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Continuous as well as pulse-labeling and chase experiments with Bacillus
subtilis demonstrated that the cell wall (both peptidoglycan and teichoic acid) is
composed of a limited number of blocks which, once completed, segregate during
subsequent growth without undergoing any mixing with newly synthesized
blocks. This observation suggests that new wall material is inserted in a limited
number of zones. Previously reported observations which suggested diffuse
intercalation of new wall material are reinterpreted on the basis of our results.
Experiments performed on different media showed that the number of segregation
units per unit of cell length and thus the density of insertion zones increases with
medium richness. This finding suggests analogies between the regulation of cell
wall and DNA synthesis.

The nature of bacterial envelope synthesis has
been abundantly investigated since Jacob et al.
(14) proposed a theoretical model of zonal inser-
tion of new surface components, aiming to pro-
vide a mechanism for the regular segregation of
chromosomes into daughter cells. In a previous
note, we reported an autoradiographic analysis
of cell wall segregation in Bacillus subtilis (22),
which strongly suggested zonal insertion of new
wall material and showed a good deal of analogy
with the already established mode of cell wall
synthesis in gram-positive cocci (7, 12).

In the present study we have extended our
observations on media of different richness,
each characterized by a fixed average number of
replication forks of DNA per chromosome (26).
Our aim was to determine the number of inser-
tion zones per cell as a function of medium
richness and to investigate the correlation be-
tween the number ofDNA replication forks and
that of cell wall insertion zones. A relationship
between these parameters would suggest that
DNA and cell wall synthesis have common
regulatory mechanisms and could provide some
evidence about the role of the cell envelope in
DNA segregation.
Experiments reported below show that the

number of wall insertion zones per cell is greater
than one and increases with the richness of the
medium. This has permitted a reassessment of
previously reported observations which were
interpreted in favor of diffuse intercalation of
new cell wall (2, 4, 8, 9, 15). Our data also
provide information on the size of segregation
blocks of cell wall and underline the necessity to
distinguish between the inside and the outside
wall surfaces. Both of these factors are pertinent

to any model aiming to describe cell wall biosyn-
thesis in gram-positive rod-shaped bacteria.

MATERIALS AND METHODS
Strains. Most of the experiments were performed

with B. subtilis strain FJ3 metC3 lyt-l (10), which has a
considerably reduced cell wall turnover in all media
used (H. M. Pooley and X. Favre, unpublished data).
Continuous labeling and chase experiments in rich
medium (see below) were performed on strain Nil5
trpC2 thyA thyB xin-15 lyt-15, a mutant of B. subtilis
with reduced cell wall turnover in rich medium (20). In
our experimental conditions both lyt strains form long
chains (Fig. 1). Strain 168 trpC2 lyt' (25) was used as a
reference strain with normal turnover.
Media. Rich medium contained 0.5% (wt/vol) Casa-

mino Acids, 0.5% (wt/vol) glucose, and 0.01 M potas-
sium phosphate; 100 ml of medium was supplemented
with 0.1 ml of a salt mixture containing 25 g of
MgSO4 * 7H20, 100 mg of FeSO4 * 7H20, 100 mg of
ZnSO4 * 7H20, 10 mg of MnSO4 - 4H20, 1 mg of
CusO4 * 5H20, and 0.2 mg of K2Cr2O7 per 100 ml of
water (derived from 19). Final pH was 7.5. When
required, thymine and tryptophan were added at 40
,ug/ml and 30 jig/ml, respectively.
Minimal medium contained 0.015 M (NH4) 2SO4,

0.5% glucose, and 0.01 M potassium phosphate. It was
supplemented with the same amount of the salt mix-
ture described above. Final pH was 7.2. When re-
quired, 40 ,ug of thymine or methionine per ml and 30
jg of tryptophan per ml were added.
The medium of intermediate richness was obtained

by supplementing the minimal medium with 1% sodi-
um glutamate and 40 ,ug each of leucine, cysteine, and
alanine per ml.
Continuous labeling and chase experiments.

Throughout the experiments cultures were grown at
44°C with aeration and maintained in exponential
growth phase. By appropriate dilutions into fresh
medium, the cell titer was always maintained below 5
x 107/ml in rich medium and 108/ml in minimal medi-
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um. Cell wall was labeled during four to five genera-
tions in media containing appropriate concentrations
of N-acetyl-D-[1-3H]glucosamine ([3H]GlcNAc) (see
below and Tables 1 and 2); final concentrations of total
(labeled and unlabeled) GlcNAc were 60 ,uM in rich
medium and 250 ,uM in minimal medium, sufficient to
maintain steady-state labeling. At 0 min, cells were
harvested by filtration, washed, and diluted appropri-
ately in prewarmed medium containing 100 ,M (rich
medium) or 250 ,uM (minimal medium) GlcNAc. After
the desired chase periods, samples were filtered, treat-
ed for 1 min with cold trichloroacetic acid (5%, wt/
vol), washed with distilled water, and processed for
autoradiography.
[3H]GlcNAc specific activities and cell concentra-

tions were chosen so as to obtain at the end of each
chase period comparable cell titers of about 2 x 107 to
5 x 107/ml in rich medium and 6 x 107 to 10 x 107/ml in
minimal medium and, upon processing for autoradiog-
raphy, comparable grain densities per cell.

Teichoic acids were labeled with [2(n)-3H]glycerol
in rich medium supplemented with 50 ,ug of unlabeled
glycerol per ml (24). The experimental design was
identical to that described above. Prior to processing
for autoradiography, phospholipids, also labeled by
this procedure, were extracted by standard chloro-
form-methanol treatment (18).

Pulse labeling and chase experiments. Cells were
maintained in exponential growth phase at 44°C in
media containing neither cold glucosamine (GlcN) nor
GicNAc. At the time of addition of 2.5 FM D-[6-
3H]GlcN hydrochloride (specific activity, 20 to 40 Ci/
mmol), cell titer was 4 x 107/ml in rich medium, 108/ml
in minimal medium, and 6 x 107/ml in the medium of
intermediate richness. After a 2-min labeling period,
cells were filtered, washed, and resuspended in appro-
priate volumes of unlabeled medium supplemented
with 100 ,uM GlcN. Dilutions were calculated so as to
obtain at each time of sampling during the period of
chase a maximal cell titer of about 4 x 107/ml in rich
medium, 108/ml in minimal medium, and 6 x 107/ml in
the medium of intermediate richness. Samples with-
drawn after appropriate chase periods were processed
as described above.

Measurements of trichloroacetic acid (5%, wt/vol)-
precipitable radioactivity showed that label continued
to be incorporated during a short period after resus-
pension as a result of an intracellular precursor pool.
We determined that the actual labeling periods were
3.5 min (in the case of a nominal 2-min pulse in rich
medium) and 3 min (2-min pulse in minimal medium).

Preparation of cells for autoradiography. Unless
otherwise stated, cells were prepared as follows: tri-
chloroacetic acid-treated samples were suspended in 1
ml of RNase (bovine pancreas, 2 mg/ml), and after 45
min of incubation at 37°C, 1 ml of trypsin (2 mg/ml)
was added and the incubation was continued for a
further 90 min. This treatment eliminated label incor-
porated into proteins (a relatively important fraction in
minimal medium). Afterwards, samples were filtered,
washed, treated with trichloroacetic acid (5%, wt/vol)
for 45 s, washed again, spread on slides, and dried at
60°C for 1 h.

Slides were coated with the Ilford-L4 emulsion (17),
and after 2 to 6 days of exposure at 20°C, they were
developed with the D-19 Kodak developer for 7 min at
20°C, fixed, and washed.

After development, septa were stained as follows:
slides were dipped in 0.02% (wt/vol) crystal violet for
75 s, washed with water, dried, dipped in 0.1% (wt/vol)
fuchsin for 2 min, washed, and finally dried again.
Slides were examined with a Zeiss photomicroscope
III, and pictures of an adequate number of chains of
cells were taken. After development and enlargement
of these pictures, the original photographed chains
were relocated on the slide; cross walls as well as
grains (counted by adjusting the focus throughout the
sample) were traced onto the photographs. Cross
walls, which stained red, were clearly distinguishable
from black grains.

Occasionally, when the RNase/trypsin treatment
was omitted, septa were stained prior to processing for
autoradiography in the following way: trichloroacetic
acid-treated bacteria were suspended for 5 min in 10%
(wt/vol) tannic acid, harvested by centrifugation,
washed twice with water, suspended in 0.02% (wt/vol)
crystal violet for 90 s, washed again, and finally spread
on slides and dried. Since the stain was leached during
development of the photographic emulsion, slides
were photographed before they were processed for
autoradiography. Photographed chains of cells were
subsequently relocated for observation and tracing of
grains (see 22).

Statistical analysis of grain distributions. In experi-
ments with cells grown in minimal medium, grains per
whole cell were counted. In other media, the midpoint
between neighboring septa was determined and grains
per half cell were counted. Grain distributions per cell
(or per half cell) were compared with the Poisson
distribution by the x2 test. As in previous studies, the
variability in grains per cell (or per half cell), due
solely to variation in cell length, was reduced by
dividing the population into two classes: cells shorter
than the mean length (class I) and cells longer than or
equal to the mean length (class II) in each medium (see
Tables 1, 2, 5, and 7).

Definition of a cell wall segregation unit. A segrega-
tion unit was defined as a cluster of grains or a single
grain, observed along chains of labeled cells after
approximately five generations of chase, which was
separated from neighboring grain clusters (or single
grains) by at least 1 pum. Clusters centered on a septum
or spreading over both sides of a septum were consid-
ered two separate segregation units.

Determination of the number of cell wall segregation
units per cell. To eliminate grains due to emulsion
background and to that fraction of the label incorporat-
ed into protein, the following corrections were per-
formed. (i) For every development the emulsion back-
ground was counted. On average, it corresponded to
one grain per 17 cells in minimal medium and per 8
cells in rich medium. Therefore, starting at one end of
each chain of cells, a grain was removed every 17 or 8
cells. Should the relevant cell be devoid of grains, the
nearest grain to this cell was removed. (ii) RNase/
trypsin digestion did not remove all the label incorpo-
rated into protein. We found that, after protein diges-
tion in 2-min pulse and chase experiments, about 1%
(rich medium) and 2% (minimal medium) of the grains
were due to label in residual protein. In continuous
labeling and chase experiments, the proportion of
grains due to protein which remained after trypsin
treatment was 3.5% and 10% in rich and minimal
medium, respectively. The calculated number of
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grains due to protein was divided by the number of
cells in the population examined to obtain the ratio 1/n.

Since at the end of the chase period proteins were

fairly uniformly distributed along the chains, a grain
was removed from every nth cell.

Segregation units so defined correspond to cell wall
blocks visualized by grains. The observed number was
an underestimate since it did not include the class of
segregation units with zero grains (O grain class).
However, from the distribution of grains into clusters
(not cells), which was a Poisson distribution in the
case of pulse and chase experiments, the 0 grain class
of segregation units was calculated in each such ex-
periment and added to the total number of counted
units.
The mean number of segregation units per cell was

calculated from the average number of units per cell at
the time of sampling, corrected for the exponential
increase in cell numbers during the corresponding
chase period. For example, in the case of a five-
generation chase period, each cell on the average has
given rise to 32 cells. To obtain the mean number of
segregation units per cell at the beginning of the chase,
the determined average number of segregation units
per cell at the time of sampling was multiplied by 32.

Since in pulse experiments a significant fraction of
the label was incorporated after the beginning of the
chase as a result of an intracellular precursor pool (see
above), the chase period was calculated from the
moment when the labeled precursors had been chased
out of the pool (see above).

RESULTS

Segregation during a chase period of cell wall
material incorporated in continuously labeled cul-
tures. (i) Nature of segregation of cell wall materi-
al. Exponentially growing cultures of B. subtilis
mutants Nil5 and FJ3 were labeled with
[3H]GlcNAc of appropriate specific activity for
four to five generations. During the subsequent
chase period in unlabeled medium, samples
were withdrawn at intervals and the distribution
of labeled cell wall was determined by light
microscope autoradiography (see Materials and
Methods). For these experiments we took ad-
vantage of Lyt- strains Nil5 and FJ3, which
exhibit a considerably reduced cell wall turnover
and thus retain sufficient numbers of grains to
allow statistical analysis after periods of chase of
over five generations. Results of typical continu-
ous labeling and chase experiments obtained
with strain Nil5 in rich medium (doubling time
of 20 min at 44°C) and strain FJ3 in minimal
medium (doubling time of 40 min at 44°C) are

shown in Tables 1 and 2, respectively.
In rich medium statistical analysis shows that

after five generations of chase grain distributions
were clearly non-Poisson. In minimal medium
grain distributions had already become clearly
non-Poisson after three generations of chase.

This result, which confirms our previous re-

port (22), is incompatible with models advocat-
ing diffuse intercalation of new wall material and

strongly suggests that in both rich and minimal
media new wall is inserted in a limited number of
growth zones. We would like to stress that cell
wall segregation appeared only after a rather
long delay. Indeed, statistical analysis (Tables 1
and 2) shows clearly that after up to three (60
min) and two (80 min) generations of chase in
rich and minimal media, repectively, grain distri-
butions were not significantly different from the
Poisson distribution. However, visual inspec-
tion of autoradiographs revealed segregation of
new and old wall material in both rich and
minimal media about 40 min before it could be
demonstrated by statistical methods.

(ii) Estimation of the number of cell wall segre-
gation units. Microscopic observation of autora-
diographs of cells continuously labeled with
[3H]GlcNAc and chased for about five genera-
tions revealed mostly well separated clusters of
grains or isolated grains along chains of cells
(Fig. 1C). Assuming that each cluster (or indi-
vidual grain) separated from neighboring ones
by 1 pum or more (resolving power of the autora-
diographic technique used in our experiments)
corresponds to one segregation unit of cell wall,
we have calculated the average number of segre-
gation units per cell at the beginning of chase.
Data presented in Table 3 show that a cell wall in
rich and minimal media consists of about 30 and
8 cell wall segregation units, respectively. Since
no allowance for cell wall units not revealed by
this technique (0 grain class) was made, the
actual figures could even be slightly higher,
although we believe that they do represent upper
limits because of the very fine criteria of resolu-
tion used to define a segregation unit. To elimi-
nate the possibility that these unexpectedly high
figures were due to some kind of nonspecific
fragmentation which might be expected to in-
crease with time, we have checked and con-
firmed that the above-determined numbers of
segregation units per cell remained unchanged
even after eight generations of chase (data not
presented).

(iii) Nature and size of segregation units. In-
spection of autoradiographs of FJ3 cells continu-
ously labeled and chased for about five genera-
tions in rich as well as in minimal medium
revealed unusually dense grain clusters located
exclusively at one or both ends of long chains of
cells (Fig. 1C). In both media the number of
these clusters equaled twice the number of cells
at the beginning of the chase so that at first it
could be assumed that they correspond to poles
present at that time (22). However, theoretical
estimates of polar areas (both cell poles) in
corresponding media, calculated by the method
of Burdett and Higgins (5), provide figures of
12% and 26% of the cell surface, whereas Table
4 shows that grains contained in these large
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TABLE 1. Statistical analysis of grain distributions of continuously labeled and chased cultures of strain
NilS in rich medium

Class I (cell length <4.2 ,um) Class II (cell length .4.2 ,um)
Time of

taa
Mean no. of Spatof N.f

chasing in Mean no. of Probability" Mean no. of Probabilitya grains/half [3H]GcNAc cells
generations ganhaf dsthat that cell for entire IHGcA el

(min) cell tribution is grains/half distribution is population (Ci/mmol) examinedcel
Poisson (% cell Poisson (%

0 (0) 5.5 92 8.5 84 6.9 0.065 214
0 (0) 1.5 86 2.6 76 2.0 0.020 188
1.5 (30) 5.0 66 7.1 88 5.9 0.170 201
3 (60) 4.8 33 7.0 69 5.6 0.450 362
5 (100) 2.1 <0.05 3.2 <0.05 2.8c 1.375 515
a Obtained by x2 test.
b Specific activities were chosen so as to obtain comparable grain densities at each time of sampling except in

one experiment (0 generations of chase, line 2) in which specific activity was low and grains were mostly
separate.

c Total loss of radioactivity due to turnover is about 20% in 5 generations (20).

clusters represent at least 20% and 48% of the
total number of grains incorporated into cell wall
in rich and minimal media, respectively. (Our
previously published figure of 13% with strain
Nil5 in rich medium [22] resulted from the fact
that grains due to background and to label
incorporated into protein were not subtracted.)
Therefore, it appears that these large segrega-
tion units represent some sort of "polar
sheaths" (poles plus part of the cylindrical sur-
face) which, in the case of mutants with reduced
wall turnover, once synthesized, segregate with-
out undergoing any subsequent fragmentation or
mixing with new wall material. Such "polar
sheaths," designated as "C's," have already
been observed on fluorescent-antibody-labeled
B. cereus (6). Allowing for different specific
activities in rich and minimal media, we have
calculated that, irrespective of medium richness,
"polar sheaths" consist of fairly comparable
amounts of cell wall material (Table 4). We
believe that the smaller segregation units repre-
sent such structures not completed at the begin-
ning of chase. Nevertheless, we would like to
point out that in minimal medium over two-

thirds of the total number of grains are found in
large clusters located at ends as well as in the
middle of chains (see Fig. 1C).

(iv) Segregation of teichoic acids labeled with
[3Hlglycerol. Insertion of new cell wall material
was also examined by continuous labeling and
chase experiments, with [2-3H]glycerol as radio-
active marker for teichoic acids (24). Strain Nil5
growing exponentially at 44°C in rich medium,
supplemented with 50 jig of glycerol per ml, was
labeled for five generations with [3H]glycerol of
appropriate specific activity. After resuspension
in medium containing unlabeled glycerol, samples
were withdrawn at 0 and 100 min (5 generations)
and processed for autoradiography. Analysis of
grain distributions (Table 5) shows that in analo-
gous growth conditions segregation patterns of
[3H]glycerol (representative of the polyglycerol
phosphate teichoic acid) and [3H]GlcNAc (main-
ly representative of peptidoglycan) were identi-
cal (Table 1). This is in perfect agreement with
the well-established covalent linkage between
these two wall polymers (23).

Segregation of pulse-labeled cell wall material.
To determine the average number of wall segre-

TABLE 2. Statistical analysis of grain distributions of continuously labeled and chased cultures of strain FJ3
in minimal medium

Class I (cell length <1.9 ,um) Class II (cell length .1.9 ,m)

chasing in Mean no. of Probabilitya Mean no. of Probabilitya grains/cell for Sp actNof No. of
generations grains/cell that grains/cell that entire [ H]GlcNAc cells

(min) distribution is distribution is population (Ci/mmol) examined
Poisson (%) Poisson (%)

0 (0) 2.9 84 4.6 89 4.0 0.026 270
2 (80) 4.4 20 5.2 25 4.8 0.100 249
3 (120) 3.5 <0.05 4.7 <0.05 4.2 0.204 335
5 (200) 0.8 <0.05 1.7 <0.05 1.3c 0.350 447
a Obtained by x2 test.
b Specific activities were chosen so as to obtain comparable grain densities at each time of sampling.
c Total loss of radioactivity due to turnover is about 20% after 5 generations.
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FIG. 1. Cells of B. subtilis FJ3 were grown at 44°C in minimal medium and labeled with [3H]GlcNAc for 4
generations. After 0, 2, and 4.5 generations of chase in unlabeled medium, cells were harvested, treated with
trypsin, and prepared for autoradiography. After development, septa (arrows) were stained with crystal violet
and fuchsin. A, B, and C correspond to chase periods of 0, 2, and 4.5 generations, respectively. Bar = 10 ,um.

gation units per cell undergoing synthesis at any
moment of time, [3H]GlcN of high specific activ-
ity (20 to 40 Ci/mmol) was incorporated during a
2-min pulse into exponentially growing B. subti-
lis FJ3 in rich, minimal, and intermediate media.
After chase periods of up to five generations,
samples were prepared for autoradiography and
grain distributions were examined. First, grains
due to background and due to label incorporated
into protein were eliminated, and then segrega-
tion units were counted and their average num-
ber per cell at the time of exhaustion of the pool
was calculated (see Materials and Methods).

Since the distribution of grains in clusters (not
cells or half cells) appeared to be a Poisson
distribution, the 0 grain class (segregation units
not visualized by grains) was calculated and
added to each corresponding total number of
units visualized by grains. By this method, we
found that an average cell growing in rich and
minimal media synthesized about 24 and 8 cell
wall segregation units, respectively (Table 6).
Comparison of these figures and those obtained
with continuously labeled cells (Table 3), which
were not corrected for the 0 grain class, shows
that in rich medium pulse and chase experiments

TABLE 3. Number of wall segregation units per cell of B. subtilis FJ3 obtained from continuous labeling and
chase experiments in rich and in minimal mediaa

Mean no.

Medium Generation Avg cell length Avg no. of grains/ of No. of cellstime (min) (>.m) segregation unit segregation examined
units/cellb

Rich 20 4.0 3.0 29.6 931
Minimal 40 1.9 3.2 8.4 1718

a Determined after 5 and 4.5 generations of chase in rich and minimal media, respectively.
b After correction for grains due to background and labeled protein. Cells grown in both rich and minimal

media were subjected to trypsin treatment.
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yielded consistently lower figures: 24 units as
compared to 30 obtained with continuously la-

<E-.00 o tobeled cells. This observation suggests that notE-i 46=̂> c all segregation units were labeled during a pulse
z o Q and is compatible with our observation that

"'polar sheaths" (see above) once synthesized
do not undergo any mixing with new cell wall

SO~=material. The fact that the above considerations
4*e r

0;0= ;, do not seem to apply to data obtained in minimal
EEgX t- 8°medium, where both types of experiments pro-
<-0 0 <vided an almost identical figure (8 segregation

E 7 5 units per cell), will be discussed later (see Dis-
cussion).

Kinetic studies of segregation as a function of
time (data not presented), identical to those

z performed with continuously labeled cells (Ta-
.=S, E oo o bles 1 and 2), showed that grain distributions of

Z
0 0

U pulse-incorporated material in rich and in mini-
mal media had already become non-Poisson 3
and 1.5 to 2.5 generations, respectively, after the

D *
a beginning of the chase. This relatively short

segregation delay could be due to the following:
rA=Q ^ > >Wfirstly, continuously labeled cells segregate large

o"' >labeled blocks which can easily give rise to
grains in neighboring cells devoid of any label,
and secondly, the number of cell wall segrega-

Qo >5;, tion units labeled during a pulse in rich medium
is smaller than that obtained by continuous

= ,,bg Q > t vlabeling (see Discussion).
'-080eSegregation of pulse-labeled cell wail in B.

subilis 168 lyt+ (normal cell wall turnover). The
^ .6=observation that segregation of pulse-incorpo-
;;8td._,<E t rated label could be established after a relatively

. 5. o short delay (see above) prompted us to investi-
Zo . jx gate the mode of cell wall synthesis in strains

.= a Q e v O rwith wild-type turnover. In such strains turn-
over of pulse-incorporated material starts about
a generation after the beginning of chase and

.Q.=Qr°then proceeds at a rate of about 25% of pulse-
incorporated label per generation (21). A pulse

-ib°=n ," and chase experiment using [3H]GlcN was per-
0Z formed on strain 168 (Iyt+) growing in the medi-
to . < - um of intermediate richness. Data presented in

_- O 0- g3 gTable 7 show that after 45 min (1.7 generations)
.-W ._ S 8 tof chase the distribution of grains incorporated

m00.= Q t = , cs ,<during a 2-min pulse was non-Poisson, demon-
<A ; Q 3^ > 1> 2-. strating that the wall of cells with wild-type
0.8 S °. -.=turnover, like that of lyt mutants, consists of a

u £ limited number of segregation units. Likewise,
; .= ;' ?0 pulse and chase experiments performed with
<_-<,.> gstrain Nil5 in minimal medium, in which it

E_ ,u . X exhibits normal turnover (J.-M. Schlaeppi and
0 E > H. M. Pooley, unpublished data), gave, after 1.8
z Q = = Qgenerations of chase, non-Poisson grain distribu-

*.! v~0, tions compatible with zonal insertion.
DISCUSSION

S o .Z X < X M Experiments reported above demonstrate that
the cell wall of B. subtilis consists of a limited
number of fairly large blocks which, once com-
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TABLE 5. Statistical analysis of grain distributions of [2-3H]glycerol continuously labeled and chased
cultures of strain Nil5 in rich medium

Class I (cell length <4.2 pum) Class II (cell length .4.2 pm)
Time of Mean no. of
chasing in Mean no. of Probability Mean no of Probabilitya grains/half 3Sp act of [2- No of cell
generations grains/half that Means/half that cell for entire Hlglycerol (CiN cel

(min) cell distribution is grains/half distribution 's population mmol) examined
Poisson (% cl Poisson()

0 (0) 3.3 95 5.7 88 4.5 0.015 106
5 (100) 1.0 <0.05 1.6 <0.05 1.3 0.178 200
a Obtained by x2 test.

pleted, segregate during subsequent growth
without undergoing any mixing with newly syn-
thesized blocks; these results are incompatible
with models according to which the synthesis of
the cylindrical part of the cell wall of rod-shaped
gram-positive bacteria takes place by diffuse
intercalation (2, 4, 8, 9, 15). It appears that the
number of wall segregation units of a cell in an
exponential growth phase depends upon medi-
um richness; continuous labeling and chase ex-
periments (Table 3) provide a figure of 30 segre-
gation units per cell in rich medium (doubling
time of 20 min at 44°C) and 8 segregation units
per cell in minimal medium (doubling time of 40
min). This surprisingly high number of observed
segregation units per cell and the limited resolu-
tion of light microscope autoradiography largely
account for the relatively long delays (Tables 1
and 2) required for statistical (as well as visual)
identification of wall segregation units and thus
the recognition of the discrete nature of cell wall
synthesis. Indeed, if we consider that a segrega-
tion unit has an average extent of 1 ,um and that
two units are counted as separate only when
distant from each other by 1 p.m (assumed to be
the resolution limit of the autoradiographic
method), we calculate that segregation of about
30 units, present in every cell at the beginning of
a chase, would require over four generations,
which is in excellent agreement with our data
(Table 1). Likewise, in minimal medium, we
deduce that three generations of chase are re-
quired to observe segregation of 8 units. These
relatively long delays could easily explain the

failure to obtain evidence of the discrete nature
of cell wall insertion by authors who used rela-
tively short chase periods (9, 15).
Although our data strongly imply the exis-

tence of discrete insertion zones of new cell wall
material, they provide no direct information
regarding the number of wall segregation units
generated by each zone or the localization and
the size of such zones. The latter question can
be approached by electron microscope autoradi-
ography (8). Such experiments performed on B.
megaterium showed that about 40% of labeled
precursors were incorporated in a narrow cen-
tral zone of the cell. The remainder were shown
by statistical analysis to be uniformly distributed
over the cell surface. We believe that a direct
comparison of these experiments with present
results is difficult because the cell populations
used by De Chastellier et al. (8) may have been
no longer in exponential growth phase: reported
cell densities would have corresponded to early
stationary phase (A. Demierre, personal com-
munication) and cells were short in comparison
with another report (15). Nevertheless, if we
assume, following the authors (8), that cells
were in log phase at the time of pulse, attribution
of that heavily labeled central zone to cross wall
synthesis exclusively (8) would imply that the
latter (equivalent to two nascent poles) accounts
for 40%o of the total cell wall. This appears
incompatible with cell geometry; average cell
dimensions of B. megaterium and Table 4 pro-
vide much lower figures. Therefore, we believe
that grains in the central area cannot all be

TABLE 6. Number of wall segregation units of B. subtilis FJ3 labeled by a 2-min pulse of [3H]GlcN in rich,
intermediate, and minimal mediaa

Mean no. of segregation units/cell

Generation Avg cell Avg no. of grains/ After correcting No. ofMedium time (min) length segregation unit for grains due to Corrected for 0 cells
(ilm) background and grain class examined

labeled protein
Rich 20 4.0 2.0 19.2 24.7 943
Intermediate 30 3.1 2.4 11.3 12.7 251
Minimal 40 1.9 1.9 6.2 8.2 358

a Determined after five generations of chase.
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TABLE 7. Statistical analysis of grain distribution in 2-min pulse-labeled cultures of B. subtilis 168 (lyt+) in
the medium of intermediate richness

Class I (cell length <3.4 ,um) Class II (cell length -3.4 ,um) Mean no. of
TimeofPrbblt'gan/af N.ochasing in Mean no. of Probability" Mean no. of Probability' grains/half No. of

generations grains/half Poiss(that grains/half that entirepeopultigeeatosmrin s/hlf distribution is cel Poissrbton(%)xmie(mm) ~~cell Poisson (%) cel PisnM puato

0 (0) 8.3 78 13.8 32 10.9 105
1.7 (45) 2.4 <0.05 4.1 <0.05 3.2 276
a Obtained by x2 test.

accounted for by cross wall synthesis but would
argue in favor of a localized synthesis of the
cylindrical part of the cell wall. The proportion
of grains outside the central zone, which re-
mains relatively high (about 60%), could be
explained partly by nascent secondary zones
and partly by some kind of "repair type" of wall
synthesis destined to replace wall removed by
turnover, which is particularly high in this strain
of B. megaterium (11). Indeed, in cells with
wild-type or high turnover, any segregation
block of cell wall (even a complete one) under-
goes turnover and must continuously be re-
paired by incorporation of new material, possi-
bly by synthesis all over the surface (16), since
electron micrographs of thin sections reveal a
uniform thickness of the cylindrical part of the
cell walls of bacilli.

If, according to classical models, we assume
that each functional insertion zone is involved in
the synthesis of 2 segregation units, we calculate
from pulse and chase experiments (Table 6) that
the number of insertion zones per cell is equal to
12 and 4 in rich and minimal media, respective-
ly. This provides a ratio of 3 (12/4). We would
like to point out that in minimal medium the
number of segregation units obtained from pulse
and chase experiments was equal to that ob-
tained from continuous labeling and chase ex-
periments (Tables 3 and 6). Since in the latter
case all segregation units were labeled (not only
those synthesized at the time of the pulse), we
believe that even a limited repair-type synthesis
in pulse and chase experiments might have led to
labeling of "polar sheaths" already completed
and thus to an overestimate of the number of
insertion zones. Indeed, comparison of the num-
bers -of insertion zones per cell in rich and
minimal media obtained by continuous labeling
and chase experiments provides a ratio ap-
proaching 4 (Table 4). Since the average cell
length in rich medium is 4.0 ,um and in minimal
medium is 1.9 ,um, it follows from the latter
figure that the number of zones per unit of cell
length in rich medium is about two times that in
minimal medium. The growth rates in rich and
minimal medium being in a 2:1 ratio (doubling

times of 20 and 40 min), the rate of cell wall
"elongation" could well be regulated by the
density of insertion zones, all functioning at the
same speed for the growth rates used in our
experiments. Results obtained for cells growing
in a medium of intermediate richness (Table 6)
were in good agreement with this interpretation.
This mode of regulation of cell wall synthesis
resembles strongly that ofDNA replication (26).
This analogy does not seem to be a mere coinci-
dence, as evidenced by experiments on co-
segregation of DNA and cell wall (J.-M.
Schlaeppi and D. Karamata, in preparation), and
suggests that a close association between cell
wall and DNA could be responsible for regular
segregation of the latter.
Using [3H]glycerol-labeled teichoic acids as

cell wall marker, we have established the exis-
tence of segregation blocks identical to those
observed with [3H]GlcNAc-labeled wall. In pre-
viously reported experiments (2, 4) which were
interpreted in favor of diffuse intercalation of
new wall material, teichoic acid synthesis was
monitored in a chemostat by altering the phos-
phate concentration of the medium, and teichoic
acid-containing wall was visualized by its capac-
ity to bind bacteriophage. However, both con-
tinuously labeled and pulse-labeled cultures, the
latter lasting 0.3 generation (1), were analyzed
after about 2 generations of chase which, ac-
cording to our data, should not be sufficient for
segregation to have taken place. Nevertheless,
several published micrographs reveal phage dis-
tributions which could only be due to localized
insertion. In particular, "polar sheaths," some-
times up to one-half cell long, are clearly visible
and are in perfect agreement with the existence
of large segregation blocks demonstrated in our
experiments. It is likely that segregation delays
would be shorter because the electron micro-
scopic observation of phage-coated wall offers a
resolution superior to that of light microscope
autoradiography.
The existence of large cell wall segregation

blocks in gram-positive rod-shaped bacteria
demonstrated in the present study has been
shown previously by labeling the cell envelope
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with fluorescent antibodies and examining their
distribution after appropriate chase periods in
media devoid of antibody. Although their ex-
periments were not quantitative, Hughes and
Stokes (13), using B. licheniformis lyt cells,
observed clearly several "wall insertion zones"
per cell, and Chung et al. (6), using B. megater-
ium and B. cereus in late log phase, observed
few zones in which new unlabeled wall appeared
at the outer cell surface. It should be stressed
that in these experiments, where only the outer
layer of the cell envelope was labeled by anti-
body, segregation of old wall blocks appeared
after a relatively short delay. Comparison of
these results with the present study, in which all
segregation units were labeled and segregation
delays were long, makes imperative the distinc-
tion between the "outside" and the "inside" of
bacterial cell walls, as already suggested by
Pooley (21) and Archibald (3). Thus, the possible
existence of distinct cell wall layers and their
reorganization through movement of one rela-
tive to another, with the outer surface as final
destination, must be considered in models aim-
ing to describe cell wall synthesis.

ACKNOWLEDGMENTS

This work was supported by Fonds National Suisse pour la
Recherche Scientifique (grants 3.417-0.74 and 3.342-0.78).

LITERATURE CITED
1. Anderson, A. J., and A. R. Archibald. 1981. Duration of

teichoic acid incorporation following transient release of
phosphate limitation in chemostat culture of Bacillus
subtilis W23. FEMS Microbiol. Lett. 10:7-10.

2. Anderson, A. J., R. S. Green, A. J. Sturman, and A. R.
Archibald. 1978. Cell wall assembly in Bacillus subtilis:
location of wall material incorporated during pulsed re-
lease of phosphate limitation, its accessibility to bacterio-
phages and concanavalin A, and its susceptibility to
turnover. J. Bacteriol. 136:886-899.

3. Archibald, A. R. 1976. Cell wall assembly in Bacillus
subtilis: development of bacteriophage-binding properties
as a result of the pulsed incorporation of teichoic acid. J.
Bacteriol. 127:956-960.

4. Archibald, A. R., and H. E. Coapes. 1976. Bacteriophage
SP50 as a marker for cell wall growth in Bacillus subtilis.
J. Bacteriol. 125:1195-1206.

5. Burdett, I. D. J., and M. L. Higgins. 1978. Study of pole
assembly in Bacillus subtilis by computer reconstruction
of septal growth zones seen in central, longitudinal thin
sections of cells. J. Bacteriol. 133:959-971.

6. Chung, K. L., R. Z. Hawirko, and P. K. Isaac. 1964. Cell
wall replication. I. Cell wall growth of Bacillus cereus and
Bacillus megaterium. Can. J. Microbiol. 10:43-48.

7. Cole, R. M. 1965. Symposium on the fine structure and

replication of bacteria and their parts. III. Bacterial cell-
wall replication followed by immunofluorescence. Bacter-
iol. Rev. 29:326-344.

8. De Chastellier, C., R. Helilo, and A. Ryter. 1975. Study of
cell wall growth in Bacillus megaterium by high-resolution
autoradiography. J. Bacteriol. 123:1184-1196.

9. Doyle, R. J., U. N. Streips, and J. R. Helman. 1977. Zones
of cell wall enlargement in Bacillus subtilis, p. 44-49. In
D. Schiessinger (ed.), Microbiology-1977. American So-
ciety for Microbiology, Washington, D.C.

10. Fein, J. E., and H. J. Rogers. 1976. Autolytic enzyme-
deficient mutants of Bacillus subtilis 168. J. Bacteriol
127:1427-1442.

11. Frehel, C., and A. Ryter. 1979. Peptidoglycan turnover
during growth of a Bacillus megaterium Dap- Lys-
mutant. J. Bacteriol. 137:947-955.

12. Higgins, M. L., and G. D. Shockman. 1976. Study of a
cycle of cell wall assembly in Streptococcus faecalis by
three-dimensional reconstructions of thin sections of
cells. J. Bacteriol. 127:1346-1358.

13. Hughes, R. C., and E. Stokes. 1971. Cell wall growth in
Bacillus licheniformis followed by immunofluorescence
with mucopeptide-specific antiserum. J. Bacteriol.
106:694-6%.

14. Jacob, F., S. Brenner, and F. Cuzin. 1963. On the regula-
tion of DNA replication in bacteria. Cold Spring Harbor
Symp. Quant. Biol. 28:329-348.

15. Mauck, J., L. Chan, L. Glaser, and J. Williamson. 1972.
Mode of cell wall growth of Bacillus megaterium. J.
Bacteriol. 109:373-378.

16. Mauck, J., and L. Glaser. 1972. On the mode of in vivo
assembly of the cell wall of Bacillus subtilis. J. Biol.
Chem. 247:1180-1187.

17. Meynell, G. G., and E. Meynell. 1970. Autoradiography,
p. 170. In Theory and practice in experimental bacteriolo-
gy, 2nd ed. Cambridge University Press, London.

18. Mindich, L. 1970. Membrane synthesis in Bacillus subti-
lis. I. Isolation and properties of strains bearing mutations
in glycerol metabolism. J. Mol. Biol. 49:415-432.

19. Poliock, M. R. 1965. Purification and properties of penicil-
linases from two strains of Bacillus licheniformis: a chem-
ical, physicochemical and physiological comparison. Bio-
chem. J. 94:666-675.

20. Pooley, H. M. 1976. Turnover and spreading of old wall
during surface growth of Bacillus subtilis. J. Bacteriol.
125:1127-1138.

21. Pooley, H. M. 1976. Layered distribution, according to
age, within the cell wall of Bacillus subtilis. J. Bacteriol.
125:1139-1147.

22. Pooley, H. M., J.-M. Schlaeppi, and D. Karamata. 1978.
Localised insertion of new cell wall in Bacillus subtilis.
Nature (London) 274:264-266.

23. Rogers, H. J., B. J. Ward, and I. D. J. Burdett. 1978.
Structure and growth of the walls of gram-positive bacte-
ria. Symp. Soc. Gen. Microbiol. 28:139-175.

24. Sargent, M. G. 1973. Membrane synthesis in synchronous
cultures of Bacillus subtilis 168. J. Bacteriol 116:397-409.

25. Spizizen, J. 1958. Transformation of biochemically defi-
cient strains of Bacillus subtilis by deoxyribonucleate.
Proc. Natl. Acad. Sci. U.S.A. 44:1072-1078.

26. Yoshikawa, H., A. O'Sullivan, and N. Sueoka. 1964.
Sequential replication of the Bacillus subtilis chromo-
some. III. Regulation of initiation. Proc. Natl. Acad. Sci.
U.S.A. 52:973-980.

VOL. 149, 1982


