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THE SIZE, SHAPE, AND
ARRANGEMENT OF
BACTERIAL CELLS

Size

Shape and
Arrangement

Table 5-1. Comparison of
the Surface Area/Volume
Ratio of Spherical Orga-

nisms of Different Sizes*

Figure 5-1. Bacteria are gen-
erally either (A) spherical
(cocei); (B) rodlike (rods or
bacilli); or (C) helical (spi-
rilla). However, there are
many modifications of these
three basic forms. (Erwin F.
Lessel, illustrator.)

MICEDORGANISMS—RACTERIA

functional properties of the bacterial cell. This area ol research studied by
biologists is sometimes referred to as biochemical cylology.

Bacteria are very small, most being approximately 0.5 to 1.0 wm in diameter.
An important consequence of the small size of microorganisms is that the
surface area/volume ratio of bacteria is exceedingly high compared to the same
ratio for larger organisms of similar shape (Table 5-1). A relatively large surface
through which nutrients can enter (or waste products leave) compared to a small
volume of cell substance to be nourished accounts for the unusually high rate
of growth and metabolism of bacteria. Moreover, because of the high surface
area volume ratio, the mass of cell substance to be nourished is very close to
the surface; therefore, no circulatory mechanism is needed to distribute the
nutrients that are taken in, and there is thought to be little or no cytoplasmic
movement within a bactarial cell. Despite these advantages, a high surface area/
volume ratio limits the size of bacteria to microscopic dimensions.

The shape of a bacterium is governed by its rigid cell wall; however, exactly
what attribute of this rigid material determines that a cell will have a particular
shape is not yet understood. Typical bacterial cells are spherical (cacci: singular,
coceus); straight reds (bacilli; singular, bacillus); or rods that are helically curved
[spirilla; singular, spirillum ) as illustrated in Fig. 5-1. Although most bacterial
species have cells that are of a fairly constant and characteristic shape, some
have cells that are pleomorphic. i.e., that can exhibit a variety of shapes (Fig.
5-2).

Surfaco Area, pm? Volume, pm*
Diameter of Sphere, pm f4wr] 47rv3)
1 pm 3.1 0.32 i3
1.000 wm a1 = 100 5.2 x 104 0,006
1.000.000 pm 31 x 108 5.2 x 10% 0.000006

* For a given volume, the geometrical shape that has the smallest surface area/volume ratio is
a sphare; ie., if two organisms have the same volume, one being spherical and the other
evlindrical, the cylindrical organism has the greater surfoce area/volume ratio.

A Staphylococcus B Loctobociilus C Aquaspinfium
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A Diplocace:;
Arthrobocter

B Sireplococei:

Figure 5-2. Drawing of pleomorphic
cells of the genus Arthrobacter. [Erwin

F. Lessel, illustrator.) D Stophyloceeck

L

E Sarginge:

Figure 5-3. Characteristic arrangements of cocci, with schematic il-
lustrations of patterns of multiplication. (A) Diplococct: cells divide
in one plane and remain attached predominantly in pairs. (B) Strep-
tococei: cells divide in one plane and remain attached to form
chains. (C) Tetracocei: cells divide in two planes and characteristi-
cally form groups of four cells, (D) Staphylococei: cells divide in
three planes, in an irregular pattern, producing “bunches” of cocci.
(E) Sarcinae: cells divide in three planes, in a regular pattern, pro-
ducing a cuboidal arrangement of cells.

/

Figure 5-4, Photomicrograph Bacterial cells are usually arranged in a manner characteristic of their partic-
he trichomes of Sapro- ular species. Althaugh it is rare that all the cells of a species are arranged in
u grandis, composed of  the same manner, it is the predominant arrangement that s the important
mdividual cylindrical cells  feature,
atare 1to 5 pm long and Cocci appear in several characteristic arrangements, depending on the plane
closely aftached to one an-  of cellular division and whether the daughter cells stay together following
sther (X1,650). (Courtesy of  diyision [Fig, 5-3). Bacilli are nol arranged in patterns as complex as those of
= |. Hageage, Jr.] cocel, and most oceur singly or in pairs (diplobacilli).Bul some species, such
as Bacillus subtilis, form chains (streptobacillijothers, such as Beggiatoa and
Sapraspira species, form  trichomes, which are similar to chains bul have a
much larger area of contact between the adjacent cells (Fig. 5-4). [n other bacillus
species, such as Corvnebacterium diphtheriae, the cells are lined side by side
like matchsticks (palisade arrangementjand at angles to one another (Fig. 5-5).
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Figure 5-5. Drawing of the
cells of Corynebacterium
diphtheriae showing pali-
sade arrangements. {Erwin
F. Lessel, illustrator,)

Figure 5-7. Drawing of cells
of the genus Vibrio, show-
ing the characteristic curved
shape and the polar flagella,
The flagella are not visible
by ordinary staining proce-
dures. (Erwin F. Lessel, il-
lustrator.}

OHGANISMS—BACTERIA

Caifed chain

of conidia

Hyphal {lamen
_——— bearing canidia

Figure 5-6. Photomicrograph of Streplomyces viridochromo-
genes. This bacterium produces coiled chains of spores (called
conidia) which develop at the ends of vegetative filaments
called hyphae: [Courtesy of Mary P. Lechevalier.)

Still others, such as Streptomyces species, form long, branched, multinucleats
filaments called |,y 400 (singular, hyphal which collectively form a myeeliur
(Fig. 5-6). (Note that the terms hyphue and myeelium are also commonly applied
to the filaments formed by fungi, described in Chap. 17).

Curved bacteria are usually curved with a twist, Bacteria with less than one
complete twist or turn have a yiliipid shape (Fig, 5-7), whereas those with one
or more complete turns have & fiolicul shape. Spirilla are rigid helical bacteria,
whereas «pirochelss are highly flexible (Fig. 5-8),

In addition to the common bacterial shapes, many others also acour: poar-
shaped cells (e.g., Pasteuria); lobed spheres (e.g., Sulfolobus); rods with sfuared
rather than the usual hemispherical ends |e.g., Bacillus anlhrocis); disks ar-
ranged like stacks of coins (e.g., Gurvophanon); rods with hetically sculptured
surfaces [e.g., Seliberia); and many others,

i4]

Examination of a bacterial cell reveals various component structures. Some of
these are external to the cell wall [Fig. 5-9); others are internal to the cell wall



Figure 5-8. Drawings of spi-
rochetes (A and B) and spi-
rilla [C). Spirochetes are
flexible and can twist and
contort their shape, whereas
spirilla are relatively rigid.
(Erwin F. Lessel, illustrator.)

Figure 5-9. Drawing of the
major structures external to
the bacterial cell wall. Cer-
tain structures, e.g., cap-
sules, flagella, and pili, are
not common to ‘all bacterial
cells, (Erwin F, Lessel, illus-
trator.)

The Morphology and Fine Strucure of Bacteria

(Fig. 5-10). Some structures are present in only certain species; some are. more

characteristic of certain species t

han of others; and still other cellular parts,

such as the cell wall, are naturally common ta almost all bacteria. The following
are brief descriptions of the readily evident structures of bacteria.

A Treponema
pallidum

Cell wall

Copsule

Soum

Borrelic C Spirillum
ansering volutans

Muclear
moterial

. Cytoplasm

f— Ribosome

| Cyloplasmic

memprate

matesnol

! | Nucleor
e

Figure 5-10. Drawing of the major
structures which occur within the
bacterial cell wall. Certain struc-
tures, &.g., Mes0SOMes, are not
common to all bacterial cells. (Er-
win F. Lessel, illustrator.)
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STRUCTURES EXTERNAL
TO THE CELL WALL

Flagella and Motility

Figure 5-11, Drawings of
various arrangements of
bacterial flagella. (A) Mono-
trichous; a single polar fla-
gellum, (B} Lophotrichous;
a cluster of polar flagella.
(C) Amphitrichous; flagella,
either single or clusters, at
both cell poles. (D) Peritri-
chous; surraunded by lateral
flagella, (Erwin F. Lessel; il-
lustrator.)

MICROORGANISMS—BACTERIA

Bacterial flagelia (singular, fagellum) are hairlike, helical appendages that pro-
trude through the cell wall and are responsible for swimming motility. They are
much thinner than the flagella or cilia of eucaryotes, being 0.01 to €02 pm in
diameter, and they are also much simpler in structure. Their location on the
cell varies depending on the bacterial species and may be polar (at one or both
ands of the bacterium) or [atera) (along the sides of the bacterium]. Some
arrangements of bacterial flagella are shown in Fig. 5-11, A flagellum is com-
posed of three parts (Fig. 5-12): a hysal hody associated with the cytoplasmic
membrane and cell wall, a short popk and a helical filament Which is usually
several limes as long as the cell. Some Gram-negative bacteria have a sheath
surrounding the flagellum; this sheath is continuous with the outer membrane
of the Gram-negative cell wall. The chemical composition of the basal body is
unknown, but the hook and filament are composed of protein subunits (mono-
mers) arranged in a helical fashion. The protein of the filament is known as
Nagellin,

Unlike a hair, a flagellum grows at its tip rather than at the base. Flagellin
monomers synthesized within the cell ars believed to pass along the hollow
center of the flagellum and are added to the distal end of the filament.

A Prevdomanas oeruginass B

Pseudomonos fluorescens

1um

c Aquaspirilim sepens D Salmenaita fypht



dynamics of

Figure 5-12. The mechanism
achment of flagella to a
m-negative bacterial cell
Psendomonas aeruginiosa).
4] Prior to electron-micro-
examination, the cells
e partially lysed and

n negatively stained to

ce the point of flagellar
sttachment (basal body)

re visible (X80,000 ap-
x.). (B) Isolated flagella
wing basal body at one
C) Modsl of basal

v illustrating its struc-
nd attachment to a
negative bacterium,

The flagella of Gram-posi-
Sve bacteria have only two
rings. (Courtesy of T.

. University of Tokyo.)
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Large motile bodies such as boats and fish make use of the inertia of water for
their propulsion, When pushed against with, for example, an oar, a propeller
blade, or fins, the water temporarily acts as a solid, thereby enabling the boat
or fish to generate a forward propulsive force. However, the small size of bacteria
prohibits their use of the inertia of water to gain propulsive force, because the
drag forces due to the viscosity of water become thousands of times greater than
any forces that can be generated from inertia. The difficulty would be similar
to whai we would encounter if we attempted o row a boat on a lake filled with
thick molasses, However, bacteria can swim many times their own length per
second under analogous conditions!

Bacteria propel themselves by rotating their helical flagella. The principle
involved can be illustrated by imagining the penetration of a piece of cork by a
corkscrew. If one tries to ram the corkscrew directly through the cork, great
force will probably be needed, On the other hand if one merely rotates the
corkscrew, the cork can be easily penetraled. In the case of bacteria, the cork is
analogous to the viscous medium and the corkscrew to the helical flagellum. It
is apparent from this analogy that a mutant bacterium having straight rather
than helical flagella would be unable to swim. The nature of the rotary motor
that spins each corkscrew-shaped flagellum is still not understood, but the rings
found in the basal body (Fig. 5-12) are probably involved, It is known that the
flagellar motor is driven by the protonmotive force, i.e., the force derived from
the electrical potential and the hyvdrogen-ion gradient across the cytoplasmic
membrane (see Chap. 10). Moreover, recent studies suggest that the concentra-
tion of cGMP (guanosine 3',5'-cyclic phosphoric acid) within the cell governs
the direction in which the rotation occurs,

Bacteria having polar flagella swim in a back-and-forth fashion: they reverse
their direction of swimming by reversing the direction of flagellar rotation.
Bacteria having lateral flagella swim in a more complicated manner. Their
flagella operate in synchrony to form a bundle that extends behind the cell (Fig.

> Outer membrone

o ~ Peptidoglycen P
; iplazmic
e space
i 2 Cytoplosmie
membirane

=
c 10 am



Figure 5-13. Di of the configuration and ar-
rangement of peritrichous flagella during swimming
T i ) and tumbling. The small arrows indicate the direc-
\? / tion of propagation of helical waves along the fla-
{ et =) gella. (A) During swimming the flagella are in the
QY i form of left-handed helices and rotate counterclock-
& \ wise in synchrony to form a bundle. The large arrow

3L \ indicates the direction of swimming. [B) During
Y T b tumbling the flagella reverse their rotation, partions
p) ) \ of the flagella acquire a short wavelength and right-
g A handed configuration, and the bundle flies apart.
A, ' { The cell cannot swim under these conditions and
!} instead exhibits a chactic motion, as symbolized by
the large crossed arcows. (Courtesy of R. M. MacNab
and M. K. Ornston, | Mol Biol 112:1, 1977}

5-13). However, when the flagellar motors reverse, conformational changes occur
along the flagella, the bundle flies apart, and the cell tumbles wildly, Finally,
the flagellar motors resume their normal direction, the flagellar bundle again
forms, and the cell begins to swim—but now in a different direction. This’
sequence of events occurs repeatedly, so that the motility becomes a series of
perinds of swimming (runs) punctuated by periods of tumbling (twiddles), with
a change in direction after each tumbhle.

Swimming Motility Certain helical bacteria (spirochetes) exhibit swimming motility, particularly in

Without Flagella highly viscous media, yet they lack external flagella. However, they have fla-
gellalike structures located within the cell, just beneath the outer cell envelope
(see Fig. 13-1). These are called periplasmic flagella; they have also been termed
axial fibrils orendaoilagelia. They are responsible for the motility of spirochetes,
but how they accomplish this is not vet clear. Other helical bacteria called
spiroplasmas are able to swim in viscous media, yet lack any apparent organ-
elles for motility, even periplasmic flagella. The mechanism for theirmotility is
completely unknown.

Gliding Matility Some bacleria, e.3., Cytophaga species, are motile only when they are in contact
with a solld surface. As they glide they exhibit a sinuous, flexing motion. This
kind of movement is comparatively slow, only a few wm per second. The
mechanism of gliding motility is unknown; no organelles responsible for mo-
tility have been observed.

Bacterial Chemotaxis Many, perhaps most, motile bacteria are capable of directed swimming toward
or away from various chemical compounds—a phenomenon called bacterial
chemotaxis. Swimming toward a chemical is termed positive chemotaxis; swim-
ming away is negative chemotaxis. Although chemicals may act as attractants
or repellents, the stimulus is in fact not the chemical itself but rather a change
in the concentration of the chemical with time, i.e., a temporal gradient. Such
gradients are sensed by means of protein chemoreceptors which are located on
the cytoplasmic membrane and are specific for various attractants and repellents.

By means of its chemoreceptors, a bacterium continually compares its im-
mediate environment with the environment it had experienced a few moments
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Figure 5-14. Negatively

ed cell of Aquaspiril-
magnetotacticum show-
particle chain (PC) of
electron-dense mag-
e inclusions (magneto-
} within the cell. The
presents 1 pm. (Cour-
of D. L. Balkwili, D.

ea and R. P. Blake-

|. Bacteriol 141:1399,
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garlier. To illustrate this, suppose we are observing the behavior of a bacterium
that has peritrichous flagella and for which glucose is an attractant. If the cell
is placed in a homogeneous glucose broth, the glucose concentration remains
constant regardless of the direction of the bacterium's swimming, and the glu-
cnse-specific chemoreceptors can sense 1o change in glucose concentration.
Consequently, the cell exhibits a normal swimming pattern—periods of swim-
ming with intermittent periods of tumbling. Suppose that the cell is now placed
in a long capillary tube with a higher concentration of glucose at one end than
at the other, If the cell happens to swim toward the higher concentration of
glucose (i.e., in the “right” direction), the chemoreceptors sense that the glucose
concentration is increasing with time. This rosults in suppression of normal
tumbling, causing the cell to swim smoothly ahead for a long period before it
tumbles. On the other hand, if the cell happens to swim toward the end of the
tubs where there is less glucose (ie., in the “wrong” direction], the chemere-
ceptors sense that the glucose concentration is decreasing with time, and no
suppression of tumbling occurs. Therefore, the cell soon tumbles, changes di-
rection, and tries again until finally the “right” direction is achieved, (In a
gradient of a repellent compound, the right direction would be down the gra-
dient, i.2., toward a decreasing concentration, and the wrong direction would
be up the gradient.]

Tactic rosponses are not lmited to chemical gradients. For instance, photo-
trophic bacteria exhibit positive photolaxis toward increasing light intensities
and are repelled by decreasing light intensities. Still another type of taxis is
exhibited by Aguaspirillum magnetatacticum; this organism exhibits directed
swimming in response to the earth's magnetic field or to lonal magnetic flelds
(magnets placed near the culture). This is attributed to a chain of magnetite
inclusions (magnetosomes) within the cell, which allows the cell to become
ariented as a magnetic dipole (Fig. 5-14). Because of the downward inclination
of the Earth’s magnetic field in the regions where these bacteria have been
found, magnetotaxis may serve to direct the cells downward in aquatic envi-
ronments toward oxygen-deficient areas more favorable for growth,




Pili (Fimbriae)

Capsules

Figure 5-15, Fimbriated bac-
teria. (A) Shigella flexneri:
dividing bacilli with numer-
ous fimbriae surrounding
the cells (X20,000). (B) Sal-
monella typhi: dividing ba-
cilli with numerous fimbriae
and a few flagella (the very
long appendages) [X12,500).
(Courtesy of [. P, Duguid
and J. F. Wilkinson and The
Sociely of General Microbi-
ology: Symposium XI.
1961.)

WICRUDRGANISMS—BACTERIA

pilj (singular, o) are hollow, nonhelical, filamentous appendages that are
thinner, shor[e&’. and more numerous than flagella (Fig. 5-15). They do not
function in motility, since they are found on nonmotile as well as motile species,
There are, however, several functions associated with different tvpes of pili.
One type, known as the F pilus (or sex pilus), serves as the port of entry of
genetic material during bacterial mating (see Chap. 12). Some pili play a major
role in human infection by allowing pathogenic bacteria to attach to epithelial
cells lining the respiratory, intestinal, or genitourinary tracts. This attachment
prevents the bacteria from being washed away by the flow of mucous or body
fluids and permits the infection to be established.

Some bacterial cells are surrounded by a viscous substance forming a covering
layer ar envelope around the cell wall. If this layer can be visualized by light
microscopy using special staining methods, it is termed a capsule, If the layer
i5 too thin to be seen by light microscopy it is termed a ;'\ psule: if it is
so abundant that many cells are embedded in a common matrix, the material is
called ime,

By ugin microscopy, capsules appear to be amorphous gelatinous areas sur-
rounding a cell (Fig. 5-16A); however, special techniques designed to preserve
delicate structures for observation by electron microscopy have revealed that
capsules consist of a mesh or network of fine strands (Fig. 5-16B),

[n many instances capsular material is not highly water-soluble and therefore
does not readily diffuse away from the cells that produce it. In other instances
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Figure 5-16, Bacterial cap-
e 25 seen by light mi-
croscopy [A] and electron
roscapy (B). (A) India-
ink preparation of a capsu-
lzted bacterium isolated-
from a paper-mill operation,
The particles of carbon in
the ink cannol penetrate the
capsules (white areas
around the cells). Courtesy
=f P. M. Borick, Wallace
and Tiernan, Inc.) (B)
Freeza-etch preparation of
Gram-positive rod-shaped
bacteria isolated from acid
mine water, showing a fi-
&rillar polymer natwork sur-
sounding the cells. The
fresze-fracture process has
also revealed various inter-
nzl and surface structures of
the cells. [Courtesy of P. .
Dugan, C. B. MacMillon,
and B. M. Pfister, ]. Bocte-
riol 101:982, 1970.)

Sheaths

The Morpholagy and Fine Stracture of Racleria

the material is highly water-soluble and dissolves in the medium, sometimes
dramatically increasing the viscosity of the broth in which the organisms are
cultured.

Capsules can serve a number of functions, depending on the bacterial species.
(1) They may provide protection against lemporary dryving by binding water
molecules. (2) They may block attachment of bacteriophages. (3) They may be
antiphagocytic; L.e., they inhibit the engulfment of pathogenic bacteria by white
blood cells and thus contribute to invasive or infective ability (virulence). (4)
They may promote attachment of bacteria to surfaces; for example, Streptoeos-
cus mutans, a bacterium associated with producing dental caries, firmly adhares
to the smooth surfaces of teeth because of itz secretion of a water-Insoluble
capsular glucan. (5) If capsules are composed of compounds having an electri-
cal charge, such as sugar—uronic acids, they may promote the stability of bac-
terial suspension by preventing the cells from aggregating and settling out,
because cells bearing similarly charged surfaces tend to repel one another.

Most bacterial capsules are composed of polvsaccharides. Capsules composed
of a single kind of sugar are termed homopolysaccharides; are usually
synthesized outside the cell from disaccharides by exocellular enzymes. The
synthesis of glucan (& polymer of glucese] from sucrose by 5. mutans is an
example. Other capsules are composed of several kinds of sugars and are termed
heteropolysaccharides: these are usually synthesized from sugar precursors that
are activated {energized) within the cell, atlached to a lipid carrier molecule,
transported across the cytoplasmic membrane, and polymerized outside the cell,
The capsule of Klebsiellno preumoniae is an example.

A few capsules are polypeptides. For example, the capsule of the anthrax
organism, B. anthracis, is composed entirely of a polymer of glutamic acid.
Moreover, this peptide is an unusual one because the glutamic acid is the rare
D optical isomer rather than the usual . isomer commonly found in nature.

Some species of bacteria, particularly those from freshwater and marine envi-
ranments, form chains or trichames that are enclosed by a hollow tube called a
This structure is mast readily visualized when some of the cells have
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Figure 5-17. Sheathed bacte-
ria. Sheath and cells of
Sphaeratilus natans stained
with nigrosin. Dimensions
of individual cells are 1 pm
by 2 lo 8 wm, and the
sheaths may reach 4 length
of several millimeters.
(Courtesy of |. L. Stokes, |
Bacteriol 67:279, 1954.)

Prosthecae and
Stalks

THE CELL WALL

MICROORGANISMS—BACTERIA

migrated from it (Fig. 5-17). Sheaths may sometimes become impregnated with
ferric or manganese hydroxides, which strengthen them,

Prosthecae (Singulan, prostheca) are semirigid extensions of the cell wall and
cytoplasmic membrane and have & diameter that is always less than that of the
cell. They are charactaristic of a number of aerobic bacteria from freshwater and
marine environments. Some bacterial genera such as Caulobacter have a single
prostheca; others such as Stella and Ancalomicrobium have several (Fig. 5-18).
Prosthecae increase the surface area of the cells for nutrient absorption, which
is advantageous in dilute environments. Some prosthecate bacteria may form a
new cell (bud) at the end of a prostheca; others have an adhesive substance at
the end of a prostheca that aids in attachment to surfaces.

Although the term )% is sometimes used interchangeably with the terms
prostheca or hypha, it is perhaps better fo restrict its use to certain nonliving
ribbonlike or tubular appendages that are excreted by the cell, such as those
found in the genera Gallionella or Planctomyces [see Chap, 15). These stalks
aid in attachment of the cells to surfaces.

Beneath such external structures as capsules, sheaths, and flagella and external
to the cytoplasmic membrane is'the o[ wall, & very rigid structure that gives
shape to the cell. lls main function is to prevent the cell from expanding and
eventually bursting because of uptake of water, since most bacteria live in
hypotonic environments (i.e,, environments having a lower osmotic pressure
than exists within the bacterial cells). The rigidity of the wall can be readily
demonstrated by subjecting hacteria to very high pressures or other severe
physical conditions: most bacterial cells retain their original shapes during and
after such treatments. To obtain isolated cell walls for analysis, bacteria usually
must be mechanically disintegrated by drastic means, as by sonic or ultrasonic
treatment or by exposure lo extremely high pressures with subsequent sudden
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Structure and Chemical
Composition

Peptidnglvean

Walls of Archacobacteria

Walls of Gram-Posidive
Fubacteria
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Figure 5-18. Ancalomicrobium adetum, a budding bacterium with several prosthe-
caa per cell, Electron micrograph of whole cell, negatively stained. The bar repre-
sents 1.0 pm, (Courtesy of J. T. Staley, | Bacteriol 95:1921, 1968.]

release of pressure. The broken cell walls are then separated from the rest of
the components of the disintegrated cells by differential centrifugation. Isolated
cell walls, devoid of other cellular constituents, retain the original contour of
the cells from which they were derived,

Among the ordinary or typical bacteria (which are sometimes called eubacteria
to distinguish them from the phylogenetically distinct group known as the
archaeobacteria, discussed in Chap. 3), the walls of Gram-negative species are
generally thinner (10 to 15 nm) than those of Gram-positive species (20 to 23
nm). The walls of Gram-negative archaecbacteria are also thinner than those of
Gram-positive archasobacteria. Since the chemical composition of the walls of
aichaeobacteria is quite different from that of eubacteria, wall thickness rather
than chemical composition may be the major factor in the Gram reaction.

The cell wall constitutes a significant portion of the dry weight of the cell;
depending on the species and culture conditions, it may account for as much
as 10 to 40 percent. Bacterial cell walls are usually essential for bacterial growth
and division. Cells whose walls have been completely removed (i.e., protoplasts)
are incapable of normal growth and division.

For eubacteria, the shape-determining part of the cell wall is largely peptido-
alyean (sometimes called yurein). an insoluble, porous, cross-linked polymer
of enormous strength and rigidity. Peptidoglycan is found only in procaryotes;
it occurs in the form of a “bag-shaped macromolecule” surrounding the cyto-
plasmic membrane. Peptidoglycan differs somewhat in composition and struc-
ture from one species to another, but it is basically a polymer of N-acetylglu-
cosamine, N-acetylmuramic acid, L-alanine, D-alanine, D-glutamate, and a
diamino acid (L1- or meso-diaminapimelic acid, L-lysine, L-ornithine, or L-dia-
minobutyric acid). The structure of this polymer is depicted in Figs. 11-6 and
11-7. It is important to realize that as tough as peptidoglycan is, it is also in a
dynamic state. That is, in order for the cell to grow and divide, portions of the
peptidoglycan must continually be degraded by wall-associated hydrolytic en-
zymes so that new polymer can be added.

Although mast archaeobacteria possess cell walls, these do not contain peptido-
glycan, and their cell-wall fine structure and chemical composition is very
different from that of eubacteria. Their walls are usually composed of proteins,
slvcoproteins, OF polysaccharides. A few genera, such as Methanobacterium,

ave walls composed of psendomurein, 8 polymer whose structure superficially
resembles eubacterial peptidoglycan but which differs markedly in chemical
composition (see Chap. 15).

Gram-positive bacteria usually have a much greater amount of peptidoglycan in
their cell walls than do Gram-negative bacteria; it may account for 50 percent
or more of the dry weight of the wall of some Gram-positive species, but enly
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Figure 5-19, Schematic interpretation of cell walls of Figure 5-20. (A} Thin section of Aquaspirillum ser-
eubacleria from electron-microscope observations. (A)  pens showing the wavy outer membrane (OM]. the
Gram-positive bacteria, shawing thick wall consisting  peptidoglycan layer (PG), and the ytoplasmic mem-

mainly of peptidoglvcan. Although the wall is often brane (CM). (B} Companion preparation of a sphero-
homogeneous in appearance, in some pacteria it may plast formed by treatment of the cells with a chelating
consist of several layers. (B) Gram-negative hacteria, agent and lysozyme. The peptidoglycan layer is miss-
showing outer membrane and thin peptidoglycan ing. (From R. G. E. Murray, P. Steed and H. E. Elson,

layer. (Courtesy of A. I. Laskin and H. A. Lechevalier Can | Microbiol 11:547, 19635.)
(eds.), Handbook of Microbiology, CRC Press, Inc;,

Cleveland, 1974.)

about 10 percent of the wall of Gram-negative bacteria. Other substances may
oceur in addition to peptidoglycan, For instance, the walls of Streptoco
pyogenes contain polysaccharides that are covalently linked to the peptidogly-
can and which can be extracted with hot dilute hydrochloric acid. The walls of
Staphylococcus aureus and Streptococcus faecalis contain teichoic acids—
acidic polymers of ribital phosphate or glycerol phosphate—which are cova-
lently linked to peptidoglycan and which can be extracted with caold dilute
acid. Teichoic acids bind magnesium ions, and there is some evidence that th
help to protect bacteria from thermal injury by providing an accessible pool
these cations for stabilization of the cytoplasmic membrane. The walls of mos:
Gram-positive bacteria contain very little lipid, but those of Mycobacterium
Corynebacterium, and certain other genere are exceptions, being rich in lipids
called These compounds have the following general structure

R,—CH—CH—COOH

|
H R

where R; and R are long hydrocarbon chains. The ability of mycobacteria to
pxhibit acid-fast staining (i.e., when stained, the cells cannot be decolorized
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Walls of Gram-Negative
Eubacteria

Figure 5-21. Tentative
model of the cell wall of a
Gram-negative bacterium
like Escherichia coli or Sal-
monella typhimurium. Not
shown is the cyvtoplasmic
membrane, which is located
below the peptidoglycan
layer. The 8-nm-thick outer
membrane of the cell wall is
separated from the peptido-
glycan layer by a 5 to 7 nm
space. Molecules of Braun's
lipoprotein extend across
thig space and anchor the
outer membrane to the pep-
tidoglycan. Porins extend
from the external surface of
the outer membrane down
to the peptidoglycan layer.
(Courtesy of H. Nikaido and
T, Nakae, Adv Microbial
Physiol 20:163, 1979.)
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easily despite treatment with dilute acids) is correlated with the presence of
cell wall mycolic acids. A mycalic acid derivative called cord factor (trehalose
dimycolate) is toxic and plays an important role in the diseases caused by C.
diphtheriae and M. tuberculosis, described in Chap. 36.

The walls of Gram-negative bacteria are more complex than those of Gram-
positive bacteria. The most interesting difference is the presence of an vuler
membrane that surrounds a thin underlying layer of peptidoglycan (Figs. 5-19
and 5-20). Because of this memhrane, the walls of Gram-negative bacteria are
rich in lipids (11 to 22 percent of the dry weight of the wall), in contrast to
those of Gram-positive bacteria, This outer membrane serves as an impermeable
barrier to prevent the escape of important enzymes, such as those involved in
cell wall growth, from the space between the cvtoplasmic membrane and the
outer membrane (periplasmic space). The outer membrane also serves as a
barrier to various external chemicals and enzymes that could damage the cell.
For example, the walls of many Gram-positive bacteria can be easily destroyed
by treatment with an enzyme called lvsozyme, which selectively dissolves
peptidoglycan; however, Gram-negative bacteria are refractory to this enzyme
because large protein molecules cannot penetrate the outer membrane. Only if
the outer membrane is first damaged, as by removal of stabilizing magnesium
ions by a chelating agent, can the enzyme penetrate and attack the underlying
peptidoglycan layer (see Fig. 5-20B).

The outer membrane of the Gram-negative cell wall is anchored to the un-
derlying peptidoglycan by means of Braun's lipoprotein (Fig, 5-21). The mem-
brane is a bilayered structure consisting mainly of phospholipids, proteins, and
lipopolysaccharide (LPS). The LPS has toxic properties and is also known as
endotoxin. It occurs only in the outer layer of the membrane (Fig. 5-21) and is
composed of three covalently linked parts: (1) Lipid A, firmly embedded in the
membrane; (2) «#% polysaccharide, located at the membrane surface; and (3)
polysaccharide O antigens, which extend like whiskers from the membrane
surface into the surrounding medium (Fig. 5-21). Many of the serological prop-

© avtigans

{murein}
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Figure 5-22. Thin section of
an Escherichio coli cell that
was plasmolyzed in a 209,
sucrose solution, causing
the protoplast to contract,
Numerous adhesions are ev-
ident between the cyto-
plasmic membrane and the
outer membrane of the cell
wall. The light, fibrillar area
in the center of the cell is
the nuclear material. The
bar represents 0.1 pm.
[Courtesy of M. E. Bayer, |
Gen Micrabiol 53:395,
1968.)

Macromolecular Surface
Arrays
STRUCTURES INTERNAL

T0 THE CELL WALIL
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erties of Gram-negative basteria are attributable to O antigens; they can alse
serve as receplors for bacteriophage attachment.

Although impermeable to large molecules such as proteins, the outer mem
brane can allow smaller molecules, such as nucleosides, oligosaccharides, mon
osaccharides, peptides; and amino acids, to pass across. This is acoomplishec
by means of channels in special proteins called porins, which span the mem
brane (Fig. 5-21). The various porins are specific for different kinds or classes
of small molecules, and some can even allow certain essential large molecules
lo penetrate, such as vilamin B;;. Many porins also serve as receptors for
attachment of bacteriophages and bacteriocins,

One of the questions posed by the structure of Gram-negative cell walls is
How can water-insoluble, lipophilic substances such as LPS pass from their
place of synthesis within the cytoplasm and cytoplasmic membrane across -
watery periplasmic space to be inserted into the outer membrane? A likely
explanation has been provided by the discovery of numerous adhesions, o
points of direct contact between the two membranes {Fig. 5-22). These adhesions
seem to be the export sites for newly synthesized LPS and porins, and they are
also the sites at which pili and flagella are made.

The cell walls of some bacteria, both Gram-negative and Gram-positive, are
covered by a mosaic layer of protein subunits (Fig. 5-23). The functons of these
mosaic layers are not well understood, but at least one function is to protect
Gram-negalive bacteria against attack and penetration by other small, predatary
bacteria known as bdellovibrios.

Immediately beneath the cell wall is the cytoplasmic membrane. This structure
is approximately 7.5 nm (0.0075 wum) thick and is composed primarily of phos-
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Figure 5-24. Schematic interpretation of the struc-
ture of the cytoplasmic membrane. Phospholipids
(PL) are arranged in a bilayer such that the polar

Figure 5-23. Electron micrograph showing a macromo- portians (circles) face qutward and the nonpolar
lecular surface array of protein subunits of the outer portions (filaments) face inward. [P = integral pro-
surface of a cell-wall fragment from Aquaspirillum ser- tein; PP = peripheral protein. Note that some inte-
pens, {Courtesy of R. G. E. Murray. From N. R. Krieg, gral proteins, such as transport proteins, are be-

Bacteriol Rev 40:55, 1976.]

The Cytoplasmic
Membrane

ligved to span the membrane.

pholipids (about 20 to 30 percent) and proteins (about &0 to 70 percent). The
phospholipids form a bilayer in which most of the proteins are tenaciously held
(integral proteins} (Fig. 5-24); these proteins can be removed only by destruction
of the membrane, as with treatment by detergents. Other proteins are only
loosely attached (peripheral proteins) and can be removed by mild treatments
such as osmotic shock. The lipid matrix of the membrane has fuidity, allowing
the components to move around laterally. This fluidity appears to be essential
for various membrane functions and is dependent on factors such as temperature
and on the proportion of unsaturated fatty acids to saturated fatty acids present
in the phospholipids.

A significant difference exists between the phospholipids of eubacteria and
those of archaechacteria. In subacteria the phospholipids are phosphoglycer-
ides, in which straight-chain fatty acids are ester-linked to glyceral (Fig. 5-25).
In archaecbacteria, the lipids are polyisoprenoid branched-chain lipids, in
which long-chain branched alcohols (phytanols) are ether-linked to glycerol
(Fig. 5-25).

The cytoplasmic membrane is a hydrophobic barrier to penetration by most
water-soluble molecules. Howaver, specific proteins in the membrane allow,
indeed facilitate, the passage of small molecules (i.e., nutrients and waste prod-
ucts) across the membrang; these transport systems are discussed in Chap. 11.
The cytoplasmic membrane also contains various enzymes involved in respi-
ratory metabolism and in synthesis of capsular and cell-wall components; more-
over, because of its impermeability to protons (hydrogen ions), the cytoplasmic
membrane is the site of generation of the protonmotive force—the force that
drives ATP synthesis in many organisms, certain nutrient transport systems,
and flagellar motility [see Chaps. 10 and 11). Consequently the cytoplasmic



Figure 5-25. (A) Example of
a eubacterial phospholipid,
showing two unbranched,
long-chain fatty acids ester-
linksd to glycerol. (B) Ex-
ample of an archaeobacterial
phospholipid, shewing twe
branched phytanol chains
that are ether-linked to glyc-
erol. (R is any of several
compounds such as ethanol-
amine, choline, serine, ino-
sitol, or glycerol.)
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membrane is an extremely important functional structure, and damage to it by
physical or chemical agents can result in the death of the cell.

Proteins are synthesized within the cell, but some can pass across the cyto-
plasmic membrane barrier to the outside; examples of such exported molecules
are the protein components of cell walls (e.g., porins or lipoproteins) or the
exocellular enzymes that are secreted by many bacteria into their culture me-
dium, such as penicillinases, proteinases and amylases. Other proteins made
within the cell may pass into the cytoplasmic membrane and remain there (e.g.,
enzymes such as cytochromes and membrane-bound dehydrogenases). The
mechanism by which transport of these proteins occurs into or across the
eytoplasmic membrane is unknown. A related question is: How does a cell
“know"' which of the many kinds of proteins within the cell to transport out of
the cell? This question has been partially answered: The genes that code for
these proteins carry a message that results in the addition of a sequence of about
20 extra amino acids (the signal peptidd to the proteins during their synthesis

a0
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within the coll. Unlike ordinary proteins, proteins carrying a signal peptide are
destined to be transported into or across the cytoplasmic membrane. According
to one hypothesis, special brane proteins might bind the signal peptide at
the inner surface of the cytoplasmic membrane and form a channel by which
the protein can traverse the membrane. Whatever its function, the signal peptide
is subsequently removed by a proteolytic enzyme and does not appear in the
final, transported protein.

A protaplast is that portion of & bacterial cell consisting of the cytoplasmic
membrane and the cell material bounded by it. Profoplasts can be prepared
from Gram-positive bacteria by treating the cells with an enzyme such as lyso-
zyme, which selectively dissolves the cell wall, or by culturing the bacteria in
the presence of an antibiotic such as penicillin, which prevents the formation
of the cell wall. In either case, the osmotic pressure of the mediuvm must be
sufficiently high to protect the organisms from bursting. Bacteria normally occur
in hypotonic environments (i.e., environments having a lower osmotic pressure
than that within the bacterial cells) and they continually take up water by
osmosis; thus, they tend to expand, pressing the cytoplasmic membrane tightly
against the rigid cell wall. In the absence of a rigid cell wall, there is nothing
to prevent the continued expansion and eventual bursting of a protoplast. This
bursting can be prevented by preparing protoplasts in an isofonic medium, i.e.
in a medium that has an osmotic pressure similar to that of the protoplast. Such
osmotically protected protoplasts are soft and fragile and are spherical, regard-
less of the original shape of the cell.

Round, osmotically fragile forms of Gram-negative bacteria can be prepared by
procedures similar to those used for the protoplasts of Gram-positive bacteria.
However, the cell walls of Gram-negative bacteria differ from those of Gram-
positive bacteria by po ing an outer brane. Although the peptidoglycan
of the cell wall may be destroyed by lysozyme or its synthesis inhibited by
antibiotics, the flexible outer membrane of the cell wall remains (Fig. 5-20B).
Because the treated cell has two membranes, the cytoplasmic membrane of the
protoplast plus the outer membrane of the cell wall, the cell is called a spher-
oplast rather than a protoplast.

Some bacteria, the mycoplasmas, never have cell walls and are bounded by
only a cytoplasmic membrane; therefore, they have many of the properties of
protoplasts, yet they manage to thrive nonetheless. Most mycoplasmas are par-
asites of animals, plants, or arthropods, and therefore live in osmotically favor-
able or isotonic environments. Some are able to attain a degree of rigidity by
incorporating cholesterol into their cytoplasmic membranes. Most mycoplasmas
have a more or less spherical shape, but one genus, Spiroplasma, consists of
helical cells. How such cells are able to maintain this shape in the absence of
a cell wall is unknown.

Bacterial cells do not contain membrane-enclosed organelles corresponding to
the mitochondria and chloroplasts of eucaryotic cells. However, bacteria may
have specialized invaginations of the cytoplasmic membrane that can increase
{heir surface area for certain functions.
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Figure 5-26. Thin section of
the Gram-positive bacterium
Streplococous foecalis,
shawing the baginning
stages of cell division occur-
ring beneath a thickened
equatorial ridge of the cell
wall [arrows). A central mes-
0some (m}) is present in
each cell and is seen to be a
complex invagination of the
cytoplasmic membrang, Nu-
clear material (n) appears as
a light, fibrillar area. (Cour-
tesy of J. M. Garland, A, R.
Archibald and [. M. Baddi-
ley, | Gen Microbiol 89:73,
1975.)

The Cytoplasm
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Many bacteria, espacially Gram-positive bacteria, possess membrane invagin-
ations in the form of systems of convoluted tubules and vesicles termed 0
somes, Those known as gentral mesosomes penetrate deeply into the cytoplasm
are located near the middle of the cell, and seem to be attached to the cell's
nuclear material; they are thought to be inyvolved in DMA replication and cel
division (Fig. 5-26). In contrast, peripheral mesosomes show only a shallow
penetration into the cytoplasm, are not restricied to a central location, and are
nol associated with nuclear material: they seem to be involved in export of
exocellular enzymes such as penicillinase.

Extensive intracellular membrane systems occur in' methane-oxidizing bac-
teria, in certain chemoautotrophic bacteria {Fig. 5-27), and in nearly all phato-
trophic bacteria. They serve to increase surface area for various metabolic activ-
ities. For example, in phototrophic bacteria they are the site of the
photosynthetic apparatus of the cell: the infoldings provide a large surface arez
to accommodate a high content of light-absorbing pigments. In the phototrophs
known as cyanobacteria, special intracellular membranes [thylakaids) occur that
seem to be separate from the cytoplasmic membrane.

The cell material bounded by the cytoplasmic membrane may be divided inic
(1) the cytoplasmic area. granular in appearance and rich in the macromoleculs:
RNA-protein bodies known as ribosomies, on which proteins are synthesize
(2) the chromatinic area, rich in DNA: and [3) the fluid portion with dissolves
substances. Unlike animal or plant cells, there is no endoplasmic reticulum 1
which ribosomes are bound; some ribosomes are free in the eytoplasm, anc
others, especially those involved in the synthesis of proteins to be transportec
out of the cell, are associated with the inner surface of the cytoplasmic mem-
brane. When the ribosomes of procaryotes undergo sedimentation in a centri-
fuge, they have a sedimentation coefficient of 70 Svedberg units (708) and are
camposed of two subunits, a 508 and a 308 subunit. This is in contrast to the




as

Cyloplasmie
inclusions and
Vacuoles

Nuclear Material

Figure 5-27. Electron micro-
gzraph of a thin section of a
chemoautotrophic bacte-
rinm, Nitrosococcus
sceanus, showing an exten-
sive intracellular membrane
svstem. [Courtesy of 5. W.
Vatson.)
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ribasomes of eucaryotic organisms, which have a sedimentation coefficient of
805 and are composed of a 605 and a 408 subunit,

Concentrated deposits of certain substances are detectable in the cytoplasm of
some bacteria. Volutin granules, alsp known &8 metachromatic granules, 8ré
composed of polyphosphate. They stain an infense reddish-purple color with
dilute methylene blue and can be cbserved by light microscopy. By electron
microscapy they appear as round, dark areas (Fig. 5-28). Volutin serves as a
reserve source of phosphate. Another polvmer often found in aercbic bacteria,
especially under high-carbon, low-nitrogen culture conditions, is a chloroform-
soluble, lipidlike material, poly-f-hydroxybutyrate, (PHB), which can serve as
a reserve carbon and energy source. PHB granules can be stained with lipid-
soluble dyes such as Nile blue. By election microscopy they appear as clear
round areas (Fig. 5-28). Polysaccharide granules, i.e., glycogen, €an be stained
brown with iodine. By electron microscopy they appear as dark granules (Fig.
5-28). Another type of inclusion is represented by the intracellular globules of
slemeantal sulfur thal may accumulate in certain bacteria growing in environ-
ments rich in hydrogen sulfide,

Some bacteria that live in aguatic habitats form gas vacuoles that provide
buoyancy. By light microscopy these are bright, refractile bodies; by electron
microscopy they are seen to have a regular shape: hollow, rigid cylinders with
more ar less conical ends and having a striated protein boundary. This boundary
is impermeable to water, but the various dissolved gases in the culture medium
can penetrate it to fill the cavity. The identifying feature of gas vacuoles is that
they can be made to collapse under pressure and thereby lose their refractility.

In contrast to eucaryotic cells, bacterial cells contain neither a distinct mem-
brane-enclosed nucleus nor a mitotic apparatus. However, they do contain an

Figure 5-28. Thin section of Pseudomonas pseudoflava
showing polyphosphate {volutin) granules (PP), poly-p-
hydroxybutyrate granules (PHE), and glycogenlike gran-
ules (G). (Courtesy of G. Auling, M. Reh and H. G. Schle-
gel, Int | Syst bacteriol 28:82, 1974.)



Figure 5-29. Drawings
showing the location, size,
and shape of endospores in
cells of various species of
Buacillus and Clostridium
[{Erwin F. Lessel, illustrator.]

SPORES AND CYSTS

Endospores
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Spores elliptical; Spores spherical; Spores ovoid;
centrally located terminally locoted subterminally localed
(Bocillus cereus) (Closiridivm tetani) (Clastridium sublermingle)

area near the center of the cell that is regarded as a nuclear structure, and the
DNA of the cell is confined to this area. Because it is not a discrete nucleus,
this nebulous structure has been designated by such terms as the nucleoid; the
chromatin body: the nuclear equivalent; and even the bacterial chromosome,
since it consists of a single, circular DNA molecule in which all the genes are
linked. The nucleoid can be made visible under the light microscope by Feulgen
staining, which is specific for DNA. By electron microscopy it appears as a light
area with a delicate fibrillar structure (for example, see Figs. 5-22 and 5-26).
The behavior of the nuclecid in growing, dividing bacteria has been observed
by use of phase-contrast microscopy with a medium having a high refractive
index.

Certain species of bacteria produce spores, either within the cell (endospores]
or external to the cell (exospores). The spore is a metabolically dormant form
which, under appropriate conditions, can undergo germination and oulgrowth
to form a vegetative cell.

These structures are unique to bacteria. They are thick-walled, highly refractile
badies that are produced (one per cell) by Bacillus, Clostridium, Sperosarcing,
Thermonctinamyces, and a fow other genera. The shapes of endospores and also
their location within the vegetative cell vary depending on the species (Fig. 5-
29). The structural changes that occur during the development of endospores
have been extensively studied in Bacillus and Clostridium species (Fig. 5-30).
Endospores are usually produced by cells growing in rich media but which are
approaching the end of active growth. Various factors such as aging or heat
treatment are needed to activate the dormant spores (i.e., permit them to be able
to undergo germination and outgrowth when they are placed in a suitable
medium).

Endospores are extremely resistant to desiccation, staining, disinfecting chem-
icals, radiation, and heat. For example, the endospores of Clostridium botulinum
type A have been reported to resist boiling for several hours. The degree of heat
resistance of endospores varies with the bacterial species, but most can resist
treatment at 80°C for at least 10 minutes. What causes this heat resistance has



Figure 5-30. Structural
changes in the bacterial cell
during sporulation. (Erwin
F. Lessel, illustrator; re-
drawn, with modifications
from L. E. Hawker and A.'H.
Linton, Microorganisms—
Function, Form and Envi-
ronment, 2d ed., Univer-
sity Park Press, Baltimore,
1879}

The Morphology and Fine Structure of Bacteria

been a subject of intense study, but the explanation is still not clear. During
sporulation, a dehydration process occurs in which most of the water in the
developing spore is expelled; the resulting dehydrated state may be an important
factor for heat resistance.

All endospores contain large amounts of dipicolinic acid (DPA), a unique
compound that is undetectable in the vegetative cells yet can account for 10 to
15 percent of the spore’s dry weight. It occurs in combination with large i
of calalum and is probably located in the core, i.e., in the central part of the
spore. The calcium-DPA complex may possibly play a role in the heat resistance
of endospores. Synthesis of DPA and the uptake of calcium occur during ad-
vanced stages of sporulation.
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Figure 5-31. Qutgrowth of
spores from cultures of Ba-
cillus mycoides: (A) grown
2 h at 35°C (X44,000], (B]
grown 1% h at 35°C
[X486,000). The two halves
of the severed spore coat
appear at the ends of the
vegetative cell. [SAB photos
LS 203 and 204 courtesy of
G. Knaysi, R. F. Baker, and
J. Hillier, | Bacteriol, 53:525,
1947.)

Exospores

Conidiospores and
Sporangiospores

Cysts
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Figure 5-32, Outgrowth of
cysts from cultures of an
Azotohacter strain. Vegeta-
tve cells are also evident.
' [Courtesy of Y.-T. Tchan
and P, B. New, from N. R.
Krieg fed.), Bergey's Manual
of Systematic Bacterinlogy,
vol. 1, Williams & Wilkins,

— Baltimore, 1984.]

During germination, endospores lose their resistance to heat and staining,
Subsequent gulerowth occurs, characterized by synthesis of new cell material
and development of the organism into a growing cell (Fig. 5-31).

Cells of the methane-oxidizing genus Methylosinus form exospores, i.e., spores
external to the vegetative cell, by budding at one end of the cell. These are
desiccation- and heat-resistant, but unlike endospores they do not contain DPA.

The large group of bacteria known as the actinomycetes form branching hyphae;
spores develop, singly or in chains, from the tips of these hyphae by crosswall
formation [septation). If the spores are contained in an enclosing sac (sporan-
gium), they are termed sporangiospores; if not, they are called gonidiospores
{or gomidia) (Fig. 5-6). The spores do not have the high heat resistance of
endospores, but they can survive long periods of drying.

Cysts are dormant, thick-walled, desiccation-resistant forms that develop by
differentiation of a vegetative cell and which can later germinate under suitable
conditions (Fig. 5-32). In some ways cysts resemble endospores; however, their
structure and chemical composition are different and thay do not have the high
heat resistance of endospares. The classic example of a cyst is the structurally
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Figure 5-33. Fine structure of an Azotebacter cyst.
The exosporium (Ex) and the two layers of exine
(CC, and CC,) are visible. A nuclear region (Nr)
and a cytoplasmic region containing ribosomes are
ohservahle within the ceniral body. [Courtesy of Y.-
T. Tchan and P. B. New, from N. R. Krieg (ed.],
Bergey's Manual of Systematic Bacteriology, vol. 1,
Williams & Wilkins, Baltimore, 1984.]

complex type produced by the genus Azotobacter (Fig. 5-33). Several other
bacteria can differentiate into cystlike forms, but these seem to lack the degree
of structural complexity characteristic of Azotebacter cysts.

(™

-

@ o

L=

10

i1

12

How does the cell’s surface arsa/volume ratio compare with that of larger

organisms? What advantages does a high surface area/volume ratio offer?

What constraints does it place on a cell?

What bacterial cell structures may help to increase the cell's surface area/

volume ratio? 2

If you performed a microscopic examination of.an appropriately stained

preparation of Staphylococcus aureus, would you expect all the cells to be

arranged in clusters? Explain, d

Explain why some species of cocci appear as chains but others appear in a

cuboidal arrangement.

Draw a typical bacterial cell and identify all parts. =

Contrast propulsion by a bacterial flagellum with that by a screw propeller

on a submarine.

What functions might chemataxis, phototaxis, and magnetotaxis have for

bacteria in their natural habitats?

What problems associated with the shape and motility of spiroplasmas still

remain to be solved?

What function might a capsule serve for the following bacteria?

{a) a pathogenic bacterium

{b) a soil bacterium where the soil is periodically subjected to drought
conditions

(¢) & bacterium living in a flowing stream

Why are Gram-negative eubacteria usually much easier to disrupt by sonic

pscillation than Gram-positive enbacteria?

Compare the structure and chemistry of the cell walls of Gram-positive

subacteria versus those of Gram-negative eubacteria. List some major differ-

ences between the cell walls of archasobacteria versus those of eubacteria.

Whal function do the porins of the outer membrane of a Gram-negative

pubacterial cell wall serve? What functions do cytoplasmic membrane/outer

membrane adhesions serva?
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13 In what kinds of bacteria and in what kinds of bacterial cell structures wou!-
we be most likely to find the following compounds: (a) peptidoglyean, (&
teichoic acids, (¢) calcium dipicolinate, (d) cholesterol, (e) lipopelysacche-
tide, (f) phytanals ether-linked to glycernl?

14 Is spore formation in bacteria a method of reproduction or a means -
multiplication? Explain.

15 What are the similarities and differences between protoplasts and sphero-
plasts?

16 Is it proper to refer to bacterial cells as containing a typical nucleus? Explain

17 Name several cytoplasmir: inclusions or substances. What function might be
associated with each of these?
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