
MICROBIOLOGY AND MOLECULAR BIOLOGY REVIEWS,
1092-2172/98/$04.0010

Dec. 1998, p. 1371–1414 Vol. 62, No. 4

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Staphylococcal Cell Wall: Morphogenesis and Fatal Variations
in the Presence of Penicillin

PETER GIESBRECHT,* THOMAS KERSTEN, HEINRICH MAIDHOF, AND JÖRG WECKE
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INTRODUCTION

Microbiologists are highly interested in the sophisticated,
unique architecture and morphogenesis of the cell wall of
staphylococci which make these bacteria suitable for exploring
the reason for penicillin-induced death during defined mor-
phogenetic steps (48, 50, 53). More detailed knowledge of
those structural “weak points” in the staphylococcal wall,
which turned out to be the main sites of penicillin action, is an
important prerequisite not only for attempts to enhance the
efficiency of beta-lactam antibiotics but also for efforts to at-
tack even staphylococci that are highly resistant to this type of
antibiotic (the so-called methicillin-resistant Staphylococcus
aureus [MRSA] strains). Great attention is being paid to struc-

tural and chemical variations in the cell walls of such highly
resistant strains (23, 24, 74, 87) and to factors involved in the
biosynthesis of those staphylococcal cell walls, both of which
might be suitable as novel targets in the combat against MRSA
(70). Such extremely drug-resistant strains of S. aureus are
already posing major public health problems (21). Many phy-
sicians are gravely concerned about such antibiotic resistance,
and they are highly interested in any attempts to overcome this
problem (6).

Therefore, this review shall serve several aims. First, we want
to compile our current knowledge of the macromolecular wall
architecture and wall morphogenesis of staphylococci. On the
basis of our last review (42) and new data we will discuss some
recent concepts including even some speculative consider-
ations on staphylococcal cell wall morphogenesis, wall degra-
dation, and the combination of both these processes during cell
separation. In particular, we have paid great attention to all the
morphologic and morphogenetic details of the staphylococcal
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cell walls which, some day, might serve as new targets for the
badly needed progress in our therapeutic efforts. However,
since recent reviews are available concerning biochemical data
(see references 78 and 118), only the most relevant findings will
be mentioned and all details are purposely omitted.

Second, our contribution will deal with penicillin-induced
structural variations during staphylococcal cell wall morpho-
genesis and degradation. Since it has been shown that staph-
ylococci do not die from bacteriolysis but from very character-
istic cross wall defects (50–53), we will focus our interest (i) on
those morphogenetic wall variations which regularly lead to
death and (ii) on attempts of the staphylococci to survive in
spite of such morphological handicaps.

In order to update the review, some electron micrographs
from rather early publications have been replaced by more
recent high-resolution pictures and several other, unpublished
ones have been included (from our archive, which now holds
about 60,000 electron micrographs of staphylococci). In order
to prevent fixation artifacts, electron microscopic pictures of
unfixed, freeze-fractured staphylococci are included as often as
possible. They are regarded as “images of latent living bacte-
ria.”

We hope that the ample schematic drawings will help give an
idea of the highly differentiated dynamic processes of wall
morphogenesis, wall degradation, and fatal wall variations.
These simplified, line art illustrations are not only a visual aid
for the reader but they also give reliable information to those
scientists who do not have time enough to read all the details
of this review. That is why we made every effort to include in
the schematic drawings all of the data which seem to be es-
sential for an overview.

Furthermore, recent unpublished findings on staphylococcal
wall morphology and morphogenesis have been included here
with a view to presenting state of the art knowledge about a
fascinating field: the staphylococcal cell wall.

Since detailed knowledge of wall morphogenesis is the most
important prerequisite for analyzing the very complex se-
quences of the penicillin-induced killing process, this review is
divided in two parts: “Morphogenesis of the staphylococcal cell
wall” and “Penicillin-induced death.”

MORPHOGENESIS OF THE STAPHYLOCOCCAL
CELL WALL

Chemical Composition of the Staphylococcal Cell Wall

Chemical structure of the cell wall of S. aureus. The cell wall
of S. aureus shows the typical features of gram-positive bacte-
rial cell walls. Under the electron microscope it appears as a
relatively thick (about 20 to 40 nm) homogeneous structure.

The chemical structure of its major component, the pepti-
doglycan, has been known for a long time (see reference 115).
This heteropolymer consists of a disaccharide backbone formed
by alternating b-1-4-N-acetylglucosamines and N-acetylmuramic
acids. The average chain length is in the range of 10 disaccha-
rides (119). Tetrapeptides consisting of L-alanine, D-glutamine,
L-lysine, and D-alanine are attached to the N-acetylmuramic
acid. About 90% of these stem peptides are cross-linked to the
stem peptides of another glycan chain by a pentaglycine group
(74). This pentaglycine is a characteristic feature of the staph-
ylococcal peptidoglycan and connects the ε-amino group of the
L-lysine of one stem peptide to the D-alanine of the other one.
The stem peptides which are not cross-linked carry an addi-
tional D-alanine which is cleaved during the cross-linking re-
action. The structure of the staphylococcal peptidoglycan is
summarized in a schematic drawing (Fig. 1).

The process of cell wall cross-linking is catalyzed by
transpeptidases, the penicillin-binding proteins (PBPs) (74).
Knowledge about the exact functions of the four staphylococ-
cal PBPs is not as detailed as is what is known about the PBPs
in Escherichia coli, but there is evidence that the function of
PBP 1 is the most important one for the survival of staphylo-
cocci exposed to beta-lactams (8, 112). PBP 4, in contrast,
seems to be responsible for secondary cross-linking, as can be
deduced from a low cross-linking rate in PBP 4-defective S.
aureus mutants (58).

The so-called PBP 2a, the reason for methicillin resistance in
staphylococci, seems to need proper pentaglycine interpeptide
bridges to perform cross-linking reactions (70). Mutant strains
with shortened interpeptide bridges (femA-femB, containing
significantly increased amounts of mono-, di-, and triglycine
residues) showed a drastically reduced resistance level (24, 25,
58, 70, 87) and a reduced level of cross-linking when grown in
the presence of beta-lactam antibiotics (23, 74).

O acetylation of the muramic acid is another important
feature of the staphylococcal peptidoglycan (114). Due to this,
staphylococcal cell walls are rarely degraded by lysozyme,
which is sterically hindered in its action (62).

About 50% of the total mass of the cell wall consist of
teichoic acid, a polymer covalently linked to the muramic acid
via phosphodiester bonds. Teichoic acids consist of long chains
of ribitol phosphate units (114); they are usually replaced by
ester-linked D-alanine (28). The degree of such substitution
seems to have a very great effect on the activity of autolytic
enzymes (29).

Cell wall hydrolases of S. aureus. The necessity that bacteria
with a compact peptidoglycan network have their own cell wall
hydrolases is quite evident. In order to divide and separate, the
cells must cleave certain parts of their walls in a highly regu-
lated manner (for a review, see reference 118). Disturbance of
these control mechanisms usually leads to cell lysis; this is the
reason why endogenous cell wall hydrolases are called wall
autolysins or autolytic wall enzymes. Cell wall hydrolases are
also a prerequisite for cell wall morphogenesis and turnover, a
problem to be discussed in more detail in a following section.

S. aureus has three different autolytic enzymes: an N-acetyl-
glucosaminidase, an N-acetylmuramidase, and an endopepti-
dase (114, 123). The sites where these enzymes attack the
staphylococcal peptidoglycan are shown in Fig. 1.

However, examination of cell wall hydrolases by the so-
called zymogram method has shown (via Triton-mediated re-
activation of autolysins) that several bands are capable of hy-
drolyzing peptidoglycan (61, 63, 90), indicating that these
autolytic activities must be represented by more than three
enzymes. The number of bacteriolytic enzymes, however, de-
creases when staphylococcal cells reach the stationary phase
(69). The overall rate of the murein hydrolase activity seems
mainly to be regulated genetically (by the lytS-lytR regulatory
locus) (16).

Recently, the atl gene encoding an autolytic enzyme with
bifunctional activities was cloned and sequenced (102). The
two domains contain an N-acetylmuramyl-L-alanine-amidase
(AM) and an N-acetylglucosaminidase (GL). A gene for an
additional amidase, encoding a polypeptide with a molecular
weight of 23,000, was cloned earlier (61).

The two cell wall lytic enzymes AM and GL proved to be
capable of acting as cluster-dispersing enzymes (see “Inhibi-
tion of cell separation results in the formation of pseudomul-
ticellular staphylococci”) when externally added to cluster-
forming mutant strains of S. aureus (20, 122).

Purification and production of antibodies against these au-
tolysins enabled immunoelectron microscopic investigations
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revealing the exact localization of these enzymes. They were
shown to be arranged in a circumferential double ring at the
surface of the peripheral cell wall (146); after penicillin treat-
ment these enzymes could be detected at the strictly localized
perforations of the peripheral wall (123) which initiate cell
separation (see “Initiation of cell separation via murosomes”).

The physiological role associated with the staphylococcal
endopeptidase activity is still unclear. It has been speculated
that endopeptidase activity is needed for the completion of cell
separation (58).

Lysostaphin, an endopeptidase produced by Staphylococcus
simulans subsp. staphylolyticus is known to be an effective agent
for the complete lysis of S. aureus cell walls. Whether the
endopeptidases, possibly for example the gene product of lytM
(110), of S. aureus are capable of performing similar actions or
whether they are only needed for localized alterations of the
peptidoglycan remains to be resolved.

Cell Division in Staphylococci

Differentiation of three consecutive division planes. Differ-
ent types of cross wall formation have been reported for bac-
terial cocci. (i) In the division of Streptococcus cells only simple
pairs or chains are formed, like in rod-like bacteria, indicating
the existence of one single division plane. (ii) In other cocci, for
instance, in Pediococcus (34), Thiopedia (104), Lampropedia

(97), and possibly also Deinococcus (99), successive division
always leads to four cells being arranged in two-dimensional
tetrads. Later on even, square tablets of 16 to 64 cells are
formed, indicating the existence of two division planes which
during subsequent cell divisions must regularly alternate their
direction at right angles to each other. (iii) In Sarcina (18) and
the cyanobacterium Synechocystis (113), eight cells are ar-
ranged in three-dimensional, cuboidal packets via stringent
alteration of three consecutive division planes.

For a long time it had not been evident to which of these
three types of cell division the staphylococci would belong,
because complete cell separation normally takes place right
after cell division, resulting in groups of individual cells; the
very name staphylococci (“bunch of cocci”) already points to
this characteristic formation of cell groups. Only by scanning
electron microscopy did it became evident that the staphylo-
cocci do not belong to organisms with only two division planes,
as had been assumed earlier (42), but must be ascribed to the
Sarcina type. Their three-dimensional arrangements to eight-
cell packets was demonstrated in some strains of S. aureus (71);
in most strains, however, this was only possible after experi-
mentally retarded cell separation (Fig. 2a).

The characteristic alteration of consecutive division planes
was demonstrated in thin sections (Fig. 2b). However, the
reason for this astonishing alternation is far from being under-
stood.

FIG. 1. The structure of peptidoglycan and the sites where peptidoglycan may be attacked by cell wall hydrolases. Three glycan strands of peptidoglycan, consisting
of alternating N-acetylmuramic acid and N-acetylglucosamine are depicted. The tetrapeptides (stem peptides), branching from N-acetylmuramic acid, are intercon-
nected by pentaglycine bridges. The sites where cell wall hydrolases may attack peptidoglycan are indicated by arrows, but staphylococci contain only three of these
wall hydrolases (amidase, glucosaminidase, and endopeptidase).
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FIG. 2. Scanning electron micrograph (a) and thin sections of staphylococcal cells (b to f). (a) A packet of eight staphylococcal cells was induced by liquoid; this
packet is derived from one bacterium by three consecutive cell divisions, each having changed its direction at an angle of 90° to the preceding division plane. The three
division planes are indicated by arrows (reproduced with permission from reference 139). (b) Characteristic alternation of consecutive division planes (arrowheads)
(reproduced with permission from reference 41). (c) Asymmetrical initiation of cross wall formation (arrowhead), Sp, splitting system (reproduced with permission
from reference 41). (d) Centripetal growth of the closing cross wall. The splitting system (Sp) appears as a darker central cross wall layer. (e) At the cell periphery,
above the closed cross wall with its splitting system (Sp), there is one of the murosomes (MuS) (reproduced with permission from reference 50). (f) After a 2-h exposure
to the antibiotic batumin (1 mg/ml) the peripheral wall appears to be differentiated into an outer layer, the so-called primary wall (prW), and an inner layer, the so-called
secondary wall (scW). The dark line between these two layers represents the so-called stripping system (Str) of the staphylococcal cell wall which is involved in cell wall
turnover. The remnants of the cutting through of the primary wall, the so-called clefts, are marked by arrows.
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Neoformation of the cross wall. Cross wall formation is ini-
tiated asymmetrically (Fig. 2c) at one single starting point
beneath the peripheral cell wall (41). Like in other prokaryotic
cells, cross wall formation proceeds via centripetal growth re-
sembling a closing iris (Fig. 2d), until the tips of the ingrowing
cross wall eventually fuse in the center of the cell (Fig. 2e).

After closure of the cross wall, the peripheral cell wall in
most cases appears as a rather compact, homogeneous-looking

structure (cf. Fig. 2e and 3A). Treatment with various antibi-
otics revealed, however, that it consists of two layers (Fig. 2f):
(i) an outer layer, the so-called primary wall, and (ii) an inner
layer, the so-called secondary wall (42). The secondary wall
continues into the cross wall (Fig. 2f and 3B). Sandwiched
between the primary and the secondary walls is the so-called
stripping system that is involved in cell wall turnover (see
“Wall thickening via underlayering processes”). Sometimes,
characteristic “clefts” are left behind on the cell surface after
the cutting through of the primary wall during early stages of
cell separation (cf. Fig. 2f, and 3C and see “Cell separation in
staphylococci”). If they are not turned over (Fig. 13b), clefts
are capable of marking, even during later stages of the cell
cycle, the site where the primary wall had first been cut through
(135).

In the presence of penicillin (0.1 mg/ml), characteristic vari-
ations were sometimes found in the “staining” of the wall
material that had been formed. The various parts of the wall
structures reacted differently to the uranium and lead salts
applied to raise the contrast for electron microscopy. The cen-
tral region of the cross wall known to be lysed during cell
separation (54) (see “The lytic type of cell separation”) and the
primary, peripheral wall both showed a strikingly low electron
density, while the newly underlayered secondary wall and the
future cross wall of the daughter cells produced under the
influence of penicillin were intensely stained (Fig. 4a). Such
different staining effects of the two parts of the cross wall not
only indicated the existence of different wall qualities in this
region of the cell wall but also proved to be helpful for ana-
lyzing the sequence of some morphogenetic events (see “Mu-
rosomes and their role in cross wall morphogenesis”).

The most distinctive feature in the center of the nascent
cross wall was a thin electron-dense layer (Fig. 2d and e); since
this layer proved to be involved in cell separation, we have
called it the splitting system of the cross wall (41). This splitting
system (Fig. 4b) is 7 to 10 nm wide (103) and has been shown
to consist of a concentrically arranged system of about 14 to 18
ring-shaped tubuli, each 7 to 10 nm in diameter (41). A similar
concentric ring system has been found to be located in the
cross wall of the cyanobacterium Phormidium uncinatum (33).
Early data concerning the chemical nature of this cyanobacte-
rial system indicated that it does not consist of peptidoglycan
(33).

In staphylococci, the splitting system can be influenced by
growth conditions; in the presence of spermine, the diameter
of the tubuli was continuously inflated (up to 20 nm) (Fig. 4c).
Treatment with Triton X-100 enlarged the width of the split-
ting system slightly, but it caused a considerable increase of its
electron density (Fig. 4d), thus indicating its composition of
tubular structures. At the same time, the layer directly beneath
the cell wall, the so-called membrane-wall interlayer (see Fig.
6h and i), was affected.

No convincing data are so far available about the chemical
composition of the staphylococcal splitting system; teichoic
acid-like material, the lipoteichoic acid (LTA), has been as-
sumed to be associated with this system (96, 125, 132). In fact,
LTA extraction of staphylococci via the phenol method (28)
led to the disappearance of the splitting system (Fig. 4e). It is
highly interesting to note that extraction of teichoic acid from
isolated cell walls of S. aureus resulted not only in the disap-
pearance of the splitting system (cf. Fig. 4f and g) but also in
premature separation of the cross walls of the presumed
daughter cells exclusively within the region of the concentri-
cally arranged rings of the splitting system (78).

This setting apart of cross wall layers after extraction of
teichoic acid was always restricted to the region of the splitting

FIG. 3. Nomenclature of the different parts of the staphylococcal cell wall.
Schematic overview of the common parts of the cell wall, as seen in the electron
microscope by investigating thin sections of fixed staphylococci. (For more de-
tails see Fig. 18). (A) Cell wall, splitting system, and murosomes. A highly elastic
peripheral cell wall (pW) protects the protoplast against the extremely high
turgor of the cytoplasm. The cross wall (cW) contains the splitting system (Sp)
consisting of concentrically arranged ring-shaped tubuli. The splitting system is
involved in cell separation. Minute, vesicular, extraplasmatic wall organelles, the
murosomes (MuS), are located in two circumferential rows above the closed
cross wall. They are engaged in lytic processes during cross wall formation and
initiation of cell separation. Reference figure, Fig. 2e. (B) Primary and secondary
walls. The seemingly homogeneous peripheral cell wall is, in fact, differentiated
into an outer layer (the so-called primary wall [prW]) and an inner layer (the
so-called secondary wall [scW]). The secondary wall, which continues into the
cross wall, is deposited beneath the primary wall in connection with the forma-
tion of a new cross wall. The dark line between the primary and the secondary
wall represents the so-called stripping system (Str), which is involved in wall
turnover. Reference figures, Fig. 2f and Fig. 4a. (C) Clefts. During early stages
of cell separation the lytic capacity of the murosomes is activated. The muro-
somes perforate and, subsequently, cut through the primary wall, sometimes
leaving behind characteristic clefts (Cl) on the cell surface. If such clefts are not
turned over, they mark the site of cutting through even during later stages in the
cell cycle. Reference figures, Fig. 2f and 13b (D) Longitudinal slit of the cross
wall. Sandwiched between layers of the cross wall, a preformed, longitudinal slit
(Sl) is found in the center of the cross wall, which contains the concentrically
arranged tubuli of the splitting system. If the splitting system is removed, the
cross wall layers are moved aside, exposing the container-like slit of the cross
wall. Reference figure, Fig. 4g.
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FIG. 4. Thin sections of staphylococcal cells. (a) After treatment with penicillin (0.1 mg/ml) the secondary wall (scW) is intensely stained while the primary wall and
the central parts of the cross wall (the so-called transitory cross wall material) are hardly stained. A murosome (MuS) is detectable in the secondary wall. (b) This
section, running exactly through the middle of the cross wall, reveals the concentrically arranged tubuli of the splitting system. The hexagonally shaped inner edge of
the closing cross wall is marked with arrows (reproduced with permission from reference 41). (c) The diameter of the tubuli of the splitting system enlarges continuously
during growth in the presence of spermine (arrowheads). (d) Treatment with Triton X-100 likewise resulted in an enlargement of the tubular structures of the
staphylococcal splitting system (Sp). (e) By extraction of the LTA, the splitting system disappeared. (f) Isolated cell wall of a staphylococcus after removal of the
cytoplasm. The splitting system is still detectable (arrows) (reproduced with permission from reference 78). (g) Extraction of LTA from the isolated cell wall leads not
only to the disappearance of the splitting system but also to a premature separation of the central cross wall region (arrows) (reproduced with permission from reference
78).
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system without affecting the peripheral cross wall. These data
suggest that the splitting system can no longer be regarded
simply as a special chemical entity which is located in the
compact cross wall; it should be seen as a distinct layer fitted
into a preformed longitudinal container-like slit of the cross
wall (Fig. 3D). We have to consider, therefore, that the com-
pleted cross wall consists of different parts, including a central
slit-like container in which the concentrically arranged tubuli
of the splitting system are located and the rather homoge-
neous-looking layers of the neighboring cross wall. These find-
ings are important for all considerations concerning the in-
volvement of the splitting system during mechanical cell
separation (see “An alternative, mechanical type of cell sepa-
ration using the splitting system of the cross wall”).

Concerning the origin of the splitting system, no convincing
data are presently available. The possibility that we are dealing
with a direct extension of the cytoplasmic membrane can, how-
ever, be excluded since the characteristic appearance of this
membrane (see Fig. 6g and h) has never been demonstrated.
Several indications led us to presume that the so-called mem-
brane-wall interlayer (43), located between the cytoplasmic
membrane and the cell wall proper (see Fig. 18, MWI), is
involved in the formation of the splitting system. This mem-
brane-wall interlayer, in which minute hexagonally arranged
particles are embedded (see Fig. 6h and i), regularly covers the
staphylococcal cytoplasmic membrane (43). As discussed be-
low the membrane-wall interlayer is, probably, also involved in
the formation of the murosomes (see “Murosomes and their
role in cross wall morphogenesis”).

Murosomes and their role in cross wall morphogenesis.
Minute vesicular structures, 30 to 40 nm in diameter, can be
observed in the peripheral cell wall above closed cross walls
(Fig. 2e). Often, these structures appear in pairs located in the
peripheral wall directly above a closed cross wall (54). We
named such transparent, extraplasmatic wall organelles “mu-
rosomes” (38, 48, 50); they are capable of performing divers
lytic activities in the cell wall material. Murosomes above
closed cross walls were demonstrated most clearly in very thin
sections of slowly growing and dividing control cells, especially
during the so-called stationary phase of growth in which staph-
ylococci exhibit relatively thick cell walls.

Pairs of such minute wall organelles were also traceable in
the peripheral cell wall at sites where a new cross wall was
initiated (Fig. 5a). Freeze-etching in the presence of sucrose or
sodium chloride revealed that the murosomes are enclosed by
a definite envelope (Fig. 5b).

In other control cells, however, instead of vesicular murosomes
rather flat structures only 10 to 15 nm wide were found, resem-
bling more or less collapsed vesicular murosomes (Fig. 5c).

Since the initiation of a new cross wall is a very rapid process
in staphylococci, taking place within a few minutes from the
logarithmic phase of growth, only slowly growing cells from the
stationary-growth phase were suitable for analyzing cross wall
morphogenesis. Furthermore, advantage was taken of the fact
that staphylococci regularly alter their division plane and can
therefore start cross wall formation in the second division
plane while cell separation is still going on along the first
division plane (Fig. 2b). In this way, initiation of cross wall
formation could be followed at the same time in both the
just-separating daughter cells (Fig. 5d and e). The murosomes
of both daughter cells were always found to be symmetrically
arranged to each other, indicating the possible existence of a
synchronized starting process for the cross wall initiation in
both daughter cells.

For initiation of a new cross wall, the murosomes always
induced a centripetally directed cutting of some inner layers of

the peripheral wall, probably the entire secondary wall (Fig. 5d
and e and cf. Fig. 19d and f). It is speculated that after the
cutting through of the secondary wall its “free ends” function
as assembling sites of newly synthesized wall material for the
formation of the new cross wall (see Fig. 7).

High-resolution freeze-etching in the presence of sucrose or
sodium chloride (49) revealed the existence of vesicular mu-
rosomes with a tubular “tail-like” extension (Fig. 5f and g)
which, probably, are involved in this cutting process. The char-
acteristic result of these cutting processes was a direct connec-
tion between the extraplasmatic murosomes and the cytoplas-
mic surface; a local invagination of the cytoplasmic membrane
was often observed beneath these connection sites (Fig. 5e).
Sometimes a more-or-less ring-like structure was detected at
the connection site of the murosomal tail with the cytoplasmic
surface (Fig. 5g). It is, however, still an open question whether
the tail of the murosome is in fact a structural peculiarity of
these organelles, engaged in cross-wall initiation, or whether it
is nothing but a sort of canal within the compact wall material
created by the lytic activity of the murosome. Furthermore, no
explanation has been found so far as to why at this stage of the
cell cycle the lytic activities of the murosomes are always di-
rected centripetally; one can only speculate that at this stage
the outer layers of the peripheral wall are more resistant to
lytic processes of this type than the inner layers.

Linearly arranged vesicular murosomes, during the onset of
cross wall formation on the inner surface of the peripheral cell
wall (Fig. 6a), were also demonstrated by such freeze-etching;
probably, they were located in the region between the cell wall
and the cytoplasmic membrane. Interestingly, the centripetally
directed side of some of these murosomes proved to be open
(Fig. 6b). It is, however, still unknown whether these openings
in the “bottom” of the murosomes can be ascribed to the
tail-like extensions of those murosomes involved in the cutting
of lower layers of the peripheral wall (Fig. 5f and g).

However, neither thin sections nor freeze-etchings of control
cells could answer questions concerning the exact localization
of the murosomes within the primary or secondary peripheral
walls before the cutting processes for cross wall initiation
started. This was only possible after the application of penicil-
lin, by means of which we became able to differentiate between
primary and secondary wall material (Fig. 4a). After treatment
with this antibiotic the murosomes appeared to be somewhat
inflated (Fig. 6c), but for the first time they could be nicely
localized within the peripheral wall: they were found closely
beneath the primary peripheral wall and clearly within the dark
lower “secondary” layer of the peripheral wall formed during
the action of penicillin.

Consequently, in nondividing staphylococci, murosomes can
hardly be considered to exist a priori in every peripheral cell
wall; rather, these wall organelles must always be formed de
novo for every new cross wall formation. For this, murosomes
are apparently placed beneath the primary cell wall together
with a rather thick layer of newly formed secondary wall ma-
terial. The possibility cannot be excluded, however, that the
murosomes are placed beneath both these layers of the pe-
ripheral cell wall and are capable of penetrating, in a separate
step, into the secondary layer (see Fig. 19b and c).

The location of the murosomes was also monitored during
the subsequent stages of early cross wall formation (Fig. 6d and
e), indicating that the two murosomes are in some way also
involved in the process of cross wall differentiation into three
parallel layers (Fig. 4a; see also Fig. 3 and 7).

The stringent positioning of the murosomes certainly re-
quires a highly sophisticated “anchoring” procedure at the
peripheral wall. However, it is far from clear whether the
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apposition of secondary wall material is the intrinsic mecha-
nism by which the staphylococci are capable of placing the
murosomes at the necessary 90° angle to the preceding division
plane (Fig. 2b). Since the ftsZ-ftsA genes are part of the cell

division gene cluster of staphylococci (109) one could seek to
determine if they are involved in this alteration of division
planes (7). Recent findings have shown that FtsZ can form
tubular structures (83); in this regard one should consider

FIG. 5. Staphylococcal cells after thin sectioning (a and c to e) or freeze fracturing in the presence of sucrose (b and f) or sodium chloride (g). (a) A pair of
murosomes (MuS) is located at the site of a new cross wall initiation. (b) The murosomes (MuS [arrows]) appear to be enclosed by a definite envelope (reproduced
with permission from reference 50). (c) Flattened or collapsed vesicular murosomes (arrows) in the peripheral cell wall. (d) For initiation of cross wall formation, the
murosomes in both the just-separating daughter cells have been anchored in the secondary wall where they induced centripetal lytic processes which cut the secondary
wall. Me, membranous body. (e) Higher magnification of panel d showing details of the new cross wall initiation. At the free ends of the secondary wall created by the
lytic activity of the murosomes the first assembling of wall material for the formation of the new cross wall can be seen. A local invagination of the cytoplasmic
membrane, the membranous body (Me), consisting of an envelope and a core, is associated with the site of cross wall initiation. (f) A vesicular murosome exhibiting
a tubular tail-like extension (arrow) is detectable; this extension connects the extraplasmatic murosome with the surface of the cytoplasm (reproduced with permission
from reference 49). (g) The fracturing has exposed an envelope and a vesicular part of the murosome and its tail. At the end of the tail-like extension of the murosome,
a ring-like structure is revealed which marks the connection site between the murosome and the cytoplasmic membrane (CM). W, wall.
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FIG. 6. Freeze fractures of staphylococci in the presence of sodium chloride (a and b) or normal freeze fracture (i) and thin sections (c to h) of staphylococcal cells.
(a) A row of linearly arranged vesicular murosomes (MuS) on the concave fracture plane (EF). (b) Murosomes (MuS) on the concave (EF) and convex (PF) fracture
planes of the cytoplasmic membrane are in different stages of maturation (arrowheads); a ring-like structure is visible in the upper murosomes. (c) In the presence of
penicillin (0.1 mg/ml) the underlayered wall material of the secondary wall reveals a higher contrast than the primary wall. Two murosomes (arrows) embedded in the
highly contrasted layer are located beneath the primary wall. (d) In the presence of penicillin (0.1 mg/ml) the two murosomes differentiate the nascent cross wall into
three parts, a central sector (white arrow) and two lateral ones (black arrows) ,, transparent “lytic” region at the tip of the nascent cross wall. (e) In the presence of
penicillin (0.1 mg/ml) the nascent cross wall is divided in three parts by the lytic activity of murosomes (arrows). (f) Even in the presence of trimethoprim (3.13 mg/ml)
the murosomes for the second division plane (arrows) are located at a 90° angle to the first division plane. (g) Higher magnification of panel f. The murosomes (arrows)
are located outside the protoplast, between the cell wall and an invagination of the cytoplasmic membrane. (h) In the presence of trimethoprim (3.13 mg/ml) the
murosomes located between the primary wall and the cytoplasmic membrane (CM) are covered with particles (white arrows) probably derived from the membrane-wall
interlayer (MWI) of the cytoplasmic membrane. (i) Hexagonally arranged particles of an isolated cytoplasmic membrane with its membrane-wall interlayer of a control cell
(reproduced with permission from reference 43).
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whether there exists any relation between these tubular struc-
tures and the concentrically arranged tubuli of the splitting
systems of the cross wall (Fig. 4b).

In this connection, the reactions of staphylococci to treat-
ment with the bacteriostatic agent trimethoprim are especially
interesting (100). This drug is known to inhibit the growth and
synthesis of secondary wall material which, after treatment
with other bacteriostatic agents such as chloramphenicol, is
normally deposited as very thick layers beneath the primary
peripheral wall (see Fig. 16a). Since during trimethoprim-me-
diated growth inhibition there was no such secondary wall
material beneath the primary cell wall, the murosomes were

found to be deposited between the peripheral wall and an
invagination of the cytoplasmic membrane without any detect-
able association with secondary wall material; this fact was
shown especially in cells at the onset of cellular disintegration
when the region of the cytoplasmic membrane was better ex-
posed (Fig. 6f and g). This was the first demonstration of the
formation of “free murosomes,” i.e., of murosomes not em-
bedded in wall material (see also Fig. 19b). These findings
suggest that the apposition of new secondary wall material
below the primary peripheral wall cannot be made responsible
for the localization of the murosomes at the correct site for
inducing new cross wall initiations in the next division plane.

It was quite remarkable that in the presence of trimethoprim
the staphylococci and their murosomes were always grossly
inflated but the murosomes were located rather correctly at an
angle of 90° to the first division plane (Fig. 6f). Furthermore, a
peculiar surface of the murosomal envelope was revealed with
trimethoprim, since its surface was, for the first time, free from
masking wall material. These murosomes were shown to be
covered with characteristically arranged dark particles (Fig.
6h), the array of which could not be differentiated from that of
the typical surface of the so-called membrane-wall interlayer
(43). This membrane-wall interlayer is regularly located di-
rectly beneath the peripheral cell wall (Fig. 6h and i); it is
known to cover the outer surface of the cytoplasmic membrane
of staphylococci. Earlier high-resolution freeze-etching of this
membrane-wall interlayer revealed the very peculiar, hexago-
nal array of such particles, exhibiting center-to-center spacings
of approximately 7 nm (Fig. 6i).

Tentative identification of some material from the mem-
brane-wall interlayer located on the murosomal envelope sug-
gests that the possibility cannot be excluded that the cytoplas-
mic membrane and its membrane-wall interlayer are in some
way involved in manipulating the position of the murosomes to
the correct site for successful initiation of subsequent cross
wall formation. Questions concerning the possible origin of the
murosomes from the cytoplasmic membrane can now be dis-
cussed as well. The surface layer of the murosomes, covered
with particles, indicates that the murosomes cannot be created
simply by invagination of the cytoplasmic membrane, since in
such case the membrane-wall interlayer would always be found
inside the vesicles. These murosomes must be formed in an
evagination process, either by evagination of the cytoplasmic
membrane together with its membrane-wall interlayer or by
evagination of the membrane-wall interlayer alone. A highly
speculative schematic proposal has been sketched (Fig. 8) to
elucidate the possible formation of the murosomes via local
invagination of the cytoplasmic membrane, followed by muro-
some morphogenesis via evagination of the membrane-wall
interlayer; it remains a matter of speculation whether, during
an additional step, the murosomes are capable of penetrating
into the secondary wall (Fig. 8, B-2 and C) or whether they
evaginate synchronously with the synthesis of the secondary
wall (Fig. 8, B and C).

However, judging from the contrast evident by electron mi-
croscopy, in some cases the envelope of the transparent mu-
rosomes of control cells was covered not only with particles but
also with some other material which looked like a rather thin
but compact layer of wall material and could be clearly differ-
entiated from the wall material in which the murosomes were
embedded (Fig. 9a). Furthermore, some antibiotic-induced re-
actions of this surface layer of the murosomes were also typical
of newly formed wall material. It was regularly thickened under
chloramphenicol (Fig. 9b); such wall thickening is highly char-
acteristic of the action of this drug (see Fig. 16a). In the
presence of penicillin this compact layer changed to a rather

FIG. 7. Cross-wall morphogenesis. This schematic illustration is intended to
tentatively represent the involvement of murosomes in morphogenetic processes
during neoformation of a staphylococcal cross wall. Becoming acquainted with
these morphogenetic steps is an essential prerequisite for understanding the last
minutes in the life of a staphylococcus under penicillin (see Fig. 21 and 22). (A)
Site for cross-wall neoformation. The murosomes (MuS) are anchored within the
secondary wall (scW) directly above the site of the future cross wall initiation.
CM, cytoplasmic membrane; MWI, membrane-wall interlayer; prW, primary
wall. Reference figures, Fig. 5a and 6c. (B) Initiation of cross wall morphogen-
esis. For initiation of a new cross wall, the murosomes induce centripetally
directed lytic cutting processes considered to separate the secondary wall into
three parts: a central sector and two lateral ones. Sometimes the vesicular
murosomes show tail-like tubular extensions which, probably, are involved in this
cutting process. Reference figure, Fig. 5d to g. (C) Onset of cross wall morpho-
genesis. The reason for the cutting processes within the secondary wall seems to
become evident: the central sector of the sectioned secondary wall starts to form
the so-called transitory part of the cross wall, while the two lateral sectors initiate
the formation of the so-called permanent parts of the cross wall (see Fig. 12B).
Reference figure, Fig. 6d to e. (D) Initiation of the splitting system. No reliable
data are available about the genesis of the splitting system (Sp). It is speculated
that the splitting system stems from the membrane-wall interlayer of the cyto-
plasmic membrane. Reference figure, Fig. 2c and d.
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fibrillar appearance (Fig. 9c), which is well known for wall
material formed in the presence of this antibiotic (see Fig.
14a).

These data indicate that the murosomes, besides their lytic
capacity, can also serve, at least to a limited extent, as a special
site for the assembly of new cell wall material. The significance
of such restricted wall assembly effect is still unknown.

At any effect, the morphogenetic importance of the ex-
traplasmatic murosomes is indicated (i) by their sophisticated
anchoring process (Fig. 6c and f to h), (ii) by their ability to
perform cutting procedures for the initiation of cell division
(Fig. 5d to g), (iii) by their involvement in the differentiation of
the three-layered cross wall (Fig. 6d and e), and (iv) by their
capability of assembling at their surfaces at least some new wall
material (Fig. 9a to c). The subsequent induction of these

processes, taking place within the secondary wall material, is an
important prerequisite for the successful initiation and neofor-
mation of the next cross wall at the correct site and for the
accomplishment of the subsequent cell division which has to
implement the regular alternation of the division planes. All
data available so far indicate that the murosome-induced
morphogenesis of the staphylococcal cross wall takes place
as tentatively suggested in the schematic drawing shown in
Fig. 7.

These findings on cross wall morphogenesis, as summarized
in the schematic drawings in Fig. 7 and 8, are important pre-
requisites for understanding the events which can be observed
only minutes before penicillin-induced death (cf. Fig. 21, B3
and Fig. 22A to D).

The lytic capacity of the murosomes is not restricted to
cross-wall morphogenesis but is also involved in two steps of
lytic cell separation: in the punching of pores into the periph-
eral wall (Fig. 10a and b) and in the disintegration of transitory
cross wall material (see “The lytic type of cell separation”).

However, no reliable experimental data are so far available
concerning the question of why murosomes perform certain
vectorial lytic wall processes only at defined stages of the cell
cycle while at others they are inactive (“resting”).

Speculations about other lytically active vesicles of the
staphylococci, the so-called mesosomes, could be helpful in
elucidating this problem. For mesosomes, which are also de-
rived from the membrane-wall interlayer, it was assumed (39)
that the autolytic wall enzymes of their vesicles (27) are regu-
lated by the charge of their neighboring LTAs (28). Any trans-
formation of their flat, “collapsed” vesicles to ball-shaped
structures would, during bulging, result in an enlargement of
the outer surface layer of the vesicle, which, in turn, would
inevitably reduce the number of LTA molecules per square
nanometer and hence enlarge the distance between the regu-
lating LTA molecules and the regulated autolytic wall en-
zymes. The resulting reduction of surface charge density via
the “blowing up” of flat vesicles could be sufficient to transform
lytically inactive vesicles into lytically active ones, capable of
attacking the staphylococcal cell wall. If such considerations
are applied to murosomes, the observation of flat, collapsed
murosomes (Fig. 5c) and ball-shaped vesicular ones (Fig.
5a) could likewise reflect the existence of different stages of
murosome activation.

The close similarities in structure, function, and genesis be-
tween murosomes and mesosomes have led to speculations
that mesosomes must be considered as being nothing but en-
larged and multiplied murosomes induced by external factors
like sucrose-mediated compression (39, 51).

Perturbations of cross wall formation. After treatment with
penicillin, which always affects the PBPs located at the outer
surface of the cytoplasmic membrane and in the splitting sys-
tem (103), the first detectable morphological effect was the
cessation of the formation of the splitting system (47). This
observation supported the conclusion that penicillin is only
capable of inducing structural variations in growing parts of the
staphylococcal cell wall, without affecting nongrowing cell wall
regions or any part of the cell wall formed before the action of
the drug (see “ ‘Hidden death’ at high penicillin concentra-
tions”). Therefore, perturbation of cross wall formation by
penicillin proved to be an effective tool for analyzing the struc-
ture and function of its different components. Especially after
application of very low, nonfatal concentrations of penicillin
the cross wall always revealed its composition of fibrillar com-
ponents (Fig. 9d), which was never detected in untreated
staphylococci (42). The penicillin-induced impairment of
the transpeptidation reactions necessary to cross-link the pep-

FIG. 8. Formation and positioning of the murosomes. A highly speculative
attempt to reconstruct the formation and localization of staphylococcal muro-
somes, which are derivatives of the cytoplasmic membrane. (A) The primary
wall. A part of the primary wall (prW) is depicted. (B-1) Formation of the
secondary wall. By apposition growth the secondary wall (scW) is placed beneath
the primary wall. The cytoplasmic membrane (CM) is indicated beneath the
primary wall. Sandwiched between the wall and the membrane is the so-called
membrane-wall interlayer (MWI). (B and B-2) Murosome morphogenesis. The
murosomes (MuS) seem to originate from a local invagination of the cytoplasmic
membrane followed by evagination of the membrane-wall interlayer (B and B-2).
It is not clear, however, whether the secondary wall is formed before genesis of
the murosomes (B-1 to B-2) or whether it is synthesized only after the muro-
somes are formed (B to C). Moreover, it cannot be excluded that murosomes and
secondary wall originate synchronously. The surface of the murosomes is covered
with particles which seem to originate from the membrane-wall interlayer. Ref-
erence figure, Fig. 6g and h. (C) Positioning of the murosomes. At this stage the
murosomes are found to be anchored beneath the primary wall within the
secondary wall material. The murosomes are always considered to be placed
directly above the site where the next cross wall formation will be initiated. If
murosome positioning takes place only after formation of the secondary wall
(B-1 to B-2) the murosomes must be assumed to be capable of penetrating into
the secondary wall (B-2 to C). Reference figure, Fig. 6c.
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tidoglycan strands for building up a compact cross wall (for an
overview, see reference 78) is assumed to have led to the
exposure of these fibrillar cross wall components. Remarkably,
these fibrillar components often were not randomly distributed

but occurred in a seemingly arc-shaped arrangement (Fig. 9d).
Similar arrangements of fibrillar components have been ob-
served in several eukaryotic organisms, and they were all in-
terpreted as being the result of a plywood-like superposition of

FIG. 9. Thin sections of staphylococcal cells. (a) In the presence of sucrose a ring-like structure surrounds the murosome (MuS). (b) In the presence of
chloramphenicol (3 mg/ml) the murosome (MuS) appears to be enveloped by a rather thick layer of wall material. (c) In the presence of penicillin (0.1 mg/ml) the
murosome is enlarged and its surrounding layer is of rather fibrillar appearance (reproduced with permission from reference 38). (d) During treatment with penicillin
(0.05 mg/ml) the compact cross wall has been converted into fibrillar wall material seemingly arranged in an arc-shaped configuration (reproduced with permission from
reference 42). (e) Simultaneous treatment of staphylococci with chloramphenicol (20 mg/ml) and penicillin (0.1 mg/ml) has resulted in the formation of an extremely
thick cross wall exhibiting a layered architecture. (f) Under penicillin (0.1 mg/ml) cross wall material may be assembled even at an extension of the cytoplasmic
membrane (CM), seemingly without any contact with preexisting wall material. (g) Staphylococci having lost their splitting system during penicillin treatment restore
this system during growth in drug-free medium (arrows) (reproduced with permission from reference 38).
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FIG. 10. Staphylococcal cells after freeze fracturing (a to c) and thin sectioning (d to g). (a) Cell separation starts with a row of minute wall perforations (pores
[arrows]) on the surface of the peripheral wall above the completed cross wall (reproduced with permission from reference 41). (b) After deactivation of autolytic wall
hydrolases by chloramphenicol (20 mg/ml) and subsequent reactivation of these enzymes by treatment with lysozyme (10 mg/ml), two parallel rows of pores can be
detected on the surface of the peripheral wall (arrowheads) (reproduced with permission from reference 50). (c) After deactivation and subsequent reactivation of
autolytic wall enzymes a row of blebs (arrows) is located on the cell surface, indicating the release of murosomes into the medium (reproduced with permission from
reference 50). (d) After chloramphenicol-mediated deactivation and lysozyme-induced reactivation of autolytic wall enzymes the release of murosomes (MuS) leaves
behind pore-like cavities in the peripheral cell wall (stars) (reproduced with permission from reference 50). (e to g) The peripheral area of the completed cross wall
is shown after deactivation and subsequent reactivation of autolytic wall enzymes. An attempt to reconstruct the subsequent steps of murosome-mediated lytic
perforation of the peripheral cell wall during which the murosomes seem to disintegrate is shown. (e) A murosome (arrowhead), still consisting of an envelope and
a core, appears to be rather well preserved (reproduced with permission from reference 54). (f) The murosome (arrowhead) shows the first signs of swelling and core
disintegration (reproduced with permission from reference 54). (g) The murosome (arrowhead), having just perforated the peripheral wall, appears only as an
undifferentiated vesicular structure (reproduced with permission from reference 54).
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layers containing more or less linearly arranged fibrils, which
only optically gives the impression of arc-shaped structures (14,
82). Such plywood-like arrangement of stacked macromolecu-
lar layers has been postulated to also represent the macromo-
lecular architecture of the staphylococcal cell wall (75, 76).

When penicillin and chloramphenicol acted simultaneously,
the formation of extremely thick cross walls was induced in
which, apparently, one layer after another of wall material was
laid down, resulting in a pile of such wall material (Fig. 9e).
Such observations indicated that layered arrangements of wall
material are in fact feasible. However, the characteristic chlor-
amphenicol-induced thickening of the peripheral wall (see Fig.
16a) was prevented by this combination of penicillin and chlor-
amphenicol (73).

Prolonged treatment with penicillin resulted in rather gross
defects of the nascent cross walls (85, 98). Sometimes, assem-
bly of cross wall material took place at an extension of the
cytoplasmic membrane seemingly without any contact with the
preexisting wall material (Fig. 9f). These data suggest that the
assembly of cross wall material will take place not only via
apposition of new strands of peptidoglycan at preexistent wall
material but may start independently at the surface of certain
sites of the cytoplasmic membrane (38).

It is interesting that penicillin-induced distortions of the
cross wall as well as the disappearance of the splitting system
did not persist when staphylococci recovered after penicillin
treatment in drug-free medium (38). Under these conditions
the reappearance of the splitting system in the newly built wall
material always started at the tips of the distorted cross walls
(Fig. 9g), and cross walls of normal width were formed con-
comitantly.

These findings indicate that the splitting system should not
be considered exclusively as a tool for cell separation (see “An
alternative, mechanical type of cell separation using the split-
ting system of the cross wall”) as it may also have a function in
maintaining the highly sophisticated compact architecture of
the cross wall.

Cell Separation in Staphylococci

Cell separation of fully divided bacteria is an important step
in the dissemination of daughter cells in an infection. The
process of cell separation in staphylococci seems to be unique
within the bacterial kingdom. Staphylococci developed a sys-
tem of highly sophisticated mechanisms to guarantee success-
ful cell separation even under adverse conditions. Depending
on the growth conditions, they can use either of two different
mechanisms to separate the daughter cells after completion of
the cross wall, i.e., a lytic or a mechanical mechanism (54).

A schematic drawing of the components involved in these
mechanisms of cell separation contributes to a better under-
standing of these processes which are essential for growth and
multiplication (see Fig. 12).

Initiation of cell separation via murosomes. Earlier obser-
vations (41) have shown that cell separation in staphylococci
always starts with the punching of a row of 18 to 24 minute wall
perforations (pores) into the peripheral cell wall (Fig. 10a)
above the completed cross wall. This is, apparently, the result
of the lytic activity of the murosomes of the cell wall (54). Since
calculations have suggested that cell separation in rapidly
growing staphylococci takes place within a few minutes (54),
the punching of pores will last, probably, less than 1 min. This
is why for a more detailed analysis of the mechanism of pore
formation this rapidly passing initial step of cell separation had
to be slowed down. This was accomplished by applying chlor-
amphenicol, which is capable of reversibly deactivating auto-

lytic wall processes without killing the cells (45, 50, 137). After
a subsequent very slow reactivation of the wall autolysins by
cationic proteins, the process of cell separation could be ex-
tended up to several hours, which made it easy to follow the
sequence of pore formation.

Under such specific growth conditions the peripheral pores
proved, at the very beginning of cell separation, not to be
arranged in a single row but in two parallel ones (Fig. 10b).
The single row (Fig. 10a) must be considered to be already the
result of so-called pore fusion processes (54) in which two
rather small neighboring pores are torn apart and form one
larger pore. After formation of the peripheral pores these wall
perforations were extended and eventually fused with each
other, giving rise to rather large openings in the peripheral
wall. The proceeding of such opening processes, which may be
compared with the separation of two stamps along their per-
foration line (see Fig. 12B), is apparently the very beginning of
cell separation (54).

A pair of circumferential sets of pores is found not only in
staphylococci but also in some oscillatoriacean cyanobacteria
(33, 56, 79).

During pore formation, regularly arranged rows of blebs on
the cell surface were found to indicate a process of murosome
protrusion into the growth medium after pore punching had
taken place (Fig. 10c). Such release of murosomes after pore
formation leaves behind characteristic spherical cavities in the
peripheral cell wall, as seen in thin sections (Fig. 10d); since we
are dealing here with two parallel rows of pores, the resulting
cavities are not located directly above the cross walls but are
laterally displaced.

Interestingly, the inhibition of autolytic wall processes by
chloramphenicol and their subsequent reactivation resulted in
the best preserved murosomes hitherto demonstrated by thin
sectioning; often the murosomes, 30 to 40 nm in diameter,
appeared to be covered with a sort of envelope and had a
distinct core (Fig. 10e).

During perforation of the peripheral wall the murosomes
often showed signs of swelling and disintegration of their inner
core (Fig. 10f and g), indicating that we are dealing here with
rather short-lived organelles. Probably, this progressive disin-
tegration is the very reason why it has not yet been possible to
isolate these minute wall organelles. This tendency of self-
disintegration is, probably, also the reason why in thin sections
of untreated staphylococci murosomes often appear only as
empty holes within the peripheral cell wall (Fig. 2e and 5a, d
and e). This effect was even more distinct in staphylococci
growing under the influence of lytic concentrations of penicil-
lin (48, 50) where murosomes frequently could be detected
only as transparent lytic sites within the wall material (see Fig.
14d and e).

Wall autolysins, apparently associated with such pores, were
recently found to form a circumferential double ring on the cell
surface above the cross wall (146). These murosome-associated
wall autolysins have since been identified as endo-b-N-acetyl-
glucosaminidase and N-acetylmuramyl-L-alanine amidase (123).

The lytic type of cell separation. During rapid growth staph-
ylococci use the method of lytic cell separation in which they
sacrifice specific central parts of their own cross wall (Fig. 11a
and b). In this case the murosomes have been shown not only
to perforate the peripheral cell wall via centrifugal lytic pro-
cesses but also to attack some central parts of their cross wall
proper via centripetally directed lytic actions; these different
steps of lytic cell separation have been described in more detail
recently (54). It has been concluded that the lytic processes
always start from the murosomal sites and proceed radially to
the center of the cell (54). Such bifunctional action of the

1384 GIESBRECHT ET AL. MICROBIOL. MOL. BIOL. REV.



FIG. 11. Freeze fracturing (a to d) and thin sectioning of staphylococcal cells (e) and B. subtilis (f). (a) After compensating the tension of the elastic cell wall by
suspending unfixed cells in 3 M sucrose (a and b), a tripartite architecture of the cross wall was revealed (arrowheads). In the middle of the cross wall the transitory
part is located (reproduced with permission from reference 54). (b) During lytic cell separation the central, transitory part of the cross wall is disintegrated (arrowhead)
(reproduced with permission from reference 54). (c) After deactivation and subsequent reactivation of autolytic wall enzymes, spoke-like intruding canals or separation
scars (stars) appear on the exposed cross wall surface after cell separation. (cW, cross wall, pW, peripheral wall, MuS, murosome) (reproduced with permission from
reference 54). (d) A cell recovering from chloramphenicol treatment reveals spoke-like structures (arrows) on the just-exposed surface of the daughter cell during cell
separation. (e) After deactivation and subsequent reactivation of autolytic wall enzymes, centripetally directed lytic wall processes (arrowheads) have left behind a
lysis-resistant central part of the cross wall (reproduced with permission from reference 54). (f) After deactivation and subsequent reactivation of autolytic wall enzymes,
central parts of the cross wall in a B. subtilis cell are disintegrated during cell separation.
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murosomes during this type of cell separation revealed that, in
staphylococci, there are both transitory and permanent parts of
the cross wall. To quantify the amount of cross wall material
lost during cell separation, the tension of the elastic cell wall
had to be reduced. This was achieved by compensating the cell
turgor via treatment of unfixed cells with 3 M sucrose. In this
way it was shown that during lytic cell separation central cross
wall parts, 30 to 40 nm thick, were lost (54), constituting about

one third of the total cross wall material (Fig. 11a and b), and
which also included the 7- to 10-nm thick concentrically ar-
ranged rings of the splitting system (Fig. 12A). These transitory
cross wall parts must be considered as being auxiliary struc-
tures exclusively designated to be digested during cell separa-
tion (54). A schematic drawing (Fig. 12B) depicts the onset of
lytic cell separation.

The muralytic enzymes involved in this separation process
are, apparently, the same enzymes that are capable of punch-
ing the pores into the peripheral cell wall for initiating cell
separation, i.e., two amidases, the endo-b-N-acetylglucosamini-
dase and the N-acetylmuramyl-L-alanine amidase (122), which
were previously shown to be capable of dispersing cluster-
forming mutants of staphylococci (20) (see “Inhibition of cell
separation results in the formation of pseudomulticellular
staphylococci”).

Experimentally induced lytic cell separation aside from the
splitting system. For a more detailed analysis, the rapid pro-
cess of lytic cell separation also had to be slowed down via
reversal deactivation of wall autolysins by limited chloram-
phenicol treatment, followed by a slow reactivation of lytic wall
processes by cationic proteins (“see Initiation of cell separation
via murosomes”). The utilization of this technique is consid-
ered to be capable of demonstrating the original pattern of
distribution of the bulk of staphylococcal wall autolysins (50).
Furthermore, the chloramphenicol-induced thickening of the
staphylococcal wall (40, 42) (see “Wall thickening via under-
layering processes”) has proven to be of great advantage for
ultrastructural analysis.

After application of this slowing-down technique, centripe-
tally intruding spoke-like canals (Fig. 11c) were demonstrated
on the surface of the daughter cells (54), which canals to a
certain extent resemble the so-called separation scars on the
cell surface of yeasts (133).

Apparently, the spoke-like canals of the staphylococci are
the result of the reactivated lytic activity of wall autolysins
starting from the site of the peripheral murosomes. Even more
important was the observation that very differentiated spoke-
like structures, resembling chrysanthemum flowers (Fig. 12A),
were also found in some staphylococci recovering from chlor-
amphenicol treatment (Fig. 11d). Below it will be seen that the
formation of spoke-like canals in the cross wall could also be
induced by treatment with penicillin (see Fig. 14e). Demon-
stration of these radially orientated canals in the cross wall
under different experimental conditions is of considerable in-
terest since it confirms the conclusion that in control cells the
muralytic processes during lytic cell separation, as mentioned
in the preceding section, also start from the murosomal sites
and proceed radially into the center of the cell. Furthermore,
these findings suggest that the canals cannot be considered as
being artificial conformations created by the experimental con-
ditions.

So far there has been no convincing explanation for the
preservation of the spoke-shaped tracks under some experi-
mental conditions. They have only been found in staphylococci
treated with chloramphenicol or penicillin, and it is suggested
that they are rapidly dissolved after the centripetally directed
muralytic actions of the murosomes, probably by the activity of
the so-called stripping system (see “Wall thickening via under-
layering processes” and Fig. 12B). Since after treatment with
chloramphenicol all autolytic processes are in some way re-
tarded, one could also speculate that the final cleaning of the
surface of the daughter cells, i.e., the complete disintegration
of all parts of the cross wall which are to be dissolved, takes
more time than in control cells.

At least the induced lytic processes in the cross wall, pro-

FIG. 12. Components of staphylococcal cross walls. These sketches (modi-
fied from reference 54) give preliminary information about the cross wall com-
ponents involved in cell division and in the different types of cell separation of
staphylococci. (A) Situation during initiation of cell separation. Illustrated is a
divided staphylococcus with a newly completed cross wall before cell separation
liberates the two daughter cells; however, in order to look inside the cross wall
with its divers components, the right daughter cell is depicted separately, at some
distance from its normal location. Cell separation is just being initiated by the
centrifugally directed lytic activity of the murosomes (MuS) which punch two
rows of pores (po) into the peripheral cell wall. In slowly growing staphylococci
cell separation takes place along the concentrically arranged rings of the splitting
system (Sp) which is synthesized during cross wall formation; in rapidly growing
staphylococci cell separation takes place along the spoke-shaped canals (spo)
which originate only after completion of the cross wall by the centripetally
directed lytic activity of the murosomes. The cross wall material located between
the two rows of pores including the splitting system is only destined for cell
separation and will be disintegrated; this material can only be considered as
being transitory parts of the staphylococcal cross wall. Reference figures, Fig. 4b
and 11d. (B) Situation after the onset of cell separation. Illustrated are those
parts of a completed cross wall which are located directly beneath the peripheral
cell wall (pW). In a first lytic step the murosomes (MuS) have punched, via their
centrifugal lytic activity, two circumferential rows of pores (po) into the periph-
eral wall (upward arrow, left side). These pores in the peripheral wall are then
torn apart along the perforation line (right row). In a second lytic step the
murosomes attack central parts of the cross wall via centripetally directed lytic
actions (downward arrow, left side), resulting in the formation of spoke-shaped
canals (spo). Between the presumptive cell walls of the future daughter cells
(dW) and the peripheral wall of the mother cell (pW) is the location of the
so-called stripping system (Str) which is involved in cell wall turnover. Reference
figures, Fig. 10a and b and e to g and Fig. 11c to e.
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ceeding centripetally from the peripheral pairs of murosomal
sites, at first hardly attack the central region of the cross wall
which contains the splitting system; sometimes these processes
spared even the entire central part of the cross wall (Fig. 11e).

It should be pointed out that the spared part of the cross wall
holds about 30% of the entire cross wall material and also
comprises the splitting system; it is, therefore, much thicker
than the splitting system proper (only 7 to 10 nm in width)
(103). Furthermore, this central part of the cross wall reaches
up to the cell periphery, while the splitting system itself is
known to be restricted to the slit-like container of the cross
wall which extends only to the inner surface of the peripheral
wall (Fig. 3). A schematic drawing shows the limited disinte-
gration of transitory parts of the staphylococcal cross wall
during this type of cell separation (Fig. 12B).

The fact that the procedure of reactivating autolytic wall
enzymes was not capable of inducing lytic processes within the
splitting system argues for the assumption that the splitting
system contains hardly any autolytic wall enzymes and is nor-
mally not involved in this type of lytic cell separation. Hence,
one could presume that induced lytic cell separation is mainly
the result of the two vectorial lytic activities of the murosomes
directed centrifugally and centripetally, supplemented by the
autolysins of the stripping system.

A similar process of cell separation, in which certain parts of
the cross wall are sacrificed, was also observed in cells of
Bacillus subtilis (Fig. 11f), indicating that disintegration of sub-
stantial parts of the cross wall during cell separation also takes
place in another gram-positive bacterium.

An alternative, mechanical type of cell separation using the
splitting system of the cross wall. During slow growth, for
instance in the stationary phase of growth, cell separation
again starts with the activation of the centrifugally directed
lytic capacity of the murosomes, resulting in the punching of
pores into the peripheral cell wall as described above (see
“Initiation of cell separation via murosomes”). However, no
centripetal lytic processes start out from the peripheral pores,
since under these conditions staphylococci utilize mainly the
splitting system for cell separation. This method is considered
as an alternative, more or less nonlytic, technique for complet-
ing the fission process without sacrificing greater parts of the
cross wall.

For most of the investigated staphylococcal strains, during
slow growth the thin (7 to 10 nm) splitting system of the cross
wall disappears in the course of cell separation. One normally
observes that after this type of cell separation, running along
the splitting system (Fig. 13a), not even traces of their concen-
tric tubuli can be detected on the just-exposed surface of the
nascent daughter cells (Fig. 13b) (3). Since no lytic activity
could be demonstrated within the splitting system, the imme-
diate disappearance of its tubuli at the onset of cell separation
is not yet completely understood. One could speculate that in
this case staphylococci utilize the preformed longitudinal slit in
the cross wall which contains the tubuli of the splitting system
(Fig. 3D) for cell separation and that the tiny tubuli are de-
stroyed or lost during this event.

However, after blocking the muralytic activity with chloram-
phenicol, which leads to a drastically reduced wall turnover
without killing the cells, and after subsequent regeneration of
the cells during growth in any normal medium, remnants of the
concentrically arranged tubular rings were preserved and
nicely exposed on the surface of the daughter cells (42, 44)
(Fig. 13c). During all stages of this fission process, when the
exposed cross walls started bulging, more or less complemen-
tary images of the concentric rings were on the surface of the
cross wall of both daughter cells detected (Fig. 13c). These

findings have proved that in this case the process of cell sep-
aration actually takes place exactly within the middle of the
splitting system, i.e., the concentrically arranged tubular rings
only 7 to 10 nm wide must be considered to represent the very
splitting plane of this type of cell separation. Furthermore,
unlike in S. aureus, in S. epidermidis such concentric circular
structures are already visible on the surface of control cells (4).
The splitting system of a certain mutant strain of S. aureus,
characterized by a low turnover rate, was also shown to persist
during cell separation (Fig. 13d, strain SA 113) (54, 65). All
these observations have shown that cell separation per se will
not disintegrate the tubuli of the splitting system.

In discussing the question of why during slow growth the
splitting system is sometimes disintegrated but is preserved in
other cases, a look at the fate of preserved splitting systems
should prove to be helpful. After the first cell separation the
next division plane in the more or less ball-shaped daughter
cells is initiated directly beneath the center of the concentric
ring system (Fig. 13e), and the concentrically arranged rings
are still preserved even at this late division stage; only much
later were they disintegrated via turnover processes during the
next generation time. Such turnover processes, being the result
of a so-called stripping system, were capable of disintegrating
even rather thick layers of wall material (see “Wall thickening
via underlayering processes”). It is conceivable, therefore, that
the wall enzymes of this stripping system that are normally
competent for wall turnover could be responsible for the dis-
integration of the tubular structures of the splitting system
during cell separation of slowly growing staphylococci. How-
ever, experimental data which might support such speculations
are not yet available.

But in all cases in which the concentric rings of the splitting
system were excellently preserved (Fig. 13c to e) there was no
indication that any lytic enzymes were involved in this type of
cell separation. However, one could assume that instead of
lytic events some physical forces are involved in cell separation
within the lipid-containing splitting system. Confirmatory sup-
port for such an assumption came from the observation that
other lipid-containing layers can be separated rather easily
with low mechanical energy. Studies of fracture faces of frozen
membranes suggested that in most cases freeze-fracturing
splits the membrane along some inner hydrophobic regions
(15).

If such considerations are correct, any attempt to enlarge the
volume of just-dividing cells via an increase of internal pres-
sure should result in mechanical separation processes. Such
increase of cell volume could be realized simply because the
staphylococcal cell wall is known for its impressive elasticity
(68, 78, 105) and its capability of swelling after exposure to
distilled water (93, 94).

The result of such volume increase via uptake of distilled
water was impressive. In many staphylococci premature cell
separation took place and the concentrically arranged rings of
the preserved splitting system could be seen on the exposed
surfaces of their cross walls (54). In view of the very rapid cell
separation achieved by increasing cell volume via water uptake
it is highly probable that this type of mechanical cell separation
is mainly caused by physical forces and almost without involve-
ment of autolytic wall enzymes (54). The importance of these
findings is discussed below (see “Penicillin-induced death with-
out involvement of autolytic wall enzymes”).

Consequently, it can be concluded that in the case of a
presumed deficit of autolytic wall enzymes the staphylococci
seem to be capable of applying a two-step procedure of cell
separation based on two entirely different principles. The cen-
trifugal muralytic activity of the murosomes, which results in
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perforation and subsequent cutting-through of the peripheral
wall, apparently represents the initial step. However, the sec-
ond step, the centripetally directed step of cell division, con-
cerns the large central part of the division plane and could well

be performed more or less mechanically, i.e., without the in-
volvement of a detectable quantity of autolytic wall processes.
The physical forces for performing mechanical cell separation
in this case would be the result of growth processes of the

FIG. 13. Thin sections (a and g) and freeze fractures (b to f) of staphylococcal cells. (a) Cell separation in untreated cells along the small layer of the splitting system
without detectable loss of cross wall material. (b) During the separation of untreated cells not even remnants of the concentrically arranged tubuli of the splitting system
can be detected on the just-exposed cross wall surfaces of the daughter cells. Only the clefts (arrowheads) are preserved which mark the site of the initial cutting through
of the peripheral wall (reproduced with permission from reference 54). (c) After growth in the presence of chloramphenicol (20 mg/ml) and subsequent regeneration
in drug-free medium, the concentrically arranged tubuli of the splitting system are preserved on the just-exposed surfaces of the daughter cells (reproduced with
permission from reference 44). (d) This untreated cell of S. aureus SA 113 reveals the concentrically arranged tubuli of the splitting system on the cross wall surfaces
of both daughter cells during cell separation. (e) After growth in the presence of chloramphenicol (20 mg/ml) and subsequent regeneration in drug-free medium, the
next division plane is already initiated beneath the center of the still-preserved concentrically arranged rings of the splitting system (arrowheads) (reproduced with
permission from reference 44). (f) In the presence of penicillin (0.1 mg/ml), the murosome-mediated punching of holes into the peripheral wall for cell separation starts
in a zigzag-like manner (stars), resulting in the formation of two parallel rows of circumferential pores (reproduced with permission from reference 38). (g) In spite
of growth in the presence of penicillin, this murosome just released from the cell appears to be rather well preserved.
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cytoplasm, which would increase the cell volume and therefore
the tension of the elastic cell wall. The possibility that physical
forces are also capable of performing the murosome-mediated
initial step of cell separation, resulting in a cell partition with-
out involvement of autolytic wall enzymes, is discussed below
(see “Penicillin-induced death without involvement of auto-
lytic wall enzymes”).

If such interpretation was correct, cell separation of this type
might utilize the concentric rings of the splitting system as a
built-in “emergency tool for mechanical fission”; this would
occur in all cases in which the efficacy of autolytic wall enzymes
involved in lytic cell separation was affected by internal or
external factors.

It must be emphasized, however, that the actual reason why
in slowly growing staphylococci no or hardly any murein hy-
drolases are employed for performing cell separation is still
obscure. No experimental data are presently available concern-
ing inactivation of these enzymes in staphylococci during the
stationary phase of growth, although the number of bacterio-
lytic enzymes decreases at this growth phase (69).

Finally, it should be mentioned that during mechanical cell
separation hardly any or only small amounts of the transitory
wall material are disintegrated. Those large parts of the tran-
sitory wall material which are not attacked during mechanical
cell separation are not preserved but after termination of cell
separation are later turned over. Therefore, in comparison to
lytic cell separation, mechanical cell separation must be con-
sidered to be insufficient in itself since it transposes the nec-
essary disintegration of the transitory cross wall material,
which apparently is only designated to be digested during cell
separation, to later stages of the cell cycle.

Cell separation in the absence of the splitting system. If the
splitting system is indeed acting mainly as a mechanical emer-
gency tool only, lytic cell separation should at least also take
place in the absence of a splitting system. Such assumption can
be examined easily since it is well known that at low concen-
trations of penicillin the splitting system is no longer synthe-
sized. Under these conditions the newly formed cross walls no
longer consist of compact structures but rather are fibrillar
structures considered to represent less cross-linked wall mate-
rial, which does not affect the viability of the cells (42). The
concentric ring system of the cyanobacterium Phormidium un-
cinatum is likewise affected by penicillin (33). Meanwhile the
very reason for this lack of the splitting system in S. aureus was
found to lie in the inhibition of the key target for penicillin, the
high-molecular-weight penicillin-binding protein PBP 1 (8, 112),
which is considered to be located in the splitting system itself
(103).

Also in the presence of penicillin, cell separation starts with
the punching of murosome-induced pores into the peripheral
cell wall (Fig. 13f), which pores are sometimes arranged in
pairs (38). As already mentioned, most of the murosomes in
penicillin-treated cells appear only as more or less empty ves-
icles (Fig. 6c) or even as lytic sites (Fig. 6d). Only in some cases
(Fig. 13g) were murosomes preserved in the presence of pen-
icillin as well as after treatment with chloramphenicol, which is
capable of inhibiting their autolytic activities (Fig. 10e).

Thin sections have revealed (54) that, in spite of the lack of
the splitting system, cell separation in the presence of nonfatal
concentrations of penicillin takes place in a manner similar to
that in untreated staphylococci, accompanied by a sacrifice of
considerable parts of their fibrillar wall material from the cen-
tral layer of their cross walls (Fig. 14a to c). Often, pairs of lytic
sites are apparently involved in this degradation process (Fig.
14b). In these cells thin sections through the middle of the
cross wall, which in control cells show the characteristic con-

centric ring system (Fig. 4b), reveal only the intensely stained
fibrillar cross wall material (Fig. 14d and e) without even traces
of the rings of the splitting system. This dark cross wall mate-
rial formed in the presence of penicillin (Fig. 14d) is, at the
periphery, perforated by about as many lytic sites as there are
murosome-induced pores on the surface of untreated or chlor-
amphenicol-treated staphylococci (Fig. 10a and b). Some of
the lytic murosomal sites appear centripetally extended (Fig.
14e), resembling the spoke-shaped canals (separation scars)
after reactivation of inhibited wall autolysins (Fig. 11c and d).

Apparently, this lytic cell separation without involvement of
a splitting system is also the result of two differently directed
lytic activities of the murosomes, starting with their centrifugal
lytic vector of pore formation and followed by their centripetal
lytic vector of the disintegration of some transitory cross wall
material. These considerations prompted intense studies to
find out what would happen if one of these lytic activities was
inhibited or even blocked. Such inhibitory effect on the activity
of wall autolysins is well documented for some polyanionic
substances, especially for negatively charged anticoagulants of
the heparinoid type and other negatively charged drugs such as
liquoid or suramin (139, 140, 142), which resulted more or less
in an inhibition of cell separation. If penicillin was applied
simultaneously with liquoid, the polyanionic drug exclusively
affected lytic wall processes at the cell periphery, and by this,
cell separation was considerably inhibited; however, the cen-
tripetally directed lytic actions continued and were, for the first
time, analyzed separately and during a considerable period of
time. These isolated lytic events within the cross wall eventu-
ally resulted in the disintegration of the transitory parts of the
cross wall, sparing only its peripheral parts (Fig. 14f).

The fact that, with penicillin, murosome-induced lytic cell
separation can be performed even without the existence of the
splitting system supports once again the conclusions drawn in
the preceding sections, namely, that this staphylococcal tool is
not necessary for normal, lytic cell separation and that the
equipment most important for cell separation is the murosome
system.

Finally, it should be mentioned that murosomes ejected dur-
ing pore formation in the presence of penicillin may indicate
the onset of the penicillin-induced killing process; the role of
the murosomes in these fatal events is discussed below (see
“Morphogenetic death during the second cell cycle in the pres-
ence of 0.1-mg/ml penicillin”).

Inhibition of Cell Separation Results in the Formation of
Pseudomulticellular Staphylococci

Since during subsequent cell divisions staphylococci regu-
larly alter their division planes at right angles to each other
(Fig. 2b), any delay or inhibition of cell separation must result
in the formation of seemingly multicellular bacterial units,
forming symmetric cell tetrads (Fig. 15a) or cuboidal packets
of eight cells (Fig. 2a). Although there is no indication that
such interconnected cells represent more than the sum of sev-
eral singular staphylococci, we have called such cellular sys-
tems “pseudomulticellular bacteria” (37, 42) in order to un-
derline the possibility that differentiated cellular developments
might be connected with these clusters.

Divers experimental conditions are known to be capable of
inducing the formation of pseudomulticellular staphylococci,
all of which conditions interfere directly or indirectly with the
activity of wall autolysins involved in cell separation (see “The
lytic type of cell separation”). These conditions include (i)
application of antibiotics, (ii) application of polyelectrolytes,
(iii) application of divalent cations, (iv) inactivation of wall
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FIG. 14. Thin sections of penicillin-treated staphylococcal cells. (a) Already during growth in the presence of low doses of penicillin (0.01 mg/ml) the formation of
the splitting system is blocked and only fibrillar wall material is synthesized instead of a compact cross wall (arrowhead). (b) Pairs of lytic sites are involved in the process
of cross wall degradation during cell separation. (c) Under penicillin (0.01 mg/ml), central parts of the cross wall (arrowhead) are lysed without participation of the
splitting system (reproduced with permission from reference 54). (d) This section of a penicillin-treated cell (0.1 mg/ml), running parallel to the middle of the cross wall
through the intensely stained cross wall fibrils, reveals several murosome-mediated lytic sites located at the cell periphery (arrows). Further presumable lytic sites are
indicated by arrowheads (reproduced with permission from reference 50). (e) Section of a penicillin-treated cell (0.1 mg/ml) running parallel to the middle of the cross
wall; the lytic sites from the cell periphery have been extended centripetally and form spoke-shaped canals (arrowheads) (reproduced with permission from reference
42). (f) After simultaneous treatment with penicillin (0.1 mg/ml) and liquoid (2 mg/ml) transitory parts of the cross wall disintegrated without, however, affecting the
peripheral cell wall above the cross wall, thus more or less inhibiting cell separation.
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FIG. 15. Thin sections (a to c) and a scanning electron micrograph (d) of pseudomulticellular staphylococci. (a) Evans blue-mediated (200 mg/ml) suppression of
wall autolysins resulted in the formation of symmetrically arranged pseudomulticellular staphylococci; the two division planes are marked by arrowheads. (b) After
simultaneous treatment with penicillin (0.1 mg/ml) and magnesium chloride (0.5%) asymmetrically arranged pseudomulticellular staphylococci were formed due to the
inhibition of autolytic wall enzymes. (c) After simultaneous treatment with penicillin (0.05 mg/ml) and trypsin (1%) asymmetrically arranged pseudomulticellular
staphylococci were formed via inactivation of autolytic wall enzymes. (d) A femA mutation in S. aureus has induced the formation of pseudomulticellular staphylococci
via alteration of the target structure (peptidoglycan) for wall autolysins.
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autolysins, and (v) genetic manipulations. The data available so
far on the induction of pseudomulticellular staphylococci is
briefly discussed.

(i) The formation of antibiotic-induced pseudomulticellular
staphylococci was first observed during growth of these bacte-
ria in the presence of low concentrations of chloramphenicol
(37, 42). The capacity of this antibiotic to inhibit cell separation
is probably based on its ability to reversibly deactivate all
autolytic wall enzymes, not only those involved in cell separa-
tion (50, 54, 137); no explanation is available to account for
how chloramphenicol is capable of interfering with the action
of autolytic wall enzymes. Furthermore, subinhibitory concen-
trations of penicillin (84) and other beta-lactam antibiotics
(35) are also capable of inducing the formation of pseudomul-
ticellular staphylococci.

(ii) Inhibition of cell separation and subsequent formation of
pseudomulticellular staphylococci was especially observed dur-
ing growth in the presence of negatively charged anticoagu-
lants of the heparinoid type and other negatively charged
drugs, such as liquoid, suramin, and Evans blue (Fig. 15a)
(138–141). The common chemical characteristic of these in-
hibiting substances is the existence of sulfate or sulfonate
groups in the molecule which are responsible for their negative
charge. Another prerequisite for their capability of inhibiting
cell separation seems to be their molecular size: while dextran
sulfate with a high molecular weight was capable of inhibiting
cell separation, the corresponding low-molecular-weight dex-
tran sulfate did not (142). Concerning the mechanism of cell
separation inhibition by anionic polyelectrolytes, different pos-
sibilities might be discussed. There are no indications of a
direct interaction of these substances with autolytic wall en-
zymes or with their target, i.e., peptidoglycan. Rather, at
present, an indirect action of anionic polyelectrolytes is as-
sumed, such as an interaction with LTA as regulator of wall
autolysins or a reaction with the peripheral wall teichoic acid,
which would change the net charge of the cell surface and
thereby inhibit the autolysin activity. Since similar polyanionic
substances, such as chondroitin sulfate and dermatan sul-
fate, are widespread in the human body, the formation of
pseudomulticellular staphylococci in vivo also has to be dis-
cussed.

In all these experiments with anionic polyelectrolytes it is
important to strictly maintain the physiological pH. When
staphylococci were cultivated on Trypticase soy agar at pH 5.5
or 7.8, they were still able to multiply, but not to separate; this
effect was explained as a pH-dependent inhibition of wall au-
tolysins responsible for cell separation (92).

(iii) Divalent cations, such as Mg21 ions, proved to act as
potent inhibitors of staphylococcal cell separation, since
growth in the presence of 0.525 mM MgCl2 resulted already in
the formation of pseudomulticellular bacteria (Fig. 15b) (64).
Concerning the mode of action of divalent cations on cell
separation, their binding to LTA and other anionic wall poly-
mers seems to play an important role in the regulation of
staphylococcal wall autolysins (28). It has been suggested that
alanyl substitution in teichoic acid and LTA may interfere with
the binding of Mg21 ions which regulate the activity of wall
autolysins (143). However, no experimental evidence for
such speculations is yet available, so further studies are
desirable.

(iv) Since autolytic wall enzymes are involved in the lytic
separation of divided daughter cells (see “Cell separation in
staphylococci”), the degradation of these enzymes should re-
sult in delayed or suppressed cell separation. In fact, treatment
of bacteria with agents known to inactivate such wall enzymes
(sodium dodecyl sulfate, Triton X-100) induced the formation

of pseudomulticellular staphylococci (71). However, staphylo-
cocci growing in the presence of trypsin or pancreatin did not
show any reaction to these proteases. But if these staphylococci
were pretreated with low, nonfatal concentrations of penicillin,
these proteases induced the formation of typical pseudomulti-
cellular staphylococci (Fig. 15c). It was discussed, therefore,
that proteolytic enzymes are only capable of attacking autolytic
wall enzymes after a preceding “loosening” of the staphylococ-
cal cell wall by penicillin (42). Since proteolytic enzymes are
widespread in the human body, the formation of pseudomul-
ticellular staphylococci could also be induced in vivo during
penicillin treatment.

(v) After chemical mutagenesis, cell packets or large clumps
of pseudomulticellular staphylococci have also been observed
(19, 63, 71). The formation of such bacterial systems seems to
result from a lack of polymeric teichoic acid, which would
suppress the activity of wall autolysins involved in cell separa-
tion. Other examples of genetically induced formations of
pseudomulticellular staphylococci are based on the stepwise
inactivation of the femAB operon, which is involved in the
formation of the pentaglycine interpeptide bridges of the
staphylococcal peptidoglycan (9, 58). The induction of cells
without FemB which were only capable of synthesizing the
rather short triglycine cross bridges resulted in retarded cell
separation (58) which, in turn, led to the formation of rather
regularly arranged pseudomulticellular staphylococci, as was
the case with liquoid. The inactivation of femA, induced by
chemical mutagenesis, likewise yielded the formation of
pseudomulticellular staphylococci (70); in this case, however,
there arose rather irregularly arranged cell systems (Fig. 15d),
since often one daughter cell had lost the capability of forming
a new cross wall. Finally, complete inactivation of the femAB
operon by allele replacement resulted in a mutant which con-
tained only monoglycine bridges and in which cell separation
was intensely inhibited (121). These remarkably shortened gly-
cine interpeptide bridges are obviously the reason for the in-
hibited separation of the divided daughter cells. It has been
discussed that, in this case, steric hindrance could suppress the
activity of autolytic wall enzymes which are responsible for cell
separation. Recently a mutation in the scdA gene of S.
aureus, which gene obviously plays an important role in cell
division, was described that led to an aberrant cellular mor-
phology which was comparable to those of femA-femB mu-
tants (7).

All these data for agents that interfere with cell separation
are of great importance for therapeutic efforts with beta-lac-
tam antibiotics, since any inhibition of cell separation has been
shown to also result in a suppression of penicillin-induced
killing and bacteriolysis (142, 143). On the other hand, any
acceleration of cell separation seems to correspond with an
enhancement of penicillin-induced death and bacteriolysis.
Furthermore, autolysin-defective staphylococci capable of
forming pseudomulticellular clusters are unable to disseminate
daughter cells for spreading an infection; they are, therefore,
considered to have reduced virulence (91), a fact that indicates
the role of these clusters and their autolysins in pathogenesis.

On the other hand, the question remains why pseudomulti-
cellular staphylococci after blockage of their lytic cell separa-
tion system do not utilize their capability of separating via their
alternative tool for cell separation, the splitting system, which
mainly uses the mechanical forces of cell turgor for this task
(see “An alternative, mechanical type of cell separation using
the splitting system of the cross wall”). Since it is well-known
that pseudomulticellular staphylococci normally contain, as
judged from electron micrographs (Fig. 15a), a seemingly in-
tact splitting system, one reason for the missing cell separation
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might be a defect of the splitting system. But at least for cells
of the femA mutant strain 145, containing an increased amount
of monoglycine bridges (121), the function of the splitting
system was not impaired, since the pseudomulticellular staph-
ylococci could be easily separated by a swelling procedure via
suspending these cells in distilled water, thus imitating a rising
internal turgor (see “An alternative, mechanical type of cell
separation using the splitting system of the cross wall”). Con-
sequently, one explanation for why mechanical forces along the
splitting system for cell separation are not used could be the
presumption that not only are the autolytic wall enzymes in-
volved in cell separation affected in pseudomulticellular staph-
ylococci but so too is the internal turgor which is a necessary
prerequisite for mechanical cell separation. However, no ex-
perimental evidence for such speculation has been available so
far.

It should be emphasized that this type of mechanical cell
separation via artificial volume increase has led to the assump-
tion that in pseudomulticellular staphylococci mechanical cell
separation can also occur nearly without involvement of auto-
lytic wall enzymes (see “Penicillin-induced death without in-
volvement of autolytic wall enzymes”). Furthermore, lytic cell
separation was also achieved artificially in pseudomulticellular
staphylococci (i.e., without involvement of endogenous au-
tolytic wall enzymes) simply by adding isolated wall enzymes
(20, 122). The importance of the turgor for cell separation
(67) and of inducing cell separation via external factors in
pseudomulticellular staphylococci is discussed in some de-
tail below.

Finally, some presently known methods of restoration and
reactivation of cell separation in pseudomulticellular staphylo-
cocci have to be mentioned. In many cases cell separation in
pseudomulticellular staphylococci can be restored simply by
transferring the cells into a new growth medium without the
inducing agent (i.e., without chloramphenicol or anionic poly-
electrolytes). This fact indicates that the inhibition of cell
separation is a reversible process. An even more direct reac-
tivation of chloramphenicol-inactivated wall autolysins was
possible by the treatment of such cells with cationic proteins,
such as lysozyme which acts mainly as an activator of autolytic
wall enzymes rather than as an enzyme itself (137, 145). This
method of reactivation has previously been used to slow down
the rapidly passing steps of cell separation (see “Experimen-
tally induced lytic cell separation aside from the splitting sys-
tem”).

Wall Thickening via Underlayering Processes

Wall regeneration after chloramphenicol treatment. Besides
linear growth of wall material, as is characteristic of the neo-
formation of cross walls (see “Neoformation of the cross wall”),
staphylococci are also capable of considerably increasing the
thickness of their walls (40). This takes place via successive
underlayering of the peripheral wall with newly synthesized
wall material (inside-to-outside growth mechanism) as is the
case in other gram-positive bacteria (5, 106–108). In contrast to
linear wall growth this method of wall growth is referred to as
apposition growth (42).

For many years it has been well known that the thickness of
the staphylococcal cell wall may vary considerably, mostly de-
pending on the strain and especially on the growth conditions.
Rapidly multiplying staphylococci often exhibit cell walls about
30 to 40 nm thick, while in many slowly growing cells a char-
acteristic thickening of the cell wall has been observed from
the stationary phase of growth (22, 124), resulting in a wall
thickness of up to 60 nm. Since wall synthesis is independent of

protein synthesis (57, 88, 89), further wall thickening can be
induced by inhibiting protein synthesis by means of chloram-
phenicol, puromycin, or actinomycin, leading sometimes to a
wall thickness of more than 100 nm (Fig. 16a). Such cells are
still alive and can easily regenerate if transferred to a medium
free of protein synthesis inhibitors. After prolonged treatment
with chloramphenicol the underlayering of more and more
wall material beneath the peripheral wall may even result in
the compression of the bacterial protoplast and in its subse-
quent disintegration, leaving behind only extremely thick,
empty cell walls (40).

Consequently, for survival of the staphylococci it is necessary
to get rid of these huge amounts of wall material, which can
only take place after cessation of chloramphenicol treatment,
i.e., after transfer into normal growth medium. For this pur-
pose, the staphylococci have developed a characteristic
sequence of wall-disintegrating steps. Surprisingly, to reconsti-
tute normal wall thickness they not only remove the superflu-
ous parts of the peripheral wall but also reestablish a complete
new peripheral wall beneath the wall material formed under
the influence of chloramphenicol. This fact suggests that the
wall material formed in the presence of this antibiotic is su-
perfluous and in some way even obstructive.

Wall regeneration is initiated by placing a so-called stripping
layer, which, apparently, is formed by the cytoplasmic mem-
brane or its membrane-wall interlayer, beneath the thickened
cell wall. This stripping layer is considered to be involved in
centrifugally directed disintegration processes of the periph-
eral wall material. Under this stripping layer, a new peripheral
wall is laid down (Fig. 16b and c); furthermore, a new cross
wall is formed (Fig. 16b). Removal of the old, thick superfluous
wall material always starts asymmetrically by the formation of
a single cutting rim above the initiation site of the new cross
wall which cuts through, at this site, all the peripheral wall
material located outside the stripping layer (Fig. 16c). This
cutting process, which is not associated with the initiation of
cell separation, seems to take place without any involvement of
murosomes. A sequential stripping of the superfluous wall
material along the stripping system (Fig. 16c and d) then be-
gins which is followed by disintegration of stripped wall mate-
rial (Fig. 16d and e). It is well documented (42, 44) that in the
course of detaching superfluous wall material more or less
periodically arranged holes are observed on the surface of the
stripping system (Fig. 16f), which indicate the involvement of
lytic events in the disintegration of superfluous wall material
(disintegration system) (45). It is far from being clear, however,
which wall hydrolases might be involved in these wall disinte-
gration processes.

If such liberation of rather large fragments of the superflu-
ous wall material (Fig. 16d) was to take place in an infected
tissue, these fragments could probably act as antigens capable
of catching numerous antibodies. In this case, wall restoration
after chloramphenicol treatment could function as an effective
method of defense against the attacking capacity of human
antibodies (13).

In any event, normal wall thickness is restored, after cessa-
tion of chloramphenicol treatment, by a regenerative process
comparable to that of snakes when they peel off their skin.

After detachment of the old, excessive wall material the
staphylococci always start normal growth via cell separations,
resulting in cells with normal wall thickness. In this way, the
regeneration cycle of chloramphenicol-treated bacteria uses
the entire lytic arsenal which is available to these bacteria for
cutting and separating tasks within the staphylococcal cell wall.
The consecutive application of all these tools is illustrated in a
schematic drawing (Fig. 17).
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FIG. 16. Thin sections of staphylococcal cells treated with 20-mg/ml chloramphenicol (a to f) and subsequently transferred into drug-free medium for regeneration
(b to f). (a) Considerable wall thickening has taken place (reproduced with permission from reference 40). (b) Wall restoration has started with the formation of a
so-called stripping layer (arrowheads) beneath the old thick cell wall; the subsequent synthesis of new wall material has resulted in the formation of a thin peripheral
wall underneath the stripping layer (reproduced with permission from reference 44). (c) Removal of superfluous thick wall material starts with the formation of a cutting
rim (C1) above the initiation site of the new cross wall. Furthermore, the sequential detachment of the old thick wall material along the stripping layer (St [small
arrowheads]) above the underlayered new wall (U [large arrowhead]) is initiated (reproduced with permission from reference 45). (d) The stripping of superfluous thick
wall material has proceeded, and the removed wall material is already partially disintegrated above the cutting rim (C1) by a so-called disintegrating system (D). The
gap along the stripping layer (St) is enlarged (small arrowheads) (reproduced with permission from reference 45). (e) The continuous disintegration of the thick
peripheral wall has already liberated parts of the new peripheral wall from superfluous wall material via sequential activating of the stripping system (St) along the
stripping layer (small arrowheads), C2, former cutting rim (reproduced with permission from reference 45). (f) Detachment and disintegration (Di) of thick wall
material is sometimes initiated by the formation of periodically arranged holes (arrowheads) (reproduced with permission from reference 44).
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Wall regeneration after penicillin treatment. The mecha-
nism of penicillin-induced death is discussed below (see “Mor-
phogenetic death during the second cell cycle in the presence
of 0.1-mg/ml penicillin” and “ ‘Hidden death’ at high penicillin
concentrations”). At present it is not well understood why a
considerable number of staphylococci always survive treatment
with penicillin, especially after the application of high concen-
trations of the drug (see “ ‘Hidden death’ at high penicillin
concentrations”). Among the staphylococci that may survive in
the presence of penicillin are those cells which after removal of
the drug are capable of restoring penicillin-induced cellular
damages, thereby surviving as “persisters” (47).

In those staphylococci that had survived treatment with 10-
mg/ml penicillin, complicated steps of wall restoration were
observed after transfer into fresh, drug-free medium. A first
indication of survival was the fact that some of the seemingly
dead cells started to produce wall material which resulted in
the formation of extremely thick but rather “loose” peripheral
cell walls, the thickness being reminiscent of walls produced
under chloramphenicol treatment (see “Wall regeneration af-
ter chloramphenicol treatment”). Such formation of extremely
thick wall material without protoplasmic growth processes is
characteristic of many bacteriostatic antibiotics but is hitherto
unknown for beta-lactams. Furthermore, as was the case in
staphylococci regenerating after chloramphenicol treatment
(Fig. 16b to f), a so-called stripping layer was placed beneath
the old peripheral wall, which in thin sections appeared as a
rather thin, dark layer; an entire new, but rather thin periph-
eral wall was placed underneath this stripping layer. After this
initial step the newly formed peripheral wall became thicker
and thicker, while the lytic capacity of the stripping layer
started to attack all wall material that had been formed before
or during the penicillin action so that the primary peripheral
wall became thinner and thinner. This lytic attack eventually
resulted in a nearly complete disintegration of preexistent wall
material.

Restoration processes via neoformation of the entire cell
wall system presume that the staphylococci have to get rid of
wall material formed in the presence of antibiotics either in-
dependently, if bacteriostatic drugs such as chloramphenicol
have induced extremely thick cell walls, or if potential bacte-
ricidal beta-lactams have induced the formation of loose, fibril-
lar wall material. Probably, treatment with antibiotics results in
more wall defects than known so far, leaving behind walls
which cannot be repaired but have to be exchanged by com-
pletely new wall structures.

The similarity of wall regeneration after treatment with
chloramphenicol or penicillin deserves considerable interest,
since these restoration processes indicate a hardly known
mechanism of reactivating an infection after therapy with an-
tibiotics. Resistance to penicillin in particular might not in all
cases be based solely on penicillin-insensitive bacteria or on
the activity of beta-lactamases in those cells capable of inacti-
vating this antibiotic but might also be based on restoration
processes. However, the extent to which restoration processes
contribute to the survival of pathogenic germs after treatment
with antibiotics is still not known.

Summation of Structural Parts and Functional Features of
Staphylococcal Cell Walls

The data on staphylococcal wall morphogenesis presented in
the preceding pages enable us for the first time to sketch a
schematic drawing which includes the essential parts of the
staphylococcal cell wall architecture (Fig. 18). This drawing
also includes the highly sophisticated arsenal of lytic tools

FIG. 17. Wall regeneration sequences after chloramphenicol treatment.
Growth-inhibiting bacteriostatic antibiotics, such as chloramphenicol, do not
interfere with the synthesis of wall material. Consequently, under such bacteri-
ostatic conditions the slowly growing staphylococci are capable of forming huge
masses of wall material, resulting in extremely thick cell walls. After being
transferred to normal growth medium, a comprehensive sequence of cutting and
separation processes in the thick wall material is initiated to restore the normal
width of the cell wall. This simplified schematic drawing gives a survey of these
processes. (A to B) Wall thickening. By chloramphenicol-mediated, successive
underlayerings of the peripheral cell wall with newly synthesized wall material,
the staphylococcal cell wall becomes considerably wider. Reference figure, Fig.
16a. (C) Formation of a stripping layer. After transfer into normal growth
medium, staphylococci initiate wall regeneration by placing a so-called stripping
layer (Str) beneath the thick peripheral wall. Reference figure, Fig. 16b. (D)
Synthesis of a new peripheral wall. Under the stripping layer a completely new
peripheral cell wall (pW) is synthesized via inside-to-outside processes of wall
assembly. Reference figure, Fig. 16c. (E) Cutting through of the old peripheral
wall. Removal of the old and apparently obstructive peripheral wall is initiated by
an asymmetrical cutting through of this wall via forming a so-called cutting rim
(ri) above the cross wall (cW) which is now synthesized. Reference figure, Fig.
16c. (F) Onset of sequential wall-stripping processes. By activation of autolytic
wall hydrolases within the stripping layer (Str), the old superfluous peripheral
wall is sequentially peeled off from the underlayered new peripheral wall. Ref-
erence figure, Fig. 16d and e. (G) Disintegration of stripped cell walls. The
detached old cell wall is disintegrated either already during the stripping of the
old peripheral cell wall or after this process. The disintegrating processes start
from periodically arranged holes (disintegration system [Di]) located between
the stripping layer and the old peripheral wall and result in the liberation of
rather large pieces of the old, peripheral cell wall. Reference figure, Fig. 16f.
MuS, murosomes. (H and I) Normal growth after detachment of the old cell wall.
As soon as the old peripheral wall formed under chloramphenicol is removed,
normal growth takes place, starting in staphylococci with completed cross walls,
by murosome-mediated punching of pores into the new peripheral wall and
subsequent cell separation. Reference figures, Fig. 10a and 13a. Sp, splitting
system.
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which these bacteria use for all types of cutting, separating,
or manipulating actions on their cell wall for the sake of
morphogenetic differentiation and for survival after antibi-
otic attack. These data reveal the fascinating beauty of one
of the most differentiated members of the eubacterial sec-
tion of the prokaryotic kingdom; detailed knowledge of

these structural components is an essential prerequisite for
understanding the complex events which lead to penicillin-
induced morphogenetic death. Furthermore, such schematic
drawing should, hopefully, enable us to recognize new tar-
gets for improved therapeutic efforts which are so badly
needed.

FIG. 18. Three-dimensional reconstruction of the staphylococcal wall architecture. This sketch depicts all of the essential structural parts of a staphylococcal cell
wall which are presently known. CM, cytoplasmic membrane. This membrane, which covers the protoplast, appears in thin sections as a characteristic three-layered
structure about 10 nm in width. Reference figure, Fig. 6h. cW, cross wall. The cross wall is differentiated into the central layers comprising about 30% of the cross wall
volume including the splitting system (Sp) and the outer layers. The central layers are only destined to be disintegrated during cell separation (transitory cross wall parts
[trW]), while the outer layers (dW) represent the presumptive cell walls of the future daughter cells (permanent cross wall parts). Reference figures, Fig. 2d and 11e.
Di, disintegrating system. This lytic, wall-disintegrating tool is periodically arranged on the surface of the stripping system (Str) and engaged in cutting through
superfluous peripheral cell walls into rather large pieces. Reference figure, Fig. 16f. dW, Presumptive cell wall of the future daughter cell. The outer, permanent layer
of the cross wall represents, after completion of the cross wall and subsequent lytic cell separation, the peripheral wall of future daughter cells (see trW below).
Reference figure, Fig. 11a, b, and e. MuS, murosome. These minute extraplasmatic wall organelles are found located in two circumferential rows in the peripheral wall
above the cross walls, close to the stripping system (Str). They are more or less spherical (diameter about 30 nm) and sometimes equipped with a “tail.” Murosomes
contain special autolytic wall enzymes and are involved in three types of lytic disintegration of wall material during wall morphogenesis: (i) initiation of cross wall
neoformation, (ii) punching of pores (po) into the peripheral wall, and (iii) attacking transitory cross wall material during cell separation. Reference figures, Fig. 5f and
10e. MuS2, murosomes of the second division plane. They are arranged at a right angle to the first one. Reference figures, Fig. 6a and b. MWI, membrane-wall
interlayer. This thin layer sandwiched between the cytoplasmic membrane and the peripheral wall covers the outer surface of the cytoplasmic membrane and, probably,
also the murosomes. This layer contains hexagonally arranged particles with center-to-center spacing of about 7 nm. The function of the MWI is unknown. Reference
figure, Fig. 6i. po, pore. Pores in the peripheral cell wall are the result of centrifugally directed lytic murosome activities and represent the first step in cell separation.
Pore diameters hardly surpass the size of the murosomes. At later stages of cell separation the pores are enlarged and fuse with each other; cutting of circumferential
pores marks the beginning of cell separation. Reference figure, Fig. 10a to g. prW, primary wall. Outer layer of the peripheral cell wall. Reference figure, Fig. 2f. pW,
peripheral cell wall. The highly elastic peripheral wall determines the bacterial shape and protects the protoplast, having an internal turgor of about 25 atm, against
bursting. It functions as an “exoskeleton.” The peripheral wall, about 40 nm wide, is capable of enormous thickening. The seemingly homogeneous peripheral cell wall
is, in fact, differentiated into an outer primary wall and an inner secondary wall. Reference figure, Fig. 2f. scW, secondary wall. Inner layer of the peripheral wall which
is continued into the cross wall. It is deposited beneath the primary wall in connection with the formation of a new cross wall. The murosomes are positioned in those
parts of the secondary wall that are located above the cross wall. Reference figures, Fig. 2f and 6c. Sl, slit. A longitudinal slit in the center of the cross wall which contains
the concentrically arranged tubuli of the splitting system. Reference figure, Fig. 4g. Sp, splitting system. The splitting system is located in a container-like longitudinal
slit in the center of the cross wall and consists of 14 to 18 concentrically arranged ring-shaped tubuli, each about 7 to 10 nm in diameter. It is involved in mechanical
cell separation. Reference figures, Fig. 4b and 13c. spo, spoke-shaped canal. These canals are the result of centripetally directed lytic actions of the murosomes and
are formed during lytic cell separation within the transitory cross wall material. Reference figures, Fig. 11c-d and 14e. Str, stripping system. This lytically active system
is found sandwiched between the primary wall and the secondary wall and is involved in wall turnover processes. Reference figure, Fig. 16b-c. Str 2, stripping system
after removing the cytoplasmic membrane, the membrane-wall interlayer, and the secondary wall, revealing the vast surface of this lytically active system. trW, transitory
parts of the cross wall. The transitory parts of the cross wall are only destined to be disintegrated during lytic cell separation (see dW above). Reference figure, Fig.
11a, b, and e.
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PENICILLIN-INDUCED DEATH

Since the discovery of penicillin by Alexander Fleming in
1929 (30), and especially since the first clinical application of
penicillin in 1941 (for reviews, see references 1, 2, and 66),
scientists have tried to explain the mechanism by which bacte-
ria die in the presence of this drug. No one could imagine that
it would take more than 50 years to solve this problem. Con-
sidering the enormous amount of data on penicillin-treated
bacteria which have been accumulated in all these years, this
failure is, at first glance, hardly understandable.

It has been generally accepted for many years that penicillin
affects only the peptidoglycan of the bacterial cell wall; since
peptidoglycan has only been detected in prokaryotic organ-
isms, penicillin will not attack any eukaryotic cell. The first
molecular targets of penicillin are some special bacterial pro-
teins located on the outer surface of the cytoplasmic mem-
brane (or within the splitting system); they are called PBPs (12,
120, 134). The interaction of beta-lactams with the PBPs is
known to result in an inhibition of peptidoglycan cross-linking
(for a review, see reference 74). In staphylococci cross-linking
was reduced by penicillin from 85 to about 60% (119). It
should be emphasized that the penicillin reaction at the PBPs
takes place outside the bacterial protoplast.

Four PBPs have been identified in staphylococci (32, 72,
126). The degree of cross-linking in staphylococcal cell walls
after treatment with low concentrations of penicillin is reduced
(119); this result corresponds with the electron microscopic
observation that instead of compact, newly formed cross walls,
an organized network of wall fibrils is detectable, revealing to
a certain extent some details of the macromolecular architec-
ture of this wall. Such a loosening of the staphylococcal cell
wall, however, does not result in a mechanically unstable, frag-
ile cell wall which can no longer withstand the internal turgor,
as has been postulated (12, 127, 128); growth and cell separa-
tion are going on more or less as in untreated staphylococci
(Fig. 14a to c). Furthermore, the wall fibrils, formed in the
presence of penicillin, have proved to consist of a tough, in-
terconnected network capable of withstanding the internal tur-
gor (see Fig. 25).

A second effect of penicillin treatment is the disappearance
of the splitting system of the cross wall (Fig. 14a to c) in which
PBPs are thought to be located (103); this disappearance is the
result of the effects of penicillin on two of the four PBPs,
including PBP 1 (8, 112). But staphylococci can grow and
perform cell separations without this splitting system (52, 54).
Furthermore, at least in the presence of relatively high con-
centrations of penicillin (10 mg/ml) the absence of the splitting
system can sometimes even protect staphylococci from the
special case of “hidden” penicillin-induced death during the
first cell cycle (see “ ‘Hidden death’ at high penicillin concen-
trations”).

Besides speculations about penicillin-induced fragile cell
walls, many other hypotheses have been put forward during the
last 50 years to elucidate the mechanism by which penicillin is
capable of killing bacteria. Biochemical data on the inhibition
of peptidoglycan synthesis by certain concentrations of peni-
cillin and on an assumed uncontrolled activation of autolytic
wall hydrolases have mainly served as the basis for several
hypotheses about the very reason of penicillin-induced death
and about bacteriolysis. For instance, it was postulated that a
balanced system of wall synthetases and wall hydrolases might
be essential for wall growth; if a penicillin-induced inhibition of
wall synthetases would occur, the ongoing action of wall hy-
drolases would inevitably destroy penicillin-treated bacteria
(144). The same fatal effect would take place when cell wall

hydrolases were directly activated by penicillin (31) or when
penicillin was capable of inducing the liberation of inhibitors of
wall hydrolases (“triggering” model) (129–131).

However, such presumptions of a central role of the uncon-
trolled action of wall hydrolases in penicillin-induced death are
not compatible with findings that in certain bacteria with sup-
pressed activity of wall hydrolases penicillin only caused
growth inhibition without bacteriolysis (117, 129). Further-
more, more recent studies on peptidoglycan synthesis and on
autolytic wall degradation in the presence of penicillin have
revealed that, surprisingly, neither an inhibition of the incor-
poration of labeled wall material nor an enhancement of au-
tolytic wall degradation were prerequisites for penicillin-in-
duced killing and lysis in staphylococci (77, 111, 119). Finally,
penicillin even proved to be capable of inhibiting wall enzymes
involved in cell separation (84) and in autolytic wall degrada-
tion (47, 51, 111).

Consequently, none of the two generally postulated pro-
cesses, namely, either uncontrolled, overall activation of auto-
lytic wall processes or the overall inhibition of wall synthesis,
can be considered causative for penicillin-induced death.
Therefore, all these hypotheses have had to be reevaluated.

Penicillin Kills Only Actively Growing Bacteria

A somewhat deeper understanding of the biological role
which this antibiotic plays in the mortal combat between pen-
icillin-producing fungi and their surrounding bacteria would be
helpful for analyzing the cause of penicillin-induced death of
staphylococci; such death reflects the endless battle between
man with his most important antibiotic weapon and bacteria.

As already mentioned, the specific target of penicillin is the
peptidoglycan of the bacterial cell wall. However, penicillin is
only capable of killing susceptible bacteria which grow and
divide, while resting cells are hardly endangered (53, 60). Fur-
thermore, in a growing bacterium only those parts of the wall
which are just enlarging and not all regions of the entire cell
wall are likely to be affected by penicillin. Therefore, penicillin-
induced wall variations take place only at two sites of the wall:
(i) in the small longitudinal growth area of the peripheral wall
of rod-shaped bacteria, and (ii) on the nascent cross walls as
the main centers of linear wall growth of all bacteria (33, 80,
81, 98, 116); the other “resting” parts of the cell wall and the
protoplast itself are scarcely affected.

Consequently, if bacteria do not grow, penicillin can hardly
attack them, and if bacteria have lost their cell wall, they can
grow and replicate in the presence of penicillin (L forms),
which then is no longer toxic. It is not surprising, therefore,
that penicillin does not impair (i) bacterial protoplasts (staph-
ylococci after removal of their cell wall by lysostaphin; see
reference 55 for methods), (ii) bacteria which do not contain a
cell wall (genus Mycoplasma), and (iii) microorganisms which
live without a peptidoglycan-containing cell wall (Archaea).

Therefore, penicillin can be considered neither simply as a
fungi-derived poisonous agent active against bacteria nor as a
drug with selective toxicity to the overall bacterial cell wall.
The effect of the application of such a simple drug would result
in continuously increasing, random wall damages, while studies
on synchronously growing staphylococci in the presence of
penicillin have revealed that penicillin-induced death is depen-
dent on the moment of drug addition during the cell cycle (86).
These studies have further shown that the deadly incident
takes place only during the onset of the second cell separation
after addition of the drug. Independent of the stage of the
division cycle at which penicillin was added, the staphylococci
were still capable of surviving only one generation time after
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addition of this antibiotic; at the end of the next cell cycle,
killing took place during intended cell separation, followed by
lysis.

Consequently, for analyzing the fatal effect of penicillin on
staphylococci research must focus mainly on the first three cell
cycles after addition of the drug, i.e., on a total period of only
90 min.

To get a reliable impression of the events which take place
during this rather short period, all available data gathered by
common analytical techniques have been combined with our
findings obtained by electron microscopic methods. For a
quick overview and summary, a scheme representing the
course of events associated with penicillin-induced death and
bacteriolysis in the presence of low doses of penicillin is shown
in Fig. 21.

Nonfatal Morphogenetic Wall Variations during the First
Cell Cycle in the Presence of 0.1-mg/ml Penicillin

For a better understanding of the structural variations that
occur during the first cell cycle, cell division of untreated staph-
ylococci, as has been described above in some detail (see “Cell
division in staphylococci”), must be considered once more.
Untreated staphylococci having completed cell division via for-
mation of a cross wall (Fig. 2c to e) start cell separation by the
lytic activity of murosomes which punch a row of circumferen-
tially arranged minute pores into the peripheral cell wall (Fig.
10a). After this initial step, the subsequent tearing apart of
these pores separates the two daughter cells (Fig. 12B and see
Fig. 21, A1 and A2).

When a lethal concentration of penicillin (0.1 mg/ml) is
added during the first 10 min of the first cell cycle (generation
time of staphylococci, 30 min), the drug has only to diffuse
through the 30-nm thick peripheral wall to reach the target
molecules, the PBPs located on the outer surface of the cyto-
plasmic membrane and within the splitting system (103). It is
assumed, therefore, that the blockage of the PBPs occurs al-
most instantaneously after addition of the drug, resulting in an
immediate inhibition of the capacity of later forming a splitting
system. But this loss of the splitting system per se did not affect
the viability of the cells (52) (Fig. 14a to c).

Due to the effect of penicillin on the PBPs, the degree of
cross-linking of newly synthesized peptidoglycan is normally
lowered (119). Consequently, staphylococci are no longer able
to form normal, compact cross walls but mainly synthesize a
network of fine fibrils. This fibrillar material is always arranged
in rather thick, deformed, and often incomplete cross walls (cf.
Fig. 19a and 21, B2).

In spite of the synthesis of such deformed cross walls, the
penicillin-treated cells tried to start, at the same time as in
control cells, normal cell separation via punching of two rows
of pores into the peripheral wall (Fig. 13f). Instead of cell
separation, however, in most cases only rather large, muro-
some-induced cavities resulted in the peripheral parts of the
cross walls of this first division plane (see Fig. 21, B2). In spite
of the high turgor inside the cell, such wall cavities could not
endanger the cells, since sufficient wall material had always
formed beneath these wall cavities. If, in rare cases, the for-
mation of wall cavities in fact resulted in a local cutting through
of the peripheral wall, the underlayered wall material very
effectively ensured that this event would not result in a fatal
loss of cytoplasm; only a very limited tearing apart of the
nascent daughter cells was observed, which increased the
size of the cell (Fig. 19a) but never resulted in cell separa-
tion.

The incapability of performing cell separation at the end of

the first cell cycle after addition of penicillin was also indicated
by the observation that no further increase in cell numbers was
detected 20 min after addition of penicillin (77).

Morphogenetic Death during the Second Cell Cycle in the
Presence of 0.1-mg/ml Penicillin

While in control cells during the second cell cycle the for-
mation of cross walls in the second division plane was initiated
at an angle of 90° with respect to the previous one (see Fig. 21,
A3), the penicillin-treated staphylococci continued to assemble
newly synthesized wall material at the already thickened cross
wall in the first division plane instead of depositing it at the site
of the presumed cross wall in the second division plane (see
Fig. 21, B3). This mistake eventually resulted in the formation
of thicker and thicker cross walls in the first division plane, by
far exceeding those of control cells (cf. Fig. 19e and 2e). In the
second division plane, however, the necessary deposition of
sufficient material for cross wall formation did not take place
(Fig. 19b and c). This morphogenetic detouring of cross wall
material needed for the second division plane towards the first
one has to be considered to be the crucial event and the
essential prerequisite which enables the occurrence of penicil-
lin-induced death.

It has been speculated that such failure in the correct dis-
tribution of newly formed wall material might be due to the
activity of “drifting” hydrolytic wall enzymes capable of cutting
numerous free ends into the fibrillar cross wall material, which
in turn could serve as additional acceptors of newly formed
strings of cross wall material (50). Furthermore, one could
discuss the possible involvement of one of the PBPs in the
wrong distribution of newly synthesized wall material.

The sequence of events which, eventually, lead to penicillin-
induced death was nicely followed in thin sections and by
freeze etching. Before going into details it should be men-
tioned that this death proved to be the result of two consecu-
tive murosome-induced lytic effects on the peripheral cell wall,
which surprisingly took place during the same phase of wall
morphogenesis, at the same site, and in the same way as in
control cells. Only minimal penicillin-induced morphogenetic
variations in the distribution of wall material proved to be the
reason for the killing effect.

Since in the presence of penicillin the murosomes of the
second division plane were deposited at their correct place (cf.
Fig. 19 b to f and Fig. 21, B3), the first lytic effect on the
protecting peripheral wall started at the same time as the
initiation of the formation of the second cross wall in control
cells; the murosomes, by nonfatal localized wall lysis, attacked
only the inner layer of the peripheral wall, the so-called sec-
ondary wall, by their wall hydrolases. In the course of this
attack the murosomes were first evident in thin sections at the
site of the second division plane beneath the cell wall (Fig.
19b). Possibly, they penetrated into the peripheral wall via
their lytic enzymes (Fig. 19c) and attacked the peripheral wall
from inside until a small region of the inner layer of this wall
was disintegrated (Fig. 19d). When two adjacent murosomes
attacked this inner layer of the peripheral wall (Fig. 19e), a
larger region of this layer was disintegrated (Fig. 19f). We
presume that this first, nonfatal step of attacking the peripheral
wall corresponds to the initiation of the second cross wall
formation in control cells during which the murosomes always
induced a corresponding, centripetally directed cutting of
some inner layers of the peripheral wall (Fig. 5d and e) before
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FIG. 19. Thin sections of staphylococcal cells grown in the presence of 0.05 (a) or 0.1 (b to f) mg of penicillin/ml. (a) Huge amounts of fibrillar wall material
deposited at the cross wall tips have prevented a fatal tearing apart of the nascent cross wall (arrowheads). The premature initiation of cell separation has only resulted
in a limited increase of cell size (arc-shaped arrows). (b) A murosome (MuS) is deposited at the initiation site of the second division plane between the cytoplasmic
membrane and the peripheral wall. 1, first division plane (reproduced with permission from reference 50). (c) A murosome (MuS) is found within the peripheral wall
of the second division plane (2). 1, first division plane (reproduced with permission from reference 50). (d) By attack from the inside, one murosome has disintegrated
a sector of some inner layers of the peripheral wall, the so-called secondary wall (arrow), at the initiation site of the second cell division. The outer layers of the
peripheral wall, the so-called primary wall, are not yet affected. (e) A pair of murosomes (black stars at the left side) is found deposited within the peripheral wall at
the initiation site of the second division plane. The white stars mark the initiation site of the second division plane of the other daughter cell (reproduced with permission
from reference 48). (f) By attack from the inside, a pair of murosomes has disintegrated a sector of the secondary wall at the initiation site of the second division plane,
leaving behind a rather extended gap in the inner layer of the peripheral wall (arrow) without, however, affecting its outer layers.
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cross wall formation started. Apparently, at this stage the pen-
icillin-treated staphylococci are still alive.

During their lytic action murosomes may show different sizes
(cf. the murosome shown in Fig. 19c with those shown in Fig.
19e); possibly, they may swell, an effect which is known to also
take place during experimentally induced cell separation (Fig.
10e to g).

Only the second lytic step in the murosome-induced attack
of the peripheral wall is considered to result in death. Appar-
ently at the same time that the second cell separation is initi-
ated in control cells (Fig. 10e to g and 21, A4), the penicillin-
treated staphylococci at this site initiate their normal second
cell division via murosome-mediated, centrifugally directed
punching of pores into the outer layer of the peripheral cell
wall, the so-called primary wall (Fig. 20a). They start this wall
perforation in spite of the fact that hardly any cross wall ma-
terial has been deposited in the second division plane. Conse-
quently, the murosome is ejected, together with a limited
amount of cytoplasm through this unprotected wall perforation
(Fig. 20b). The same type of ejection was observed during
murosome-mediated killing in the presence of high concentra-
tions of penicillin (Fig. 20c).

This perforation of the peripheral wall in the absence of a
completed cross wall or of sufficient protecting wall material
beneath the murosome-induced pores must result in burst and
in the death of such cells (Fig. 21, B4) due to their high internal
osmotic pressure of about 25 atm (93, 94). This burst of the
staphylococci and the subsequent liberation of bacterial cyto-
plasm through a perforation of the protective cell wall has been
compared with another pressure-stabilized system: the forma-
tion of an aneurysm in humans (48, 50, 53).

In some cases, the extremely high internal osmotic pressure
may even result in an explosion-like liberation of the muro-
some and of some cytoplasm together with parts of the cyto-
plasmic membrane; the number of such explosions could be
enhanced if the staphylococci were growing in a medium con-
taining penicillin and 3% NaCl and were subsequently trans-
ferred into medium with low osmolarity (Fig. 20d and f). How-
ever, parts of the cytoplasmic membrane can be thrown out
irrespective of whether the cells are killed by low (Fig. 20e) or
high concentrations of penicillin (Fig. 20d); this explosion may
also enlarge the fatal peripheral wall opening (Fig. 20d). Some-
times, explosions were even observed in both daughter cells
(Fig. 20f).

This sudden penicillin-induced death at the end of the sec-
ond cell cycle could also be monitored by common analytical
tools such as (i) the sudden breakdown of calorimetrically
measurable heat production of plasmatic growth processes, (ii)
the drastic decline in the number of CFUs, and (iii) the con-
siderable loss of labeled plasmatic components (77). Recently,
these observations were also supported by time-lapse photog-
raphy: it was possible to show very clearly, for the first time in
living bacteria, that staphylococci, in the presence of penicillin,
“burst away at the second cell division” (101).

Under the applied experimental conditions, the time of
death was even predictable for staphylococci: it took place 50
min after application of the drug (Fig. 21, B4), as shown by
measurements of the heat production of the culture (77) com-
bined with the determination of CFUs (number of viable cells).

Finally, the question arose whether more than one muro-
some capable of killing the staphylococcal cell was located in
the second division plane. In fact, the number of murosomes
involved in penicillin-induced killing could be increased con-
siderably by varying the osmolarity of the growth medium (50),
which resulted in the ejection of a fan-shaped row of murosomes
at the second division plane (see Fig. 23a). This observation

has indicated that the individual murosomes in a murosomal
row might have reached different degrees of activation, thus
being capable of perforating the peripheral cell wall at slightly
different times.

For a better understanding of these very complex and highly
sophisticated events during the second cell cycle in the pres-
ence of penicillin, a more detailed schematic drawing is de-
picted in Fig. 22; it shows only the area where the two consec-
utive lytic events on the peripheral cell wall take place, both
induced by the same murosomes with a time lag of a few
minutes: the centripetally directed lytic attack during initiation
of the second cross wall formation and the subsequent centrif-
ugally directed lytic attack during intended cell separation.
This schematic drawing shows the nonfatal steps during initi-
ation and intended formation of the second cross wall at the
beginning and in the middle of the second cell cycle (cf. Fig. 22,
A to D, and Fig. 21, B3), taking place about 30 to 40 min after
penicillin addition, and the fatal steps during intended cell
separation at the end of the second cell cycle (cf. Fig. 22, E and
F, with Fig. 21, B4) about 50 min after application of the drug
(see also the legend for Fig. 22).

Even when briefly summarizing these highly complex data it
becomes evident that, in the presence of a lethal concentration
of penicillin (0.1 mg/ml), neither a shortage of wall material nor
the activation of autolytic wall hydrolases are causative for
penicillin-mediated death of staphylococci. Even both lytic
processes of the murosomes on the peripheral cell wall take
place like in control cells. The killing process depending on the
cell cycle is rather based on a characteristic mistake in the local
distribution of newly synthesized wall material which is de-
toured to an incorrect place in the presence of the drug, i.e., we
are dealing here with a penicillin-impaired regulation of local
murein synthesis. Because of this mistake in murein distribu-
tion the cells are no longer capable of depositing sufficient
cross wall material beneath murosome-induced perforations of
the peripheral wall, which normally protects the cell against
extremely high internal turgor. This unprotected wall perfora-
tion by one single “killing murosome” takes place in the second
division plane when, in control cells, cell separation is initiated.
The deadly incident itself is the result of a throwing out of
some cytoplasm through the murosome-mediated hole in the
peripheral wall and takes place already at the end of the sec-
ond cell cycle. Consequently the very reason for penicillin-
induced death does not lie in a mistake in the biosynthesis of
sufficient staphylococcal wall material but rather in a seemingly
minute morphogenetic mistake in its distribution. Therefore,
we have named this penicillin-mediated fatal effect of staphy-
lococci, “morphogenetic death.” It is evident that this death
can be considered as an induced suicide via interfering with
normal growth processes. One cannot but admire the fungi for
the ingenious invention of such a sophisticated and effective
biological weapon for their daily combat against bacteria.

Bacteriolysis during the Third Cell Cycle in the Presence of
0.1-mg/ml Penicillin

While in control cells, during the third cell cycle, the forma-
tion of cross walls in the third division plane was initiated (Fig.
21, A5 and A6), the dead cells killed in the presence of peni-
cillin at the end of the second cell cycle (Fig. 21, B4) shrank
due to the loss of cytoplasm and, hence of their internal turgor
(Fig. 21, B5). Surprisingly, however, they preserved their out-
ward shape and their seemingly intact cellular integrity for
about 30 min, i.e., throughout the entire third cell cycle, before
disintegration of the cell wall and subsequent decomposition of
the cytoplasm (bacteriolysis) took place. This long-lasting pres-
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ervation of cellular integrity of dead cells is hardly understood;
one can only speculate that wall hydrolases, which are known
to attack bacterial cell walls much more rapidly as long as the
walls are stressed by the internal turgor (67), can work only

very slowly after penicillin-induced killing (Fig. 20d and e) and
subsequent cell shrinkage, i.e., when the cell walls have lost
their tension.

Bacteriolysis took place only at the end of the third cell cycle

FIG. 20. Thin sectioning (a, b, e), freeze fracturing (c) and scanning electron micrographs (d, f) of staphylococcal cells grown in the presence of 0.1 (a, b, e) or 10
(c, d, f) mg of penicillin/ml. Some cultures were grown in medium supplemented with 3% NaCl and were subsequently transferred to medium with low osmolarity (d
and f). (a) The murosome (MuS) has, finally, perforated the outer layers of the peripheral cell wall, the so-called primary wall, at the initiation site of the second division
plane. 1, first division plane (reproduced with permission from reference 50). (b) After perforation of the outer, primary wall at the site of the second division plane
(2), the murosome (MuS) is ejected together with some plasmatic material (arrowhead). 1, first division plane (reproduced with permission from reference 48). (c) Even
in the presence of high concentrations of penicillin the ejection of the murosome can be detected at the initiation site of the second division plane. This ejection starts
from a local bulge of the peripheral wall (vo). 1, first division plane. (d) At high concentrations of penicillin the explosion-like liberation of the cytoplasmic membrane
(short arrow) has caused a considerable enlargement of the small, murosome-induced wall perforation (E) at the second division plane. 1, first division plane
(reproduced with permission from reference 53). (e) A similar explosion-like liberation of the cytoplasmic membrane occurs at low penicillin doses (reproduced with
permission from reference 48). (f) At high concentrations of penicillin (10 mg/ml) murosome-induced explosions (stars) can take place simultaneously in the second
division planes of both daughter cells, liberating at the same time two cytoplasmic membranes (CM). 1, first division plane.
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(Fig. 21, B6). The onset of bacteriolysis was monitored as a
sudden decline in cell numbers about 70 to 90 min after pen-
icillin treatment, accompanied by an increasing release of cy-
toplasm and a continuously decreasing optical density, till the
nutrient broth had been nearly cleared up (77, 140).

In thin sections, bacteriolysis of staphylococci appeared as a
rather spectacular event: the disintegration of cellular integ-
rity, presumed to be the result of an uncontrolled activity of
endogenous autolytic enzymes, left behind only large pieces of
ruptured cell walls, membrane fragments, and plasmatic debris
(Fig. 23b).

Such autolytic events, leading to bacteriolysis, could easily be
inhibited or even prevented (i) by agents which induce the
suppression of autolytic wall degradation and (ii) by agents
which are capable of stabilizing the bacterial protoplast.

In the first case, applying combinations of penicillin and
anionic polyelectrolytes, bacteriolysis was prevented because
the wall appeared in some way to be protected against the
autolytic wall system (64, 138, 139, 141); consequently, in elec-
tron micrographs, only seemingly intact bacteria could be ob-
served after such simultaneous action of penicillin and an an-
ionic polyelectrolyte (Fig. 23d) in spite of the fact that more
than 99% of these cells were already dead (CFU test). This
observation has demonstrated that it was hardly possible to
differentiate, in thin sections, dead staphylococci from still
living ones. This was because staphylococci, after penicillin-
induced death, differed from living cells only by rather incon-
spicuous morphological variations, such as one single, tiny
pore-like opening in the peripheral wall at the site of the
second cross wall initiation (Fig. 20b) and the loss of some
cytoplasm. But any penicillin-induced fatal loss of cytoplasm
under conditions which block bacteriolysis is known to result in
shrinkage of the staphylococci (Fig. 21, B4 and B5), due to the
high elasticity of their cell walls (64, 78, 105). By this shrinkage
the remaining part of the cytoplasm in the dead cells is com-
pressed so that the initial, fatal loss of some cytoplasm cannot
be detected. That is the reason why, in thin sections, the dead
cells always appear rather small but seemingly intact (53).
Penicillin-induced fatal loss of cytoplasm and subsequent

shrinkage can only be prevented by establishing an external
osmotic pressure equaling the pressure inside the staphylo-
cocci (53).

In the second case, applying combinations of penicillin and
high concentrations of lysozyme, bacteriolysis was prevented
because the bacterial protoplast was “stabilized” (46, 51); con-
sequently, in electron micrographs rather intact bacteria were
found in spite of the fact that multiple fractionations of the
peripheral cell wall had taken place (Fig. 23c).

On the other hand, penicillin-induced bacteriolysis could
also be enhanced, for instance by cationic proteins (137), by
D-alanine (142), and by lantibiotics (10, 11).

Unfortunately, the very reason why bacteriolysis takes place
after bacterial death is still unknown. Only speculations have
been put forward about a presumed uncontrolled action of
endogenous autolytic enzymes, considered to be the result of
an inhibition of peptidoglycan synthesis (for a review, see ref-
erence 118). More recently, however, inverse results have been
found in staphylococci: application of low concentrations of
penicillin which did not interfere with peptidoglycan synthesis
(111) resulted in optimal bacteriolysis, while under the influ-
ence of higher penicillin concentrations, which progressively
reduced the incorporation of wall material, bacteriolysis was
inhibited almost completely (119, 136) (see also “On the iden-
tification of penicillin-induced bacteriolysis as a postmortem
event”). Consequently, an inhibition of peptidoglycan synthesis
cannot be causative for bacteriolysis, but it rather prevents
bacteriolysis. However, the cell shrinkage which takes place
after penicillin-induced killing (Fig. 20a to f and 21, B4 and B5)
may contribute to overcoming our present lack of knowledge in
this field. When cell shrinkage was effected simply by sucrose-
induced osmotic compression of living staphylococci, these
bacteria lysed. Such bacteriolysis without any involvement of
an antibiotic has been shown to be the result of a perturbation
of the cytoplasmic membrane and the membrane-wall inter-
layer which then generate lytically active mesosomal vesicles
capable of disintegrating the staphylococcal cell wall (39, 51,
59).

FIG. 21. Time course of penicillin-induced death and bacteriolysis. A simplified schematic survey is shown of the events which take place in growing control cells
(A) and in staphylococci after the addition of 0.1-mg/ml penicillin (B). The critical first 90 min of treatment with this antibiotic, which include three cell cycles
(generation time of staphylococci, 30 min), are illustrated; these events lead to penicillin-induced death and finally to bacteriolysis. First cell cycle. (A1 to A2) In
untreated cells a normal, thin, highly organized and complete cross wall will be formed in the first division plane which contains the intact splitting system. Only after
this cross wall has been completed do the murosomes of the first cross wall initiate cell separation via perforation of periodically arranged minute pores into the
peripheral wall in the first division plane. After such initial step, the subsequent tearing apart of these pores initiates the separation of the two daughter cells. Reference
figure, Fig. 10a. (B1 to B2) After the addition of a lethal concentration of penicillin, the staphylococci almost immediately lose the capacity to form a splitting system.
Reference figure, Fig. 19a. Furthermore, the cells are now no longer capable of assembling normal, compact cross walls, but they synthesize mainly a network of fine
fibrils arranged in rather thick, deformed and often incomplete defective cross walls. Nevertheless, the staphylococci try to start cell separation via murosome-induced
perforation of the peripheral wall as if the first cross wall is intact and complete. However, instead of cell separation only rather large, murosome-induced cavities appear
in the peripheral wall of the first division plane. Reference figure, Fig. 13f. Second cell cycle. (A3) During separation of the untreated daughter cells the formation of
a new cross wall in the second division plane is initiated at a 90° angle with respect to the previous one. Reference figure, Fig. 2b. Cross wall initiation starts with a
very localized, murosome-mediated wall lysis which attacks only some inner layers of the peripheral wall; cross wall assembly takes place and proceeds in this small lytic
region. Reference figure, Fig. 5e. (B3) In the presence of penicillin, the second division plane is likewise initiated via a very localized, murosome-mediated wall lysis
of some inner layers of the peripheral wall. Reference figure, Fig. 19c to f. However, no cross wall assembly takes place here; the cross wall material bound for the second
division plane is detoured and deposited further on in the first division plane, so that the deformed, defective first cross wall becomes even thicker. Reference figure,
Fig. 19e. (A4) In control cells, only after completion of the cross wall, the next cell separation is initiated via murosome-mediated perforation of the peripheral wall
in the second division plane. Reference figure, Fig. 10a. (B4) Like in normal staphylococci, cell separation in the second division plane starts with murosome-mediated
punching of pores into the peripheral wall in spite of the fact that in the presence of penicillin no cross wall material has been deposited at this site. Hence, due to
their high internal turgor, the cells will burst and eject the murosome and a limited amount of their plasmatic constituents (aneurysm principle). This murosome-induced
morphogenetic death takes place about 50 min after addition of the drug. Reference figure, Fig. 20b to f. For further details see Fig. 22. Third cell cycle. (A5) In control
cells, already during the course of cell separation in the second division plane, the cross walls for the third division plane are initiated, again at a 90° angle to the previous
one. Reference figure, Fig. 2a. (B5) The dead staphylococci, killed in the presence of penicillin during late stages of the second cell cycle, have lost part of their
cytoplasm. This loss reduces considerably the tension of the elastic cell wall and results, therefore, in some shrinkage of the cells. The dead staphylococci preserve,
however, their seemingly intact cellular integrity and, therefore, hardly differ from bacteria that are still alive. Reference figure, Fig. 23d. (A6) In control cells the cross
walls for the third division planes are completed and the next cell separation is initiated (not depicted). (B6) Disintegration of the cell wall and decomposition of the
cytoplasm (bacteriolysis) start only about 30 min after penicillin-induced death, leaving behind mainly large pieces of ruptured cell walls, membrane fragments, and
plasmatic debris. Reference figure, Fig. 23b. Schematic drawing modified from reference 48 and supplemented and varied. For the sake of simplicity, only one
murosome has been depicted at all the murosomal sites.
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On the Identification of Penicillin-Induced Bacteriolysis as a
Postmortem Event

Since the first application of penicillin, this antibiotic has
been well known for its capacity of inducing bacteriolysis which
is always easily detected by monitoring the optical density of a
bacterial culture growing in nutrient broth, which broth clears
up rapidly upon addition of penicillin. Consequently, the most
widely accepted idea concerning the typical effect of penicillin

was that this antibiotic is killing bacteria via bacteriolysis (lytic
death). However, the data presented in the preceding sections
have shown that penicillin-induced killing and bacteriolysis are
two completely different, consecutive events, proving that bac-
teriolysis does not cause the penicillin-induced killing process
but that it is simply its consequence. Therefore, bacteriolysis
must be considered to be nothing but a postmortem process
(50–52), and for the future, misleading terms like lytic death
should be avoided in connection with penicillin treatment of

FIG. 22. Fatal effects of “normal” lytic wall processes. Two consecutive lytic processes of wall morphogenesis in control cells, induced by the same murosomes in
an interval of 10 min, are the key events for understanding penicillin-induced death: (i) initiation of cross wall formation and (ii) initiation of cell separation. In
penicillin-treated staphylococci both processes take place during the same phase of wall morphogenesis, at the same site, and in the same way as in control cells. Only
some penicillin-induced variations in the distribution of wall material proved to be fatal (for an overview, see Fig. 21). The schematic drawing seeks to provide a visual
aid for a better understanding of these crucial processes. The depicted area is the site where both these lytic processes take place during the second cell cycle after the
addition of penicillin. (A to D) Initiation of cross wall formation. (A) At the site of the second division plane, murosomes are formed by the cytoplasmic membrane
(CM) or its membrane-wall interlayer (MWI) via an evagination process. Pl, cytoplasm; prW, primary wall; scW, secondary wall. Reference figures, Fig. 19b and 6f to
h. (B) Immediately before cross wall formation starts, the murosomes (MuS) are found to be located in the lower layer of the peripheral cell wall, the so-called secondary
wall. Probably, they have penetrated into this secondary wall or they are formed together with this wall layer. Reference figures, Fig. 19b and c and 6c (see also Fig.
8). (C) Lytic processes of the murosomes, directed to the center of the cell, separate the secondary wall into three parts. Folds of the cytoplasmic membrane indicate
the first steps for cross wall formation. Reference figure, Fig. 6d and e. (D) The central part of the secondary cross wall starts the formation of the central, “transitory”
layer of the future cross wall while the other parts initiate the “permanent” layers (see Fig. 7). However, while in control cells cross wall formation goes on until it is
completed, in the presence of penicillin, cross wall formation at this site ceased because the necessary wall material is deposited at another site; furthermore, lytic
processes (lyt 1) within the secondary wall proceed, leaving behind a disintegrated sector in the secondary wall. Reference figure, Fig. 6d and 19c to f. (E and F) Fatal
initiation of cell separation. (E) In spite of the fact that in the presence of penicillin there is no cross wall material deposited in the second division plane, staphylococci
start normal cell separation with murosome-mediated punching of pores into the primary layer of the peripheral wall via outward directed lytic processes (lyt 2).
Reference figure, Fig. 20a. (F) As soon as one of the murosomes (MuS) has succeeded in perforating the outer layer of the peripheral wall and is released into the
growth medium, the cell will burst and eject limited amounts of its cytoplasm (Pl), due to its extremely high internal turgor. This death (cross) happens only because
a protecting cross wall is missing beneath the single wall perforation. Reference figure, Fig. 20 b to f.
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staphylococci, since such an event does not exist. Conse-
quently, it is concluded that penicillin induces an always non-
lytic killing event which is caused, normally, by a rather limited
liberation of some cytoplasm; this penicillin-induced death
may be followed by bacteriolysis of the dead bacteria (Fig. 21,
B4 to B6). Such conclusion is in line with observations that
staphylococci treated with penicillin concentrations above 1
mg/ml are killed without bacteriolysis resulting subsequently
(77, 119, 136). In the mutant strain SA 113 (see “An alterna-
tive, mechanical type of cell separation using the splitting sys-
tem of the cross wall”), exhibiting a very low wall turnover (54),
even low doses of penicillin (0.1 mg/ml) proved to be sufficient
to cause growth inhibition and death without subsequent bac-
teriolysis, resembling certain bacteria with suppressed activity
of wall hydrolases (117, 129).

In this regard it should be emphasized that those autolytic
wall enzymes which are considered to be responsible for bac-
teriolysis of staphylococci killed in the presence of penicillin
are, apparently, not capable of killing living, intact staphylo-
cocci: when these enzymes were externally added to pseudo-
multicellular staphylococci, only lytic cell separation took place
(20, 122). We presume that externally added autolytic wall

enzymes of this type would only be capable of killing those
staphylococci which had not been able to complete their cross
walls before the onset of cell separation (Fig. 21).

After all, the identification of bacteriolysis as a postmortem
process is not at all surprising; apparently, bacteria pass only
through the same postmortal processes as do other living be-
ings, including humans. They all undergo lysis after having died
and never does lysis reveal the manner of their death (53).

“Hidden Death” at High Penicillin Concentrations

For several years it was generally accepted that penicillin is
capable of killing staphylococci by one single, unique mecha-
nism (see “Morphogenetic death during the second cell cycle
in the presence of 0.1-mg/ml penicillin”); in staphylococci, this
killing was induced by 0.1-mg/ml penicillin and occurred about
50 min after addition of the drug, during the second generation
time. However, earlier findings on the so-called “paradoxical
effect of penicillin” on staphylococci (26, 136) had indicated
that, in the presence of high concentrations of penicillin, “bac-
teriostatic” effects of this antibiotic were also observed and
bacteriolysis was missing. These data have indicated that at

FIG. 23. Scanning electron micrograph (a) and thin sections (b to d) of staphylococcal cells grown in the presence of penicillin. (a) By varying the osmolarity of
the growth medium, several murosomes of the second division plane are ejected simultaneously (arrows); arrowheads mark supposed ejections of murosomes. 1, first
division plane (reproduced with permission from reference 50). (b) After a 4-h treatment with 0.1-mg/ml penicillin most cells undergo bacteriolysis and show different
degrees of cellular disintegration. (c) Simultaneous treatment with penicillin (0.1 mg/ml) and lysozyme (1 mg/ml) prevents bacteriolysis; the protoplast even remains
stabilized in spite of multiple breakages in the peripheral cell wall (arrows) (reproduced with permission from reference 51). (d) After 4 h of simultaneous treatment
with 0.1-mg/ml penicillin and 100-mg/ml Evans blue, the staphylococci seem to be intact, although about 99% are already dead.
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least certain effects of penicillin on susceptible bacteria were
not independent of the drug concentration, and possibly, pen-
icillin-induced killing was even more complicated than ex-
pected. Since under therapeutic conditions penicillin concen-
trations of up to 50-mg/ml have been determined in tissues (see
reference 36 for a review), the effect of high concentrations of
penicillin on staphylococci had to be examined in some detail.

In fact, hidden behind seemingly bacteriostatic effects a sec-
ond, very early killing mechanism has been observed at high
concentrations of penicillin. Since common analytical tools like
monitoring CFUs or optical density failed to detect this early
killing effect we have named it hidden death (53). This fatal
event takes place as early as 10 to 15 min after drug exposure,
i.e., already during the first generation time. This early killing
effect differs considerably from the murosome-induced punch-
ing of pores into the peripheral wall at sites not protected by
sufficient cross wall material.

Electron microscopic studies have shown that such an early
killing process in the presence of 10-mg/ml penicillin did not
affect cells which had already completed their cross walls. Only
those staphylococci were endangered which, at the very mo-
ment when the drug was added, were at a rather early stage of
the cell cycle in which they had formed only a still incomplete
cross wall including the splitting system (Fig. 24a to c). Such
high penicillin concentration immediately blocked the forma-
tion of the splitting system and the further synthesis of an
intact cross wall; only small amounts of fibrillar wall material
were then synthesized, which were deposited mainly laterally
on the nascent cross walls (Fig. 24a). At the same time that cell
separation started in control cells (Fig. 10a), the same muro-
some-induced perforation of the peripheral wall took place in
the presence of high concentrations of the drug. After that,
normal cell separation started via ripping up of the cross wall
along the splitting system (Fig. 24b), similar to the process of
mechanical cell separation of control cells (see “An alternative,
mechanical type of cell separation using the splitting system of
the cross wall”). Since, however, cross wall formation had pre-
maturely ceased, this ripping up of incomplete cross walls
eventually resulted in an opening of the pressure-stabilized cell
wall and in the eruption of considerable parts of the cytoplas-
mic constituents, leading to death (Fig. 24c). Further details of
this killing process were detected by scanning electron micros-
copy. Dividing cells lost cytoplasm (Fig. 24d, upper cells) ap-
parently through slit-like openings in the peripheral wall of the
first division plane (53) and subsequently showed some shrink-
age, while staphylococci with already completed cross walls
were not affected (Fig. 24d, lower cells). Via determination of
the number of empty cells (Fig. 24c) we calculated that about
20% of the staphylococci were killed by this hidden death
during the first division cycle in the presence of 10-mg/ml
penicillin; however, other staphylococci showed only different
stages of shrinkage without detectable effects on their cell
walls. It cannot be ruled out that such cells stayed alive; one
could speculate that such staphylococci are suitable candidates
for restoration processes (see “Wall regeneration after peni-
cillin treatment”).

Furthermore, there were other cells which were not killed
via hidden death in spite of the fact that they had already
formed an incomplete cross wall at the moment of adding high
concentrations of this drug. Thin sections have revealed the
very reason for this surprising observation: for still unknown
reasons these surviving cells had not only laterally covered the
nascent cross walls with some fibrillar wall material but they
had formed sufficient wall fibrils which were also deposited at
the tips of the ingrowing cross wall (Fig. 24e), as was the case
in the presence of 0.1-mg/ml penicillin (Fig. 19a). This covering

of the cross wall tips with fibrillar wall material prevented a
complete ripping up of the unfinished cross walls, since these
fibrils were, apparently, welded together. The limited ripping
up of the cross wall eventually resulted in an elongation of the
cell (Fig. 24f), as was already observed to a certain extent for
staphylococci in the presence of low concentrations of penicil-
lin (Fig. 19a). Such welding processes after the formation of
sufficient fibrillar wall material, which produced a connecting
bridge between the two presumptive daughter cells, must be
considered the very reason why hidden death was never ob-
served in the presence of 0.1-mg/ml penicillin. It is important to
note that such tough connecting bridges of welded fibrillar wall
material between two presumptive individual daughter cells
are capable of protecting these staphylococci from penicillin-
induced death for at least one additional generation time.

The resulting enlargement of staphylococci partly ripped up
at incomplete cross walls led to considerably elongated staph-
ylococci, some of them already showing initiations of the sec-
ond cross wall, but without sufficient cross-wall material being
deposited at this site (Fig. 24f). At these sites, as already
mentioned (see “Morphogenetic death during the second cell
cycle in the presence of 0.1-mg/ml penicillin”), the same char-
acteristic, murosome-induced fatal events (cell explosions)
(Fig. 20c, d, and f) took place as was the case in the presence
of low penicillin concentrations (Fig. 20a, b, and e; cf. Fig. 21
and 22). Apparently, the two fatal events in the presence of
penicillin are closely connected: early hidden death is followed
by the common murosome-induced death. A schematic draw-
ing demonstrates the connection between these two lethal pro-
cesses (Fig. 25).

Finally, for therapeutic considerations it should be empha-
sized that hidden death by which staphylococci lose cytoplasm
via slit-like openings in incomplete cross walls is only possible
if such incomplete cross walls with their intact splitting systems
had been formed before penicillin became active. If the split-
ting system is missing, hidden death is impossible. This fact
indicates the danger of any pretreatment of staphylococci with
low doses of penicillin; this would prevent the formation of a
splitting system and, by this, also prevent hidden death. The
apparent advantage of applying high doses of penicillin, the
very fast killing of a considerable percentage of staphylococci
already in the first division cycle, would be lost, and these cells
would thus be preserved for at least one additional cell cycle.

Autolytic Wall Enzymes: Are They Indispensable for
Penicillin-Induced Death of Staphylococci?

In the preceding sections, autolytic wall enzymes have been
considered to be of some importance to the penicillin-induced
death of staphylococci because autolytic wall enzymes are in-
volved in lytic cell separations in control cells as well as in cells
with the addition of penicillin (see “Cell separation in staph-
ylococci”). However, the occurrence of mechanical processes
during the ripping up of incomplete cross walls at high con-
centrations of penicillin in the first division plane (hidden
death) (cf. Fig. 24b and 25, B1 to B3) indicates that the role of
autolytic wall enzymes in penicillin-induced death needs to be
discussed in greater detail. On principle, one should also raise
the question whether penicillin is even capable of killing staph-
ylococci without any involvement of autolytic wall enzymes.
When discussing these questions, we have to consider once
again the essentials which lead to the different types of killing,
depending on the concentration of penicillin.

Penicillin-induced death in the presence of autolytic wall
enzymes. It has been shown that low doses of penicillin (0.1
mg/ml) cannot prevent the synthesis of the cross wall in the first
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FIG. 24. Thin sections (a to c and e to f) and a scanning electron micrograph (d) of staphylococci treated with high doses of penicillin (10 mg/ml). (a) Small amounts
of fibrillar wall material are deposited mainly laterally on the nascent cross wall (reproduced with permission from reference 53). (b) In spite of the fact that the cross
wall is not yet complete, cell separation has started in the first division plane (1) via ripping up of the cross wall along its splitting system (reproduced with permission
from reference 53). (c) Opening of the cell wall via ripping up of the incomplete cross wall along the splitting system has resulted in the eruption of considerable parts
of the cytoplasm (Pl) and in cell death (reproduced with permission from reference 53). (d) The upper two dividing staphylococci reveal a certain loss of cytoplasm
(Pl) along slit-like openings in the peripheral wall along the first division plane while staphylococci having already completed their cross wall (lower cells) are not
affected by the drug. (1, first division plane) (reproduced with permission from reference 53). (e) Deposition of sufficient amounts of newly formed wall fibrils at the
tips of the ingrowing cross wall has prevented complete ripping up of the cross wall in spite of the initiation of cell separation (arrows and arrowhead), thus protecting
the cells from lysis. (f) The incomplete cross wall of this cell is almost completely ripped up, but the cross wall tips are welded together (asterisks), thus preventing fatal
consequences; the paired arrows indicate the region of the peripheral wall which is suggested to be derived from the tearing apart of the cross wall; the elongated cell
already shows an initiation site for the formation of the next cross wall (arrow) (reproduced with permission from reference 53).
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division plane, although cross wall formation is affected to a
considerable extent (synthesis of deformed cross walls without
a splitting system; see “Cell separation in the absence of the
splitting system”). Normally, at low concentrations of penicil-
lin, death occurs only during the second cell cycle after addi-
tion of the drug, since after such a long period of time in the
presence of penicillin a complete cross wall can no longer be
formed in the second division plane due to a local penicillin-
impaired distribution of newly synthesized murein. This peni-
cillin-induced death takes place in such cells because the high
internal pressure of the protoplast abruptly kills the cell during
the next attempted cell separation (see “Morphogenetic death
during the second cell cycle in the presence of 0.1-mg/ml pen-
icillin”). No indications were found that penicillin-induced
death resulted from attacking staphylococcal cell walls by
murein hydrolases, triggered by this drug (see, however, refer-
ences 129 and 131).

Since bacteriolysis of the killed cells starts about 30 min later
(see “Bacteriolysis during the third cell cycle in the presence of
0.1-mg/ml penicillin”), we presume that low concentrations of
penicillin are not capable of inhibiting either autolytic wall
enzymes involved in cell separation or those involved in bac-
teriolysis.

Penicillin-induced death in spite of inhibition of autolytic
wall enzymes. High concentrations of penicillin (10 mg/ml)
have been shown to already inhibit or even prevent the com-
pletion of cross walls in the first division plane (see “ ‘Hidden
death’ at high penicillin concentrations”). Penicillin-induced
death can, therefore, occur early in this first division plane in
those staphylococci that had already started cross wall forma-
tion before the drug was added. Concerning the mechanism of
this death it was presumed that after murosome-mediated ini-
tiation of cell separation in the first division plane the killing
would occur via ripping up of incomplete cross walls along
their splitting system (see “ ‘Hidden death’ at high penicillin
concentrations” and Fig. 25). It should be emphasized that this
ripping up of the incomplete cross walls has already been
considered to be a mechanical event (54) for which autolytic
wall enzymes are not essential (see “An alternative, mechani-
cal type of cell separation using the splitting system of the cross
wall”).

Since, under such conditions, no bacteriolysis of the killed
cells takes place (77, 119, 136) we have presumed that high
doses of penicillin are capable of inhibiting autolytic wall en-

zymes involved in bacteriolysis. But one might speculate that
high concentrations of this drug would also inhibit autolytic
wall enzymes involved in cell separation.

Penicillin-induced death without involvement of autolytic
wall enzymes. We tend to presume that in the presence of high
concentrations of penicillin only remnants of the primary ac-
tivity of autolytic wall enzymes would be available for the
initiation of cell separation in the first division plane via mu-
rosomes, which finally will result in morphogenetic death via
mechanical cell separation (Fig. 25).

Furthermore, in control cells it has been shown that autolytic
wall enzymes are not always essential prerequisites for cell
separation: very rapid cell separation was achieved by artifi-
cially increasing cell volumes via suspending staphylococci in
distilled water (54). Such mechanical cell separation, appar-
ently without involvement of autolytic wall enzymes, was in-
duced artificially even in pseudomulticellular staphylococci
(see “Inhibition of cell separation results in the formation of
pseudomulticellular staphylococci”). Such mechanical cell sep-
aration of staphylococci due to water-induced swelling has led
to the assumption that mechanical cell separation of staphylo-
cocci during normal growth (54) also basically abides by the
same rules, with the volume increase being established by the
growth of cytoplasm.

Such considerations should apply not only to the separation
of control cells but also to cell separation in the presence of
10-mg/ml penicillin. If, under such experimental conditions, the
internal turgor is sufficiently increased via cytoplasm growth,
cell separation will start even without involvement of a detect-
able quantity of autolytic wall enzymes. If the onset of such
mechanical cell separation occurs in staphylococci with peni-
cillin-mediated incomplete cross walls (Fig. 24a and b), the
type of hidden death will be the same as if autolytic wall
enzymes are involved in the initiation of cell separation (Fig.
25). Consequently, one might argue that, basically, autolytic
wall enzymes are more or less dispensable for inducing the
killing of staphylococci by high concentrations of penicillin as
long as growth of cytoplasm continues.

Even penicillin-induced death in the presence of 0.1-mg/ml
penicillin could occur almost without an involvement of auto-
lytic wall enzymes, if mechanical cell separation via growth-
mediated increase of turgor was initiated in the second division
plane of staphylococci lacking an intact cross wall (see Fig. 22).

We have to emphasize, therefore, that it is not the activity of

FIG. 25. Hidden death at high penicillin concentrations. Schematic drawing illustrating the fate of staphylococcal control cells (A1 to A4) and of cells in the presence
of high penicillin concentrations (B1 to B3 and C1 to C5) during the first and the second cell cycles. (A1 to A3) Control cells during the first cell cycle. (A1) Untreated
cells divide by completion of their cross wall; (A2) they initiate cell separation via murosome-induced punching of pores into the peripheral wall above the completed
cross wall; (A3) two daughter cells have been generated by this first cell separation. MuS, Murosome. (B1 to B3) Hidden death during the first cell cycle. (B1) In the
presence of high concentrations of penicillin the formation of the splitting system stops and cell wall synthesis is largely inhibited. Instead of compact, highly organized
cross walls, only some loose fibrillar cross wall material is synthesized which is mainly deposited laterally on the ingrowing cross walls, leaving the tips of the cross wall
unprotected. Reference figure, Fig. 24a. (B2). Like in untreated cells (A2), cell separation is then initiated in spite of the fact that cross wall formation has not yet been
completed. After liberation of the murosomes (MuS), cell separation proceeds along the splitting system synthesized before the action of the drug. Because of the high
internal pressure and since the tips of the cross wall are not sufficiently protected by fibrillar cross wall material, the affected cells erupt granular cytoplasm (Pl) through
slit-like openings in the peripheral wall. Reference figure, Fig. 24d. (B3) The incomplete cross wall of the first division plane is ripped up along the splitting system,
the cell loses considerable parts of its cytoplasm and dies, leaving behind only empty cell walls which still preserve the shape of the primary staphylococcus. Reference
figure, Fig. 24c. (C1 to C5) Nonhidden death during the second cell cycle. (C1) For still unknown reasons, a certain percentage of staphylococci treated with high doses
of penicillin is still capable of synthesizing considerable amounts of fibrillar cross wall material after blocking the formation of the splitting system. In those cases not
only the lateral parts but also the tips of the ingrowing cross walls of the first cell cycle are covered with these fibrils. Reference figure, Fig. 24e. (C2) Since the cross
wall fibrils at the tips are capable of welding with each other, initiation of cell separation via murosome-mediated perforations of the peripheral wall (MuS) and ripping
up of the cross wall along the primary splitting system will not result in a loss of cytoplasm and in death, and this in spite of the fact that their cross walls are not
completed either: a connecting bridge (Cb) formed by the welding of fibrillar cross wall material proves to be tough enough to resist the high internal pressure.
Reference figure, Fig. 24e. (C3) Consequently, those cells capable of welding together the individual primary cross walls of the prospective daughter cells can survive
at least the first division cycle in the form of more or less elongated cells. Reference figure, Fig. 24f. (C4) Like in normal cells (A4), cell separation during the second
cell cycle may be initiated via murosome-mediated formation of peripheral pores in the second division plane (MuS). Since hardly any cross wall material is deposited
at this site, the extremely high internal pressure widens one of these pores, and part of the cytoplasmic membrane (CM) together with cytoplasmic constituents (Pl)
is thrown out via an explosion-like ejection. Reference figure, Fig. 20d. (C5) Rupture of the thrown-out part of the cytoplasmic membrane (CM) results in the release
of much of the granular cytoplasm (Pl), and the cell dies. Reference figure, Fig. 20f. (Modified from reference 53.)
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autolytic wall enzymes (129, 131) that is essential for penicillin-
induced death of staphylococci; this killing effect is rather due
to defined morphogenetic defects of their cross walls, induced
by this antibiotic. Either the inability of completing the cross
wall of the first division plane (in the presence of 10-mg/ml
penicillin) or the inability of synthesizing the cross wall of the
second division plane (in the presence of 0.1-mg/ml penicillin)
will inevitably result in penicillin-induced death at the very
moment when mechanical cell separation is initiated and
for this type of death autolytic wall enzymes are not essen-
tial.

These considerations indicate that in penicillin-induced
death the role of autolytic wall enzymes has been overesti-
mated so far, while the importance of a raising turgor due to
continual growth of cytoplasm has been neglected. But discus-
sions about the importance of autolytic wall enzymes can,
possibly, help to explain the penicillin-induced death without
subsequent bacteriolysis of some mutants that use mainly me-
chanical cell separation, considered to occur without involve-
ment of autolytic wall enzymes (low-wall-turnover strain SA
113 of S. aureus) (cf. reference 54 and Fig. 13d). Since, in
staphylococci, penicillin-mediated morphogenetic defects of
the nascent cross walls are the very reason for penicillin-in-
duced death, it would make no difference if cell separation in
the presence of this drug would be achieved without involve-
ment of a detectable quantity of autolytic wall enzymes (me-
chanical cell separation) or with these enzymes being involved
(lytic cell separation). No indications are available so far that
in the absence of autolytic wall enzymes there occurs a more
complex mechanism of penicillin-induced killing. Possibly our
data about the killing of staphylococci in the presence of pen-
icillin being the result of morphogenetic mistakes during cross
wall completion would be sufficient to also explain penicillin-
induced death in certain streptococci killed by a mechanism
independent of autolytic wall enzymes (the so-called cid mu-
tants), without any speculation about a hypothetical injury of
the cytoplasmic membrane (95).

However, we emphasize that autolytic wall enzymes in the
region of the murosomes are of great importance to rapid
staphylococcal cell separation during the logarithmic-growth
phase of untreated staphylococci. Activation and inactivation
of these enzymes will influence growth, mainly via enhance-
ment or inhibition of lytic cell separation, respectively. But it
should be stressed that staphylococci are not helpless if the
activity of autolytic wall enzymes is inhibited or even lost be-
cause they can always apply mechanical cell separation. On the
other hand, staphylococci lacking autolytic wall enzymes are
not protected from penicillin-induced death.

On the basis of these considerations we have to repeat that
penicillin-mediated morphogenetic mistakes at nascent cross
walls are the most important prerequisites for the fatal action
of penicillin, not only for staphylococci but possibly also for
other bacteria. Furthermore, we presume that the specific ac-
tion of penicillin may not be unique. Any other drug capable of
preventing the completion of nascent cross walls should be
able to induce the same type of morphogenetic death as if
penicillin were involved in this killing process.

Why Has Penicillin-Induced Death Escaped Elucidation for
Several Decades?

Retrospectively, several decades after Alexander Fleming’s
fundamental observations in 1929 regarding the effect of pen-
icillin on staphylococci (30) and after the first clinical applica-
tion of this drug in 1941 (1, 2, 66), the question can now be
answered why penicillin-induced death has escaped elucidation

for so long. First, at the very beginning of research when
bacteriolysis was still considered as an indication for the onset
of penicillin-induced killing (lytic death), most experiments
started much too late, i.e., about 2 to 3 h after addition of the
drug. Only later on, when bacteriolysis had been identified as
a postmortem effect (50–52), was it possible to identify the
fatal morphogenetic processes taking place much earlier (Fig.
21 and 25). But obviously, not only some methodological as-
pects but also a series of structural and functional peculiarities
of the bacterium under review proved to be important prereq-
uisites for a successful analysis of the rather complex sequences
which eventually resulted in the fatal event. Some of the es-
sentials for solving this problem should be emphasized once
more.

(i) Considering that penicillin-induced morphogenetic death
depends on very localized minute changes in the structure of
the cross wall during a short critical step of cell separation, any
of the common biochemical analyses of staphylococcal cultures
(or their mutant strains) growing in an unsynchronized manner
had virtually no chance of contributing significantly to the
solution of this problem.

(ii) Favoring electron microscopic examinations as the
method of choice, it was possible to analyze characteristic
morphogenetic defects occurring in the presence of penicillin
within one single bacterium. Furthermore, it was, in compari-
son to gram-negative bacteria, the extremely thick cell wall of
the gram-positive staphylococci which proved to be especially
suitable for elucidating the fatal wall variations, being in the
range of only a few nanometers.

(iii) The typical staphylococcal feature exhibiting three divi-
sion planes arranged rectangularly to each other offered the
unique chance of analyzing variations in wall morphogenesis
during two consecutive cell separations. Furthermore, since
staphylococci lack a definite longitudinal growth zone of their
peripheral wall, penicillin almost exclusively affected the very
restricted growth area of the nascent cross wall which facili-
tated considerably the analysis of fatal wall variations.

(iv) Since even in the presence of penicillin the minute
murosomes of staphylococci remained sufficiently preserved,
their involvement in penicillin-induced death could be eluci-
dated.

(v) The importance of the high internal pressure of the
staphylococcal protoplast for penicillin-induced death, for nor-
mal cell separation, and for dispersing pseudomulticellular
clusters of staphylococci had to be considered.

(vi) The findings that staphylococci are capable of using not
only a lytic but also a mechanical cell separation has enabled us
to call in question the importance of autolytic wall enzymes in
penicillin-induced death.

Therefore, hardly any bacterium other than a staphylococcus
would have offered such a chance for the successful investiga-
tion of the mechanism by which penicillin is capable of killing
bacteria.

CONCLUSION AND FUTURE DIRECTIONS

This review has attempted to give a detailed description of
the staphylococcal wall architecture, as far as it can be analyzed
with the electron microscope. Unfortunately, progress in de-
termining the basic structural wall elements has been rather
limited compared to the knowledge which had already been
gained some 20 years ago (see reference 42 for a review).
Interesting results have been obtained, however, regarding the
wide range of staphylococcal wall reactivities to different anti-
biotics, the capacity to restore walls via sophisticated tricks
after induced wall variations, and the ability to very slowly
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reactivate inhibited wall autolysins which has enabled us to
follow even extremely rapid events in the cell wall involving
murosomes. But this review has also shown that, concerning
wall morphogenesis, in some cases there are still gaps in our
knowledge. These gaps become especially evident when one
tries to reconstruct schematically morphogenetic processes
such as neoformation of the cross wall (Fig. 7) or murosome
morphogenesis (Fig. 8). Consequently, at least some of the
schematic drawings of this review are not free from alternative
possibilities or even speculative elements, as mentioned in the
relevant sections; they are considered to be working models
and are mainly depicted to induce new experiments in order to
check their accuracy.

Considerable gaps in our knowledge exist concerning auto-
lytic wall enzymes. The localization of certain staphylococcal
wall autolysins in a circumferential double ring structure on the
cell surface above closed cross walls (146), where the pairs of
murosomes are located, indicates that the vesicular muro-
somes are associated with these wall autolysins, but a real
proof is still missing because it has not yet been possible to
isolate the easily disintegrating murosomes in sufficient quan-
tities (54). Furthermore, virtually nothing seems to be known
so far about the regulatory capability of staphylococci in acti-
vating the lytic capacity of the murosomes, which must be
stringently controlled. Any mistake in the lytic direction, the
lytic target, or the lytic timetable of the regulatory cascade
could result in an injury to the protective peripheral wall and in
an explosion of the cell, due to the high internal turgor. Un-
fortunately, at present there is hardly any chance of getting
reliable information about the coordinated regulation of lytic
murosomal actions. However, since the genome of S. aureus
has been fully sequenced and the data, hopefully, will soon be
available to all scientists, comprehensive studies of well-char-
acterized mutants are possible which could make significant
contributions to all of the relevant questions.

The relations between the murosomes and the stripping
system, which is involved in wall turnover, are also hardly
understood. The stripping system is sandwiched between the
primary and the secondary walls (Fig. 3); it is formed de novo
when chloramphenicol-induced masses of wall material have to
be disintegrated by centrifugal lytic actions (Fig. 17). The mu-
rosomes are normally found in close connection with the strip-
ping system (Fig. 3B). Since both lytically active structures, i.e.,
the murosomes and the stripping system, are extracellular de-
rivatives of the cytoplasmic membrane or of its membrane-wall
interlayer, the possibility cannot be excluded that their func-
tions are more or less closely related or that the murosomes
are even part of the stripping system. It has already been
mentioned that, for performing lytic cell separation, the ac-
tions of the murosome-associated autolysins are, apparently,
supplemented by the autolysins of the stripping system (54)
and that addition of isolated wall autolysins to nondivided cell
clusters (pseudomulticellular staphylococci) resulted in autol-
ysin-mediated lytic cell separation (20, 122). Confirmatory sup-
port for placing murosomes into the stripping system also
comes from the observation that not only murosomes but also
the stripping system is capable of punching periodically ar-
ranged holes into peripheral wall material via its disintegrating
system (Fig. 17G). The concept of a more or less uniform
assembly of lytic wall systems constituting the stripping system
with the murosomes and the disintegrating system could
prompt a series of new experimental approaches to explore
presently unknown mutual relations during wall morphogene-
sis.

The second part of this review presents a detailed elucida-
tion of the mechanism of penicillin-induced death as being the

result of a minute morphogenetic mistake (Fig. 21 and 22),
which elucidation allows specific predictions concerning the
manner and time of the bacterial death to be made. This may
help to end long-lasting disputes in this field. Knowledge of this
mechanism will, hopefully, contribute to improvements in pen-
icillin therapy, for instance via manipulating its efficiency with
certain additives. Any improvement in beta-lactam therapy is
badly needed, especially in the case of multiresistant staphylo-
coccal variants such as MRSA. A prerequisite for attacking
such MRSA strains is exact knowledge of a novel structural or
morphogenetic weak point within the staphylococcal cell wall
which could serve as a new target. For this reason, further and
much more detailed knowledge of the staphylococcal wall and
its morphogenesis is urgently needed. New experiments should
also include our considerations about the possibility that, un-
der certain conditions, even a mechanical cell separation with-
out an involvement of a detectable quantity of autolytic wall
enzymes could be sufficient to result in fatal effects after pen-
icillin-induced morphogenetic defects at the staphylococcal
cross walls (see “Penicillin-induced death without involvement
of autolytic wall enzymes”). It is the hope of all scientists in this
field to identify or develop an ingenious drug capable of inter-
fering with a specific step in bacterial wall morphogenesis in a
manner similar to that of the drug which the fungi have pro-
duced for their daily mortal combat against surrounding bac-
teria.
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chemische Untersuchungen an Zellwänden der Blaualge Phormidium un-
cinatum. Z. Naturforsch. 17b:262–268.

34. Garvie, E. I. 1986. Genus Pediococcus Claussen 1903, 68AL, p. 1075–1079.
In P. H. A. Sneath, N. S. Mair, M. E. Sharpe, and J. G. Holt (ed.), Bergey’s
manual of systematic bacteriology, vol. 2, Williams & Wilkins, Baltimore,
Md.

35. Gemmell, C. G., and V. Lorian. 1996. Effects of low concentrations of
antibiotics on bacterial ultrastructure, virulence, and susceptibility to im-
munodefenses: clinical significance, p. 397–452. In V. Lorian (ed.), Antibi-
otics in laboratory medicine, 4th ed. Williams & Wilkins, Baltimore, Md.

36. Gerding, D., L. R. Peterson, C. E. Hughes, D. M. Bamberger, and T. A.
Larson. 1991. Extravascular antimicrobial distribution and the respective
blood concentrations in humans, p. 880–961. In V. Lorian (ed.), Antibiotics
in laboratory medicine, 3rd ed. Williams & Wilkins, Baltimore, Md.

37. Giesbrecht, P. 1972. Zur Morphogenese der Zellwand von Staphylokokken.
Mikroskopie 28:323–342.

38. Giesbrecht, P. 1984. Novel bacterial wall organelles (“murosomes”) in
staphylococci: their involvement in wall assembly, p. 177–186. In C. Nom-
bela (ed.), Microbial cell wall synthesis and autolysis. Elsevier Publishers
B.V., Amsterdam, The Netherlands.

39. Giesbrecht, P. 1991. Perturbation of the membrane-wall interlayer by vol-
ume reductions of staphylococci results in wall disintegration and bacteri-
olysis after formation of mesosomal vesicles, being no fixation artifacts but
rather multiplied “exosomes.” Zentbl. Bakteriol. Suppl. 21:173–177.

40. Giesbrecht, P., and H. Ruska. 1968. Über Veränderungen der Feinstruktur
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