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INTRODUCTION
One of the deeper insights into the organiza-

tion of living matter gained today is the recogni-
tion, almost down to the molecular level, of a
basic organizational pattern common to all cells.
Kluyver's theory of the "unity of biochemistry"
is becoming balanced by knowledge of a "unity
of organizational pattern on the ultra-structural
level." In the tissue cells of plants and animals,
this pattern may be complicated by morphologi-
cal specialization related with function; yet
comparable physiological functions are integrated
in similar morphological entities. Oxidative phos-
phorylation takes place in mitochondria, for
example, and protein synthesis on ribosomes.

Since, chronologically, most of the knowledge
of the ultrastructural pattern of the "higher"
cells was obtained before that of the microbial
cells, and because, in the former cells, this pat-
tern is more differentiated than in the latter, it
seems logical to summarize first the main features
of cytoplasmic fine structure of cells in general
before passing on to an interpretation of the
fine structure of the microbial cell.
The present treatment of the cytoplasmic

structure in the bacteria is not exhaustive, and
is based mainly on observations made in the
author's laboratory in Amsterdam.

OUTLINE OF THE CYTOPLASMIC STRUCTURE OF
THE "CELL IN GENERAL"

One of the main features of the cytoplasmic
area, situated between the outer cell integument

1 A contribution to the symposium "The Fine
Structure and Replication of Bacteria and Their
Parts," held at the Annual Meeting of the Ameri-
can Society for Microbiology, Washington, D.C.,
6 May 1964, with Roger M. Cole as convener and
Consultant Editor.

and the nucleus, is its intersection by numerous
membranous profiles (Diagram 1). These mem-
branes fall into various classes. There is, gener-
ally, an elaborate reticular system coinciding
with the chromidial, or basophilic, part of the
cell (ergastoplasm), which is referred to as "endo-
plasmic reticulum" (ER) by Porter (64) or "cyto-
membranes" by Sj6strand (80). The true exist-
ence of this system was confirmed by
observations in the living state (45); the electron
microscope reveals that it consists of clusters or
stacks of thin membrane-limited vesicles (cis-
ternae) with numerous small particles attached
to their surfaces (the rough form of the ER), and
also of an extensive network of tubules with
apparently no association of particles (the
smooth form of the ER). The particles are made
up of ribonucleic acid (RNA) and protein and
are the ribosomes responsible for the basophilia
of the cell. The configuration and extension of
the ER varies with the cell type in which it oc-
curs and with the latter's physiological condition.
For example, association of the ribosomes with
the ER membranes is very frequently encountered
in cells engaged in the synthesis of protein for
export, such as in secretory cells. The elements of
the smooth form of the ER are supposed to be
involved in the segregation of all products other
than protein. The ER is assumed to represent an
intracellular transport system, and to have a
role in (i) the amino acid incorporation by the
protein-synthesizing ribosomes on its surface
(see below), (ii) the carrying of enzymes and
metabolites and hormones important in physio-
logical events taking place in certain cytoplasmic
regions (62), (iii) intracellular pulse conduction,
and (iv) shifting between different substructural
states with different phases of function which
could be the basis for protoplasmic streaming
(46).
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DIAGRAM 1. Diagrams of the "cell in general" (A), a gram-negative bacterium (treated with tellurite;
see text; B), a gram-positive bacterium (C), and a photosynthetic bacterium (D). To facilitate comparison of
the fine structural detail in these different cell types, the drawings were made more or less to scale. Symbols:
(A) RER, rough form of ER; SER, smooth form of ER; R, ribosomes; G, Golgi complex; N, nucleus; NE,
nuclear envelope; Nu, nucleolus; M, mitochondrion; P, plastid (chloroplast); Gr, granum disc; StL, stroma
lamellae. (B, C, D) PM, plasma membrane; CW, cell wall; P, plastid (chromatophore); Ch, chondrioid;
PB, peripheral body; N, nucleoid; Te, reduced tellurite; R, ribosomes.
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BACTERIAL CYTOPLASM

Distinct from the ER, but intermittently
continuous with the rough-surfaced cisternae, is
a compact system of slender membranous sacs
and associated vesicles, the Golgi system, often
referred to as dictyosomes. It is regarded as a
"special system set aside for packaging materials
prior to their secretion" (64). Thus, enzymes
synthesized by the ribosomes are first segre-
gated in the cisternae of the ER and then enter
the vesicles of the Golgi complex. In the Golgi
system, these proteins are stored as droplets or
granules and, when increasing in volume, they
may become the bodies described to occur in
some secretory cells similar to the zymogen gran-
ules in the pancreas.

In many cells there are other membrane-
limited elements, such as the lysosomes (which
contain hydrolytic enzymes), the microbodies,
and related particles (61).
Even in the "higher" cells, the ER is not com-

pletely independent of other cell membranes.
Connections have been observed between mem-
branes limiting vesicular elements of the ER and
the outer one of the two membranes covering the
nucleus. For this reason, Porter regards the cyto-
plasmic reticulum as an extension of the nuclear
envelope. Robertson (67) suggested that the ER
represents an elaboration of the cell's surface
and included in his hypothesis even the mito-
chondria, which he considers to have originated
from infoldings of that membrane. This latter
idea is not founded upon observation; however,
in more primitive organisms such as some fungi,
McAlear and Edwards (53) observed continuity
of the plasma membrane with the endomem-
brane system and the outer nuclear membrane.
In this connection it may be recalled that, in the
yeast Pichia membranaefaciens, I observed that
the mitochondrial boundary forms a continuum
with the nuclear envelope (42). This fact would
make it possible to define such a mitochondrial
boundary as belonging to the ER. Recently, how-
ever, considerable doubt has been cast on the
unitary concept of membrane structure, in which
all intracellular membranes are regarded as es-
sentially one system in which some interconnec-
tions are lost in the course of evolution. Robert-
son's hypothesis was based on the argument
that all membranes would essentially be of simi-
lar structure, i.e., a bimolecular leaflet of lipid
molecules sandwiched between two protein lay-
ers. Data are now rapidly accumulating which
show that, even in the same cell type, the chemi-
cal composition and the ultrastructure of mem-
branes of the various cell constituents vary
significantly (7, 80).

All the membrane systems mentioned above
have in common that a single membrane en-

velops their elements. It is of significance that
the organelles bearing the enzymatic system for
respiratory electron transport, i.e., the mito-
chondria, and those bearing the enzymatic sys-
tem and pigments for the photosynthetic electron
transport, i.e., the plastids, are typically built
with two parallel membranes. As is widely known,
the mitochondrium is bounded by a wall com-
posed of two membranes, the innermost of which
is folded as the parallel cristae mitochondriales
into a homogeneous matrix in the mitochondrial
cavity. [At present a great deal of activity is
centered around ultrastructural investigation of
the mitochondrial membranes carrying electron-
transport particles; provocative observations
have been made on negatively and positively
stained material by Fernandez-Morin (15), Pars-
sons (63), Stoeckenius (83), and Sjbstrand (79).]
There are cases, however, in which the arrange-
ment of the cristae may be different, e.g., as con-
centric membranes in spermatides (2), or as
tubules in some protozoa (74, 96). Likewise, the
chloroplast is bounded by two membranes and
encloses lamellae consisting of two membranes
which, in the grana regions, are often a little
further apart than in the stroma region, thus
forming the granum disc (30).

Little is known of the origin and development
of most cell components. The kinetosomes, the
centrioles and basal bodies at the base of each
cilium or flagellum, have had the reputation for
a long time of being self-perpetuating particles
in the cytoplasm. Similar ideas have been put
forward about the mitochondria and plastids;
therefore, it is intriguing that data are accumu-
lating that both are provided with small quanti-
ties of deoxyribonucleic acid (DNA; 58, 59, 66).

In the space between the membrane-limited
elements, ribosomes are often the only structures
that can be resolved. Fibrous elements such as
the myofilaments of muscle fibers, the tonofibrils
of epithelial cells, or fibroglial fibers of motile
cells should, of course, be regarded as specializa-
tions. The empty spaces that become visible at
sufficiently high electron-microscopical resolu-
tion may account for the high water content of
the cytoplasm in its original, fresh state. In
many cells, part, or even all, of the ribosomes do
not appear attached to ER membrane surfaces.
In vivo experiments with guinea-pig pancreas
cells (77, 78) and with rat-liver (36) cytoplasm
suggest that the membrane-bound ribosomes are
the major site of the protein synthesis. According
to Henshaw et al. (36), the "free" or "unat-
tached" ribosomes would be almost completely
inert. This would seem rather contradictory since
these latter ribosomes are characteristic of em-
bryonic cells. It has been suggested that the
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FIG. 2. Escherichia coli B as an example of the gram-negative cell type in which the cell wall is sinuous
and not parallel to the plasma membrane. At the cell tip, the plasma membrane has additional layers and
infoldings into the cytoplasm. Note the fine structure of the cytoplasm.
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FIG. 3. Rhodospirillum rubrum. When Rhodospirillum cells grown aerobically in the dark are cultured
anaerobically in light, photosynthetic vesicles slowly appear. (a) A cell from a 36 hr old culture grown under
moderately strong illumination. The plastids (chromatophores) are vesicles bounded by a single membrane,
comparable to the plasma membrane with which they are occasionally seen to be connected (at arrows). The
big holes were originally occupied by poly-,3-hydroxybutyric acid. (b) Cell from a culture exposed 6 hr to
light. At this stage, there are few membranous profiles, but they are definitely present (arrow). The dark
granules may be polyphosphate. (c and d) In autolyzed cells, it can more easily be seen than in intact cells
that there is actually a reticulum of interconnected vesicles continuous with the plasma membrane.
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FIG. 4. Bacillus subtilis. Chondrioid of vesiculo-tubular structure in contact with nucleoplasm. Note that
the borders of the vesicles and tubules, the membrane surrounding the chondrioid, and the plasma membrane
have about the same electron density.

FIG. 5. Bacillus subtilis. The chondrioid is here a whorl of membranes of about the same electron density
as the plasma membrane.
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VAN ITERSON

"free" ribosomes are associated with processes of
growth and differentiation in which the products
of synthesis are retained. In the cytoplasm of
embryonic or differentiating cells, the "free"
ribosomes appear sometimes to be arranged in
helices (6, 88), and much emphasis is being
placed on the agglomerations of ribosomes, called
polyribosomes, which are considered to be the
operative units in the synthesis of, for instance,
hemoglobin.

OUTLINE OF THE CYTOPLASMIC FINE STRUCTURE
IN GRAM-POSITIVE AND GRAM-NEGATIVE

BACTERIA

Comparable with the cytoplasm in all known
cells, the bacterial cytoplasm is bounded by a
plasma membrane or plasmalemma of triple-
layered structure (Fig. 1, 2, 4, 5). After successful
Ryter-Kellenberger fixation, this plasma mem-
brane in gram-positive bacteria is covered
smoothly by a thick wall (Fig. 1). On the other
hand, in the gram-negative organisms investi-
gated so far, the plasma membrane seems to be,
along most of its length, separate from the thin
sinuous cell wall (Fig. 2). I believe that, in gram-
positive cells, both integuments are naturally
united (Fig. 1), which explains why generally
these bacteria are more difficult to plasmolyze
than the gram-negative ones (16).
A very important difference from most other

cells is that, in the bacterial cell, any delimitation
by means of a membrane between the cytoplasm
and the nucleoplasm is nonexistent. Some struc-
tural consequences of this phenomenon will be
dealt with in the section on the ribonucleoprotein
in the cell.

In sufficiently thin sections, almost the whole
cytoplasmic area appears in the electron micro-
scope as a delicate mosaic that can only be stud-
ied effectively at high resolution (see section on
ribonucleoprotein). In certain bacteria, but defi-
nitely not in all, membranous profiles can be ob-
served. In thin sections of Escherichia coli (Fig. 2),
Haeniophilus influenzae, and Proteus vulgaris, fre-
quently none of these can be seen; if profiles are
occasionally present, they are primarily single
and enclose some cytoplasm or an empty-looking
space. The most pronounced development of

"empty" membrane-bounded spaces that I have
noticed is in the Proteus L-form, L-9. Often,
additional membranous profiles in these spaces
enclose isolated quantities of cell material ("mini-
mal reproductive units"?). Membranous elements
of a comparatively sitple kind can be seen in
Spirillum serpens. [The interesting "polar mem-
brane complex" close to the flagella bundles de-
scribed for S. serpens by Murray and Birch-
Anderson (57) need not be considered here.]
In Azotobacter agilis (42) and Rhodospirillum
rubrum (42, 11, 8), the cells can be filled up with
vesicles appearing as rounded profiles of single
membranes, a phenomenon that appears to be
connected with their respective processes of nitro-
gen fixation and photosynthesis. In R. rubrum
(Fig. 3), indications were found that the vesicles
are interconnected and connected with the
plasma membrane (42). Each of them is like the
granum disc bounded by a single membrane. All
the bacteria mentioned so far are gram-negative.

In gram-positive bacteria, the situation of
membranous profiles is very different from that
in the gram-negative species; the structures are
more complex. Systems of such membranes have
been described for several Actinomyces species
(23 to 26, 13), in which they are the most elab-
orate so far found, for mycobacteria (25, 12, 76,
49, 38), Corynebacterium (25), Micrococcus (40,
56, 71), Staphylococcus (28, 84), Lactobacillus
(28), Bacillus (40, 17, 20, 27), and Listeria (14,
47). One explanation-but definitely not the
only one-for the occurrence of particular mem-
branous organelles in gram-positive bacteria is
their relation to the process of division. Differ-
ences in the mode of division have been analyzed
with the light microscope by Robinow (68). In
the gram-positive bacteria, the division is initi-
ated by the inward growth of a cross wall,
whereas in the gram-negative cells a constriction
of the middle of the cell precedes the separation
of the two daughter cells (42). Favorable sections
of gram-positive species (Fig. 1 of B. subtilis)
show a so-called peripheral body (9) in connec-
tion with the ingrowing septum. In Fig. 1 the
body appears to be integral with this new wall;
it is composed of vesicles, each bounded by one
dense line. Both the peripheral body and the
developing cross wall have a continuous bound-

FIG. 6. Bacillus subtilis treated with potassium tellurite. Series of four sections through a chondrioid
showing the latter's connection to the cell envelope. (a) On the lower side of the picture, a littleunderneath the
electron-opaque deposit of reduced tellurite on the left, is the lower part of the tube connecting the chondrioid
with the cell envelope. (b) The vesiculo-tubular structures in the chondrioid are connected to the cell periphery
by a tube. (c) In the original print it can be observed that the chondrioid is enveloped by a continuation of the
plasma membrane, and furthermore, that the tube within the lower space of the chondrioid protrudes towards
the cell wall through the empty space between the cell wall and the plasma membrane caused by the latter's
retraction. The empty-looking space inside the chondrioid and the space between the plasma membrane and
the cell wall are thuis interconnected. (d) In the chondrioid are concentric membranes which accumulated
reduced tellurite.
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VAN ITERSON

ary, seen as a delicate line. The fine structure of
the cell wall appears to continue in the basal
part of the peripheral body, suggesting that this
organelle is functional in the synthesis of the new
septum (9, 40, 26, 41). In the cell center, the
vesicle cluster appears in contact with the nu-
cleoplasm.

Fitz-James (17, 18) deduced from his micro-
graphs of bacilli that similar bodies may play a
role in the formation of the spore membrane.
However, the presence of the membranous struc-
tures is not restricted in cells to sites where new
walls or spores are being formed. In single sec-
tions, these organelles can be seen to occur in
the nuclear area (Figs. 4, 5), in the cytoplasm,
or in the periphery of the cell (41). Their fine
structure is also variable; they can appear as
clusters of vesicles and tubules (Fig. 1 and 4),
as membranous whorls (Fig. 5), or as combina-
tions of these two types of structures (Fig. 6d).

Fitz-James (17) introduced the word "meso-
some" for these membranous structures, a term
based on Robertson's (67) suggestion for electron
microscopy "that 'meso' is either a double mem-
brane, leading from some included structure to
the outside" or might be used for "cytoplasmic
structures connected to the outside by a double
membrane." The composite structures shown
here, however, appear wrapped in a unit mem-
brane sometimes seem to be continuous with the
plasma membrane (Fig. 6a to d), and it seems
quite possible that complete series of sections of
whole bacteria will eventually prove that it is a
regular feature of the membranous structures in
all gram-positive bacteria to have a connection
somewhere with the outer envelope (70). It ap-
pears preferable not to coin a term based on a
morphological feature, but to wait until a name
can be suggested which qualifies the most im-
portant function (see below). In some micro-
graphs (Fig. 6a to d; 43), it can be observed that
an element, as well as the space in the tube con-
necting the membranous organelle with the cell
envelope, is in open connection with the cell wall
proper. Such a construction seems to imply that
a separately enclosed system within the cyto-
plasm and nucleoplasm may allow exchange of
solutes between the cell interior and the environ-
ment without the necessity of passing the cyto-
plasm proper. In case such functions are likely to
occur, it may be possible to relate the mem-
branous organelles to the endoplasmic reticulum
(ER) and to the Golgi system of the more highly
differentiated cell. But, as yet, such speculations
are premature. I investigated the possibility
that these membrane systems might harbor the
respiratory enzyme chain comparable with that
in the mitochondria of the ordinary plant or
animal cell.

CHONDRIOIDS
Some authors identified the membranous

structures in the gram-positive bacteria with
mitochondria on morphological (10, 12, 20) and
physiological (76) grounds. This appears pre-
mature because, for morphological identity, it
must be demonstrated that the structures are
built according to the same patterns and principle
as true mitochondria. Mitochondria are closed
systems based on double membranes, whereas
the structures in bacteria are perhaps open to-
wards the cell wall (Fig. 6a to d), are surrounded
by one unit membrane only, and have interior
structures that are unit membranes or are bor-
dered by an even thinner layer. For physiological
identity, it should actually be proved biochemi-
cally that, in the structures in the bacteria, the
same pathways of oxidative phosphorylation
occur as in the mitochondria. Also, few authors
appear puzzled by the fact that the membrane
systems are typical of gram-positive bacteria
mainly, so that the gram-negative organisms
would be devoid of analogous mitochondria.
The results of earlier work on the location of

the respiratory enzyme chain in particulate
"bacterial mitochondria," in particular by Mudd
(54, 55), have been doubted on account of Wei-
bull's (91, 92, 93) recovery of important enzymes
in a fraction consisting of cytoplasmic membranes
but associated with some granular material.
There are two approaches to the problem: "di-
rect cytochemistry" (52), i.e., the biochemical
study of cell fractions, and "analytical morphol-
ogy" (52), i.e., location of the sites of enzyme
activity in the intact cell. Recently, Salton and
Chapman (71) found that it is not very feasible
to separate intracytoplasmic membranes and
plasma membranes. I considered it desirable to
work out, in the first place, a method that would
convincingly reveal the location of the respiratory
enzymes in thin sections of the complete gram-
positive or gram-negative bacterium.
The method chosen was to localize the sites of

reductive activity cytochemically with the help
of a salt of tellurite. Since not as much is known
about this reaction as about the reduction of
tetrazolium compounds to formazans, an experi-
ment was also made with one of the newer tetra-
zolium compounds, tetranitro-blue tetrazolium
(69, 75). This method may be more convincing
because it is more conventional, but, in the bac-
teria investigated, it proved to be less spectacu-
lar than the intracellular reduction of tellurite.
The advantages of the tellurite procedure for
bacteria (43) are: (i) potassium tellurite (0.05%7)
can conveniently be added to the normal culture
medium, (ii) the precipitate of the reduced tellu-
rite has a much greater electron opacity than

308 BACTERIOL. REV.
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FIG. 7. Bacillus subtilis cell grown for an extra hour with potassium tellurite in the culture medium. The
reduced product appears deposited in, or on, the membranes of the chondrioid, and in slender rodlike struc-
tures in the cell periphery. These rodlike structures have not been noticed in untreated cells. In some of the
rods, there is a suggestion of structural details, but it may not be completely ruled out that this is influenced by
overlapping cytoplasmic structures.
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VAN ITERSON

organic matter, and (iii) the precipitate may be
expected to occur close to the site of its formation,
since it is insoluble. After one to several addi-
tional hours of incubation, in which aeration by
agitation was stopped, the bacteria were spun
down and prepared for electron microscopy. The
sediment of the cells tested (B. subtilis and P.
vulgaris) had then turned black, whereas the
supernatant fluid was clear. In thin sections of
B. subtilis, the reduced product was clearly visible
at two distinct sites. Whereas the plasma mem-
brane did not gain in electron opacity by deposi-
tion of the reduced product, the reduction prod-
uct was found on or in the membranes of the
particular organelles or "mesosomes" (Fig. 7
with the controls of the same experiment in
Fig. 4 and 5). Thus, possibly they may be re-
garded as the mitochondrial equivalents or chon-
drioids (48) in this gram-positive bacterium. A
second location was in thin rodlike elements at
the cell periphery (Fig. 6a, c, d, and 7). The
effect of the reaction in the membranes of the
chondrioids can be appreciated in particular
when their electron opacity is compared with
that of the plasma membrane in the same cell.
In the control cells (Fig. 4 and 5), these opacities
appear quite comparable, in contradistinction to
the tellurite-treated cells. When B. subtilis was
treated with tetranitro-blue tetrazolium in phos-
phate-buffered succinate solution, a positive re-
action of the chondrioids was definitely obtained
(Fig. 8), but the formazan formed is not so
sharply delimited along the membranes and is far
less opaque than the reduced tellurite. More-
over, in these experiments, subtle changes oc-
curred in the cell structure: the details in the
cytoplasm became vague, the plasma membrane
was difficult to distinguish, and the contrast
between cell wall and cytoplasm increased. It is
of some interest that, with this method, the rod-
like structures in the periphery of the cell are
not made visible.
To obtain unequivocal proof of the presence of

the reduced tellurite inside the B. subtilis cell,
electron micrographs were made of tellurite-

treated cells subsequently fixed in glutaralde-
hyde. Such electron micrographs show the various
density gradations reflecting the natural mass
distribution free from heavy metals introduced
during OS04 fixation and post-treatment with
uranyl acetate. Figure 9 reveals clearly the de-
posits of the reduced tellurite in the center and
in the periphery of the cell, although the fine
structural details are disturbed.
The slender rods in the cell periphery (Fig. 6

and 7) could perhaps be at the bases of the
flagella. With the aid of shadowed whole cells,
this possibility was investigated further. Figure
11 indeed conveys the impression that the flagella
might emerge from bundles of these dense struc-
tures.
A similar study of P. vulgaris revealed that in

this gram-negative organism the reduced tellu-
rite was deposited in bodies contiguous with the
plasma membrane and of a structure very differ-
ent from that in B. subtilis (44). In shadowed
whole-cell preparations (Fig. 12), these bodies
which incorporate the reduced tellurite appear
to be opaque, somewhat rosettelike structures,
and there are indications that the flagella might
emerge from them. The details of the chondri-
oids in Proteus were studied in serial sections
(44). They appeared to have a complex structure
consisting of a very fine granular "matrix" of
low electron density, dense rodlike structures,
and a mass of seemingly entangled, very delicate,
filamentous or lamellar structures, partly ap-
posed to the plasma membrane. A limiting mem-
brane was not observed around these complexes
(Fig. 13 to 15).

Proteus cells fixed in glutaraldehyde, like those
of B. subtilis, convincingly demonstrate that the
plasma membrane has not accumulated any re-
duced tellurite (Fig. 10), since it is not even
visible unless "stained" with a uranyl salt (44).
The reaction of the tellurite in these two bac-

teria is more or less analogous to what Barrnett
and Palade (4) observed in the mitochondria of
animal tissues. This deposition of reduced product
in the mitochondria is explained by these authors

FIG. 8. Bacillus subtilis cell treated with tetranitro-blue tetrazolium in phosphate-buffered succinate solu-
tion. The formazan formed is not so sharply deposited along the membranes of the chondrioid as the tellurite
in Fig. 7. The contrast between the cell wall and the cytoplasm appears increased, and the plasma membrane
is not easily seen.

FIG. 9. Bacillus subtilis cell treated with tellurite and fixed merely in glutaraldehyde. To give unequivocal
proof of the presence of reduced tellurite inside the cell, introduction of heavy metals during the preparation
was avoided here. The distribution of the electron densities is as nearly natural as could possibly be obtained.
In this rather thick section, the reduced tellurite is seen in the cell center, in the periphery, and along the new
cross wall. The bacterium on the lower side was sectioned close to its surface.

FIG. 10. Proteus vulgaris cell treated with tellurite. Fixation was effected with 6.5% glutaraldehyde instead
of with OS04, and treatment with uranyl acetate was omitted. The accumulations of reduced product are in
the periphery of the cell, very close to the plasma membrane, and at the location at which constriction takes
place in preparation for cell division. In this preparation of very poor contrast, the plasma membrane itself
is not visible.

310 BACTERIOL. REV.
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FIG. 11. Bacillus subtilis treated with tellurite. In this shadowed whole cell, indications are that the flagella
could emerge from the opaque accumulations of the reduced tellurite. (Printed in reverse.)

FIG. 12. Proteus vulgaris grown for 4 hr with potassium tellurite in the culture medium. In the flattened
whole cell, shadowed with platinum, the somewhat rosette-like structures are the bodies which incorporated
the reduced tellurite. Indications can be found that the flagella could emerge from these bodies. (Printed in
reverse.)
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FIG. 13. Proteus vulgaris. Five serial sections of part of a chondrioid, i.e., of a conglomerate of the ele-
ments containing the reduced tellurite. (a) There is a fine granular "matrix" between rodlike elements, in
which there is reduced tellurite. In one of the rods is an indication of a periodic fine structure. On the
upper side of the chondrioid is a rounded structure, visible also in the next section. (b) Conglomerate of rods
around "matrix," a rounded structure, and some opaque material close to the plasma membrane. (c) Rodlike
structures. (d) A triangular-shaped cross-section of one of the rods is visible. (e) Characteristic of the chon-
drioid structure is the dense mass apposed to the plasma membrane. Furthermore, rodlike structures are
present.

FIG. 14. Proteus vulgaris. In this preparation, the reduced tellurite appears incorporated in very delicate
lamellae.

313

--.ak. t. I
.

I .:,-. ;4:

iKi.I1
t

0.1

A.



BACTERIOL. REV.

as indirect acceptance of electrons from respira-
tory enzyme systems by tellurite. They admit,
however, that the exact chemical nature of the
final product is unknown; it could be tellurium
oxide (TeO) or tellurium (Te), or both. I was
unable to obtain an electron diffraction pattern
indicative of the presence of metal or metal oxide
and, therefore, wonder whether the reduced
tellurite might be present in organic compounds.

It remains to be proved whether my observa-
tions on Bacillus and Proteus can be generalized
in a simple manner for all gram-positive and
gram-negative bacteria. There are bacteria
(Corynebacterium for instance) that can tolerate
a considerable quantity of tellurite and store a
large amount of product in their cytoplasm (95).
The significance and mechanism of this phenome-
non is in need of further investigation.

This study seems to suggest, however, that the
plasma membrane itself does not play an impor-
tant role in the respiratory enzyme chain, but it
may, in the case of Bacillus, give rise to mem-
branous organelles functioning as mitochondrial
equivalents. The bodies close to the plasma mem-
brane described for P. vulgaris possibly combine
two properties: being the analogons of the mem-
branous chondrioids and being the bases of the
flagella in the gram-negative bacterium.
A preliminary account of these observations

on the deposition of the reduced tellurite was
communicated at the VIIIth International Con-
gress for Microbiology (42). Since then, Vander-
Winkel and Murray (87), working with 2,3,5-
triphenyltetrazolium, which produces a soluble
formazan, reached conclusions which, funda-
mentally, do not differ from the present ones.
The results indicate that bacterial chondrioids

are structurally different from the ordinary mito-
chondria, and that they are not free in the cyto-
plasm but are still united with the plasma
membrane.

ORGANIZATION OF RIBONUCLEOPROTEIN IN THE
CELL

In recent years, numerous reports have ap-
peared dealing with ribonucleoprotein particles,
i.e., ribosomes, that can be isolated after cells
have been broken up. Throughout the cytoplasm
of all living cells, comparable ribosomes are pres-
ent and are considered to be the chief manufac-
turers of the various proteins. These ribosomes
are generally characterized by their behavior in
the ultracentrifuge. The basic unit of the ribo-
somal particle in all cells examined is about uni-
form, with a sedimentation constant of 70 to
85S, and is composed of two relatively stable
subunits of unequal size, corresponding to about
50 and 30S in bacteria and 60 and 40S in mam-
malian ribosomes. The 50 and 30S subunits each
contain approximately 65% RNA and 35% pro-
tein. In E. coli dividing every 30 min, the ribo-
nucleoprotein has been determined to account
for 30% of the cell's dry weight, and RNA for
as much as 25% (86). Therefore, when studying
bacterial cytoplasm in the electron microscope,
we may expect that a considerable amount of
the visible fine structure will be made up of
RNA.

Values for the dimensions of the ribosomes
have been given by Hall and Slayter (31) and
Huxley and Zubay (37). The latter authors
stained purified E. coli ribosomes negatively and
positively after a fixation in formalin, whereas
Hall and Slayter shadowed them with platinum.
If the width of the particle is taken to be about
140 to 170 A, the length of the 70S particle will
be 190 A, and the length of the 100S particle
380 A. Hart (32) has given values for the 50S
ribosomes in particular. In purified extracts, the
state of aggregation of the ribosomes is sensitive
to the concentration of divalent cations (Mg++)
and the ionic strength of the medium (97). At
low Mg++ concentration, the 30 and 50S com-

FIG. 15. Proteus vulgaris cell grown for 4 hr with tellurite in the medium. The reduced product is deposited
in several conglomerates of dense elements close to the plasma membrane. These conglomerates are considered
to represent the chondrioids of this gram-negative organism. An impression of their fine structure can be ob-
tained from Fig. 1Sa to e. Here, the following additional details can be seen: rounded structures with delicate
fibers or sheets attached to them and triangular cross-sections of rods.

FIG. 16. Escherichia coli B from exponential phase of growth. There are no independent rounded ribosomes,
but the cytoplasm appears rather like a network in which there are denser areas corresponding presumably
with ribosomes. Since these denser areas are interconnected, the cytoplasm could be considered to be essentially
of polyribosomal structure. The cytoplasmic material is presumably in linear arrays (arrows) stretching from
the nuclear area towards the plasma membrane. In the nuclear area, there is contact between the fibrils and
the cytoplasmic arrays. In the original exposures in the cytoplasm, opaque fibrils (F) of complicated pattern,
and less opaque, more parallel fibrils with helical structure (H), are visible.

FIG. 17. Proteus vulgaris. The rigidity of the cell wall was somewhat released by means of penicillin in the
presence of sucrose in the medium. Fibrils (arrows F) from the nuclear area enter the cytoplasm and take part
in its fine structure.

FIG. 18. Proteus vulgaris treated with penicillin. Note the continuation of a long fibrilfrom the nuclear area
over a considerable length in the cytoplasm (arrow F).
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ponents exist separately, whereas without Mg++
these components are broken down irreversibly;
at 0.01 M magnesium acetate, the 70S particles
are predominant, and at still higher MIg++ con-
centration two 70S particles aggregate to form
the 100S ribosome.

Until quite recently (35, 1), only a few at-
tempts have been made to correlate adequately
the information collected by biochemists with
the morphological picture obtained by use of
electron microscopy. It happens that, ordinarily,
I fix our bacteria from cultures in the exponential
phase of growth and in a medium containing
0.01 M Mg++, but for years I have wondered
whether particles can be distinguished in the
cytoplasm of these cells that are really of the
required dimensions (see above). In the thin
sections of the bacteria, the "granules" in the
cytoplasm are usually so densely packed that
neither their dimensions nor their shape can be
adequately visualized. Therefore, in many cases
it seems desirable for the study of cytoplasmic
fine structure first to loosen the cytoplasm by re-
laxing the rigidity of the cell wall. This was done
by treating P. vulgaris for 4 hr with 2,000 units
of penicillin per ml and 0.25 M sucrose in the
normal medium (Fig. 17 and 18), and by remov-
ing the cell wall of B. subtilis with 0.1 % lysozyme
in phosphate buffer with 0.25 M sucrose (Fig. 19
to 21). In addition, the cytoplasm was studied of
a stable L-form of Proteus, L-9, kindly given to
us by E. Klieneberger-Nobel (Fig. 22).
The problem of whether discrete, rounded,

ribosomal particles exist as such in the cyto-
plasm of bacteria was approached in two experi-
mental ways: (i) by taking micrographs of thin-
ner sections than usual at higher magnifications
than applied formerly, and (ii) by taking micro-
graphs of ribosomes fixed immediately after
having been released by osmotic shock of the
protoplasts. A description will be given of these
observations which has not been published be-
fore.
The cytoplasm of E. coli B is, after Ryter-

Kellenberger fixation and embedding in Vestopal
W, loose enough by itself to enable fine struc-
tural detail to be studied in thin sections. As

seen in Fig. 2 and 16, the cytoplasm in these E.
coli cells does not appear to be composed of inde-
pendent rounded particles, but rather of a com-
l)licated network in which there are denser areas,
whose width (100 to 150 A) is difficult to measure.
If these more compact areas correspond to ribo-
somes, the cytoplasm apparently consists of
interconnected ribosomes, i.e., of polyribosomes
(see below). Occasionally, linear arrangements
can be observed in the cytoplasm (Fig. 16, ar-
rows). Some of these rows of cytoplasmic material
have been traced from their origins at the plasma
membrane towards the nuclear area, where they
seem to end in fibrils from the nucleoplasm. In
the original photographic prints, a fine fibrillar
substructure is just visible in these linear cyto-
l)lasmic aggregates. Some of these fibrils are
opaque to the electron beam and are arranged in
a complicated pattern, whereas others, following
a more or less parallel course, are less opaque
and are often actually seen to possess a helical
structure (arrow H in Fig. 16).

In the best micrographs of the cytoplasmic
material of various bacteria, it can be seen that
the nuclear fibrils are often composite and helical.
An important feature to be derived from all
these high-resolution micrographs is that in
many places fibrils from the nucleoplasm enter
the cytoplasm and appear to take part in its
netlike fine structure (arrow F in Fig. 16 to 18,
Fig. 20 to 22).
To compare directly the cytoplasmic fine

structure in thin sections with ribosomal material
obtained from the same cytoplasm, protoplasts
were made from B. subtilis with lysozyme (see
above). These protoplasts were spun down and
treated in two ways. Some of them, left for 1. hr
in the Ryter-Kellenberger fixative, were4ubse-
quently treated in the usual way for 90Whnin in
uranyl acetate and then embedded. Se ons of
this material stained with lead citrate ae&tording
to the method of Reynolds (65) can bewseen in
Fig. 19 to 21. Other protoplasts werem''broken
with osmotic shock by mixing small quantities
in drops of distilled water on paraffin-wax the
water containing 0.01 M magnesium acetfate and
2% uranyl acetate at pH 5, or by immersing

FIG. 19. Bacillus subtilis cell from which the cell wall has been lysed away in cross section. There are short
invaginations of the plasma membrane into the cytoplast. The cytoplasm appears to consist of a complicated
network of very dense fibrils and of less dense material.

FIG. 20. Bacillus subtilis protoplast made with lysozyme and sucrose in the medium. It seems impossible
in the expanded cytoplasm to make out the outlines of the ribosomes. In this tangential section, the cytoplasm
appears rather in ramified linear arrays with fibrils of various grades of density. The fibrils in the nucleo-
plasm appear to branch, and in several of the original exposures a helical structure can be seen. Fibrils from
the nucleoplasm take part in the fine structure of the cytoplasm (arrows F).

FIG. 21. Bacillus subtilis protoplast. This picture shows more clearly than the preceding one that, in the
cytoplasm, there are very opaquefibrils in complicated fabric. In the cytoplasm on the left, such opaquefibrils
can more or less be traced towards their ends at the plasma membrane.
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them in the Ryter-Kellenberger fixative diluted
six times; this latter material was then stained in
uranyl acetate for 90 min. The cell contents re-
leased in the drops on the paraffin were picked
up on earbon-coated grids and studied directly
in the electron microscope. The purpose of this
procedure was to obtain unpurified ribosomal
material in a state that can in some ways be
compared with the cytoplasm in the thin sections.
Some of the results are presented in Fig. 24 to
28. The material in Fig. 29 was obtained by
shocking the protoplasts in the diluted Ryter-
Kellenberger fixative. The result in the latter
case appears to be essentially the same as in the
uranyl-fixed samples (Fig. 24 to 28), although
released particles may be more irregular.

In thin section, the cytoplasmic material of B.
subtilis, from which the cell wall had been lysed
away (Fig. 19 to 21), is similar to that in the
preceding figures of cytoplasmic material (Fig.
16 to 18). In these B. subtilis protoplasts, how-
ever, it is even more difficult to distinguish the
areas that should correspond with separate ribo-
somal entities. It is not likely that this should be
entirely due to application of the Ryter-Kellen-
berger procedure, which is borne out by other
material, e.g., liver or onion root-tip cells or the
autolyzed yeast cell in Fig. 23; however, all
such ribosomes never appear completely separate,
they are always held together by a material of
lower density. In the case of the B. subtilis proto-
plasts, the cytoplasm material has perhaps hy-
drated and expanded so much after removal of
the cell wall that the outlines of the particles are
no longer apparent. The cytoplasm appears as a
complicated three-dimensional network stretch-
ing from the plasma membrane to the nuclear
area (Fig. 19 to 21). Fibrils are apparently an
important component of this cytoplasm. Particu-
larly in Fig. 20 and 21, in which the material was
sectioned more tangentially than in Fig. 19, the
cytoplasm appears to be in ramifying linear ar-
rays. These arrays contain fibrils of various
widths and densities, the thinnest of which ap-
proach the limits of resolution of the microscope,
i.e., close to 10 A. In the nuclear area, the fibrils

appear often to branch and to be considerably
thicker than the thinnest of the fibrils in the
cytoplasm (Fig. 20).
The released cytoplasmic material (the free

particles and clusters, Fig. 24 to 28), fixed and
stained in uranyl acetate, resembles closely
enough the purified ribosomes in electron micro-
graphs found in the literature (31, 37, 32, 81, 5,
34) to be considered as representing ribosomes
and polyribosomes. Polyribosomes (polysomes),
described first by Warner, Rich, and Hall (89),
or ergosomes, as described by Wettstein et al.
(94), are interconnected ribosomes which, as has
now been established, are active in protein syn-
thesis (88, 19, 21, 22). However, in the present
presumed multiple ribosomal complexes released
from the B. subtilis protoplasts, individual par-
ticles are often not distinguishable (Fig. 24 to
28). This is in contradistinction, for instance, to
the appearance of purified reticulocyte l)oly-
somes, in which it was seen by electron micros-
copy that a thread of messenger RNA connected
the separate ribosomal particles (89, 81). In Fig.
24, thin threads seem to fray off from the poly-
somes. Characteristic of the released ribosomes,
particularly of the larger clumps, is a substruc-
ture of electron-dense threads which appears to
be continuous over a whole row of these particles
as a complicated fabric (Fig. 25 and 27). In Fig.
28 there is visible at high magnification part of
an emptied plasma membrane with some cyto-
plasmic material still attached to it. The arrow
points to a kind of ribbon of fibrils ending in two
parallel fibrils, in association with which there
are a few ribosomal particles. From some of these
ribosomes, fibrils stick out as if other parts had
been broken off. Figure 27 should perhaps be
interpreted as representing a coagulated strand
of cytoplasm. All such observations convey the
impression that, in the original state, the ribo-
somes are not separate but are integrated in
much larger complexes in which fibrillar struc-
tures play an important part. The electron-dense
fabric of fibrils in the released material would
seem to be identical with the complicated fibrillar
structures in the thin sections (Fig. 16 to 22,

FIG. 22. Proteus L-form, L-9. Note the fibrilfrom the nucleoplasm entering the cytoplasm and reaching the
plasma membrane. The more opaque areas on this linear cytoplasmic array should be identical with the ribo-
somes. The cytoplasm apparently consists of interconnected arrays stretching from the nucleoplasm towards
the plasma membrane.

FIG. 23. Pichia membranaefaciens. Area from an autolyzed yeast cell to demonstrate that, with the Ryter-
Kellenberger method, it is quite possible to preserve ribosomal particles. However, here too the particles do not
appear completely free but are interconnected by material of lower contrast in which occasionally fine fibrils
can be discerned.

FIG. 24. Cytoplasmic material released from Bacillus subtilis by osmotic shock in 2% uranyl acetate and
0.01 M Mg++ in distilled water. Note that delicate fibrils stick out from the clumps of cytoplasm that must be
identical with the polyribosomes described in the literature. These cytoplasmic fragments show a substructure
of electron-dense threads appearing as a complicated fabric.

FIG. 25. Released cytoplasmic material as in the previous figure. Note small particles and linear array of
material with electron-dense substructure.
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FIG. 26. Released cytoplasmic material as in the previous figures. The small particles are presumably ribo-
somes. The larger clumps must be clusters of ribosomes, i.e., polyribosomes. The substructure appears to be
continuous over such clusters.

FIG. 27. Released cytoplasmic material as in previous figures. The long structure must be a coagulated
"strand" of cytoplasm. Note the "free" ribosomal particles, often still interconnected.
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the cytoplasm was released through osmotic shock. The arrow points at a kind of ribbon of fibrits ending in
two parallel fibrils. Associated with these fibrils are ribosomal particles;fibrils, belonging to the etectron-dense
substructure, stick out from some of these particles>

FIG. 29. Similar preparation of cytoplasmic material released in the Ryter-Kellenberger fixative diluted
six times and stained with uranyl acetate. The ribosomal material is mixed with some flagella.
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arrow F). Low-angle diffraction experiments per-
formed by Langridge (50, 51) indicate that con-
centrated gels of E. coli ribosomes form a linear
polymer in which part of the RNA could be in
the form of four or five double helices 45 to 50 A
apart. Langridge suggests "the possibility that
the dispersed state observed in the analytical
centrifuge and electron microscope (wvhat is
meant is e.m. of free, purified, particles) may not
correspond to the physiological significant state
within the cell" (50). The image of the cytoplasm
in thin sections, as well as that of released coagu-
lated cytoplasm, seems to support the idea that,
in the integrated state, the ribonucleoprotein is
not arranged in separate rounded particles, but
in linear arrays with numerous anastomoses.
These arrays are contiguous with the plasma
membrane and possibly with intracytoplasmic
membranes when these are present.

SYNOPSIS
Comparison of the fine structure of the cyto-

plasm of the bacterial cell with that of the "cell
in general" reveals important differences leading
to the conclusion that, in the bacterial cytoplasm,
there is little differentiation into separate func-
tional entities. There is no nuclear membrane,
and fine fibrils appear to extend from the nucleo-
plasm into the cytoplasm where they may ex-
pand in all directions. The cytoplasm is not
necessarily intersected by membranous profiles
of special configuration, as is borne out by E. coli
B and other gram-negative organisms. When
membranous profiles of special configuration are
present, as in the gram-positive B. subtilis, these
do not appear differentiated into clearly definable
endoplasmic reticulum, Golgi substance, micro-
bodies, etc., and mitochondria. As for kineto-
somes, the presence of centrioles is perhaps not
very likely. The experiments in which tellurite
is reduced in the cells suggest that there are
structures at the base of the flagella with re-
ductive capacity. However, upon application of
the tetranitro-blue tetrazolium technique to B.
subtilis, these are not stained. They are pre-
sumably identical with basal granules (39).
The membranous structures in B. subtilis are

called chondrioids (48) by us because probably
one of their functions is that they are the sites of
the respiratory enzyme chain. In the gram-nega-
tive P. vulgaris, the probable site of the respira-
tory chain has a structure very different from
that in the Bacillus; it is not clear whether mem-
branes are involved in their structure. Morpho-
logically, even in B. subtilis chondrioids differ
fundamentally from the mitochondria in that
they are not built up from composite membranes,
they are extensions of the plasma membrane,
and they may not be completely closed systems.
Regarding this last point, it was observed (Fig.

6a to d) that chondrioids may possibly stand in
open connection with the cell's environment,
since its lumen is not separated from the cell
wall by a plasma membrane. Although as yet
nothing is known about this, it does not seem to
be precluded that these membranous organelles
may function also as intracellular transport sys-
tems. Contrary to Porter's ideas about ER, the
chondrioids are not extensions of a nuclear en-
velope, but of the plasma membrane. (For fur-
ther discussion see 14). On the other hand, they
are in the nuclear area, in direct contact with the
nucleoplasm, and therefore, perhaps, they need
not carry in their interior some DNA, as is now
becoming known for ordinary mitochondria.
The chromatophore vesicle is of a simple struc-

ture and in connection with the plasma mem-
brane. It is covered by a single membrane and
thus resembles the granum disc, but it is much
smaller.

In tissue cells, an important function of the
ER is the support of protein synthesis by ribo-
somes bound to their surfaces. Evidence is now
accumulating that the active complexes for
polypeptide synthesis in bacteria are also mem-
brane-bound (73, 29, 33, 34, 85, 1) and are series
of 70S ribosomes using the same messenger RNA
molecule (3, 82 21, 72). It remains a contradic-
tory situation that the particles obtained here
through release of cytoplasm from protoplasts in
diluted, rather crude fixing media, and identified
as ribosomes, could not be recognized as such in
thin sections of the Ryter-Kellenberger fixed pro-
toplasts. This point is much in need of clarifica-
tion. But even if the cytoplasm in the thin
sections of the protoplasts is in a state of dis-
persion brought about artificially, it is still
apparent from the various micrographs that
basically the cytoplasm is a network of pre-
sumably linear arrays, with many interconnec-
tions due to fibrillar systems. Fibrils from the
nucleoplasm penetrate deeply into the cytoplasm.
The presence of fine fibrils of various thicknesses,
electron densities, and orientations makes high-
resolution study of the cytoplasmic details an
intriguing prospect from which much funda-
mental information can be gained.
The organizational pattern on the ultrastruc-

tural level in bacteria reveals fundamental simi-
larities and divergencies from that in the "cell in
general."
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ADDENDUM IN PROOF
Since the termination of this manuscript, new

ideas have been developed and others have been
modified. An important new element, discovered
in many types of cells, is the microtubule. To the
best of my knowledge, the equivalent of this struc-
ture has not yet been discovered in any type of
bacterial cell.
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