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The two-competing-sites model for peptidoglycan assembly for bacterial cell shape regulation suggests that
in rods, bacterial cell shape depends on the balance between two reactions (sites), one responsible for lateral
wall elongation and the other responsible for septum formation. The two reactions compete with each other so

that no lateral wall can be formed during septum formation and vice versa. When the site for lateral wall
elongation overcomes that for septum formation, long rods or filaments are formed and cell division may be
blocked. When the reaction leading to septum formation is hyperactive compared with the other, coccobacilli
or cocci are formed. Other bacteria carry only one site for peptidoglycan assembly and can grow only as cocci.
The two-competing-sites model predicts that two different types of cocci exist (among both morphology mutants
and wild-type strains); one carries only the site for septum formation, whereas the other also carries the site
for lateral wall elongation, the former site predominating over the latter. As a consequence of the inhibition (by
antibiotics or by mutations) of septum formation in wild-type cocci of various species and in coccoid
morphology mutants, some cocci are expected to undergo transition to rod shape and others are not. We have
evaluated these predictions and show that they are in agreement. In fact, we found that among wild-type cocci
belonging to 13 species, those of 6 species formed rods, whereas the remaining organisms maintained their
coccal shape when septa were inhibited by antibiotics. Some coccoid morphology mutants of rod-shaped
bacteria underwent coccus-to-rod transition after septum inhibition by antibiotics, whereas others maintained
their coccal shape. When a mutation that causes septum inhibition was expressed in a morphology mutant of
Klebsielia pneumoniae grown as a coccus, transition to rod shape was observed. A total of 914 mutants unable
to form colonies at 42TC were isolated from the coccoid species mentioned above. Between 75 and 95% of the
mutants isolated from the species that formed rods when septum formation was inhibited by antibiotics but
none of those isolated from the others underwent coccus-to-rod transition upon incubation at the nonpermissive
temperature.

In previous papers, we proposed a model for shape
regulation in bacteria and presented a large body of experi-
mental data in support of it (33, 34, 37). In this study, we
have extensively tested predictions concerning the effects on
cell shape of septum inhibition by antibiotics and mutations
in various wild-type and mutant coccoid bacteria (see pre-
dictions 6 and 7 of Table 1, which have previously been
evaluated only preliminarily). We show that all predictions
are fulfilled and demonstrate that some coccoid species but
not others undergo transition to rod shape when septa are
specifically blocked by antibiotics and that mutants under-
going coccus-to-rod transition can be isolated in some coc-
coid species but not in others.
The two-competing-sites (TCS) model for peptidoglycan

assembly (TCS) for bacterial shape regulation (Fig. 1) men-
tioned above suggests that shape determination and mainte-
nance in bacterial rods depends on the activity of two
biochemical reactions (sites) which occur in the terminal
stages of peptidoglycan synthesis; one site is responsible for
lateral wall elongation, and the other is responsible for
septum formation (34, 37). The two sites compete with each
other in such a way that the lateral wall is not extended

* Corresponding author.

during septum formation and vice versa (33). The actual
shape of the bacteria is thus determined by the balance
between the two competing reactions, correct balance lead-
ing to normal rods; abnormal prevalence of the site for
lateral wall elongation leads to long rods or filaments,
whereas prevalence of the site for septum formation leads to
formation of coccobacilli or cocci (10, 15, 33-35, 37). Other
bacteria carry only one site for peptidoglycan assembly;
such strains can form only septa and can grow only as cocci.

This model is based on the suggestion by Schwarz et al.
that in rod-shaped bacteria two separate functions may exist,
one responsible for lateral wall elongation and the other
responsible for septum formation (38). This suggestion was

taken up by Higgins and Shockman (20), who proposed that
in contrast to rods, cocci expand their surfaces only through
cross wall formation and that rods must carry additional
genetic information for the production of lateral walls.
Others (13, 18, 23, 28, 39, 41-44, 46) have supported these
proposals.
The TCS model takes the proposal by Schwarz et al. (38)

and adds to it the suggestion that the two reactions compete
with each other so that in undisturbed bacteria they are

mutually exclusive (and therefore alternate during the cell
cycle) and that bacterial cell shape and (to a certain extent)
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FIG. 1. Schematic depiction of the TCS model for shape regula-
tion in bacteria. In this model, some bacteria carry two sites for
peptidoglycan assembly, which compete with each other. In these
bacteria (A), normal rod shape depends on the regulated alternation
of the activities of the sites. (B) Relative hyperactivity of the site for
lateral wall elongation leads to formation of long rods or filaments
(and inhibition of cell division); such relative hyperactivity can be
due either to increased activity of the site (Bi) or to decreased
activity or inhibition of the site for septum formation (B2). (C)
Relative hyperactivity of the site for septum formation leads to
formation of coccobacilli or cocci; such relative hyperactivity can be
due either to a greater efficiency of the site for septum formation
(Cl) or to a reduced activity or inhibition of the site for lateral wall
extension (C2). (D) Other bacteria carry only one site for peptidogly-
can assembly and can only grow as cocci.

division are determined by the balance of these competing
reactions. This concept, peculiar and exclusive to the TCS
model, is not obvious, nor is it a minor modification of
previous proposals (38), since it confers on the TCS model a
number of unique properties. Such a concept endows the
TCS model with a peculiar kind of dynamic property
whereby bacterial cell shape can be modified in all possible
ways (from rod to filament or coccus and vice versa) simply
by interfering with the balance of the two competing reac-
tions; a given shape change can be caused either by inacti-
vation or weakening of a site or by enhancement of the
activity of the reaction responsible for the competing func-
tion (34, 37). Similarly, a round configuration of wild-type
cocci is not necessarily dependent on the fact that such cells
carry only the site for septum formation; another type of
wild-type cocci may also exist. Like rods, such cocci carry
two sites for peptidoglycan assembly, but in these cells the
reaction leading to septum formation is stronger and pre-
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FIG. 2. Some predictions allowed by the TCS model for shape
regulation in bacteria. These predictions refer only to the effects of
interferences of various nature on cell shape and cell division of
coccoid and rod-shaped bacteria. (A) When in rod-shaped bacteria
the septum is inhibited or impaired by mutations (or increased gene
dosage) or antibiotics (or other chemicals) (Al), or when the activity
of the lateral wall elongation site is enhanced by mutations (or
increased gene dosage) or by antibiotics (or other chemicals) (A2),
filaments are formed and cell division is inhibited. (B) When in
coccoid bacteria that carry two sites for peptidoglycan assembly
septum formation is inhibited by mutations (or increased gene
dosage) or by antibiotics (or other chemicals) (Bi), or when the
lateral wall elongation site is enhanced by mutations (or increased
gene dosage) or by antibiotics (or other chemicals) (B2), cocci are
converted in rods. (C) When in coccoid bacteria that carry only one
site for peptidoglycan assembly septum formation is inhibited by
mutations (or increased gene dosage) or by antibiotics (or other
chemicals), cell surface extension is blocked and coccal shape is
maintained.

vents the lateral wall from being formed (34, 37). In addition,
in the TCS model, cell division may depend on events
connected with bacterial morphogenesis, since the reaction
leading to septum formation has to compete with that
responsible for lateral wall elongation and may be abnor-
mally overcome by it, thus leading to inhibition of cell
division. Therefore, formation of filaments does not neces-
sarily imply damage in the site for septum formation, but
hyperactivity of the lateral wall elongation reaction may also
have a similar effect (34, 37) (Fig. 2).
The uniqueness of the TCS model is further demonstrated

by certain predictions it affords, which are not feasible with
other models. These predictions are summarized in Table 1
and Fig. 2.

(This work was presented in part at the FEMS Symposium
on the Murein Sacculus of Bacterial Cell Walls, Architecture
and Growth, Berlin, 1983.)
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TABLE 1. Major predictions of the TCS model for bacterial shape regulation
Prediction Fulfilled? Reference

1. The transition from coccal to rod shape implies activity of an additional site for peptidoglycan Yes 37
assembly and will be accompanied by increased peptidoglycan synthesis and vice versa in the
reverse shape transition.

2. In cocci that grow synchronously, peptidoglycan is made only for forming septa, and this poly- Yes 13, 37
mer will be synthesized only when septum formation takes place.

3. Since bacterial rods carry two different reactions for forming peptidoglycan, some 1-lactams Yes 37, 41
will be more active on one or the other of the two reactions.

4. Cocci carry only the site for septum formation in an active form. They will be resistant to anti- Yes 2, 33, 34
biotics that specifically act on the site for lateral wall elongation (such as mecillinam).

5. In some mutants that form filaments, inability to form septa depends on inactivation of the site Yes 10
for septum formation, whereas in others it may depend on the relative hyperactivity of the site
for lateral wall elongation. The latter mutants, but not the former, will be made to divide by an
antibiotic that inhibits lateral wall elongation or by an additional mutation that restores balance
between the two competing reactions.

6. In some coccoid morphology mutants, coccal shape should be due to inactivation of the site for Only prelimi- This study;
lateral wall formation; in others, it should be due to relative hyperactivity of the site for septum nary 34
formation. In the latter mutants, but not in the former, antibiotics or mutations that restore the
balance between the two sites will cause cocci to assume the rod shape (see also Fig. 2).

7. Some wild-type cocci carry only the site for septum formation, whereas others also carry the Only prelimi- This study;
site for lateral wall extension, which is overcome by the other site and is not expressed under nary 34
ordinary conditions. Antibiotics or mutations that impair the site for septum formation (or stim-
ulate the site for lateral wall extension) will not affect the shape of the former cocci but will
make the latter undergo coccus-to-rod transition (see also Fig. 2).

8. Mutations conferring coccal shape to ordinary rod bacteria can suppress the filamentation phe- Yes 5
notype in mutants unable to form septa, making them capable of dividing and vice versa.

9. Increased dosage of genes involved in lateral wall elongation will allow the lateral wall elonga- Yes 49
tion site to constantly overcome the septum formation site, leading to formation of filaments
and inhibition of cell division.

10. Antibiotics or other substances stimulating activity of the lateral wall elongating site will have Yes(?) 21, 47, 48
similar effects.

11. Increased dosage of genes involved in septum formation will allow the site responsible for this NTa
reaction to constantly overcome the lateral wall elongation site, causing formation of coccoba-
cilli or cocci.

12. Similar effects will be caused by antibiotics or other substances stimulating activity of the site NT
for septum formation.

a NT, Not tested.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial

strains used are shown in Table 2. Brain heart infusion broth
(Difco Laboratories, Detroit, Mich.) was used for all but the
following strains: Klebsiella pneumoniae MIR M7 (peptone-
lactose medium buffered at pH 7 or 5.8 [33]) and Neisseria
strains (brain heart infusion broth supplemented with 10%
calf serum). All cultures were incubated at 37°C with shak-
ing.

Optical density of the cultures was measured with a
Beckman model DU 6 spectrophotometer at 640-nm wave-
length. Cell number was estimated with a Coulter Counter
model ZBI equipped with a 30-,um capillary as previously
described (11).

Susceptibility test and morphology studies. The minimal
concentration of antibiotic inhibiting cell number increase
was determined by counting the cell number of the cultures
with the Coulter Counter after 3 h of incubation in the
presence of different concentrations of antibiotic. Samples
for microscopic observation were prepared as previously
described (10). Photomicrographs were obtained with a
Leitz Orthoplan microscope equipped with an automatic
camera.

Isolation of cell growth thermosensitive mutants. A 10-ml
sample of exponential-phase cultures of wild-type strains
was added with 0.3 ml of ethyl methanesulfonate and incu-
bated at 32°C for 60 min. Cells were washed twice and
incubated overnight in brain heart infusion broth at 32°C.

Mutagenized cultures were diluted, plated on brain heart
agar and incubated at 32 and 42°C. Plates containing 100 to
300 colonies were replicated and incubated at 32 and 42°C.
Clones that formed colonies at 32 but not 42°C were consid-
ered to be thermosensitive cell growth mutants.
A certain percentage of these mutants (see Table 6)

increased their number at 42°C for only 15 min and then
stopped dividing. At this temperature, cells elongated and
then formed septa, but new cells could not separate or
separated only partially. Other mutants (a minor percentage;
see Table 6) divided only for 1 h or less and then stopped
dividing; they always maintained their coccal shape at 420C.
In any case, macromolecular synthesis continued only dur-
ing cell elongation or when cells were dividing; when cells
stopped dividing or elongation was completed, no more
DNA or proteins were snythetized.

Analysis of DNA synthesis. Exponentially growing cultures
were labeled with 2 ,uCi of [3H]thymidine. The trichloroace-
tic acid-precipitable isotope incorporation was determined
by placing 0.5-ml samples in 4.5 ml of 10% trichloroacetic
acid on ice for 30 min. Samples were then collected on glass
microfiber filters (GF/C; Whatman, Inc., Clifton, N.J.) and
washed, and the radioactivity was counted as described
previously (32).

Assay for PBPs. Penicillin-binding proteins (PBPs) of Neis-
seria catarrhalis were detected as described by Dougherty et
al. (14). Analysis of PBPs in streptococci was performed as
previously described. Briefly, exponentially growing cells
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TABLE 2. Bacterial strains used

Species Strain(s) Genotype and properties Source Refer-ence

Proteus mirabilis VR1 Wild type Our collection
Acinetobacter calcoaceticus VR1, VR2 Wild type Our collection
Escherichia coli SP6 pbpA PBP2-, coccoid at 32 and 42°C B. G. Spratt 46

SP45 pbpA PBP2-(Ts), coccoid at 42°C B. G. Spratt 46
SP52 rodA(Ts), coccoid at 42°C B. G. Spratt 46
envB envB, coccoid at 32 and 42°C S. Normark 50
KJB 20 pbpA(Ts)ftsZ(Ts) K. J. Begg 4

Klebsiella pneumoniae MIR M7 Coccoid at pH 7, rod at pH 5.8, tem- G. Satta 33
perature sensitive for cell division

Neisseria gonorrhoeae NG1, NG2, NG3 Wild type Our collection
N. catarrhalis NC1, NC2, NC3 Wild type Our collection
Staphylococcus aureus VA1, VA2, VA3, VA4, VA5 Wild type Our collection
Staphylococcus simulans VA1, VA2, VA3, VA4 Wild type Our collection
Staphylococcus intermedius VA1, VA2, VA3, VA4 Wild type Our collection
Streptococcus lactis VR1, VR2 Wild type Our collection
Streptococcus disgalactiae VR1, VR2, VR3 Wild type Our collection
Streptococcus bovis VR1, VR2, VR2 Wild type Our collection
Streptococcus agalactiae VR1, VR2 Wild type Our collection
Streptococcus faecium VR1, VR2 Wild type Our collection

ATCC 9790 Wild type G. D. Shockman
Streptococcus sanguis VR1 Wild type Our collection
Streptococcus sanguis Challis Wild type F. L. Macrina 24
Streptococcus lactis ML3 Temperature sensitive for cell growth This study
Streptococcus disgalactiae MD5 Temperature sensitive for cell growth This study
Streptococcus agalactiae MA37 Temperature sensitive for cell growth, This study

rod at 42°C
Streptococcus bovis MB71 Temperature sensitive for cell growth, This study

rod at 42°C
Streptococcus faecium NON-11 Temperature sensitive for cell growth, This study

rod at 42°C
Streptococcus sanguis MS80 Temperature sensitive for cell growth, This study

rod at 42°C
Staphylococcus aureus ts-6 Temperature sensitive for cell growth This study
Staphylococcus simulans ts-12 Temperature sensitive for cell growth This study

were harvested by centrifugation, washed with 10 mM
potassium phosphate buffer (pH 7), and broken with a
Standsted cell disruptor (Stansted Fluid Ltd., Stansted,
England) operating at 35,000 lb/in2. Membranes were puri-
fied by differential centrifugation and resuspended at a
protein concentration of 40 mg/ml. A 50-,ul sample of mem-
brane suspension was incubated with [14C]benzylpenicillin
(final concentration, 100 ,uM) at 37°C for 60 min. After
membrane solubilization, proteins were separated by sodium
dodecyl sulfate-polyacrylamide slab gels and PBPs were
visualized by fluorography (16).

Antibiotics and other chemicals. Nalidixic acid and mecil-
linam were from Sigma Chemical Co., St. Louis, Mo.
Mitomycin C was from Serva Feinbiochemica, Heidelberg,
Federal Republic of Germany. Penicillin G and aztreonam
were from E. R. Squibb & Sons, Princeton, N.J. [3H]
thymidine (specific activity, 20 Ci/mmol) and [14C]benzyl-
penicillin (specific activity, 60 mCi/mmol) were from The
Radiochemical Centre, Amersham, England. All reagents
were of the highest purity available.

RESULTS

Effects of septum inhibition on cell shape of wild-type cocci.
The analysis involved several strains of each of nine gram-
positive (three staphylococcal and six streptococcal) and
two gram-negative coccal species. In addition, we also
tested three wild-type isolates which under the light micro-
scope appeared clearly coccoid and were identified as Aci-

netobacter calcoaceticus (two isolates) and Proteus mirabi-
lis, two species known to form coccobacilli and rods of
various lengths, respectively. In all gram-negative strains,
septum formation was inhibited by a ,-lactam antibiotic such
as aztreonam, known to specifically block septum formation
(45), and by two different DNA inhibitors, nalidixic acid and
mitomycin (13). It is well known that DNA inhibition rapidly
blocks septum formation (19). Both aztreonam and nalidixic
acid are not active on most gram-positive strains (3). There-
fore, in these microorganisms septum formation was inhib-
ited by mitomycin and by methicillin (30).
Among the gram-negative organisms, both the Proteus

and the Acinetobacter strains changed shape from coccoid to
rod when the septum was inhibited, whereas the strains of
the two different Neisseria species maintained their coccal
shape even 3 h after septum inhibition, demonstrating at this
time a cell diameter only slightly (not more than 30%)
enlarged (Table 3 and Fig. 3). Among the gram-positive
bacteria, all staphylococcal strains and all strains of two
streptococcal species (Streptococcus lactis and Streptococ-
cus disgalactiae) maintained their normal coccal configura-
tion after septum inhibition, whereas the other streptococcal
species underwent transition to rod shape. In all cases, all
strains of the same species yielded identical responses to
septum inhibition, and with all strains of all species, equal
results were obtained with DNA and peptidoglycan inhibi-
tors.

Effect of septum inhibition on cell shape of some morphol-
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TABLE 3. Cell shape of wild-type cocci after inhibition of septum formation by various antibiotics

Species Strains Antibiotic Shape after treatment for":(>j.g/ml)a 60 min 90 min 240 min

P. mirabilis VR1, VR2, VR3 Nal (20) Rods Long rods Filaments
MitC (5) Rods Long rods Filaments
Aztr (5) Rods Long rods Filaments

A. calcoaceticus VR1, VR2 Nal (20) Rods Rods Rods
MitC (5) Rods Rods Rods
Aztr (5) Rods Rods Rods

N. gonorrhoeae NG1, NG2, NG3 Nal (15) Cocci Cocci Cocci
MitC (1) Cocci Cocci Cocci
Aztr (0.1) Cocci Cocci Cocci

N. catarrhalis NC1, NC2, NC3 Nal (15) Cocci Cocci Cocci
MitC (1) Cocci Cocci Cocci
Aztr (0.1) Cocci Cocci Cocci

S. aureus VA1, VA2, VA3, VA4, VA5 MitC (5) Cocci Cocci Cocci
Met (1) Cocci Cocci Cocci

S. simulans VA1, VA2, VA3, VA4 MitC (5) Cocci Cocci Cocci
Met (1.5) Cocci Cocci Cocci

S. intermedius VA1, VA2, VA3, VA4 MitC (3) Cocci Cocci Cocci
Met (1) Cocci Cocci Cocci

S. lactis VR1, VR2 MitC (0.8) Cocci Cocci Cocci
Met (15) Cocci Cocci Cocci

S. disgalactiae VR1, VR2, VR3 MitC (1) Cocci Cocci Cocci
Met (15) Cocci Cocci Cocci

S. bovis VR1, VR2, VR3 MitC (0.8) Coccobacilli Rods Long rods
Met (15) Coccobacilli Rods Long rods

S. agalactiae VR1, VR2 MitC (1) Coccobacilli Rods Rods
Met (10) Coccobacilli Rods Rods

S. faecium VR1, VR2, VR3 MitC (1) Coccobacilli Rods Rods
Met (15) Coccobacilli Rods Long rods

S. sanguis VR1, VR2 MitC (1) Rods Rods Rods
Met (5) Rods Rods Long rods

a The dose used corresponds to the minimal concentration inhibiting cell number increase. Nal, Nalidixic acid; MitC, mitomycin C; Aztr, aztreonam; Met,
methicillin.

b All cells were cocci at 0 min.

ogy mutants of gram-negative rods. The relevant genetic,
biochemical, and physiological properties of the mutants
used are summarized in Table 4. In all strains, septum
formation was blocked by aztreonam, by nalidixic acid, and
by mitomycin. Of the five mutants studied, the two carrying
a mutation in the pbpA gene that made them unable to
synthesize PBP 2 maintained their coccoid configuration
unalterated when the septa were inhibited, the only evident
effect of inhibition being a slight increase in average cell
diameter, which after 4 h incubation did not exceed 30%
(Table 4). In contrast, the other two Escherichia coli strains,
SP52 and envB, and the K. pneumoniae mutant, all of which
continued to form an apparently normal PBP 2, even when of
coccal shape, when the septum was blocked by any of the
antibiotics began to elongate, undergoing complete transi-
tion to rod shape within approximately 1 h.

Effects of expressing a defect in septum formation on cell
shape of coccoid morphology mutants. Similar effects can be
tested only by use of double mutants in which the morphol-
ogy and cell division defects are expressed under different
conditions. In fact, as opposed to inability to form septa,
which is expressed soon after exposure to nonpermissive
conditions, expression of shape alteration (in the mutants so
far described) requires prolonged exposure to the nonper-
missive condition (22, 29, 36) during which cell division
continues. To observe accurately the effect of mutational
inhibition of the septum on shape alteration, one should first
obtain the cocci and then permit expression of the septum
block. Unfortunately, no such strains with well-character-
ized mutations exist in E. coli. We have therefore taken

advantage of Klebsiella strain MIR M7, which has a pH-
dependent morphology defect (formation of cocci at pH 7
and above and of rods at pH 6.4 and below) and a temper-
ature-sensitive defect (failure to divide at 41°C). MIR M7
cells, when grown at pH 7 and at 37°C until they became
cocci and then shifted to 41°C, underwent coccus-to-rod
transition within 90 min (Table 5).
These findings contrast with those of others (4) who have

shown that double mutants temperature sensitive for cell
shape (rodA or pbpA) and for cell division (ftsZ) form large
lemon-shaped cells at high temperature. The behavior of
such double mutants may simply depend on the fact men-
tioned above, that in similar strains the cell division damage
is fully expressed much earlier than the cell shape alteration.
To test this possibility, we evaluated cell shape in the pbpA
(SP45) and in the rodA (SP52) mutant when cell division was
blocked by nalidixic acid either immediately after the shift to
the nonpermissive temperature or after the cells had become
cocci. We also analyzed the cell shape of the double mutant
KJB20 (carrying the pbpA and ftsZ mutations) when this
strain was grown in the presence of mecillinam (to com-
pletely block the site for lateral wall elongation) until it
changed to coccal shape and then shifted to the nonpermis-
sive temperature. Mutants SP52 and SP45 formed lemon-
shaped cells when nalidixic acid was added immediately
before the shift to the nonpermissive temperature (Table 5).
In contrast, when the antibiotic was added after the com-
plete transition to coccal shape, rods and unmodified cocci,
as expected, were seen in SP52 and SP45, respectively. The
double mutant KJB20, when pregrown in the presence of
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FIG. 3. Morphology of wild-type coccal strains (A) treated with a DNA synthesis inhibitor (nalidixic acid for gram-negative strains and
mitomycin for gram-positive strains) (B) or a P-lactam antibiotic (aztreonam for gram-negative strains and methicillin for gram-positive
strains) (C) for 120 min. Strains, antibiotics, and concentrations were as in Table 3.

mecillinam until it formed cocci at 30°C, did not form
lemon-shaped cells after the shift to the nonpermissive
temperature but maintained a coccal shape similar to that
demonstrated before the shift. If mecillinam was removed

after the transfer to high temperature, the cells, as expected,
maintained their coccal shape (Table 5).

Effects of incubation under nonpermissive conditions on
shape of cell growth conditional mutants isolated from wild-

VOL. 172, 1990
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TABLE 4. Effect of septum inhibition by antibiotics on cell shape of various morphology mutant of rod-shaped bacteriaa

Antibiotic (,ug/ml) and Shape after drug treatment forc:Strain Relevantpropertiesgrwhcnio'growth conditionb 60 min 120 min 240 min

E. coli
SP6 pbpA PBP2-, cocci at 32 and 42°C Nal (20) at 32 or 42°C Cocci Cocci Cocci

MitC (5) at 32 or 42°C Cocci Cocci Cocci
Aztr (5) at 32 or 42°C Cocci Cocci Cocci

SP45 pbpA PBP2-(Ts), cocci at 42°C Nal (20) at 42°C Cocci Cocci Cocci
MitC (5) at 42°C Cocci Cocci Cocci
Aztr (5) at 42°C Cocci Cocci Cocci

SP52 rodA RODA(Ts), cocci at 42°C Nal (20) at 42°C Rods Rods Rods
MitC (5) at 42°C Rods Rods Rods
Aztr (5) at 42°C Rods Rods Rods

envB envB ENVB, cocci at 32 and 42°C Nal (20) at 32 or 42°C Rods Rods Rods
MitC (5) at 32 or 42°C Rods Rods Rods
Aztr (5) at 32 or 42°C Rods Rods Rods

K. pneumoniae Cocci at pH 7, rods at pH 5.8; tempera- Nal (30) at pH 7 Rods Rods Rods
MIR M7 tures sensitive for cell division MitC (5) at pH 7 Rods Rods Rods

Aztr (5) at pH 7 Rods Rods Rods

a The strains were incubated for 120 min at 42°C before addition of antibiotics to allow full expression of altered morphology. Behavior of SP6 and envB, being
constitutive mutants, was the same at both temperatures.

b The dose used corresponds to the minimal concentration inhibiting cell number increase. Nal, Nalidixic acid; MitC, mitomycin C; Aztr, aztreonam.
All cells were cocci at 0 min.

type cocci. Mutants unable to form colonies at 42°C were

isolated from one strain of as many as 10 different coccal
species from among those used in the experiments described
in Table 3. In all cases, the mutants were isolated from one

of the strains used for the experiments mentioned above.
The number of mutants isolated from each strain, with the
exception of Staphylococcus aureus VA2, exceeded 60 and
in most cases was around 100. A total of 914 mutants were
isolated and analyzed. All strains were incubated at a

temperature nonpermissive for colony formation, and their
shape was studied at successive time intervals. None of the
strains isolated from N. catarrhalis NC1, S. lactis VR2, S.
disgalactiae VR3, S. aureus VA2, Staphylococcus simulans
VA4, and Staphylococcus intermedius VA1, all of which
maintained their coccal shape in the presence of the various
septum inhibitors (Table 3 and Fig. 3), underwent any
substantial shape alteration after 4 h of incubation at the
nonpermissive temperature except for some staphylococcal
mutants that formed clusters of coccoid cells (Table 6 and
Fig. 4). In contrast, most (75 to 90%) of the thermosensitive

mutants isolated from S. agalactiae VR1, Streptococcus
bovis VR3, Streptococcus faecium ATCC 9790, and Strep-
tococcus sanguis VR1, all of which formed rods in the
presence of septum inhibitors, soon after the shift to the
nonpermissive temperature started a transition to rod con-

figuration which appeared complete within approximately 60
min. On continuing incubation, all mutants tended to show
further elongation but to different extents in the different
species. In particular, in S. faecium ATCC 9790, S. sanguis
VR1, and S. bovis VR3, fairly long rods were observed after
120 min, whereas in S. agalactiae VR1 the rods were

relatively short. It is interesting that in the mutants of all
species that were capable of elongating at the nonpermissive
temperature, parallels in elongating ability were observed in
the respective parent strains when the septum was inhibited
by antibiotics.

Effect on cell shape of incomplete inhibition of the septum.
In strains P. mirabilis VR1, A. calcoaceticus VR1, K.
pneumoniae MIR M7, and E. coli envB, doses of nalixidic
acid below the MIC slowed down both DNA synthesis and

TABLE 5. Cell shape of some morphology mutants from K. pneumonia and E. coli when a defect in septum formation
is expressed after or together with a defect in cell shape

Mutant strain Antibiotic (,ug/ml) and Shape after drug treatment for:
growth conditionsa 0 mi 60 mi 120 mm 240 mi

K. pneumoniae None; pH 5.8, 37°C Rods Rods Rods Rods
MIR M7 None; pH 7, 37°C Cocci Cocci Cocci Cocci

None; pH 7, 41°C Cocci Rods Rods Rods
E. coli None; 32°C Rods Rods Rods Rods
SP52 Nal (20) at 42°C Rods Large lemon Large lemon Large lemon

42°C for 90 min, then Nal (20) at 42°C Cocci Rods Rods Rods
None; 32°C Rods Rods Rods Rods

SP45 Nal (20) at 42°C Rods Large lemon Large lemon Large lemon
42°C for 90 min, then Nal (20) at 42°C Cocci Cocci Cocci Cocci
None; 32°C Rods Rods Rods Rods

KJB20 Mec (10) at 32°C for 90 min, then shift to 42°C Cocci Cocci Cocci Cocci
As above, but Mec removed after 30 min at 42°C Cocci Cocci Large cocci Large cocci

a Morphology of cells incubated under each condition is presented in Fig. 5. Nal, Nalidixic acid; Mec, mecillinam.
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TABLE 6. Effect of nonpermissive temperature on cell shape of mutants isolated from gram-positive and gram-negative cocci
of various species as unable to form colonies at 42°C

No. of mutants Shape after incubation at the nonpermissive temperature fore:Strain ioaeisolated 60 min 120 min 240 min

N. catarrhalis NC1 65 Cocci (100) Cocci (100) Cocci (100)
S. lactis VR2 100 Cocci (100) Cocci (100) Cocci (100)
S. disgalactiae VR3 110 Cocci (100) Cocci (100) Cocci (100)
S. agalactiae VR1 93 Rods (80) Rods (80) Rods (80)

Cocci (20) Cocci (20) Cocci (20)
S. bovis VR3 90 Rods (83) Long rods (83) Long rods (83)

Cocci (17) Cocci (17) Cocci (17)
S. faecium ATCC 9790 115 Rods (75) Long rods (75) Long rods (75)

Cocci (25) Cocci (25) Cocci (25)
S. sanguis VR1 84 Rods (90) Long rods (90) Long rods (90)

Cocci (10) Cocci (10) Cocci (10)
S. aureus VA2 25 Cocci in clusters (68) Cocci in clusters (68) Cocci in clusters (68)

Cocci (32) Cocci (32) Cocci (32)
S. simulans VA4 171 Cocci (52) Cocci (52) Cocci (52)

Cocci in clusters (48) Cocci in clusters (48) Cocci in clusters (48)
S. intermedius VAl 61 Cocci (56) Cocci (56) Cocci (56)

Cocci in clusters (44) Cocci in clusters (44) Cocci in clusters (44)

Number in parentheses is percentage of mutants showing the morphology indicated. All cells were cocci at 0 min.

the rate of cell number increase by no more than 30% within
the first 150 min and only slightly more during the following
30 min (Fig. 5). During this period of time, the four strains
underwent approximately three cell division cycles. In the
presence of these subinhibitory concentrations of nalidixic
acid, the cocci of all four microorganisms underwent com-

plete transition to rod shape within 60 min (Fig. 6). After this
time, they did not elongate further but continued to prolif-
erate as rods for an additional 120 min.

In another set of experiments, some of the thermosensi-
tive mutants described in Table 6 were first incubated briefly
at 42°C and then shifted back to the permissive temperature,
after which their shape and cell division were analyzed. The
shape of all mutants that remained coccoid after prolonged
incubation at 42°C was not altered either during the brief
exposure at the nonpermissive temperature or during re-

growth at 32°C (Table 7). In addition, these mutants started
to dividing again soon after the return to the permissive
temperature. In contrast, in all mutants that acquired a rod
shape at 42°C, a 20-min incubation at the nonpermissive
temperature caused a long delay in division after the shift to
32°C. During this delay, the cells elongated and assumed a
clear rod shape within approximately 60 min. After this time,
several septa began to be formed in the rod-shaped cells;
within approximately an additional 40 to 50 min the septa
were completed, leading to short chains of cocci which soon

separated, causing an increase in cell number.
Effects of a specific block of lateral wall elongation on ability

of cocci to assume a rod shape after septum inhibition.
Because of the lack of both antibiotics and well-character-
ized mutations blocking lateral wall elongation in gram-

positive bacteria, at present such effects can be evaluated
only in the gram-negative cocci that assume a rod shape after
septum inhibition. When the wild-type cocci of strains A.
calcoaceticus VR1 and P. mirabilis VR1 or cocci of mutants
E. coli SP45 and K. pneumoniae MIR M7 were treated with
mecillinam, a specific inhibitor of lateral wall elongation (25,
33), before septum inhibition by nalidixic acid, none of the
strains either elongated or changed shape (Table 8). Indeed,
they all maintained their coccal shape even after 2 h, when
they appeared as regular cocci with a 30% wider diameter.

Under similar conditions, E. coli mutant SP52 also did not
elongate or change shape, but the cocci tended to enlarge
with time.

Analysis of PBPs of coccus-shaped species that do and do not
undergo transition to rod shape. We analyzed PBPs of
different species of streptococci, some with two sites for
peptidoglycan synthesis and others with only one site. Those
unable to elongate (S. lactis and S. disgalactiae) carried a
maximum of four PBPs, whereas those which elongated after
septum inhibition (S. agalactiae, S. bovis, S. faecium, and
S. sanguis) carried a minimum of six PBPs (Fig. 7). PBPs of
the other species, some strains of which were used in this
study, were analyzed previously by others. All species used
in this study whose strains proved capable of forming the
lateral wall, such as P. mirabilis (17), A. calcoaceticus (17),
K. pneumoniae (33), and E. coli (17, 41), always carried at
least six PBPs, whereas all species such as Neisseria gon-
orrhoeae (14), N. catarrhalis (see also Fig. 7), S. aureus (12),
S. simulans (12), and S. intermedius (12) whose strains were
unable to form a lateral wall always carried fewer PBPs
(never more than four) (Table 9).

DISCUSSION

The goal of this study was to evaluate a number of
predictions made possible by the TCS model for shape
regulation in bacteria. These predictions specifically concern
the effects of septum inhibition, either by antibiotics or by
mutations, on cell shape of wild-type cocci and of coccal
cells of morphology mutants. The predictions tested have all
been fulfilled.
The model predicts (see also Fig. 2) that there are two

major types of wild-type cocci and morphology mutants with
coccal shape. In the first type, a round shape depends on the
fact that bacteria carry (in a functional form) only the site for
septum formation, either because another site has never
been generated (wild-type cocci) or because a mutation has
destroyed the site for lateral wall elongation (mutants with
coccal shape). In contrast, cocci of the other type carry the
two competing sites, but their activity is not balanced (in
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B C
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FIG. 4. Morphology of thermosensitive cell growth mutants from different coccal species incubated at 320C (A) or at 42°C (B and C) for
60 min. One mutant that maintained its coccal shape at 42°C and one mutant that changed shape at 42°C, isolated from S. bovis, S. faecium,
and S. sanguis, are shown in panels B and C, respectively. Two mutants isolated from N. catarrhalis, S. disgalactiae, and S. aureus and are
also shown in panels B and C.

wild-type cocci) or the balance of the competition remains
constantly in favor of the septum because of its hyperactivity
or because of an abnormally weak activity of the lateral wall
formation site (in the mutants) (34). Blocking the septum
should allow expression of lateral wall formation in the latter
strains, which under these conditions ought to undergo
transition to rod shape, but not in the first type, which should
maintain their coccal shape. In this study, the effect of

blocking the septum by antibiotics was evaluated in a total of
37 wild-type strains belonging to 13 species and in all of the
morphology mutants so far described to which we have had
access. In all cases, at least one inhibitor of DNA synthesis
and one 1-lactam known to specifically block the septum
(when possible) were used. The effect of mutations that
block septum formation was studied by analyzing as many as
914 strains of 10 species. As predicted by the model, some
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FIG. 5. Cell number increase (0, 0) and DNA synthesis (A, A)
of P. mirabilis VR1 (A), A. calcoaceticus (B), K. pneumoniae
MIR M7 (C), and E. coli envB (D) grown in the presence of
subinhibitory concentrations of nalidixic acid. A and 0, Untreated
cells; A and 0, cells treated with 2 (A) or 4 (B to D) ,ug of nalidixic
acid per ml.

wild-type cocci and some coccal morphology mutants under-
went transition to rod shape when the septum was blocked
either by antibiotics or by mutations, whereas others main-
tained their coccal shape. In this connection, it is important
to stress that with both wild-type strains and morphology
mutants, in order to obtain the coccus-to-rod transition,
antibiotics and mutations did not have to cause complete
block of the septum; temporary inhibition (with mutations)
or incomplete inhibition (with antibiotics) was sufficient to
make both wild-type and mutant cocci grow as rods. This
finding is in full accord with the peculiar dynamic feature of
the model, whereby cell elongation and cell division are
determined by the equilibrium between two competing reac-
tions, and therefore any interference (whether stimulatory or

C

FIG. 6. Morphology of P. mirabilis VR1, A. calcoaceticus VR1, K. pneumoniae MIR M7, and E. coli envB untreated (A) and grown in
the presence of subinhibitory concentrations of nalidixic acid for 90 (B) and 180 min (C) Antibiotic concentrations were the same as for Fig. 5.
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TABLE 7. Effect of preincubation at 42°C on cell shape and division at the permissive temperature
of some mutants thermosensitive for colony formation

Shape Cell no. increase (%)

Mutant strain In the presence After 60 min At the time At 32°C after: at 32°C after':
of l3-lactamb at 42°C of shift' 60 min 120 min 60 min 120 min 180 min

S. lactis ML3 Cocci Cocci Cocci Cocci Cocci 55 140 290
S. disgalactiae MD5 Cocci Cocci Cocci Cocci Cocci 60 126 300
S. agalactiae MA37 Rods Rods Coccobacilli Rods Septated rods 1 19 290
S. bovis MB71 Rods Rods Coccobacilli Rods Septated rods 3 20 260
S. faecium NON-11 Rods Rods Coccobacilli Rods Septated rods 2 30 295
S. sanguis MS80 Rods Rods Coccobacilli Rods Septated rods 0 25 255
S. aureus ts-6 Cocci Cocci Cocci Cocci Cocci 48 150 340
S. simulans ts-12 Cocci Cocci Cocci Cocci Cocci 50 170 345

a Calculated with respect to the time of the temperature shift.
b The doses of antibiotic used are indicated in Table 3.
c The shift from 42 to 32'C was made after 20 min of incubation at the nonpermissive temperature.
d All cells were cocci after 180 min.

inhibitory) with either of the two reactions which changes work of the model. We were able to predict, before any
their equilibrium also alters expression of the two competing suggestion or experimental finding by others indicating sim-
reactions. ilar possibilities, that the inability to form septa could be

Support for the TCS model has also been provided by overcome by antibiotics (or mutations) interfering with lat-
analysis of PBPs of the strains used in this study. PBPs are eral wall elongation and that cocci, both of morphology
known to perform essential functions in the terminal stages mutants and of wild-type strains, could assume a rod con-
of peptidoglycan assembly. It therefore appears reasonable figuration if antibiotics (or mutations) impaired septum for-
that bacteria which carry two sites for peptidoglycan assem- mation activity. After the demonstration that mecillinam
bly should carry more PBPs than bacteria which carry only allows some cell division mutants to divide at the nonper-
one site. Moreover, this characteristic should be indepen- missive temperature and after a preliminary report of ours
dent of the shape that bacteria exhibit under ordinary showing that antibiotics that interfere with septum formation
conditions. The cocci that elongate when the septum is allow certain morphology mutants to reacquire their normal
blocked should carry more PBPs (probably similar to the rod shape (10, 34), others have provided further support for
number carried by rods) than do cocci that do not elongate. these predictions. Some authors have confirmed that antibi-
In accord with this prediction, we have found that cocci otics which interfere with septum formation cause elonga-
which do not elongate carry a maximum of four PBPs, tion of some but not other morphology mutants (6, 7). Others
whereas cocci that elongate never carry fewer than six, a have shown that a rodA mutation which causes E. coli cells
number equal to that of bacteria that grow as rods. Apart to assume a coccal shape restores cell division when intro-
from the predictions analyzed here, the basic concept pecu- duced into bacteria cairying an ftsI mutation, whereas a
liar to the TCS model allowed us to make other unique mutation causing inhibition of cell division (ftsI23) corrects
predictions that were also not possible outside the frame- the shape damage of rodA (sut) mutants (5). Also clearly

TABLE 8. Effect of septum formation and lateral wall extension inhibition on morphology of coccal strains
and mutants isolated from gram-negative species

Strain Antibiotic (1Lg/ml) and Shape after drug treatment forb:growth conditiona 60 min 120 min 240 min

P. mirabilis VR1 Nal (20) at 37-C Rods Long rods Filaments
Mec (10) at 37°C Cocci Cocci Cocci
Mec (10) + Nal (20) at 37°C Cocci Cocci Cocci

A. calcoaceticus VR1 Nal (20) at 37°C Rods Rods Rods
Mec (10) at 37°C Cocci Cocci Cocci
Mec (10) + Nal (20) at 37°C Cocci Cocci Cocci

E. coli
SP45 Nal (20) at 42°C Cocci Cocci Cocci

Mec (10) at 42°C Cocci Cocci Cocci
Mec (10) + Nal (20) at 42°C Cocci Cocci Cocci

SP52 Nal (20) at 42-C Rods Rods Rods
Mec (10) at 42°C Cocci Cocci Cocci
Mec (10) + Nal (20) at 42°C Large cocci Large cocci Large cocci

K. pneumoniae MIR M7 Nal (30) at pH 7 Rods Rods Rods
Mec (10) at pH 7 Cocci Cocci Cocci
Mec (10) + Nal (30) at pH 7 Cocci Cocci Cocci

a When two antibiotics were used, nalidixic acid (Nal) was added to the cultures only after mecillinam (Mec) and the nonpermissive temperature had induced
the complete transition to coccal shape.

b All cells were cocci at 0 min.
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FIG. 7. Electrophoretic patterns of PBPs of S. lactis (lane A), S.
bovis (lane B), S. sanguis (lane C), S. faecium (lane D), S.
agalactiae (lane E), S. disgalactiae (lane F), and N. catarrhalis
(lane G).

predicted was the possibility, recently demonstrated as
correct, that hyperactivity of the site for lateral wall elonga-
tion, possibly as a result of increased dosage of a gene
(mreB) involved in the process of lateral wall formation,
caused inhibition of cell division and formation of filaments
(49).
We found these findings neither surprising nor innovative

conceptually in that some of the predictions they confirm
had been stated a long time ago (33). These findings are
clearly explained by the TCS model. Probably reference to
this hypothesis would had been of help in previous interpre-
tations. It comforted us to read of these experiments, which
in several cases appeared to confirm our own previous work,
repeating, in different experimental systems, experiments
that we ourselves performed some time ago and which
deserved citation and perhaps some measure of credit. What
we did find surprising, however, was the fact that the authors
ascribed to a hypothesis other than the TCS model (5) the
concept whereby the activity of the sites for lateral wall
elongation and for septum formation alternates during the
cell cycle. No trace of this concept can be found in the paper
cited (20), and it cannot be taken for granted that such
activity alternates, as documented by the fact that some

TABLE 9. Morphology and PBPs of species used

Morphology No. of
Species when septum PBPs in Refer-formation is membrane enes

inhibited

P. mirabilis Filament 6/7 17
A. calcoaceticus Rod 6/7 17
E. coli Rod or filament 6/7 17, 41
K. pneumoniae Rod 6 33
N. gonorrhoeae Coccus 3 14
N. catarrhalis Coccus 3 This study
S. aureus Coccus 4 12
S. simulans Coccus 3 12
S. intermedius Coccus 3 12
S. lactis Coccus 4 This study
S. disgalactiae Coccus 4 This study
S. bovis Rod 7 This study
S. agalactiae Rod 6 This study
S. faecium Rod 6 16
S. sanguis Rod 6 This study

authors disagree with the concept and, in doing so, cite the
TCS model (9, 51).
The power of the TCS model to predict experimental

observations that are highly unexpected in light of conven-
tional views regarding mechanisms of cell shape regulation
and division has allowed us to make other additional original
observations. We have demonstrated in this report that two
types of wild-type cocci exist; one possesses two or three
additional PBPs and has the potential to form rods, whereas
the other has no such potential.

This is the first report describing mutants isolated from
wild-type cocci that undergo transition from coccal to rod
shape. Many mutants with altered shape have been de-
scribed previously in both gram-negative and in gram-posi-
tive bacteria, but in all cases the mutants were isolated from
rod-shaped species and mutations led to the formation of
cocci instead of normal rods (1, 8, 22, 25-27, 31, 40, 42, 50).
In contrast, the possibility of obtaining the rod shape as a
consequence of a mutation occurring in wild-type cocci has
never even been considered before, probably because since
the rod shape involves a higher organizational complexity
than does the coccal shape, it was thought that additional
genes not carried by cocci were needed to obtain rod-shaped
bacteria (20). In contrast, as described above, the TCS model
also considers the possibility that wild-type bacteria may
ordinarily grow as cocci even when they carry the site for
lateral wall elongation, provided that the activity of the site is
relatively low (34). In these species, a single mutation can
shift the balance of the competing reactions in favor of lateral
wall extension (either by impairing the septum or by increas-
ing the lateral wall activity) and cause the formation of rods.

This is also the first time that cell division inhibitors have
been shown to cause formation of rods in the wild-type cocci
of some, but not other, bacterial species, which previously
had never been regarded as possible. In addition, we dem-
onstrate here for the first time that in a cell in which the
expression of a first mutation has caused loss of normal
shape, the correct rod shape can be regained by expression
of another mutation that interferes with ability to form septa.
This, then, may be a promising experimental system for
showing the role of interactions between the sites for lateral
wall elongation and septum formation in determining bacte-
rial cell shape. These findings, particularly when taken
together with those obtained with mutants of wild-type
cocci, with those observed with antibiotics that did not
completely block cell division, and with those obtained upon
treating temperature-sensitive cell division mutants with
mecillinam, strongly support the basic concept of the TCS
model and provide the logical and likely explanation for the
findings of other authors (5, 49) with respect to the two
competitive sites.

ACKNOWLEDGMENTS
This research was supported by grants 890021870 and 890015870

from Consiglie Nazionale delle Ricerche.
We thank Roberta Fontana for helpful discussions and sugges-

tions throughout preparation of the manuscript, Anthony Steele for
help with the English language version of this paper, Fernanda di
Stefano for excellent technical assistance, and Paola Menini for
typing the manuscript.

LITERATURE CITED
1. Anton, D. N., A. T. De Micheli, and A. M. Palermo. 1983.

Isolation of round cell mutants of Salmonella typhimurium.
Can. J. Microbiol. 29:170-173.

2. Aono, R., M. Yamasaki, and G. Tamura. 1979. High and

VOL. 172, 1990



3770 LLEO ET AL.

selective resistance to mecillinam in adenylate cyclase-deficient
mutants of Escherichia coli. J. Bacteriol. 137:839-845.

3. Atkinson, M. A. 1986. Species incidence and trends of suscep-
tibility to antibiotics in the United States and other countries:
MIC and MBC, p. 995-1162. In V. Lorian (ed.), Antibiotics in
laboratory medicine. The William & Wilkins Co., Baltimore.

4. Begg, K. J., and W. D. Donachie. 1985. Cell shape and division
in Escherichia coli: experiments with shape and division mu-
tants. J. Bacteriol. 63:615-622.

5. Begg, K. J., B. G. Spratt, and W. Donachie. 1986. Interaction
between membrane proteins PBP3 and RODA is required for
normal cell shape and division in Escherichia coli. J. Bacteriol.
167:1004-1008.

6. Bouloc, P., A. Jaff, and R. D'Ari. 1988. Preliminary physiologic
characterization and genetic analysis of a new Escherichia coli
mutant, lov, resistant to mecillinam. Rev. Infect. Dis. 10:
905-910.

7. Bouloc, P., A. Jaff, and R. D'Ari. 1989. The Escherichia coli lov
gene product connects peptidoglycan synthesis, ribosomes and
growth rate. EMBO J. 8:317-323.

8. Boylan, R. J., and N. H. Mendelson. 1969. Initial characteriza-
tion of a temperature-sensitive rod mutant of Bacillus subtilis. J.
Bacteriol. 100:1316-1321.

9. Burman, L. G., J. Raichler, and J. T. Park. 1983. Evidence for
diffuse growth of the cylindrical portion of the Escherichia coli
murein sacculus. J. Bacteriol. 155:983-988.

10. Canepari, P., G. Botta, and G. Satta. 1984. Inhibition of lateral
wall elongation by mecillinam stimulates cell division in certain
cell division conditional mutants of Escherichia coli. J. Bacte-
riol. 157:130-133.

11. Canepari, P., M. M. Lleo, R. Fontana, G. Satta, G. D. Shock-
man, and L. Daneo-Moore. 1984. Division in temperature-
sensitive mutants of Streptococcus faecium ATCC 9790 after
return to the permissive temperature. J. Bacteriol. 160:427-429.

12. Canepari, P., P. E. Varaldo, R. Fontana, and G. Satta. 1985.
Different staphylococcal species contain various numbers of
PBPs ranging from four (Staphylococcus aureus) to only one
(Staphylococcus hyicus). J. Bacteriol. 163:796-798.

13. Daneo-Moore, L., and G. D. Shockman. 1977. The bacterial cell
surface in growth and division, p. 597-715. In G. Poste (ed.),
Cell surface reviews, vol. 4. Elsevier/North-Holland Biochem-
ical Press, Amsterdam.

14. Dougherty, T. J., A. E. Koller, and A. Tomasz. 1980. Penicillin-
binding proteins of penicillin-susceptible and intrinsically resis-
tant Neisseria gonorrhoeae. Antimicrob. Agents Chemother.
18:730-737.

15. Fontana, R., P. Canepari, and G. Satta. 1979. Alteration in
peptidoglycan chemical composition associated with rod-to-
sphere transition in conditional mutant of Klebsiella pneumo-
niae. J. Bacteriol. 139:1028-1038.

16. Fontana, R., R. Cerini, P. Longoni, A. Grossato, and P. Cane-
pari. 1983. Identification of a streptococcal penicillin-binding
protein that reacts very slowly with penicillin. J. Bacteriol.
155:1343-1350.

17. Georgopapadakou, N. H., and F. Y. Lin. 1980. Penicillin-binding
proteins (PBPs) in bacteria. Antimicrob. Agents Chemother.
18:148-157.

18. Hartmann, R., J. V. Holtje, and U. Schwarz. 1972. Targets of
penicillin action in Escherichia coli. Nature (London) 235:
426429.

19. Higgins, M. L., L. Daneo-Moore, D. Boothby, and G. D. Shock-
man. 1974. Effect of inhibition of deoxyribonucleic acid and
protein synthesis on the direction of cell wall growth in Strep-
tococcus faecalis. J. Bacteriol. 118:681-692.

20. Higgins, M. L., and G. D. Shockman. 1971. Procaryotic cell
division with respect to wall and membranes. Crit. Rev. Micro-
biol. 1:29-72.

21. Ilimeno, M., T. Komano, and Y. Hirota. 1981. Inhibitory effect
of adenosine 3',5'-monophosphate in cell division of Esche-
richia coli K-12 mutant derivatives. J. Bacteriol. 147:1105-1109.

22. Iwaya, M., R. Goldman, D. J. Tipper, B. Feingold, and J. L.
Strominger. 1978. Morphology of an Escherichia coli mutant
with a temperature-dependent round cell shape. J. Bacteriol.

136:1143-1158.
23. Kraus, W., B. Glauner, and J. V. Holtje. 1985. UDP-N-acetyl-

muramylpentapeptide as acceptor in murein biosynthesis in
Escherichia coli membranes and ether-permeabilized cells. J.
Bacteriol. 162:1000-1004.

24. Macrina, F. L., P. H. Wood, and K. R. Jones. 1980. Genetic
transformation of Streptococcus sanguis (Challis) with cryptic
plasmids from Streptococcus ferus. Infect. Immun. 28:692-699.

25. Matsuhashi, S., T. Kamiryo, P. M. Blumberg, P. Linnett, E.
Willoughby, and J. L. Strominger. 1974. Mechanism of action
and development of resistance to a new amidinic penicillin. J.
Bacteriol. 117:578-587.

26. Matsuzawa, H., K. Hayakawa, T. Sato, and K. Imahori. 1973.
Characterization and genetic analysis of a mutant of Escherichia
coli with rounded morphology. J. Bacteriol. 115:436442.

27. Meloni, G. A., and C. Monti-Bragadin. 1962. Osservazioni
sull'isolamento dall'uomo di sferoplasti "spontanei" derivati da
un ceppo di Klebsiella. Ann. Sclavo 4:143-152.

28. Nguyen-Disteche, M., J. J. Pollock, J. M. Ghusen, J. Puig, P.
Reynolds, H. Perkins, J. Coyette, and M. R. Salton. 1974.
Sensitivity to ampicillin and cephalothin of enzymes involved in
wall peptide crosslinking in Escherichia coli K-12, strain 44.
Eur. J. Biochem. 41:457-463.

29. Ogura, T., P. Bouloc, H. Niki, R. D'Ari, S. Hiraga, and A. Jaff.
1989. Penicillin binding protein 2 is essential in wild-type
Escherichia coli, but not in lov or cya mutants. J. Bacteriol.
171:3025-3030.

30. Pucci, M. J., E. T. Hinks, D. T. Dicker, M. L. Higgins, and L.
Daneo-Moore. 1986. Inhibition by beta-lactam antibiotics at two
different times in the cell cycle of Streptococcusfaecium ATCC
9790. J. Bacteriol. 165:682-688.

31. Rogers, H. J., M. McConnel, and I. D. J. Burdett. 1970. The
isolation and characterization of mutants of Bacillus subtilis and
Bacillus licheniformis with disturbed morphology and cell divi-
sion. J. Gen. Microbiol. 61:155-171.

32. Satta, G., G. Botta, P. Canepari, and R. Fontana. 1981. Early
initiation of DNA replication and shortening of generation time
associated with inhibition of lateral wall formation by mecilli-
nam. J. Bacteriol. 148:10-19.

33. Satta, G., P. Canepari, G. Botta, and F. Fontana. 1980. Control
of cell septation by lateral wall extension in a pH-conditional
morphology mutant of Klebsiella pneumoniae. J. Bacteriol.
142:43-51.

34. Satta, G., P. Canepari, and R. Fontana. 1983. A novel hypoth-
esis to explain regulation of the murein sacculus shape, p.
135-140. In R. Hakenbeck, J. V. Holtje, H. Labischinski (ed.),
The target of penicillin. Walter de Gruyter, Berlin.

35. Satta, G., P. Canepari, R. Maurici, and M. A. Marclalis. 1985.
Interaction between lateral wall elongation and septum forma-
tion during cell cycle in Klebsiella pneumoniae. Ann. Microbiol.
(Paris) 136A:85-89.

36. Satta, G., and R. Fontana. 1974. Characterization of a condi-
tional mutant with altered envelope showing pH-dependent
morphology and temperature-dependent division. J. Gen. Mi-
crobiol. 80:51-63.

37. Satta, G., R. Fontana, P. Canepari, and G. Botta. 1979. Pepti-
doglycan synthesis in cocci and rods of a pH-dependent, mor-
phologically conditional mutant of Klebsiella pneumoniae. J.
Bacteriol. 137:727-734.

38. Schwarz, U., A. Asmus, and H. Frank. 1969. Autolytic enzymes
and cell division of Escherichia coli. J. Mol. Biol. 41:419-429.

39. Schwarz, U., A. Ryter, A. Rambach, R. Hellio, and Y. Hlirota.
1975. Process of cellular division in Escherichia coli: differen-
tiation of growth zones in the sacculus. J. Mol. Biol. 98:749-759.

40. Sonntag, I., H. Schwarz, Y. Hirota, and U. Henning. 1978. Cell
envelope and shape of Escherichia coli: multiple mutants miss-
ing the outer membrane lipoprotein and other major membrane
proteins. J. Bacteriol. 136:280-285.

41. Spratt, G. B. 1975. Distinct penicillin binding proteins involved
in the division, elongation, and shape of Escherichia coli K12.
Proc. Natl. Acad. Sci. USA 72:2999-3003.

42. Spratt, G. B. 1977. Temperature-sensitive cell division mutants
of Escherichia coli with thermosensitive penicillin-binding pro-

J. BACTERIOL.



REGULATION OF BACTERIAL SHAPE

teins. J. Bacteriol. 131:293-305.
43. Spratt, G. B. 1978. Escherichia coli resistance to beta lactam

antibiotics through a decrease in the affinity to a target for
lethality. Nature (London) 274:713-715.

44. Spratt, B. G., and A. Pardee. 1975. Penicillin binding proteins
and cell shape in Escherichia coli. Nature (London) 254:516-
517.

45. Sykes, R. B., D. P. Bonner, K. Bush, and N. H. Georgopapada-
kou. 1982. Aztreonam (SA 26,776), a synthetic monobactam
specifically active against aerobic gram-negative bacteria. Anti-
microb. Agents Chemother. 21:85-92.

46. Tamura, T., Y. Imae, and J. L. Strominger. 1976. Purification to
homogeneity and properties of two D-alanine carboxypeptidase
1 from Escherichia coli. J. Biol. Chem. 251:414-423.

47. Utsumi, R., M. Kawamukai, H. Aiba, M. Himeno, and T.
Komano. 1986. Expression of the adenylate cyclase gene during
cell elongation in Escherichia coli K-12. J. Bacteriol. 168:

3771

1408-1414.
48. Utsumi, R., Y. Nakamoto, M. Kawamukai, M. Ilimeno, and T.

Komano. 1982. Involvement of cyclic AMP and its receptor
protein in filamentation of an Escherichia coli fic mutant. J.
Bacteriol. 151:807-812.

49. Wachi, M., and M. Matsuhashi. 1989. Negative control of cell
division by mreB, a gene that functions in determining the rod
shape of Escherichia coli cells. J. Bacteriol. 171:3123-3127.

50. Westling-Haggstrom, B., and S. Normark. 1975. Genetic and
physiological analysis of an envB spherelike mutant of Esche-
richia coli K-12 and characterization of its transductants. J.
Bacteriol. 123:75-82.

51. Woldringh, C. L., P. Huls, E. Pas, G. J. Brakenhoff, and N.
Nanninga. 1987. Topography of peptidoglycan synthesis during
elongation and polar cap formation in a cell division mutant of
Escherichia coli MC 4100. J. Gen. Microbiol. 133:575-586.

VOL. 172, 1990


