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I. Introduction

One of the most remarkable features of a variety of bacteria is the
- presence of regular arrays of macromolecules on their outer surfaces.
The first surface pattern to be described was observed by Houwink
(1933) in a Spirillum species, using shadowing techniques. Since -
then, regular macromolecular surface patterns have been demon-
strated on the cell walls of an increasing number of both gram-positive
and gram-negative bacteria, particularly since the introduction of neg-
ative-staining and freeze-etching techniques. .
The’ outer surfaces of bacterial, cells play an important biological
role, since they are involved in constant interactions between the cell
and its environment, and the highly ordered two-dimensional arrays
of macromolecules found in sorne bacteria permit the study of a vari-
ety of questions related to cell surface.properties and the assembly of
biological structures. Information on regular cell wall structures is
still fragmentary, but the data that have accumulated during the past
few years of intensive research on a variety of organisms justify the
presentation of a comprehensive review of the field. ’ :
It is hoped that the speculative. parts of this article will stimulate
and provoke further work, especially on the biological role of pat-
~ terned layers. - .



2 UWE B. SLEYTR

II. Topography of the Bactenal Cell Envelope and the
: . Location of Regular Patterns - - _

Early studies on the topography of bacterlal cell walls were sum-
marized in an excellent review by Glauert and Thornley (1969). The
techniques used included shadowing, negative staining, thin-section-
ing, and freeze-etching. Since that time the use of freeze-etching has
been extended, and the technique has proved to be particularly valu-
able in the detection and characterization 6f surface patterns in bacte-

~ria (Remsen and Watson,'1972; Thornley et al., 1974; Sleytr and
Glauert, 1975; Thornley, 1975; Glauert et al., 1976) ,

Although there is consxderable variation in_the complexity and
structure of bacterial cell envelopes, it is possible to classify most bac-
terial cell wall profiles into twe main categories, corresponding to the
division between gram-positive and gram- negative bactena (Glauert
and Thornley, 1969; Buckmire, 1970).

In the following discussion the.term * ‘cell envelope is used for the
complex of (layered) structures outside the cytoplasm including the
cytoplasmic membrane. “Cell wall” is used for the same ‘complex of
structures excluding the cytoplasmic membrane

A. GRAM-POSITIVE CELL ENVELOPES

In thin sections a typical gram-positive cell wall appears as a 15- to
80-nm thxck fairly homogeneous, electron-dense Jayer. Dependmg
on the' spemes exarnined and the fixation and staining condltxons used,
the appearance and the dimensions of the cell wall vary ‘considerably,
and indicatibns of layering have been reported (Glauert and Thomley,
1969; Buckiniré, 1970; Millward and Reavéley, 1974). For an individ-
ual species, modlﬁcatlon’s"in growth donditions, and espécially in the
age of the culture, causé variations in' the thickiess of the celt wall
(Boothby et al., 1973; Neujahr and Weibull, 1975). Controlled enzy-
mic digestion wrth lysozyme or “other wall degradmg enzymes, fol-

lowed by chémical analysis, has’ shown that'thé main constitient of
the gram-posmve cell wall is peptidoglycan "Teichoic acids, palysac:
charides, and proteins are present in vatying amounts as addltlonal
components (Rogers and Perkins; 1968; Salton, 1973). o

Thé appearance of typical gram—positlve cell envelopes, ds §€en in

~ . thin séctions, is illustrated in Figs. 1 and 2. The additional external

_layer composed of regularly arrahged stibunits (the' S layer) has been
observed in numerous organisms (Fig. 2), although thm-sectlonmg
techmques 'do not always reveal'it. Undemeath the cell wall is the
plasma membrane, which is approximately 8 nm widé and has the | typ
ical structure of a unit membrane, consnstmg of two dense layers sépa-
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FiG. 1. Diagrams showing the relationships between the layers revealed in thin sec-
tions (A and B) and in freeze-etched preparations (C and D) of the envelopes of gram-
positive bacteria with regularly arranged surface subunits. (A and B) Diagrams illustrat-
ing the structure of the envelopes as seen in thin sections. Depending on the organism,
the fixation and staining method, or the growth conditions, the cell wall (w) may appear
as a single layer of uniform density (A) or as two densely staining layers separated by a
less dense layer (B). s, S layer composed of regularly arranged subunits. (C) The cell
envelope as it appears after cross-fracture. The three main ridges represent the plasma
membrane (pm), the cell wall (w), and the S layer (s). (D) An obliquely fractured cell
envelope with a regular array of surface subunits. The pattern of the subunits is seen on
the etched S layer (s) of the bacterium. The underlying cell wall (w) is seen as a ridge.
pm, Internal fracture face of the plasma membrane.

F1G. 2. Ultrathin sections of envelopes of gram-positive bacteria with regularly ar-
ranged S layers. (a) Bacillus sphaericus. (b) Bacillus stearothermophilus. (c) Clos-
tridium thermohydrosulfuricum. pm, Plasma membrane; w, cell wall; s, S layer. Bar
represents 0.1 pm.
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F1G. 3. Electron micrograph of a freeze-ctched preparation of a gram-positive bacte-
rium C. thermohydrosulfuricum. A large arca covered with a regular hexagonal array of
subunits (s) is visible on the etched outer surface of the cell Fracture has taken place
within the plasma membrane, revealing the convex face of the plasma membrane (pm)
adjacent to the cytoplasm. Bar répresents 0.2 pum.

rated by a less dense layer. Observations with freeze-etching tech-
niques confirm that the gram-positive wall is usually homogeneous;
there is no dominant fracture plane within the cell wall (Figs. 1C and
D, and 3). The only fracture that occurs in the cell envelope during
freeze-fracturing follows the hydrophobic region within the plasma
membrane (Branton, 1966; Sleytr, 1970a). Extended areas of the regu-
larly arranged S layers are observed after deep-etching (Fig. 3), but
there is no evidence that the fracture follows the surface of this outer-
most cell wall layer.

B. GRAM-NEGATIVE CELL ENVELOPES

In contrast to gram-positive cell walls, gram-negative cell walls ap-
pear multilayered in both thin'sections and replicas of freeze-etched
preparations (Fig. 4). In thin sections (Figs. 4A, E, and F, and 5) the
envelope typically shows the following layers: the plasma membrane
(pm), seen as a unit membrane, the dense layer (d), in which the pep-
tidoglycan is located (Glauert and Thornley, 1969; Buckmire, 1970;
Murray et al., 1965), the intermediate region, and the outer membrane
(om), which has a unit membrane structure similar to that of the
plasma membrane. The outer membrane contains lipopolysaccharide,
protein, and phospholipids (Nikaido, 1973; -Costerton et al., 1974a;
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FiG. 4. Diagrams showing the relationship between the layers revealed in thin sec-
tions (A) and in freeze-etched preparations (B, C, and D) of the cell envelope of a typical
gram-negative bacterium which Has an additional S layer of regularly arranged sub-
units. (A) The cell envelope as seen in thin sections. The innermost layer is the plasma
membrane (pm) which is covered by the cell wall. The cell wall consists of a dense
layer (d), an intermediate layer, an outer membrane (om), and an $ layer (s) composed of
regularly arranged subunits. (B) The cell envelope as it frequently appears after cross-
fracture in a freeze-etched preparation. The four main ridges represent the plasma
membrane (pm) and the layers of the cell wall: the dense layer and the intermediate
region between the dense layer and the outer membrane (cwj), the outer membrane
(cw, and cw,), and the additional S layer (s). (C) An obliquely fractured cell envelope
seen from the convex side in a freeze-etched preparation. The etched outer surface of
the S layer (3) consists of regularly arranged subunits and lies next to one of the fracture
faces (6w,) of which small areas are seen occasionally. Internal fracture of the outer
membrane and the plasma membrane reveals the convex faces (¢w,) and (pm). (D) An
obliquely fractured cell envelope seen from the concave side shows the cytoplasm (¢),
the concave fracture face of the plasma membrane (pm), and the outer membrane (¢w,).
The fracture faces § and cwsare revealed only occasionally. (E) In‘a few gram-negative
envelopes two (or more) separate surface layers (s; and s,) are revealed in thin sections.
(F) Diagram showing a gram-negative cell wall profile where a single S layer can be
seen as a structured layer in close contact with the outer dense layer of the outer mem-
brane. The diagrams have been modified from Sleytr et al. (1974).

Salton and Owen, 1976). Whereas the unit membrane structure of the
outer membrane can be demonstrated in almost all gram-negative or-
ganisms, the dense layer is frequently less clearly visible as a separate
layer. Occasionally the intermediate layer reveals a globular structure
and appears to bridge the gap between the dense layer and the outer
membrane. ; ,
In freeze-etched preparations the cell envelope of gram-negative
organisms can fracture along two well-defined planes (Figs. 4C and D,

45980



FIG. 5. Ultrathin sections of envelopes of gram-negative bacteria with regularly ar-
ranged S layers. pm, Plasma membrane; d, dense layer; om, outer membrane; s, S layer
composed of regularly arranged subunits. Bar represents 0.1 um. (a) Logarithmically
grown cell of Acinetobacter sp. strain MJT/F5/5. (From Sleytr et al., 1974, by permis-
sion from the American Society for Microbiology, Washington.) (b) Heat-treated cell of
Acinetobacter sp. strain MJT/F5/5, showing a more distinct separation of the layers of
the cell envelope. (From Sleytr et al., 1974, by permission from the American Society
for Microbiology, Washington.) (c) Cell envelope of Acinetobacter sp. MJT/F5/199A.
The array of subunits is not visible as a separate layer. (From Sleytr and Thornley, 1973,
by permission from the American Society for Microbiology, Washington.) (d) Portion of
the cell envelope of S. serpens strain VHA on which the regularly arranged S layer can
be seen overlying the outer membrane. (Photomicrograph courtesy of R. G. E. Murray.)

6



F1G. 6. (a) Convex view of an obliquely fractured cell envelope of Acinetobacter sp.
~ strain MJT/F5/5 in a preparation freeze-etched in the presence of glycerol (compare
with Fig. 4). Due to the glycerol, only a small area of the outer surface (s) has been ex-
posed by etching; it shows the rezular array of subunits. The edge of ew, adjoins the
main convex fracture face in the cell wall ¢w,. The edge of cw; and the outer portion of
the plasma membrane (m) lie next to the internal fracture face of the plasma membrane
(pm). Bar represents 0.2 um. (From Sleytr et al., 1974, by permission from the American
Society for Microbiology, Washington.) (b) Concave view of an oblique fracture through
the cell envelope of Acinetobacter sp. strain MJT/F5/5 freeze-etched in the presence of
glycerol (compare with Fig. 4). The concave fracture faces pm, ¢w,, and § are visible.

7 (Continued, see p. 8)



8 UWE B. SLEYTR

and 6a and b): One fracture takes place along an internal plane of the
plasma membrane, revealing the same fracture faces as seen in the en-
velopes of gram-positive bacteria (Fig. 1D), while the other accurs
within a central plane of the outer membrane. In many drganisms the
fracture in the outer membrane occurs more frequently in glycerol-
treated cells or isolated outer membranes (Van Gool and Nénninga,
1971; Sleytr et al., 1974; Thornely and Sleytr, 1974; Gilleland et al.,
1973). The cross-fractured, gram-negative cell envelope (Figs. 4B and
6c) resembles the profile seen in thin sections (Fig. 4A), especially
after glycerol or heat treatment (Fig. 5b). The regular arrays of macro-
molecules on the outer surface of the outer membrane are seen partic-
ularly clearly in deep-etched preparations (Fig. 7a and b). Some orga-
nisms have more than one additional patterned S layer (Fig. 4E), and
there is then the possibility of the fracture separating these individual
layers (Watson and Remsen, 1970; Beveridge and Murray, 1974, 1975,
1976a; see also Sections III and IV). As in gram-positive organisms,
the regularly arranged subunits op the outer surface of the gram-nega-
tive cell envelope are frequently better demonstrated by freeze-etch-
ing (Fig. 7a and b) and negative-staining techniques (Fig. 7c) than in
thin sections (Fig. 5). = ' o

The regular arrays of wine glass-, cup-, or goblet-shaped subunits
associated with the cell walls of some gram-negative bacteria can be
considered a special type of § layer, since the 4- to 50-nm large sub-
units are attached to the outer membrane (Ridgway, 1977). Ridgway
et al. (1975) suggested that in the gram-negative Flexibacter polymor-
phus (Fig. 8) parts of the “globlets” penetrate the outer membrane and
are linked to the intermediate dense layer complex of the cell envelope
or even extend as far as the cytoplasmic membrane (Fig. 8b). Goblet-
shaped subunits have also been observed-on the surfaces of the photo-
synthetic bacteria Chromatium buderi (Remsen et al., 1970), Chro-
matium okenti, Chromatium weissei (Hageage and Gherna, 1971),
Chromatium warmingii (Hageage and Gherna, 1970), and Amoebo-
bacter bacillosus (Cohen-Bazire et al., 1969), and on the surface of the
methane-utilizing bacterium Methylomonas albus (Wilkinson,‘ 1971).

3

FIG. 6 (cont’d). The bar represents 0.1 um. (From Sleytr et al., 1974, by permission -
from the American Society for Microbiology, Washington.) (c) Cell envelbpe of Acineto-
bacter :}) strain MJT/F5/5 seen in cross-fracture in a preparation of heat-treated cells
- freeze-¥tched in the presence of glycerol (compare with Figs. 4 and 5b). Four main ridges
are visible: s, cw(l + 2), cws, and pm. And both cw(l + 2) and the plasma membrane
{pm) appear as double ridges (double arrows). Bar represents 0.1 um. (From Sleytr et
al., 1974, by permission from the American Society for Microbiology, Washington.)



F1G. 7. (a) Electron micrograph of a freeze-etched preparation of Acinetobacter sp.
strain MJT/F5/5. The outer surface (s) revealed by etching consists of hexagonally ar-
ranged subunits. pm, Internal fracture face of the cytoplasmic membrane. Bar repre-
sents 0.1 um. (From Sleytr et al., 1974, by permission from the American Society for
Microbiology, Washington.) (b) Cell surface of Acinetobacter sp. strain MJT/F5/5 show-
ing an area lacking regularly arranged subunits. Bar represents 0.1 um. (From Sleytr et

(Continued, see p. 10)
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F1G. 8. (a) Longitudinal section of the cell envelope of F. polymorphus showing the
array of “goblets” (g). om, Quter membrane; d, dense layer; pm, plasma membrane. Bar
-represents 0.1 um. (From Ridgway et al., 1975, by permission from the National Re-
search Council of Canada, Ottawa.) (b) Diagram of the fine structure of cell envelope
layers of F..polymorphus as seen in thin sections. The cell envelope consists of an elec-
tron-dense layer (d) separated by electron-transparent layers from the plasma mem-
brane (pm) and the outer membrane (om). A continuous layer of goblet-shaped subunits
is aftached to the outer membrane. There is some indication that parts of the “goblets” (g)
extend to the cytoplasmic membrane. (The diagram is modified from Fig. 25 in Ridgway
et al., 1975.)

C. OTHER REGULAR STRUCTURES IN ASSOCIATION
wITH CELL WALLS

Most of the regular patterns observed in bacteria have been shown
by freeze-etching and shadowing techniques to be located on the cell
surface. However, regular patterns can ve demonstrated in deeper

F1G. 7 (cont’d). al., 1974 by permission from the American Society for Microbiology,
Washington.) (c) The regularly arranged S layer (s) is visible at the folded edge of a heat-
treated cell of Acinetobacter sp. strain MJT/F5/5 in a negatively stained preparation.
. The cytoplasm has retracted, and the regular array of surface subunits is visible. Bar
represents 0.1 um. (From Sleytr et al., 1974, by permission from the American Society
for Microbiology, Washington.)



“REGULAR ARRAYS ON BACTERIAL CELL WALLS 11

layers after certain treatments (e.g. heat, enzymbes, or detergents).
‘Fischman and Weinbaum (1967) observed a periodic monolayer of
macromolecules in Escherichia coli. Later a structurally different reg-
ular array of subunits in E. coli was shown to be composed of one of
the major polypeptides that cover the outer surface of the peptidogly-
can (Rosenbusch, 1974; Steven et al., 1977). It is possible that similar
internal regular arrays of macromolecules are present in other bacte-
ria. The detection of these structures will depend on the development
of suitable methods for the selective disintegration and solubilization
of the overlying components of the envelope, or on the removal of
masking material, such as capsular slime. !
Whereas capsular material in bacteria usually has little defined
structure (Glauert and Thornley, 1969), a regular pattern has been
demonstrated in the sheath of Lampropedia hyalina (Chapman et al.,
1963; Pangborn and Starr, 1966), which loosely surrounds the flat,
squarish aggregates of the gram-negative cells. The envelope consists
of two complex layers, both having a hexagonal structure but with dif-
ferent spacings and subunit morphology. .

"The cell walls of the extremely thermophilic, acidophilic organisms
Caldariella (Millonig et al., 1975) and Sulfolobus acidocaldarius
(Weiss, 1974) and a range of extremely halophilic bacteria of the genus
Halobacterium (Cho et al., 1967; Steensland and Larsen, 1969;
Blaurock et al., 1976) do not have a rigid mucopeptide layer of the
type found in other gram-negative bacteria. The envelopes of intact
cells and isolated cell envelopes reveal a two-layered structure in thin
sections (Fig. 9). The inner layer is a cytoplasmic membrane which
appears as a typical unit membrane, while the outer cell wall is com-
posed of regularly arranged subunits. :

Finally, some species of bacilli and clostridia-have regular hexago-
nal patterns on the exosporium, and the outer surface of the spore coat
may have regular arrays of subunits or regularly spaced ridges (Holt
and Leadbetter, 1969). :

FIG. 9. Schematic drawing of a subunit type of cell wall in thin sections as found in
extremely thermophilic, acidophilic, and some halophilic organisms which lack a pepti-
doglycan layer. pm, Plasma membrane. The cell wall (w) reveals a subunit structure.



