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The growth rate of individual cells of Bacillus subtilis (doubling time, 120 min) has been calculated by using
a modification of the Collins-Richmond principle which allows the growth rate of mononucleate, binucleate,
and septate cells to be calculated separately. The standard Collins-Richmond equation represents a weighted
average of the growth rate calculated from these three major classes. Both approaches strongly suggest that the
rate of length extension is exponential. By preparing critical-point-dried cells, in which major features of the
cell such as nucleoids and cross-walls can be seen, it has also been possible to examine whether nucleoid
extension is coupled to length extension. Growth rates for nucleoid movement are parallel to those of total
length extension, except possibly in the case of septate cells. Furthermore, by calculating the growth rate of
various portions of the cell surface, it appears likely that the limits of the site of cylindrical envelope assembly
lie between the distal tips of the nucleoid; the old poles show zero growth rate. Coupling of nucleoid extension
with increase of cell length is envisaged as occurring through an exponentially increasing number of
DNA-surface attachment sites occupying most of the available surface.

For 20 years the replicon hypothesis (22) has continued to
provide a framework for understanding bacterial growth and
division. The central feature of the hypothesis is that the
replicated daughter chromosomes, attached to the mem-
brane, would be segregated by zonal insertion of newly
synthesized membrane between the points of attachment.
Coordination of growth and division would therefore be
mediated by the membrane, with the position of the chro-
mosome occupying a critical role in determining the site of
growth (22, 27, 34, 43, 47, 48).

Zonal growth of the wall has been clearly demonstrated in
streptococci, where raised wall bands mark the junction
between old and new wall (19). In bacilli the position is less
clear, and evidence for both zonal (7, 21) and diffuse (11, 35)
growth has been reported. Although wall bands marking the
limit of septal and cylindrical wall have been reported in
Bacillus subtilis (4), there are no known external markers for
delimiting the cylindrical growth site. A recurrent problem in
the study of bacilli is therefore the difficulty of determining
the number and extent of sites of cylindrical envelope
assembly.

Autoradiographic studies with light microscopy have sug-
gested the existence of large "segregation units" in the walls
of B. subtilis (50, 51). The number of these units apparently
increases with the richness of the medium, although the
resolution of the technique did not permit the number of
segregation units generated per growth zone or the location
and size of each zone to be determined. However, others
(27) have interpreted the data to mean only that completed
poles are conserved, not that there is zonal insertion of new
wall. Present conceptions of wall assembly in bacilli suggest
that the surface enlarges by a process of inside-to-outside
growth, thus conferring some degree of mobility upon na-
scent wall constituents (1, 24, 41, 42). Lateral movement
(spreading) of newly synthesized wall also probably occurs,
so that the point of insertion does not match the site where
the layer of wall ultimately reaches the surface (41, 42). Such
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a process would clearly constrain attempts to label the
surface and observe a segregation pattern.
The mechanisms of surface extension also have conse-

quences which bear directly upon the kinetics of growth of
the individual cell. For example, if growth were linear and
new wall was inserted at a particular time in the cycle, an
abrupt increase in the rate of length extension would be
observed, corresponding to a duplication of growth zones.
Several formal models for envelope assembly, invoking
bilinear or exponential kinetics for length extension or
surface area expansion, have been described (26, 28, 32, 36,
38, 40, 44, 47, 48). Although growth between divisions is
thought to be continuous, it is not known how the rate of
extension may change with time. We have reviewed some of
the approaches used to determine the growth kinetics of
individual cells (5) and concluded that methods like that of
Collins and Richmond (8), which calculate the rate of growth
as a function of cell size, afford the most powerful method of
distinguishing one growth pattern from another. Our modi-
fication of this approach also allows the growth rate to be
calculated for mononucleate, binucleate, and septate cells
(5).

In the present study we have addressed three aspects of
bacterial growth and division. (i) Does the rate of length
extension vary in the cell cycle, (ii) can the rate of growth of
the nucleoid be correlated with the growth rate of the cell,
and (iii) can the limits of the cylindrical growth zone be
determined?

MATERIALS AND METHODS
Bacterial strain and growth conditions. B. subtilis 168/S (4,

46, 47), which is able to grow on succinate as a sole carbon
source, was grown at 35°C in minimal medium (47) with 0.5%
glucose for six generations and then transferred to medium
containing 0.4% sodium succinate. Cultures were inoculated
from a single colony and periodically subcultured over 3
days to maintain an absorbancy at 600 nm of <0.3.

Electron microscopy. (i) Fixation and embedding. Samples
(5 to 10 ml) were prefixed with formaldehyde-glutaraldehyde

219



220 BURDETT ET AL.

a

b ~ ~~..

FIG. 1. Electron micrographs of longitudinal thin sections of B. subtilis. (a) Early binucleate cell with divided nucleoid (n) and central
mesosome (m); this cell corresponds to stage 3 or binucleate 1 in Fig. 3. (b) Initiation of cross wall with separated nucleoids (n); note the
slightly increased diameter near the cross wall and at distal poles. Bars, 0.5 p.m.

or with OS04 as previously described (3, 4). After enrobing
with 2% agar, pellets (<1 mm3) were postfixed overnight in
1% OS04 (23), washed for 2 h in 0.5% uranyl acetate (23),
dehydrated in ethanol, and embedded in Epon. Sections
were cut with a diamond knife and picked up onto copper-
rhodium grids covered with a carbon film. Sections were

stained with uranyl acetate and lead citrate.
(ii) CPD. Samples (5 to 10 ml) were prefixed with 0.1%

OS04 (23) for 10 min and then suspended in 1% OS04 for 60
min at room temperature. After samples were washed in
sterile distilled water by centrifugation, droplets (about 50
RI1) were deposited for 30 min onto grids covered with a

carbon-Formvar film held between clamped forceps. The
grids were previously floated, face down, for 5 min onto
drops of 1% Alcian blue on sheets of dental wax and then
washed in two changes of distilled water to provide a

positively charged surface (39). The grids were used within
30 min of preparation. Individual grids were then mounted in
distilled water in a grid holder supplied with a Polaron
critical-point-drying (CPD) unit (Polaron Equipment,
Watford, United Kingdom) and then dehydrated in ethanol
by the following regime: 50% (1 h), 70% (1 h), 90% (1 h), and
absolute ethanol three times (overnight). After the last
ethanol wash, the grid holder was placed in the CPD unit and
flushed three times with liquid CO2 over a 1-h period (58).

(iii) Agar filtration. Parallel samples (1 to 2 ml) were also
prefixed with 0.3% paraformaldehyde-0.1% glutaraldehyde
and prepared for agar filtration (2, 58). Prefixation with
aldehyde, rather than OS04, was found to be necessary to
avoid distortion and plasmolysis of cells upon air drying.

All specimens were examined in a JEOL 100 CX electron
microscope at 60 kV; the microscope was fitted with a
high-resolution tilting stage. CPD-prepared samples were
initially examined with minimum illumination to avoid speci-
ment distortion. The magnification was calibrated with the
replica of a diffraction grating (2,160 lines per mm; Agar
Aids, Bishop's Stortford, United Kingdom).
Measurements of cell size. Linear measurements of profiles

of cells prepared by CPD or agar filtration were traced onto
a graphics tablet interfaced to a PDP 11 minicomputer or to
an Apple II microcomputer. The methods, assumptions, and
accuracy of the technique have been described previously
(3, 4).

Statistical analysis. Basic statistics concerning the size
distributions of cell profiles obtained by electron microscopy
were calculated with a DEC 2060 computer. Additional
analyses were obtained with an Apple II microcomputer.
Comparisons of size distributions were made by using the

two-sample Kolmogorov-Smirnov nonparametric test (52).
This test contrasts the maximum difference (Dmax) in cumu-
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FIG. 2. Electron micrograph of a portion of a field of CPD cells of B. subtilis. Nucleoid (n) is visible as a vacuole containing coagulated
fibrils; a mesosome (m) is an empty vacuole. Numbers point to cells corresponding to stages identified in Fig. 3, but not all stages are present
in this field. Bar, 1 ,um.

lative frequency between the two distributions with critical
values (Dcrt) tabled according to sample size. If Dmax is less
than Dcrt, the difference between the distributions is not
statistically significant at the chosen level of the test (usually
aL = 0.05).
The method of growth rate calculation was an extension of

the method of Collins and Richmond (8; T. B. L. Kirkwood
and I. D. J. Burdett, manuscript in preparation). See Appen-
dix for growth rate calculations.

RESULTS
Verification of steady-state growth. Our method of analy-

sis, like that of Collins and Richmond (8), depends upon
obtaining a stable length distribution. Tests for deviation
from steady-state growth were made by comparison of
length distributions by using the nonparametric Kolmo-
gorov-Smimov test (52) with a probability level of a = 0.05.
Three samples for electron microscopy were taken on day 3
of growth at 35°C; the second and third samples were
harvested 55 and 85 min after the first sample. Because cells
might be lost during the mounting procedure for CPD, thus
yielding an unrepresentative sample, analyses of length
distribution were also made with agar-filtered samples not
subjected to centrifugation or washing. Comparison of the
cumulative frequencies of the three samples, comprising
779, 631, and 746 cells, respectively, showed that in no case
was the maximum deviation (Dmax = 0.037 to 0.050) between
samples greater than the calculated critical difference (Dcnt
= 0.0697 to 0.0736) at a = 0.05.
CPD samples were also compared in this way. Values for

Dmax (0.032 to 0.0555) again did not exceed Dcrt (0.06705 to
0.075) at a = 0.05. A total of 2,097 CPD cells were measured,
composed of 863, 546, and 688 cells for each sample. Tilting
the specimens over angles of + 10 to 400 showed that the
majority of cells were apparently lying flat upon the grid.

Application of the Kolmogorov-Smirnov test therefore
showed that there were no significant differences in the

measured distributions over time, and histograms of the
different samples showed that they were sufficiently similar
to be regarded as a single distribution. However, the average
length ± the standard deviation of CPD cells (1.38 + 0.36
,um) was approximately 25% shorter than that of air-dried,
agar-filtered cells (1.84 ± 0.46 lxm), as reported for Esche-
richia coli (58). The cumulative frequencies of CPD and
agar-filtered cells were therefore compared, after normaliza-
tion, by using the Kolmogorov-Smirnov test at a = 0.05;
Dmax (0.036) was less than D,,t (0.0411). Therefore, although
reduced in length, the shape of the distribution of cell length
in CPD samples was comparable to that of air-dried cells.
The implications of this finding are that the size distribution
obtained from CPD preparations contains all representative
classes of cells and that the amount of shrinkage is the same
for all cells.
The doubling time (TD) of the culture, as measured by the

increase in absorbancy at 600 nm, was 120.08 ± 2.16 min
(mean ± standard deviation). The specific growth rate (k)
was 0.0058 ± 0.0001 doubling times per min.
Morphology of sectioned cells. A simulated sequence of

events comprising the division cycle was first reconstructed
from 276 median, longitudinal sections of cells prefixed with
aldehydes and OSO4. Among the smaller, nonseptate cells
the nucleoid appeared as a centrally located bundle of fine
fibrils. Occasionally the nucleoid was associated with a polar
mesosome. Nucleoid morphology altered to a pronounced
dumbbell shape in larger cells. Where two lobes of the
nucleoid were present, but no cross wall, a centrally located
mesosome was often observed (Fig. la).
Septum formation was essentially similar to that described

for strain 168/S grown in glucose minimal medium (4), where
septal closure was preceded by cross-wall separation. Stages
of cross wall initiation were often marked by slight reduc-
tions in diameter along the cylindrical portion of the cell
(Fig. 1B) in sections judged by criteria as diagnostic of
median sections (4, 19), i.e., a fully tribanded wall. The base
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Measurements from CPD cells. Measurements of features
in CPD cells were obtained from the locations shown in Fig.
4. All measurements were made with respect to the mea-
sured center of the cell and, where necessary, added to-
gether to yield the total length of the feature. In dividing
cells, the limit of nascent polar wall (e in Fig. 4) was
established by placing a straightedge at the junction of the
curved polar surface and the cylindrical portion of the cell,
i.e., at the site of wall bands (4, 6). The segment c marked
the distance between the proximal ends of the nucleoid and
the presumptive wall bands (Fig. 4). The old poles (g in Fig.
4) also included a portion of the cylindrical surface, because
the visible limits of the nucleoids rarely extended to the
junction of pole and cylinder.
Some aspects of the growth pattern could be recon-

structed by plotting the mean values (Table 1) of the features
shown in Fig. 4 as functions of average cell length of the
seven classes identified in Fig. 3. For example, the old poles
(g in Fig. 5) did not grow in length, whereas the nascent
poles (e in Fig. 5) attained their maximal length gradually
(Fig. 5). The total distance between the distal ends of the
nucleoid (a in Fig. 5) was linear with respect to cell length,
with a slope of 1.0, suggesting that nucleoid extension,
including the contribution of c (Fig. 5), kept pace with cell
elongation. Subtraction of the size of nascent poles (i.e., a -

(~zzz .Y. )zzf/§zj72> Separating Cells

FIG. 3. Diagram showing main categories of cells identified in
CPD preparations. The nucleoid is shown as cross-hatched, and the
mesosome is shown as an opaque dot; the shapes of the cells are
purely diagrammatic.

of the cross wall and the distal poles therefore appeared of
slightly greater diameter than the cylinder (Fig. lb). A very
similar sequence was found in material fixed solely by OS04.
Morphology of CPD cells. The object of preparing speci-

mens by CPD was to obtain cells transparent to electrons,
where the principal stages of the cycle, as described above,
could be scored and measured in substantial numbers (Fig.
2). Organisms fixed with aldehydes and a small proportion of
Os04-fixed cells prepared by CPD were relatively opaque to
electrons. In well-spread preparations fixed with 1% OS04,
stages of the cycle identified in sectioned organisms were
seen and classified into seven distinct categories (Fig. 3).
The micrographs were scored independently by two of us;
the few discrepant cells which arose were resolved by
consensus. The most difficult stages to identify were
binucleate, nonseptate cells (Fig. 3) and some cells initiating
a cross wall. Many of the cells placed in the latter category
showed the same variation in diameter as seen in sectioned
cells (Fig. 1B).

Coagulated strands were seen in the nucleoids, in contrast
to the fine strands observed in sectioned organisms. How-
ever, the profiles of nucleoids seen in CPD cells were
comparable to those seen in sections. Mesosomes (Fig. 2)
were present as small vacuoles. Although currently regarded
as organelles of doubtful status, their location appeared to
vary in a systematic way, as described by Highton (20). A
centrally located mesosome was observed in association
with a nearly separated nucleoid, i.e., binucleate 1 cells (Fig.
3). Thereafter, mesosomes appeared to be confined to the
developing cross wall (Fig. 3) or to one pole of mononucleate
cells (Fig. 3).
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FIG. 4. Diagram showing locations where measurements were
taken ofCPD cells. L, Total length of cell; a, distance between distal
tips of nucleoids; n, length of individual nucleoids; g, length of distal
(old) poles; e, length of nascent poles; c, distance between limit of
nucleoid and junction with nascent polar wall. For nonseptate cells
(upper diagram), a is the total length of nucleoid and c and e are
absent.
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TABLE 1. Mean values for cell length and nucleoid lengths in B. subtilis, measured from CPD preparationsa

No.of~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Category Nof L ± SD (CV) N SD (CV)cells

Mononucleate 536 0.98 ± 0.19 (0.19) 0.51 ± 0.14 (0.27)
Chromosome segregation 243 1.21 ± 0.16 (0.13) 0.73 ± 0.14 (0.19)
Binucleate 1 327 1.24 ± 0.18 (0.15) 0.76 ± 0.16 (0.21)
Binucleate 2 245 1.36 ± 0.18 (0.13) 0.89 ± 0.13 (0.14)
Cross-wall initiation 340 1.55 ± 0.27 (0.18) 1.05 ± 0.24 (0.23)
Midseparating 331 1.73 ± 0.29 (0.17) 1.13 ± 0.26 (0.23)
Cross-wall separation 75 1.97 + 0.34 (0.17) 1.20 ± 0.34 (0.28)

a L, Average cell length; N, average distance between distal ends of nucleoids, i.e., (a - 2e; Fig. 4); CV, coefficient of variation.

2e) showed that the relationship became nonlinear as
septation progressed. The fraction of cylindrical wall (c in
Fig. 5) lying adjacent to the nascent poles also appeared to
increase in length, although the slope of the line was not as
steep as that relating nucleoid length (n in Fig. 5) to mean cell
length. The mean lengths of individual nucleoids (n in Fig. 5)
after segregation were actually slightly smaller than ex-
pected by assuming equal division of the nucleoid into two
halves. This suggests that, on separation, the daughter
nucleoids round up slightly (elastic recoil?) and then gradu-
ally enlarge (Fig. 5).

Rate of length extension. The essentially geometric rela-
tionships shown in Fig. 5 did not provide a measurement of
the rate of growth or reveal the underlying pattern. The
calculated rate of length extension plotted as a function of
cell length is shown in Fig. 6 for mononucleate, binucleate,
and septate cells, from equations described in the Appendix.
The inset to Fig. 6 emphasizes the differences obtained when
the rate of growth (linear, bilinear, or exponential) was
plotted as a function of cell size in the ideal or canonical form
(25). The shapes of the curves relating the calculated rate of
length extension to cell length were neither linear nor
bilinear, but most closely resembled an exponential mode of
increase (Fig. 6). Although the rate of extension increased
with cell length, there was also overlap between the size
classes, e.g., the larger mononucleate cells extended into the
lower size range of binucleate cells. Also shown in Fig. 6 is
the rate calculation with the Collins-Richmond (8) equation,
based on the frequency distribution of newborn, dividing,
and extant cells, which coincided with the rates of extension
for smaller mononucleate and larger septate cells. The
remaining portion of the Collins-Richmond curve, represent-
ing the bulk of the population, was also nearer to an
exponential rate of increase and represented an averaging of
the growth rate obtained when mononucleate, binucleate,
and septate classes were considered separately (Fig. 6). The
old poles (g in Fig. 4) showed zero growth rate (data not
shown).
The rates of length extension showed no evidence of a

bilinear increase, although such a growth pattern has been
proposed for both B. subtilis and E. coli (43, 44, 47). We
therefore examined whether it was possible to obtain bilinear
growth by modifying the distribution of cell size, in particu-
lar those of cells undergoing chromosome segregation or
cross-wall initiation. If a bilinear growth pattern was present
and was correlated with a doubling in the number of zones of
envelope assembly, it is at these points that the postulated
time of duplication is most likely to occur. Since these points
were also the hardest to score precisely from the electron
micrographs, the possibility was considered whether the
distributions of cell lengths for these two categories of cells
were too broad (see Appendix). Accordingly, the standard
deviations of the length distributions of cells in these two
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FIG. 5. Relationship between average values (ordinate) of mea-
sured variables (a, n, g, c, e; see Fig. 4) and mean cell length
(abscissa) corresponding to classes of cells shown in Fig. 3. Note
that total distance, a, between nucleoids has a slope of 1.0, whereas
there is a decline in this relationship when the contribution of
nascent poles is omitted, i.e., a - 2e. At nucleoid segregation
(dashed line connecting a to n), there is slight reduction in average
nucleoid size which is only restored to mononucleate size at cell
separation. The old, distal poles (g) show no increase in size with
increase of average cell length, i.e., the slope is not significantly
different from zero. Cylindrical walls (c) between nucleoids and
nascent poles continue to increase in size after the binucleate 2
stage; nascent poles (e) are produced at the midseparating stage
(stage 6 in Fig. 3).
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FIG. 6. Rate of growth of cell length as a function of cell length for mononucleate, binucleate, and septate cells. (a) Standard deviations

without redu,ction, showing mononucleate (0), binucleate (U),'and septate (A) cell lengths. Also shown is the growth rate for length (+)
calculated according to the Collins-Richmond equation (8), which closely follows the lower region of mononucleate cells and the upper region
of septate cells. The inset emphasizes the differences between exponential, bilinear,'and linear rates of extension as functions of cell length
in an idealized case. (b) Standard deviations'of chromosome-segregating and cross-wall-initiating cells, both reduced x0.75. Symbols as
in a. Note close similarity to graph shown in a. The data were not subjected to smoothing, and the upper and lower 2.5% of the distributions
were omitted because calculations near the tails of the frequency distribution are subject to large statistical variation. The mean lengths of
newborn (4b) and separating (Td) cells are indicated.
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FIG. 7. Rate of growth of nucleoid distance (a - 2e [Fig. 4]) as a function of cell length for mononucleate (0), binucleate (O), and septate
(A) cells. Also shown is the rate of nucleoid extension (x) calculated by means of the Collins-Richmond equation (8). The dashed lines
represent curves taken from Fig. 6a to emphasize that the rates of length extension of mononucleate (M), binucleate (B), and septate (S) cells
are essentially parallel to the rates of nucleoid extension.

categories were reduced by a factor that varied from 0.9 to
0.75, while keeping the means constant. No major change in
the growth pattern was observed (Fig. 6).

Rate of nucleoid extension. Shown in Fig. 7 are results for
the rate of nucleoid extension plotted as a function of
nucleoid length (i.e., a - 2e in Fig. 4). For mononucleate and
binucleate classes the slopes of the rates of cell length
extension were approximately parallel to those of nucleoid
extension (Fig. 7). The rates for nucleoid extension were
approximately exponential and showed no evidence of a
linear or bilinear pattern. No straightforward statistical
comparison could be made, because the values do not
represent independent observations. Only among the septate
cells was there any obvious nonparallelism (Fig. 7). Also
shown in Fig. 7 is the rate of nucleoid extension calculated
by means of the Collins-Richmond equation (8). Adjustment
of the standard deviation by the method described above did
not lead to any major change in growth rate (data not
shown).

DISCUSSION
Duration of cell cycle events. The numbers of cells in each

of the three classes, mononucleate, binucleate, and septate
(Table 1), can be used to calculate the approximate timing of
some events in the cell cycle by means of the theoretical age
distribution (9). Thus, nucleoid segregation occurs at about
70 min (0.59 generation) before cell separation, whereas
septation is initiated at about 58 min (0.48 generation) before
septation. Splitting of the cross wall occupies about 36 min
(0.3 generation). Values for the total septation time derived

from agar-filtered cells gave a value of 32 min, suggesting
that the CPD preparations do not yield unrealistic esti-
mates.
The data do not, of course, yield estimates of the time

required (C period; 10) for chromosome replication. C values
of 45 min (36) and 53 min (14) have been reported, but the C
period may be greatly extended in thymine-requiring strains
of B. subtilis cultured at low growth rates (14). From shift-up
experiments with strain 168/S, the C period may be about
180 min in succinate-grown cultures (46). Chromosome
replication therefore extends over two cycles. The morpho-
logical criteria used to classify cells as mononucleate or
binucleate are made without reference to genome content.
Thus, at birth, a cell contains a partially replicated chromo-
some. Segregation of the nucleoid in midcycle (Fig. 3 and 6)
has also been reported by Sargent (47), although the appear-
ance of nucleoids in OS04- or aldehyde-fixed cells differs
markedly from that of those in heat-fixed, Giemsa-stained
preparations (47). Recent studies of the shape of the nucleoid
in E. coli B/rH266 (TD, 21 min) have shown that very similar
images can be obtained from OS04- or glutaraldehyde-0s04-
fixed material when compared with living cells visualized by
confocal scanning light microscopy (54).

In addition, we have visualized nucleoids in living cells of
B. subtilis exposed to the DNA-specific dye DAPI (unpub-
lished observations); the nucleoids are very similar in shape
to those reported here in CPD preparations. Hariharan et al.
(17) have also shown that nucleoids of a temperature-
sensitive DNA initiation mutant adopt a doublet shape after
one or two rounds of replication are allowed to go to
completion. They emphasize that their observations are
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consistent with a gradual pulling apart of a single mass of
DNA into two lobes. Although these observations, and our
own, are not consistent with the abrupt separation of
nucleoids seen in heat-fixed cells (47), all reports agree that
ultimately the daughter nucleoids do come to occupy definite
sites in the cell.

Kinetics of growth. The results shown in Fig. 6 show no
evidence of linear or bilinear rates of length extension but
are more consistent with an exponential pattern of increase.
Among the larger binucleate and septate cells, however,
there appears to be a significant deviation from a strictly
exponential curve proportional to cell size. This type of
"accelerated" exponential growth in length has also been
reported by Errington et al. (15) and in Bacillus cereus (8) as
well as several strains of E. coli (F. J. Trueba, thesis,
University of Amsterdam, 1981). A variety of methods
applied to analyzing the growth of individual cells, ranging
from comparison with theoretical distributions (26, 28, 32;
W. J. Voorn, thesis, University of Amsterdam, 1983) to
applications of the Collins-Richmond principle (18, 29, 38),
appear to agree that elongation of rod-shaped bacteria is
exponential. Kubitschek (39), using a cylinder with hemi-
spherical caps as an approximation to cell shape, has shown
that in E. coli length extension may be exponential, but
surface area and volume may increase bilinearly owing to
fluctuations in diameter (53). Autoradiographic studies of E.
coli (13) and Myxococcus xanthus (59) have shown that there
is an exponential increase in the macromolecular mass of
individual cells. The density of E. coli, at any particular
growth rate, also appears to be essentially constant (25, 31,
57), so that bilinear growth in volume (30) might arise solely
from fluctuations in diameter rather than by variation in
factors contributing to cell mass, such as the protein content
of the cell. There does not appear to be any significant
change in diameter with increase of length in B. subtilis (2,
53), suggesting that surface area and volume might also
increase exponentially. However, cell shape can'be only
approximately simulated by a cylinder with hemispherical
caps (6), so that growth in area or volume might occur by
kinetics different to those of increase in length.
To aid interpretation of the results, cell length is shown

plotted as a function of time in Fig. 8, from calculations with
the Collins-Richmond equation. Again, the results are con-
sistent with'exponential growth. The growth rate V(l) calcu-
lated by the Collins-Richmond equation suggests that all
cells of size 1 grow at the rate V. Clearly, when the sample is
further classified, as reported here, the rate V(l) is an average
of the distribution of rates for all cells of size 1.

In common with studies of E. coli (29) the present results
show that length at particular events of the cell cycle is
subject to appreciable variation. This feature, in turn, raises
two problems: first, how to describe accurately the growth of
the "average" cell, and, second, the implication that, were
changes in growth rate to occur, the transition point would
not occur at a unique size but would be characterized by a
defined mean and coefficient of variation. Therefore, appli-
cation of the Collins-Richmond equation would tend to blur
sharp changes in growth rate unless the sample can be
subdivided in some way. Even when this approach is used,
there can be significant overlap between the three major
categories into which cells were placed in the present study
(Fig. 6). Thus, mononucleate cells of length >1.0 ,m appar-
ently grow at a rate that is different from that'of a binucleate
cell of the same size. Conversely, cells of different lengths
and stages of the cycle may be growing at the same rate. In
Fig. 8 the growth of mononucleate, binucleate, and septate

cells is shown in relation to time, using the mean size of
newborn and separating cells as reference points. For the
binucleate cells, the mean size at chromosome segregation
(1.21 ,um) was placed at 70 min before cell separation, as
determined from the theoretical age distribution. Growth is
again seen to resemble most closely an exponential pattern;
although the classes overlap, the trend is very similar to that
determined with the Collins-Richmond equation.

Nucleoid segregation in relation to growth. Our data
strongly suggest that extension of the nucleoid is closely
paralleled by cell length extension. Only among the septate
cells is there deviation from this pattern (Fig. 7), presumably
because there is a slight reduction in length of daughter
nucleoids immediately after segregation (Fig. 5). Unlike the
prediction of the original replicon hypothesis (22), segrega-
tion does not therefore appear to occur at termination but
proceeds continuously (36, 56). Although nucleoid distance
has been measured, the evident coincidence of cell extension
and nucleoid migration must presumably reflect the under-
lying coupling of both processes. It is also clear that the
distal poles (g in Fig. 5) show no appreciable growth, in
agreement with measurements of pole dimensions (6) and the
limited amount of wall turnover detected in older poles (35).
The implication of this observation is that the extent of the
cylindrical growth "zone" lies between the distal tips of the
nucleoids, excluding the contribution of nascent poles, i.e.,
a - 2e in Fig. 4 and 5 (18). The older poles may also include
a portion of the cylindrical wall, because the nucleoids do
not always appear to extend to the presumed junction of
polar and cylindrical wall (Fig. 4). These distal tips could
possibly be equivalent to the "polar sheaths" detected by
autoradiography (51) or immunofluorescence (7). Production
of minicells without DNA (45) may also occur at this location
and perhaps also at the subterminal swellings reported in
dnaB mutants of B. subtilis held at the restrictive tempera-
ture (55).
However, the rate calculations, both for nucleoid and

length extension, as discussed above, also show that the
growth rate of mononucleate cells may in some cases be
greater than that of binucleate cells of the same length. This
observation poses a number of difficulties in accepting the
conclusion that nucleoid extension is truly coupled to length
extension. There are several possible causes from which this
difficulty in interpretation might arise. The first concerns the
stochastic variation in the length at which chromosome
segregation occurs; the coefficient of variation was about
13% (Table 1). The second aspect may involve a more subtle
modulation in growth pattern concerned with the entry of
cells into the septation sequence. The rate of nucleoid
extension in scptate cells (Fig. 7) does not exactly parallel
the rate of length extension. One possibility, therefore, is
that the rate of nucleoid and cell extension is greatest at
stages preceding and including chromosome segregation but
gradually declines when the cells are fully binucleate. As
shown in Fig. 5, when the mean values for nucleoid length (a
- 2e in Fig. 4) are plotted as a function of mean cell length,
the relationship becomes nonlinear among septate classes,
showing a pronounced decline. At this stage, that portion of
the cylindrical wall (c in Fig. 4) adjacent to the developing
poles (e in Fig. 4) is also increasing with cell length. Thus, in
spite of contributions to growth from locations c and n, the
total rate of nucleoid (a - 2e in Fig. 4) extension is actually
decreasing during septation. The possibility therefore exists
that growth is maximal in mononucleate and binucleate cells,
where nucleoid extension is most evidently coupled to length
extension but actually decreases during septation. The
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FIG. 8. (a) Relationship of cell length to time determined by the Collins-Richmond equation and data shown in Fig. 6. Length (+) is

exponential, as is growth of nucleoid distance (x), i.e., (a - 2e); both lines are parallel. (b) Growth with respect to time of mononucleate (0),
binucleate (U), and septate (A) cells, using the mean length of newborn (Lb) and separating (Ed) cells to mark the start and end of the cycle.
Events of the cycle indicated include nuclear segregation, cross-wall initiation, and cross-wall separation determined from the theoretical age

distribution (see the text).

marked "acceleratedly exponential" pattern of length exten-
sion (Fig. 6) would then concern only those organisms larger
than the mean size at septation.

Exponential growth kinetics tend to be interpreted in
terms of diffuse growth over the cell surface, in contrast to
linear growth arising from addition of nascent wall at a
constant rate to an annular growth zone (37). More difficult
to distinguish is growth from an exponentially increasing
series of growth sites or one site operating at an increasing,
exponential rate. However, if our results do indeed reveal
coordinate growth of surface and nucleoid, then the growth
pattern of the nucleoid (Fig. 7) is more easily interpretable as
an exponentially increasing number of attachment points of
nucleoids to envelope (12, 33, 34, 49). Presumably, there-
fore, the number of wall biosynthetic sites is increasing in
the same manner.

Schlaeppi and Karamata (50) obtained evidence for the
cosegregation of wall and DNA in B. subtilis. After several
generations, old wall apparently segregates into several

units, and the number of segregation units may be deter-
mined by the frequency of initiation of chromosome replica-
tion. In contrast, similar autoradiographic studies of B.
subtilis by Mobley et al. (35) suggested that, apart from the
old poles, no part of the cell surface conserves label and that
chase periods exceeding 3 to 3.5 generations may not be
reliable because the label is not then incorporated quantita-
tively. In streptococci, termination of chromosome replica-
tion is necessary for completion of division processes such
as septation, but initiation of a growth site is not apparently
correlated with inauguration of chromosome replication.
Instead, a fixed volume of wall is generated per growth site,
independent of the doubling time (16).

In conclusion, we envisage that length extension in B.
subtilis occurs exponentially and that classification of the
cells into mononucleate, binucleate, and septate offers a

sensitive way in which to test for possible changes of growth
rate. At no stage of the cycle is there any conspicuous
change in growth rate. The portion of the cell lying between
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the distal edges of the nucleoid, but excluding the nascent
poles, may represent the cylindrical surface. Growth of this
presumed cylindrical site occurs at the same rate as length
extension of the cell.

APPENDIX
Here we give an outline of the derivation of the equations used to

calculate the growth rate of mononucleate, binucleate, and septate
cells. A more complete description will be published elsewhere
(Kirkwood and Burdett, in preparation).

Consider a population of cells in exponential growth, maintained
in a steady state with specific growth rate k. If the total number of
cells at some time t = 0 is No, the number at time t is Noe". Suppose
that the cells can be divided into three distinct subclasses as (i)
mononucleate, (ii) binucleate, and (iii) septate, and let the numbers
of cells in each class at time t = 0 be MO, Bo, and SO, respectively,
so that No = Mo + Bo + SO. Because growth is in a steady state, the
corresponding numbers of mononucleate, binucleate, and septate
cells at time t will be Moekt, Boe", and Soekt, respectively. MO, Bo,
and So thus determine the proportions of the total population that
belong to each class at any given time.

Let AM(l, XB(O, and As(l) denote the frequency distributions of cell
lengths (1) within the three classes. Then the overall distribution of
length in the population is

Mom(I) + BoB(l) + SoKS(t) (Al)
MO+ Bo + So

Also, let 4(0) be the frequency distribution of lengths of dividing
cells, +(l) be the frequency distribution of lengths of newborn cells,
0(l) be the frequency distribution of lengths of cells at the time of
chromosome segregation (i.e., transfer from classM to class B), and
x(l) be the frequency distribution of the lengths of cells at the time of
cross wall initiation (i.e., transfer from class B to class S).

Following the approach of Collins and Richmond (8, 18), we
calculate the growth rates of cells by considering their entry into and
exit from the B, M, and S subclasses, subject to the constraint of
steady-state growth.
Mononucleate cells. Consider the set of mononucleate cells with

lengths in the range (I to oo) for some length 1> 0. The number of
cells in this set is

co

Moe' f XM(x)dx

and the rate of increase in this number is

kMoe" f XM(x)dx

This rate of increase is made up of three terms: the rate at which
shorter mononucleate cells grow into the range (1, oo), the rate at
which new cells are born into the range (1, oc), and the rate at which
mononucleate cells transfer into the binucleate class by undergoing
chromosome segregation. The first two of these terms are positive,
whereas the third is negative. Formally, the equation can be
represented as

kMoekt f xM(x)dx = MoetkVM(O) XM() +

2kNoek"t f (x)dx - rMBMOek' f (x)dx (A2)

where Vm(l) is the rate of growth (i.e., length extension) of
mononucleate cells of length I and rMB is the overall rate at which
mononucleate cells become binucleate.

Binucleate cells. Similarly, the rate of increase in the number of
binucleate cells can be represented as the combined result of the rate
at which shorter binucleate cells grow into the range (Ito 00), the rate

at which mononucleate cells become binucleate (now a positive
term), and the rate at which binucleate cells transfer into the septate
class by initiating the formation of cross wall (negative term). This
gives

kBoekkt XB(x)d = BoekdVB(1 XB(Q +

rMBMOekt O(x)dx - rBsBoe X(x)dx (A3)

where VB(b) is the rate of growth of binucleate cells of length 1, and
rBs is the overall rate at which binucleate cells become septate.

Septate cells. For the septate cells the rate of increase in the
number of cells in the length range (I to oo) is made up of the rate at
which shorter septate cells grow into the range (I to 00), the rate at
which binucleate cells become septate (now a positive term), and the
rate at which septate cells undergo division (negative term). This
gives

kSoek' j XS(x)dx = SOekAVS() As() +

rBsBoek' j x(x)dx - kNoe" 4)(x)dx (A4)

where V1(S) is the rate of growth of septate cells of length 1.
The rate constants rMB and rBs can be determined by taking the

value of I to be 0 in equations A2 and A4. Since the integrals from 0
to oo of each of the frequency distributions are 1, and since XM(O) =
Xs(O) = 0 (as there can be no cells of 0 length), the equations reduce
to kMoek = 2kNoekf - rMBMOe" and kSoek = rBsBoe t -kNoekt.
Rearranging these equations and cancelling through by ell gives rMB
= k(No + Bo + So)/MO and rBs = k(No + SO)/SO.
The rates of growth VM(1), VB(O), and VI(O) of mononucleate,

binucleate, and septate cells of length I can then be determined from
equations (A2), (A3), and (A4) as

V(l) = [kMo f XM(x)dx - 2kNo f 4(x)dx +

rMBMO J 0(x)dx] M0XM()

V([) = [kBo f XB(x)dx - rMBMO f 0(x)dx +

rBs f x(x)dx] BoX8(l

V(l) = [kSo j Xs(x)dx - rBSBO X(x)dx +

kNo f 4(x)dxS]s0xN

where rMB and rBs are given as above and the frequency distribu-
tions +, 4s, 0, x.Xm,AM , and Xs are estimated from experimental data
as follows.

Estimation of frequency distributions. As described in the text,
cells were classified from the electron micrographs into seven
categories: mononucleate (M), chromosome segregation (CS),
binucleate 1 (B1), binucleate 2, (B2), cross-wall initiation (CWI),
midseparating (MS), and fully separating cells (FS). The length
distributions within these categories were compiled as histograms.
The problem is to use these data to determine the frequency
distributions o, * 9, , XkM, K8, and Xs.
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In the theory described above, the transitions between the
mononucleate, binucleate, and septate stages of the cell cycle and
the moment of cell division are assumed to be sharply defined. Thus,
at any given moment the number of cells in the population actually
at the transition points should be effectively zero. In practice,
however, there will be many cells so close to the transition points
that it cannot be decided by observation on which side they lie. For
the purposes of computing the cell growth rates it is necessary
that all cells should be allocated to one or another of the
length distributions XM, XE, and XS, and at the same time the cells
near to the transition points should be used to estimate 4), *, 0, and
X.
The procedures adopted for each of the seven cell categories

scored experimentally were as follows. First, for the cells which
were clearly between transition points, i.e., categories M, B1, B2,
and MS, the cells were allocated directly to the appropriate length
distribution km, XI, or XI. For the cells apparently on the point of
cell division (category FS), it was assumed that although this
category comprised cells not exactly at the point of division, but
only very near to it, negligible growth would take place before cell
division was completed. Therefore, the frequency distribution of
whole cell lengths was taken as the estimate for 4), and the frequency
distribution of daughter cell lengths was taken as the estimate for P.
By similar reasoning each of the category FS cells was regarded as
being so close to the point of division that it might equally be
regarded as a single septate cell or as two mononucleate cells. Thus,
one half of the histogram of category FS whole-cell lengths
was allocated to forming the length distribution Xs, and one half
of the histogram of category FS daughter cell lengths was allo-
cated to forming the length distribution XM (by one half of the histo-
gram is meant one half of the number of cells in each length
group).
The remaining two categories of cells (CS and CI) required special

consideration, since the transition points between the mononucleate
and binucleate classes and between the binucleate and septate
classes are less easily defined in terms of features which can be
identified precisely in the electron micrographs. It was likely,
therefore, that the cells scored in categories CS and CI would
include some cells which either had grown a little since passing the
transition point or would grow before reaching it. The frequency
distributions of the CS and CI cells were thus taken as the outside
estimates for 0 and X. As described in the text, narrower estimates
for 0 and X were also considered. For these narrower estimates, it
was assumed that there was an equal likelihood of including cells
which were too long and too short in the categories CS and CI, and
so the reduced width estimates for 0 and X were obtained by
retaining the same mean but reducing the standard deviation of the
length distributions of the CS and CI cells. This was done by using
a log normal distribution fore and X, since the length distributions of
the CS and CI cells were positively skewed and showed a good fit to
this model.

Finally, as with the FS cells it was necessary to allocate the CS
and CI cells to the kM, XE, and Xs distributions. When the frequency
distributions of the CS and CI cells were used directly to estimate 0
and X, this was done by allocating half of the CS histogram to each
of kM and XB and half of the CI histogram to each of XB and Xs. When
a narrower frequency distribution was used, equivalent to assuming
that the shorter CS or CI cells were likely to be before the transition
point and the longer CS or CI cells were likely to be after the
transition point, the shorter CS and CI cells were preferentially
allocated to kM and XB, and the longer CS and CI cells were
preferentially allocated to XE and Xs, respectively. The method used
to carry out this allocation will be described in detail elsewhere
(Kirkwood and Burdett, in preparation); essentially, the allocation is
determined by using the cumulative frequency for the assumed 0 or
X distribution so that, when the likelihood of a cell having reached
the transition point is small, it is correspondingly allocated with
higher probability to the earlier class, and conversely.
Average cell growth. The method we used to calculate the growth

rates of mononucleate, binucleate, and septate cells is an extension
of the standard Collins-Richmond (8) analysis. Its relationship to the
standard method can be seen when equations A2, A3, and A4 are
added together. This gives

kMoekkt f M(x)dx + kBoekkt XB(x)dX +

kSoekkt j s(x)dx = MoektVM(tXM(1) + BoektVB(l)X(l) +

rX -
SOek'tVs(l)Xs(l) + 2kNOekt f 4(x)dx - kNoet j 40(x)dX

The left-hand side of this equation, from equation Al, is simply
0x

kNoek j X(x)dx

and cancelling through by ekt and noting that the standard Collins
and Richmond expression for the growth rate of cells of length I is

V([) = [k j X(x)dx - 2k j i(x)dx +

k j 4(x)dxl X()
we have V(l) = [MOVM(l) + BOVB(t) + SoVs(l)]/No. In other words,
the growth rate obtained from the standard Collins-Richmond anal-
ysis is simply the average growth rate of the mononucleate,
binucleate, and septate cells weighted according to the numbers of
cells in each class.
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