole complex in P.
uncinatum is about 70 to 80 nm long, long enough to span the
entire multilayered cell wall of this cyanobacterium. As indi-
cated by staining experiments using India ink, these pores are
the actual sites of mucilage secretion, a process which directly
generates the necessary thrust for the locomotion of these
bacteria (58). Furthermore, these experiments have shed some
light on the transport capacity of these carbohydrate secretion
organelles. Individual slime bands emerging from the pores are
elongated at a speed of about 3 mms21. Similar secretion rates
have so far been reported only for the cellulose secretion

FIG. 3. Structure of the oblique S-layer of P. uncinatum (54): Computer-generated side (A) and top (B) view of a surface-shaded, solid three-dimensional model
of one side of the S-layer. According to the distribution of the measured data in Fourier space, the resolution of the reconstruction used for the model was about 2.0
nm. The lattice constants of the S-layer are a is 10 nm, b is 9.6 nm, and g is 97.5°. (C) Appearance of the P. uncinatum cell wall after mechanical preparation of the
S-layer (also see reference 56). The inset shows the corresponding optical diffraction pattern (power spectrum) which has been used for the reconstruction of the S-layer.
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process of the bacterium Acetobacter xylinum (19, 132). Inter-
estingly, the pore complexes used by this bacterium not only
match the dimensions and the electron microscopical appear-
ance of the JPCs but also share their highly oriented spatial
arrangement. Each Acetobacter cell possesses about 50 individ-
ual pore complexes forming a row on the “ventral” site of the
cell’s body (132). Obviously, the close proximity of these struc-
tures increases the efficiency with which the individually
emerging carbohydrate fibrils can interact to form higher-or-
dered bundles that propel these cells along (discussed below).

CYANOBACTERIAL CELL WALLS AND LOCOMOTION

Most bacteria that are able to move do so by means of
flagella, small rotary motors (83), which have never been found
in cyanobacteria (47). Nevertheless, many cyanobacteria are
capable of a slow, surface-associated motility characterized as
gliding (reviewed in reference 21). Although the precise mech-
anism of gliding is not understood, recent studies have re-
vealed certain structural features invariably linked to this pro-
cess. Among these features are distinct surface topographies,
novel bacterial organelles (JCPs [discussed above]) and the
continuous secretion of mucilage.

In most members of the family Oscillatoriaceae, the surface
topographies consist of parallel, helically arranged protein
fibrils (56), although another type of fibril has recently been
described for some Oscillatoria strains (1). In all species stud-
ied so far, the arrangement of these surface fibrils correlates
with the path of the filaments during locomotion. It has there-
fore been proposed that the surface fibrils serve as a screw
thread guiding the rotation of the filaments, with the necessary
thrust for locomotion being derived from the secretion of slime
from the junctional pores (58). In this model, the frequent
reversal of movements of the filaments can be explained by the
alternation of the set of junctional pores used. The importance
of the protein fibrils and the secretion of slime for motility are
substantiated by the observation that spontaneous mutants
lacking these features are nonmotile (57).

Only in Phormidium have the protein fibrils been character-
ized at the molecular level (57). They are formed by oscillin, a
646-aa glycoprotein (GenBank accession no. AF002131) which
contains multiple repeats of a Ca21-binding nonapeptide (3), a
motif also found in SwmA (GenBank accession no. U48223),
a surface protein of swimming Synechococcus (17, 18, 125),
and HlyA, a partial ORF of Anabaena (GenBank accession no.
U13767) with unknown function. However, only for SwmA has
a role in motility been established (17). Compared with the
role of oscillin in gliding, the role of SwmA in swimming is not
so clear (31, 96). The fact that a mutant lacking SwmA is still
able to rotate indicates that the protein plays a role in the gen-
eration of thrust but not torque, but how the cells produce the
thrust for their locomotion is not known.

CYANOBACTERIAL CELL WALLS AND
EXTERNAL LAYERS

Frequently, bacterial cell envelopes are covered by external
surface layers such as S-layers and carbohydrate structures (13,
126). S-layers are two-dimensional crystalline arrays formed by
a single species of (glyco)protein which covers the entire sur-
face of a cell (117). They function as protective coats or mo-
lecular sieves or are involved in cell adhesion and recognition
(14, 118). The first observation of S-layers in cyanobacteria was
reported about 30 years ago (60), but there have been only
a few detailed studies since then (68, 73, 80). As can be seen
in Fig. 3, the structures of S-layers can be surprisingly well

resolved using electron microscopy in conjunction with im-
age analysis techniques (4). In addition to Phormidium (56),
S-layers have been identified on more than 20 strains of Syn-
echococcus (124), Synechocystis and Microcystis spp. (119), Glo-
ecapsa alpicola (60), Cyanothece minerva (45), Aphanothece ha-
lophytica (116), and on a Chroococcidiopsis strain (20). It has
also been shown that cyanobacterial S-layers can participate in
the formation of fine-grain minerals (114), a process involved
in the formation of stromatolites (122).

In response to various environmental factors, many cya-
nobacteria produce diverse external carbohydrate structures
(Fig. 4) (126) which sometimes contain pigments such as scy-
tonemin (32) and OS-MAAs (15). Some, like the slime used
forglidingmotilityarereadily secreted(discussedabove),where-
as others such as the sheath of the same species are more
firmly attached to the cell (55). Only a few cyanobacterial exo-
polysaccharides have been defined structurally, although some
details of their composition are known (126). The sheaths of
P. uncinatum and Nostoc commune contain cellulose-like ho-
moglucan fibrils which are cross-linked by minor monosaccha-
rides (39, 55). Microcystis flos-aquae synthesizes an exopolysac-
charide with a composition similar to that of pectin, containing
up to 83% galacturonic acid (121). Information about whether
its structure also resembles that of pectin is not yet available.
Anabaena flos-aquae synthesizes two different polysaccharides:

FIG. 4. Differential interference contrast micrograph of the sheath of Chro-
ococcus turgidus. This cyanobacterium forms regular aggregates of up to four
individual cells which are held together by a multilayered, well-defined sheath.
Note that the spherical cells become hemispherical as a consequence of com-
pression applied to the cells by the surrounding sheath. Bar, 10 mm.
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a xyloglucan containing glucose and xylose in a molar ratio of
8:1 and a more complex polysaccharide containing uronic acid,
glucose, xylose, and ribose in the molar ratio of 10:6:1:1 (121).
This list is far from complete but should highlight the similarity
between some cyanobacterial and plant carbohydrates. This
observation provokes an exciting speculation. According to the
so-called endosymbiont hypothesis, early plant cells started out
as amoeboid anaerobic cells without photosynthesis. Only after
the establishment of a stable endosymbiosis with a photosyn-
thetic (cyano)bacterium could the early plant cells subvert the
endosymbiont’s ability to produce carbohydrate for their own
use. Today’s plant carbohydrates might, therefore, be a conse-
quence of this event and might have evolved from common
ancient exopolysaccharides in cyanobacteria. This leads to the
question what are the main functions of extracellular carbohy-
drates in cyanobacteria? Besides being another protective coat
for the cells and the photoprotective function discussed earlier,
these carbohydrates embed the cells in an extremely hydrated
gel-like matrix, which can retain humidity effectively even un-
der water stress. In doing so, the carbohydrates might even
prevent dehydration of the cells during temporary dryness. If,
however, the unfavorable conditions continue, the delayed des-
iccation of the carbohydrate matrix gives the cells enough time
to activate more specific protection mechanisms. Among these
mechanisms are the synthesis of membrane-protective sugars
like trehalose (101) or the production of specific stress proteins
(109) which help the cells to survive desiccation and rehydra-
tion processes. The resulting extraordinary drought resistance of
cyanobacteria (reviewed in reference 98) explains their pre-
dominance in many desert and tropical soils, terrestrial and
subaerial habitats, where an increased tolerance of desiccation
is the only way to survive.
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