






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.

VOL. 62, 1998 STAPHYLOCOCCAL CELL WALL 1405

 on S
eptem

ber 25, 2020 by guest
http://m

m
br.asm

.org/
D

ow
nloaded from

 

http://mmbr.asm.org/


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.

REFERENCES
1. Abraham, E. P. 1993. From penicillins to cephalosporins, p. 7–23. In H.
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83. Löwe, J., and L. A. Amos. 1998. Crystal structure of the bacterial cell-
division protein FtsZ. Nature 391:203–206.

84. Lorian, V. 1975. Some effects of subinhibitory concentrations of penicillin
on the structure and division of staphylococci. Antimicrob. Agents Che-
mother. 7:864–870.

85. Lorian, V., and B. Atkinson. 1976. Effects of subinhibitory concentrations of
antibiotics on cross walls of cocci. Antimicrob. Agents Chemother. 9:1043–
1055.

86. Maidhof, H., L. Johannsen, H. Labischinski, and P. Giesbrecht. 1989.
Onset of penicillin-induced bacteriolysis in staphylococci is cell cycle de-
pendent. J. Bacteriol. 171:2252–2257.
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