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SERIES EDITOR’S FOREWORD

In the 30-odd years since the electron microscope came into general

use, there has been a profound change in our concepts of both the inner and
outer parts of the bacterial cell. An entirely new understanding of the
organization of the bacterial cell resulted from improvements in the electron
microscope itself and especially from the introduction of thin sections and
positive and negative staining techniques and the introduction of the
entirely different freeze-etch technique, which occurred in the late 1960s
and early 1970s. In addition, the development of physical fractionation
techniques followed by gentler methods permitted a new approach, making
it possible to relate structure to function.
Woutera van Iterson. in many papers on cytology it is the selection of the
typical photograph that constitutes the prime evidence for the structure
reported. To reproduce lengthy papers containing many photographs of the
relevant structures would require many volumes to cover the important
observed structures. Further, not all bacteria are alike and the structures
found in one kind may be completely absent in another. Consequently, the
selection of data (consisting almost entirely of electron micrographs) is
critical and requires vast experience in the artifacts that can be produced
and in the kind of information that can be derived from such micrographs. If,
however, one selects only the outstanding micrographs of structures, then
increased discussion is also required.

Dr. van lterson has excerpted many more papers than is usual in a
Benchmark volume and because of the nature of the subject she has included
a review of an enormous amount of related literature. Indeed, she has
produced a monographic discussion of each of the observed structures and
has reviewed the literature associated with each throughout the volumes,
covering not only cellular cytology but biochemistry and physiology as well.
These volumes represent a masterpiece treatment by a recognized world
authority of the subject and will stand as benchmarks for years to come.

WAYNE W. UMBREIT
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PREFACE

All information is imperfect.
We have to treat it with humility.
That is the human condition . . ..

J. Bronowski, The Ascent of Man

In this volume, Outer Structures of Bacteria, and its companion volume,
Inner Structures of Bacteria, | have attempted to review the ideas on the
ultrastructure of bacteria as they have developed during the more than 35
years that the electron microscope has been fruitfuliy applied to structure
analysis. During its development, structure analysis proved to be a challenge
to biochemistry and stimulated-the impressive expansion of molecular
biology. Consequently, much more is known about the biochemical or
molecular biological aspects of the subjects treated in these volumes than
about their uitrastructure.

It is not always possible to concentrate on ultrastructure without allud-
ing to some of the biochemical findings. These findings are presented in a
condensed form without giving due tribute to the host of difficult and
sophisticated biochemical studies on which the information is based. The
first few sections of this volume, therefore, may produce an unsatisfactory
or even somewhat distorted picture. For instance, more progress was made
during the biochemical dissection of the cell wall layers than during the
study of the integrated wall structure at considerable resolution of the
electron microscope. To obtain a well-balanced picture of these bacterial
cell wall layers, some readers may find greater satisfaction in studying a
work such as Microbial Cell Walls and Membranes (Rogers, Perkins, and
Ward, 1980).

My aim has been to give a picture of the bacterium as an integrated
whole, starting from its inside—the knot of the DNA thread in the cell’s
interior—and progressing gradually to the cell’s outside. Because not all
bacteria are alike, some peculiarities are discussed as well.

These two volumes certainly are not always illustrated with the most
beautiful electron micrographs available. | have chosen those illustrations
and parts of published papers that in some way portray steps in the advance-
ment of knowledge.
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THE CELL WALLS RIGID STRUCTURE



Editor's Comments
on Papers 1 Through 6

1 STROMINGER :
Excerpts from The Actions of Penicillin and Other Antibiotics
on Bacterial Cell Wall Synthesis

2 KANDLER, HUND, and ZEHENDER
Excerpt from A Simple Method for Isolating the Rigid Layer of
the Cell Wall of Gram-positive and Gram-negative Bacteria

3 MARTIN and FR/NK
Excerpts from Quantitative Analysis of the Components of the
Rigid Layer in the Cell Wall of Escherichia coli 8

4 FORMANEK and FORMANEK
Excerpts from Specific Staining for Electron Microscopy of
Murein Sacculi of Bacterial Cell Walis

5 ROGERS
Excerpt from Peptidoglycans (Mucopeptides): Structure,
Function, and Variations

6 FORMANEK, FORMANEK, and WAWRA
Excerpt from A Three-Dimensional Atomic Model of the Murein
Layer of Bacteria

All bacterial species have a fixed shape characterized by three
basic cell forms: spherical, rod-shaped, or helical (spirillum- or
comma-shaped). The degree of rigidity has not been accurately
established yet. During movements, in particular ghiding and flex-
ing movements, some bacteria seem to display a ¢ertain amount
of flexibility.

The bacteria! cell envelope consists of two components: a
protective cell wall and an osmotically sensitive cytoplasmic membrane.
When the cell wall is absent, as for instance after removal by meszns of
lysozyme, the cell contents, including both cytoplasin and nuclear
material, are liable to swell or shrink and to change shape. The
cytoplasmic membrane, then, seems to adjust itself passively to the

P



Editor's Comments on Papers 1 Through 6

new cell shape. The protective cell wall, besides preserving the cell
shape, prevents rupture of the cytoplasmic membrane by excessive
extension in an environment of low osmotic pressure. The wall,
indeed, contains a shape-preserving component, the so-called rigid
layer, that consists of peptidoglycan (murein). On its outer surface,
the wall may carry a surface coat. Usually it has various structures to
interact with the environment: ‘It may be covered by material to
adhere to surfaces, it has receptors for bacteriophages, and antigenic

components that may contribute to the bacterium’s virulence.
11 ' '

DISTINCTION BETWEEN CELL WALL AND
CYTOPLASMIC SURFACE

Distinctions between cell wall and cytoplasmic surface were
demonstrated early by Knaysi (1930) in plasmolyzed cells and later by
Murray and Robinow (1952) in crushed cells. Robinow and Murray
(1953) devised methods for distinguishing the cell wall from the
cytoplasmic membrane in plasmolyzed gram-positive bacteria by
means of the light microscope.

In the electron microscope, the separateness of cell wall and
cytoplasm was studied in broken and plasmolyzed cells. Thus, Dawson
(1949) illustrated detached cell walls of Staphylococcus aureus after
breakage by shaking with glass beads in a Mickle disintegrator. Mickle
disintegration, with similar results, was apnlied by Salton and Horne
(1951b) to Escherichia coli, Streptococcus, and Salmonella,
supplementing earlier work by the same authors (Salton and Horne,
1951a) in which heated bacteria had been ruptured by sudden
exposure to distilled water. In sections and other more refined prepara-
tions for the electron microscope, the wall and cytoplasmic mem-

"brane could clearly be seen, and, as we shall see, many important
details have been analyzed.

Emptied cell envelopes, as well as autolyzed cells, often retain
the shape of the bacterium, thereby indicating that the cell wall must
be a major determinant of cell shape.

DISTINCTION BETWEEN GRAM-POSITIVE AND
GRAM-NEGATIVE CELLS

Long before the existence of the cell wall was ascertained by
visual or chemical means, one of its characteristics was used in the
classification of bacteria. The gram-reaction, introduced by Christian
Gram in 1884, is based on differences in permeability of cell walls
(Salton, 1964). After coloring with a dye-iodine complex, an organic



