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Cell wall polymers were measured both in the cells and in the cell-free medium
of samples from steady-state chemostat cultures of Bacillus subtilis, growing at
various rates under magnesium or phosphate limitation. The presence of both
peptidoglycan and anionic wall polymers in the culture supernatant showed the
occurrence of wall turnover in these cultures. Variable proportions of the total
peptidoglycan present in the culture samples were found outside the cells in
duplicate cultures, indicating that the rate of peptidoglycan turnover is variable
in B. subtilis. Besides peptidoglycan, anionic wall polymers were detected in the
culture supernatant: teichoic acid in magnesium-limited cultures and teichuronic
acid in phosphate-limited cultures. In several samples, the ratio between the
peptidoglycan and the anionic polymer concentrations was significantly lower in
the extracellular fluid than in the walls. This divergency was attributed to the
occurrence of direct secretion of anionic polymers after their synthesis.

Fragments of cell wall peptidoglycan have
been demonstrated in the culture supernatant of
exponentially growing Bacillus subtilis (21, 23)
and a number of other bacterial species (2, 4, 15,
17). Chemical analysis showed that these extra-
cellular products had arisen from the hydrolytic
action of wall-bound autolytic enzymes on pep-
tidoglycan in vivo (21). Thus, in B. subtilis cul-
tures mainly free glycan chains and cross-linking
peptides were found, apparently released by the
action of the main autolytic enzyme N-acetyl-
muramyl-L-alanine-amidase (EC 3.5.1.28) (3) on
wall peptidoglycan. Accessory wall polymers,
such as the anionic polymers teichoic acid (TA)
and teichuronic acid (TUA) (19), appeared in
the supernatant by virtue of their covalent link-
age to peptidoglycan.

In a previous report (9), we showed that anal-
ysis of the way by which a specific radioactive
peptidoglycan label was lost from B. subtilis by
turnover provided some insight into the mech-
anisms of wall growth in this organism. Based
on kinetic data, the conclusion (1, 23) was rein-
forced that wall turnover in bacilli occurs from
the outer wall layer and that wall surface en-
largement takes place by spreading of peptido-
glycan (9). The rate of wall turnover calculated
from those previous experiments, however, re-
ferred merely to the peptidoglycan amino sugar
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backbones, since in B. subtilis specific wall la-
beling is feasible only by using the glycan pre-
cursor N-acetylglucosamine (25).
We now have measured the rates of turnover

of both peptidoglycan fragments (glycan strands
and cross-linking peptides) and of the anionic
polymers by deternining their concentrations in
both the wall and the cell-free medium of chem-
ostat cultures of B. subtilis. The use of chemo-
stat cultures offered several advantages in these
studies. The existence of a stabilized situation in
a steady-state chemostat culture growing at a
specified rate allows one to obtain the rate of
loss of wall components simply from the mea-
sured concentrations. It has been suggested that
the nature of the anionic wall polymer would
exert a large influence on wall turnover (16);
experiments with radioactive labeling as de-
scribed above did not support such a hypothesis
(9). In chemostat cultures, turnover can now be
measured in exponentially growing cultures con-
taining either TA or TUA as the anionic wall
polymers by growing the cells under magnesium
or phosphate limitation, respectively (19). The
results indicated that peptidoglycan and anionic
polymers were lost at dissimilar rates from the
cells. This phenomenon was detected under sev-
eral growth conditions. It is argued that a part
of the polymerized anionic polymers is not in-
corporated into the wall structure under these
circumstances but secreted directly to the extra-
cellular fluid. A rationale for this phenomenon
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is proposed along with some remarks on the role
of autolytic enzymes in the regulation ofthe rate
of wall polymer synthesis in vivo (W. R. de Boer,
Ph.D. thesis, University of Amsterdam, Amster-
dam, The Netherlands, 1979; F. J. Kruyssen,
Ph.D. thesis, University of Amsterdam, 1979).

MATERIALS AND METHODS
Strains. B. subtilis subsp. niger WM as described

previously (9) and B. subtilis W23 were used.
Media and growth conditions. Cells were grown

under phosphate or magnesium limitation in 0.5- or 1-
liter chemostats in the media described by Evans et
al. (10), using 75% of the concentrations specified. For
details on cultivation of the cells and the control of
the culture, see Kruyssen et al. (19). The ximal
specific growth rate in each medium was y = 0.75 to
0.80 h-' (generation time ± 50 min).

Isolation and analysis of cell walls. The meth-
ods used during the isolation and purification of cell
walls, and the determination of the contents of pepti-
doglycan, TA, and TUA were described by Kruyssen
et al. (19). The amounts of the different wall polymers
have been expressed as nanomoles per milligam of
cellular dry weight and were derived from measure-
ment of the component monomers (i.e., peptidoglycan
stands for diinopimelic acid [A2pm], TA for phos-
phorus, and TUA for uronic acid; for details see below).
Wall polymers in supernatants of chemostat

cultures. Samples of 20 ml (equivalent to 10 to 75 mg
of cellular dry weight) were taken from steady-state
chemostat cultures. The samples were cooled rapidly
on ice and centrifuged at 40C for 10 min at 12,000 x g.
The supernatant was decanted and stored at -20°C.
Supernatant samples taken from steady states at a
series of increasing growth rates were thawed and
extracted twice with petroleum ether (20 ml; boiling
range, 60 to 80°C) to remove the polypropylene glycol
used as an antifoaming agent during the cultivation of
the cells. Material which formed a layer at the inter-
face between the two liquids was included in the water
phase. The extracted sample was cooled at 00C on ice,
and 2 ml of 100% trichloroacetic acid was added. After
incubation at 00C for 20 min, the precipitate was
removed by centifugation at 4°C (20 min, 48,000 x
g), leaving a clear supernatant. The sticky precipitate
was dissolved in 2 ml of 0.1 N NaOH. The supernatant
was divided into two portions; 12 ml was extracted
three times with ether (25 ml) to remove the trichlo-
roacetic acid (S-samples). The remaining 10 ml was
dialyzed against running tap water (18 h) and a large
volume of double-distilled water (5 h) (SD-samples).
Both S- and SD-samples were lyophilized and then
dissolved in 5.0 ml of water. Supernatant concentra-
tions of wall polymers were expressed as nanomoles
per milligram, i.e., the amount of monomeric units
(A2pm, phosphate, uronic acid) present in a culture
volume containing 1 mg of cells.

Analytical methods. Total phosphorus was deter-
mined as described by Chen et al. (6); the oxidation
procedure was adapted to process small amounts of
material as described previously (19). Uronic acid in
SD-samples was measured with the harmine reagent
(Koch-Light, Colnbrook, England), after hydrolysis in
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concentrated sulfuric acid essentially according to
Wardi et al. (27). SD-samples containing teichoic acid
as well as teichuronic acid showed an absorption at
the wavelength used before the addition ofthe reagent,
probably due to the action of the acid on glucose
residues present in the teichoic acid. Final absorption
was corrected for such disturbances. Uronic acid could
not be determined in S-samples since the residual
glucose, used as the carbon source, caused too high
blanks. For analysis of peptidoglycan components, 5-
or SD-samples were hydrolyzed in 6 N HCI for 6 h at
1000C in air-tight stoppered tubes; the hydrolyzed
samples were frozen in liquid nitrogen, and the HCI
was removed by lyophilization overNaOH pellets (two
times). Muramic acid (MurNH2), glucosamine
(GlcNH2), alanine (Ala), glutamate (Glu), and A2pm
present in the samples were determined by using an
amino acid analyzer (Locarte, London, England), and
an elution system based on citrate buffers. Galactosa-
mine (GaINH2) was determined in samples hydrolyzed
as described above either from the amino acid spectra
or with a galactose oxidase test system (Galax, Kabi
A. G., Stockholm, Sweden). Glycerol was measured
after hydrolysis in HCI (see above) and dephosphoryl-
ation with alkaline phosphatase (Escherichia coli
APase, pH 9.0), by the method ofWieland (28). Hexose
was determined by use of the anthrone reagent as
described by Jermyn (18).
Theoretical considerations. The amounts of the

different wall components in the supernatant can be
used to calculate the percentage of the cell-bound wall
lost per generation time. Suppose that a nanomoles of
a wall polymer per milligam is found in the superna-
tant and that b nanomoles of a wall polymer per
milligram is found in the cells. Assuming that all the
polymers present in the medium are the result of the
enzymatic action (by autolytic enzymes) on the cell-
bound wall, it can be stated that K.b nmol mg-' h-' is
lost from the cell wall (K is a rate constant; dimension,
h-1). Loss of supernatant-located polymers from the
culture by washout will be D-a nmol mg-' h-' ([26];
D is the dilution rate in the chemostat [h-l']), so the
rate equation will be:

da= - a + Kub

In a steady-state chemostat culture, D - = (ln2/T)
- specific growth rate, h-1; l- - doubling time, h)

and the concentration of wall polymers is constant
(that is, [da/dt] = 0; see also reference 26), so the
fraction of cellular wall lost per hour (K) will be:

al
K = 11

a h-I

and per generation time the percentage of the cell-
bound wall polymers lost to the medium (K) wiU be:

ak 5K. 100%-.n2.100%.

RESULTS
Determination ofwall polymers in super-

natants of chemostat cultures. (i) Peptido-
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glycan. In B. subtilis, A2pm and MurNH2 are
compounds occurring only in the peptidoglycan.
We have used A2pm values in the comparison
between the amounts of cell-bound and super-
natant peptidoglycan, since MurNH2 is subject
to considerable (and rather variable) losses dur-
ing hydrolysis in HCI (19). No A2pm was found
in supernatants before acid hydrolysis, indicat-
ing its bound nature. Generally, a molar propor-
tionality of A2pm with the amino sugars
MurNH2 and GlcNH2 was similar to that in the
cell wall (for exceptions see particular experi-
ments). The organisms used excreted Ala and
Glu as free amino acids, making the molar ratio
of the amino acids within the peptide cross-links
in the supernatants difficult to assess. Differ-
ences between Ala and Glu values before and
after hydrolysis pointed to a A2pm/Glu/Ala ra-
tio of approximately 1:1:1.5, as found in the
walls.
When culture supernatants were dialyzed, it

appeared that over 90% of the A2pm, Ala, and
Glu present in the samples was lost (Fig. 1). For
MurNH2 and GlcNH2, the percentage that was
lost by dialysis from supernatant samples
showed a relation to growth rate. In samples
taken from cultures grown at low growth rates,
about 60% of the two amino sugars was lost,
whereas even lower percentages were lost from
samples from faster growing cultures (Fig. 1).

(ii) TA. TA in the supernatant was measured
by determinations of total phosphate in dialyzed
culture supernatants (SD-samples). In magne-
sium-limited cultures, this phosphate accounted
for 80 to 90% of the organically bound phosphate
found in nondialyzed supernatants (data not
shown). The supernatants showed a very low
absorption at 260 nm after dialysis, and it was
concluded that nucleic acids did not contribute
significantly to the amount ofphosphorus found.
In several samples a close molar proportionality
was found between phosphorus and glycerol, as
predicted by the structure of TA (8). The pres-
ence of bound hexose in the preparations was
demonstrated quantitatively by the fornation of
color in the anthrone reaction.

(iii) TUA. TUA was also determined in the
culture supernatants after dialysis. Identifica-
tion of the polymer as TUA was threefold. It
was identified by the specific color reaction of
uronic acids, by the determination of GalNH2 in
the amino acid analyzer, and by the specific
enzymatic assay for GalNH2. The ratio between
uronic acid and GalNH2 was 1:0.6 to 1.0, which
was also found in determinations on whole walls
(19). No significant amounts of A2pm or amino
sugars were detected in the material precipitated
after addition of trichloroacetic acid.
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FIG. 1. Loss of turnover products from superna-

tant samples by dialysis. Peptidoglycan components
present in supernatant samples from phosphate-lim-
ited (a) andmagnesium-limited (b) cultures were mea-
sured as described in the text before and after dialysis
of the samples. 0, A2pm; U, MurNH2; 0l GlcNH2.

Wall polymers in supernatants of phos-
phate-limited cultures. The amounts of wall
polymers present in the cell wall and superna-
tant fractions were measured in samples from
phosphate-limited chemostat cultures of B. sub-
tilis subsp. nigerWM. Samples were taken from
steady-state cultures at several dilution rates.
The results from one of these cultures are shown
in Fig. 2. In all samples, approximately equal
amounts ofA2pm were found in the supernatant
(A2pm.) and the wall fraction (A2pmi) of the
cells (i.e., A2pm./A2pmi = 1), as shown in the
ratio between the solid and hatched parts of the
left bars in the histograms of Fig. 2. In a number
of duplicate cultures (samples taken at D = 0.2
to 0.3 h-'), variable amounts of extracellular
A2pm were found, whereas the cellular content
was relatively constant (see reference 19). As a
consequence, the A2pm./A2pmi ratio ranged
from 0.5 to 1.0 in the various cultures. When the
dilution rate was below 0.5 h-1, TUA was present
in the cells and in the cell-free supernatant in
equal concentrations (the middle bar in the his-
tograms of Fig. 2). At higher dilution rates, TUA
was replaced by TA in the walls, notwithstand-

VOL. 146, 1981



880 DE BOER, KRUYSSEN, AND WOUTERS

500 -

100- I, I
0.28 0.41 059 069
DILUTION RATE (h-1 )

FIG. 2. Wall polymers in the cells (black part of
the bars) and the supernatant (hatched part of the
bars) in a phosphate-limited chemostat culture of B.
subtilis subsp. niger WM at several dilution rates.
The amounts ofpeptidoglycan (left bar), TUA (middle
bar), and TA (right bar) in the different samples are
shown.

ing the maintenance of the phosphate-limiting
conditions (19). Analysis of the supernatant
fluids of such cultures revealed, however, that
the external TUA concentration (TUA,) de-
creased to a much lesser degree than did the
cellular teichuronic acid content (TUAJ). This is
reflected in the increasing TUAX/TUAi ratio in
samples taken at higher dilution rates: ±1.0 at D
<0.5 h-'; 1.6 at D = 0.59 h1 and 3.8 at D = 0.69
h-'. As stated above, no alteration occurred in
the fraction of the peptidoglycan (A2pm) found
outside the cells. As a consequence, the extra-
cellular TUA concentration was much higher
than would be expected from the extraceilular
A2pm concentration and the ratio between these
two components as found in the walls. Thus, the
ratio between A2pm and uronic acid in the sam-
ples taken at high dilution rates was 0.55 in the
supernatant (A2pmd/TUA.) and 2.4 in the wall
fraction (A2pmi/TUAi). Under these growth
conditions, less than 10% TUA was present in
the walls, and mainly TA was found as the
anionic polymer; TA was also detected in the
supernatant (TAdTAi = 0.7, right bars in Fig.
2). It should be stressed here that all samples
were taken from steady-state chemostat cul-
tures, implying that these data refer to stabilized
metabolic states within the cultures.
A single phosphate-limited culture of B. sub-

tilis W23 was analyzed (Fig. 3). Wall content
and composition did not differ significantly from
those in B. subtilis subsp. niger WM at the
lower dilution rates. The switch from TUA to
TA in the walls was at a somewhat higher dilu-
tion rate in the B. subtilis W23 culture. Very
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little A2pm was found in any of the supernatant
samples (A2pm/A2pmi < 0.1). MurNH2 was
found in equal proportions to A2pm in the su-
pernatants. Extracellular GlcNH2 was found in
approximately eight times higher concentration
than was A2pm1. Forty percent of this material
was lost by dialysis (A2pm. over 90%); the origin
of this material was not investigated further. In
contast with the low extracellularA2pm concen-
trations, very high amounts of teichuronic acid
were demonstrated in the supernatants, giving
a ratio ofTUAK/TUAi = 4.9 in the sample taken
at D - 0.12 h-'. This ratio dropped to 1.3 at
intermediate dilution rates and to 1.9 in a sample
at high growth rate (D - 0.72 h-1) which con-
tained a substantial amount of TA in the walls.
Wall polymers in supernatants from

magnesium-limited cultures. In a magne-
sium-limited culture of B. subtilis subsp. niger
WM, it was found that the amount of A2pm in
the culture supernatant (A2pm3) increased with
increasing growth rate (Fig. 4). Thus, the A2pmd/
A2pmi ratio was 0.1 at a dilution rate of 0.18 h I

and rose to 0.7 atD = 0.77 h-1. The extracellular
TA concentration (TA.) was relatively constant
at 150 to 200 nmol mg-' throughout the range of
growth rates tested. This amount actually cor-
responded to an increasing fraction of the total
TA in the culture because the wall content de-
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FIG. 3. WaU polymers in the cells (black part of

the bars) and supernatant (hatchedpart of the bars)
in a phosphate-limited chemostat culture of B. sub-
tills Was at several diltion rates. The amounts of
peptidoglycan (left bar), TUA (middle bar), and TA
(right bar) in the different samples are shown.
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FIG. 4. Wall polymers in the cells (black part of

the bars) and supernatant (hatched part of the bars)
in a magnesium-limited chemostat culture ofB. sub-
tilis subsp. niger WM at several dilution rates. The
amounts of peptidoglycan (left bar) and TA (right
bar) in the different sgamples are shown.

creased at higher growth rates (19). Therefore,
the ratio between cellular and extracellular TA
increased from 0.7 at D = 0.18 h-' to 1.1 at near-

maximal growth rate (D = 0.77 h-1).
From the data shown above, it follows directly

that in the samples taken at a low dilution rate
a totally different ratio was found between pep-

tidoglycan (A2pm) and the anionic polymer in
the culture supernatant and in the cellular walls
(although less extreme than between A2pm and
TUA in the phosphate-limited culture of B. sub-
tilis W23). For instance, in the sample taken at
D = 0.18 h-', a molar ratio of 3.0 was found in
the walls between phosphate (TA) and A2pm; in
the supernatant TA/A2pmx was 16.5. So, as
described above, the supernatant anionic poly-
mer concentration was much higher than would
be expected from the supernatant peptidoglycan
concentration.

In some duplicate cultures (D = 0.2 to 0.3 h-'),
higher rates of peptidoglycan turnover (i.e., a

higher A2pmd/A2pmi ratio) were found. As was
found in the phosphate-limited cultures (see
above), this variation was caused mainly by the
different amounts of A2pm., the cellular A2pm
content being rather constant at a given dilution
rate in duplicate cultures (19). The TA./TAj
ratio was fairly constant in duplicate cultures.
As a consequence, the above-mentioned differ-
ences between the ratios of cell-bound and ex-
ternal wall components were smaller; e.g., in a

sample from a magnesium-limited culture taken
at D = 0.29 h-', the ratio between TA and
peptidoglycan in the cells was 3.3 (almost as in
Fig. 4), whereas in the supernatant this ratio was

6.9 (in Fig. 4 at D = 0.32 h-', 15.9). These data
clearly indicated that peptidoglycan and TA (or
TUA in the phosphate-limited cultures) were
lost from the cells at dissimilar rates.
Rate of turnover. As shown below the rate

of loss from the cells of the different wall com-
ponents in steady-state chemostat cultures (ex-
pressed as the percentage of the wall polymers
lost per generation time) can be obtained from
the ratio between the supernatant and the cel-
lular concentrations, multiplied by ln2. From
Table 1, it is clear that peptidoglycan and the
anionic polymers were lost at very different rates
in the cultures described in detail above.

DISCUSSION
Data reported in this paper show that pepti-

doglycan and anionic polymers were present in
different ratios in the cell walls and in the culture
supernatant of B. subtilis grown under several
conditions in chemostat culture. Such dissimi-
larity was not to be expected a priori. Cell wall
turnover in B. subtilis is caused by autolytic
enzymes (mainly N-acetylmuramyl-L-alanine
amidase [3]) which act randomly on bonds
within the peptidoglycan in the outer layer of
the wall (9). Anionic polymers will appear in the
supernatant because of their covalent coupling
to the muramic acid moiety in peptidoglycan.
Several possible reasons for the observed dispar-
ity between wall and supernatant contents of
these two components may be considered.

Firstly, peptidoglycan and anionic polymers
might be lost at dissimilar rates by preferential
excision of those peptidoglycan fragments con-
taining an anionic polymer. This would imply
that, at the membrane, newly made peptidogly-
can chains are heavily loaded with anionic pol-
ymers and that specific excision of many of the
anionic polymers (linked to small peptidoglycan
fragments) would occur in the turnover-sensitive
layer of the wall (see reference 9). As was shown
clearly by pulse-label experiments no peptido-
glycan (and, most likely, no anionic polymers) is
lost from the turnover-resistant inner wall layers
(9). So all peptidoglycan-anionic polymer com-
plexes released must originate from excision in
the outer layers, at the rates indicated by k in
Table 1 for peptidoglycan and the anionic poly-
mer. It was discussed previously (9), however,
that a significantly different rate of excision of
anionic polymers and peptidoglycan from the
turnover-sensitive layers of the wall is improb-
able. So, we regard as most likely that turnover
proceeded at approximately identical rates for
peptidoglycan and the anionic polymers as has
been found previously in B. subtilis W23 (21)
and Staphylococcus aureus (29).
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TABLE 1. Rate of loss of wall polymers in chemostat cultures ofB. subtilis at several dilution rates
Rate of loss of wall polymers

Organism L.~imitation Dilution rate (k)a
Peptido- TA TUA
glycan

B. subtilis subap. nigerWM Magnesium 0.18 8.3 46
Magnesium 0.32 9.1 58
Magnesium 0.43 22 43
Magnesium 0.49 29 50
Magnesium 0.63 46 71
Magnesium 0.67 57 73
Magnesium 0.77 46 73
Phosphate 0.28 68 68
Phosphate 0.41 59 69
Phosphate 0.59 94 50 109
Phosphate 0.69 69 260

B. subtilis W23 Phosphate 0.12 6.1 336
Phosphate 0.28 3.0 91
Phosphate 0.37 1.0 99
Phosphate 0.53 1.4 81
Phosphate 0.61 1.5 60 82
Phosphate 0.72 2.0 46 128

a k is defined as the percentage of the wall-bound polymers lost from the cells per generation time; see text
for details.

Another explanation for the different ratios of
wall polymers in cells and supernatant might be
the masking of peptidoglycan turnover by reu-
tilization of a part of the turnover products by
the celLs. Release, and, possibly, reutilization of
free A2pm occur during wall turnover in Bacillus
megaterium growing in rich medium but not in
mineral medium (21). Endopeptidases, needed
for the degradation of wall peptides, have only
been demonstrated in sporulating Bacillus
sphaericus (14) and B. subtilis (13), and not in
vegetative cells, making the presence of such
enzymes under our growth conditions unlikely.
Reutilization of amino sugars from the turnover
products also must be excluded, since almost
complete loss from the celLs of (tritiated) N-
acetylglucosamine-derived wall label was ob-
served in turnover experiments (9).

Therefore, we suggest that the aberrant ratios
between peptidoglycan and the anionic polymers
are not caused by anomalies in the mechanisms
of wall turnover, but by the direct secretion of a
fraction of the anionic polymers after their pol-
ymerization.
The occurrence of secretion of anionic wall

polymers indicates that these wall components
are synthesized in the cytoplasmic membrane at
a higher rate than is needed for filling all the
attachment sites on the emerging peptidoglycan
chains. Detachment of the anionic polymer
chain from the polymerization locus is appar-
ently not dependent on the concomitant transfer
to peptidoglycan. It might be suggested that the
anionic polymers are detached after a "critical

length" has been reached; the contemporaneous
availability of a peptidoglycan attachment site
determines whether either linkage or secretion
will follow. The secretion ofTUA in phosphate-
limited cells, under the conditions in which TA
is incorporated into the walls (Fig. 2), may in-
dicate, in addition, a different affinity of the
enzyme systems linking the anionic polymers to
the peptidoglycan attachment site for both com-
pounds. The secretion ofanionic polymers under
conditions in which both TA and TUA are syn-
thesized will be discussed more extensively else-
where (20).
Throughout our experiments on wall turnover

in B. subtilis, we were hampered by the irre-
producibility of the rate of peptidoglycan turn-
over between duplicate cultures (9), a phenom-
enon also noted by other authors (21). In the
experiments shown here, it was found that in
samples from different cultures grown under the
same limitation and at an identical rate, the
supernatant concentrations of peptidoglycan
were not the same. A contribution of some di-
rectly secreted peptidoglycan cannot be ex-
cluded here. But results from labeling experi-
ments, in which turnover is measured exclu-
sively, made it clear that the rate of turnover of
wall-bound peptidoglycan was variable between
duplicate cultures (9). The cellular content of
peptidoglycan was rather constant at a specified
dilution rate (19); therefore, the presence ofvari-
able amounts in the supernatant implies that
the total amount of peptidoglycan synthesized
per milligram of cells per hour is higher in cells
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showing a high rate of turnover and lower when
turnover is less rapid. Variable losses by turn-
over apparently can be compensated for by an
adaption of the rate of peptidoglycan synthesis
and wall assembly to the incidental turnover
rate. Such a flexible response suggests that pol-
ymerization activity is regulated directly by the
actual need for new peptidoglycan polymers, as
determined by the rates of wall growth and
turnover.

Several reviewers (11, 12) have proposed that
newly polymerized peptidoglycan chains are al-
ready attached to the existing wals by transpep-
tidation reactions before polymerization is com-
pleted. When such intimate coupling does exist,
it is probable that the rate at which peptidogly-
can chains can be made is not only dependent
on the rate of supply of precursors, but also on
the rate at which chain growth is permitted
within the existing peptidoglycan structure; this
latter factor could be governed by the radial and
lateral movements during wall surface expan-
sion. Speculatively, it is proposed that the au-
tolytic amidase acts not only in the outer layers
of the wall as a hydrolytic enzyme (9), but also
as a transamidase in the layers of the wall nearer
to the cytoplanmic membrane (as already pro-
posed by Chatterjee et al. [5]), functioning in
the "spreading" mechanisms which lead to sur-
face enlargement of the wall (1, 9, 23, 24). In this
system, a higher autolysin content or activity in
the walls would result in a faster movement of
new peptidoglycan chains (or conglomerates of
chains) away from the site of synthesis by a
higher transamidase activity, permitting a
higher rate of polymerization and attachment of
new chains. So, variable losses from the wall by
an inconstant autolysin content or activity are
compensated for by the direct adjustment of the
rate of attachment ofnew peptidoglycan chains,
made possible by the variation of the autolysin
itself. The intimate relation between the rate of
peptidoglycan synthesis, the rate of wall surface
expansion, and, finally, the rate of turnover by
the involvement of the autolysins in all three
processes could be one of the methods by which
the cell can regulate its equilibrium amount of
cellular wall.
No published data are available to test this

hypothesis; it has been found by Pooley (cited
in reference 7) that in B. subtilis Nil5 (showing
a low rate ofturnover [23]) overall peptidoglycan
synthesis was stimulated by the external addi-
tion of a crude autolysin preparation. It was
shown (23) that wall turnover was greatly accel-
erated under these conditions. These data indi-
cate that peptidoglycan synthesis may be regu-
lated, at least partially, by the rate of wall turn-

cover; the translation system, however, remains
unknown.

Returning to the secretion of anionic poly-
mers, it can now be stated that polymerization
of these wall components is apparently not reg-
ulated by the actual need for anionic polymers
by the growing wall, as suggested above for
peptidoglycan. TA is transferred as completed
polymers to the attachment sites on peptidogly-
can (30), which in itselfmakes a feedback control
of the polymerization by the rate of wall growth
less likely. It is plausible that wall assembly is
directed to the delivery of a wall with a constant
ratio between peptidoglycan and the anionic
polymer. Since anionic polymers probably can
be attached only to peptidoglycan chains syn-
thesized concomitantly, and not to pre-existing
walls (22, 30), a slightly excessive anionic poly-
mer synthesis might be advantageous to the cells
under growth conditions showing variable turn-
over activities. This would permit the cells to
respond rapidly, at the wall assembly level, to
variations in the rate of peptidoglycan synthesis
as a result of a varying autolysin activity and
ensure the complete filling ofpeptidoglycan with
anionic polymers under all circumstances.
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