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Cell lengths have been determined at which cell cycle events occur in the slow-
growing Escherichia coli B/r substrains A, K, and F26. The radioautographic
and electron microscope analyses allowed determination of the variation in length
at birth, initiation and termination of DNA replication, and initiation of the
constriction process and of cell separation. In all three substrains the standard
deviation increased between cell birth and initiation of DNA replication. From
there on, the standard deviation remained relatively constant until cell separation.
These observations are consistent with the presence of a deterministic phase
during the cell cycle in which the cell sizes at initiation of DNA replication and

at cell division are correlated.

In a bacterial population growing under
steady-state conditions, cells divide in such a
way that the variation of cell sizes at division
remains relatively small and constant in time
(14). In addition, every newborn cell receives
one of the two replicated daughter chromo-
somes. Because of this apparent precision, the
coordination of DNA replication with respect to
cell elongation and cell division has obtained
special attention in studies on the bacterial cycle
(3, 6). For instance, models have been presented
in which it is assumed that a rod-shaped bacte-
rium like Escherichia coli elongates at a con-
stant rate proportional to a fixed number of
envelope growth zones, which double at a par-
ticular time in the cell cycle (4, 29). The time of
doubling in rate of elongation was supposed to
coincide with initiation (4, 26) or termination (8,
23, 28) of DNA replication. Such a doubling in
the rate of envelope synthesis could induce cell
division a definite time later, for instance, when
the suitable surface-to-volume ratio has been
reached (21, 22). So far, however, experiments
in which volume increase or elongation was mon-
itored after inhibition of DNA synthesis (5, 26)
or after alteration of the replication rate (A.
Zaritsky and C. L. Woldringh, manuscript in
preparation) have failed to reveal a correlation
between cell growth and DNA replication.

A different approach to gain insight into the
possible correlation between a particular event
of the cell cycle and cell division has been pre-
sented by Koch (13). He observed (14) and em-
phasized (13) that cell size at division is regu-
lated in a relatively precise way, the coefficient
of variation in cell size at division being about

half the coefficient of variation in cell age. This
1equires, according to Koch (13), that the point
of control in the cell cycle which determines cell
division must occur with at least the same coef-
ficient of variation with respect to cell size.

We have determined in E. coli the variations
in size of cells engaged in initiation and termi-
nation of DNA replication as well as in initiation
of the cell constriction process. The radioauto-
graphic and electron microscope analyses were
performed on three different substrains of E.
coli B/r in which the above events have been
shown to occur at different times during the
cycle under conditions of slow growth (12, 27).
The results suggest the occurrence of a deter-
ministic phase in the cell cycle in which, after
initiation of chromosome replication, the cells
proceed in an orderly sequence towards division.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The
organisms used were E. coli B/r A (ATCC 12407), E.
coli B/r F26 thy his, obtained from C. E. Helm-
stetter, and E. coli B/r K, obtained from H. Kubit-
schek. They were grown in the minimal medium used
by Helmstetter and Cooper (11) with 0.08% L-alanine
or with a mixture of 0.04% 1.-alanine and 0.04% L-
proline as the carbon source. When grown in the same
medium, the doubling time (1) of E. coli B/r A was
about two-thirds that of E. coli B/r K (see Table 1 in
ref. 27). In experiments with E. coli B/r F26 thy his,
10 pg of thymine and 50 ug of L-histidine were added
per ml. For each experiment, 100 ml of minimal me-
dium was inoculated with bacteria and incubated un-
der aeration by shaking in a water bath at 37°C. After
16 to 20 h of incubation, i.e., after about the tenth
generation, growth was monitored by measuring with
a Gilford spectrophotometer the absorbance at 450 nm
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in samples fixed with 0.3% formaldehyde. In some
experiments, the cell concentration was measured in
a model Zg Coulter Counter equipped with a 30-um
aperture.

Pulse-labeling with [*H]thymidine. When the
absorbance had reached a value of 0.3 to 0.4, 40 ml of
culture was rapidly filtered (Millipore Corp., Bedford,
Mass.; filter diameter, 47 mm; pore size, 0.45 um),
washed with 100 ml of fresh, prewarmed growth me-
dium, and resuspended in 4 ml of the same medium.
Samples of 0.5 ml of this suspension were added to
[PHlthymidine (obtained from the Radiochemical
Centre, Amersham, England; final concentration, 50
uCi/ml, i.e., 0.24 ug/ml) and adenosine (250 ug/ml; ref.
18) and incubated at 37°C for 5% of the doubling time.
The incorporation was stopped by adding 10 volumes
of ice-cold minimal salts medium supplemented with
0.5 mg of thymidine per ml and, subsequently, 1 vol-
ume of ice-cold OsO, (0.1% final concentration). Sam-
ples in which the incorporation was stopped immedi-
ately after adding them to the ["H]thymidine served
as controls for aspecific grains in the radioautograms
(less than 0.2 grain per cell). Finally, the cells were
sedimented by centrifugation at 6,000 X g for 15 min
at 4°C, washed with minimal salts medium supple-
mented with 0.5 mg of thymidine per ml, and resus-
pended in minimal salts medium with 0.1% OsO,.

Agar filtration and radioautography. Agar fil-
tration was carried out as previously described (27).
For radioautography, the plastic film with adhering
bacteria was floated off on distilled water. It was
picked up from below with a glass slide previously
covered with a collodion membrane. The slides were
dipped with a semiautomatic apparatus in Iiford L4
emulsion, diluted with 2 volumes of distilled water, at
32°C (16). Checks were made in the electron micro-
scope to establish the homogeneous distribution of
silver bromide crystals. After an exposure for 2 weeks,
the slides were developed for 7 min in Agfa-Gevaert
developer preceded by 1 min of gold latensification
(17). The radioautograms were transferred to electron
microscope grids, and areas were photographed at
random with a Philips EM 300 electron microscope.

Analysis of radioautograms. The length of cells
was measured, and the overlying grains were counted
from projections of the negatives on a transparent
screen at a final magnification of X12,000. The number
of radioactive cells in each length class was calculated
by a computer (model HP g825) according to the
procedure suggested by Koch (13), which involves a
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Poisson analysis of the distribution of grain counts per
cell. In the total population, a subpopulation with a
low average number of grains characteristic of cells
not synthesizing DNA and a subpopulation with a
higher average number of grains characteristic of cells
synthesizing DNA could be distinguished. From these
two averages and the observed distribution of grain
counts in each length class, the fraction of cells en-
gaged in DNA synthesis was calculated. Details of the
computer program have been published elsewhere
(15).

Symbols. Symbols used for the different parame-
ters of the cell cycle are listed in Table 1.

RESULTS

Comparison of length distributions of
control cells and cells treated for radioau-
tography. Most of the length distributions ob-
tained from untreated control cells (Fig. 1, con-
tinuous line) were found to differ significantly
from those of the radioautograms, as indicated
by the Kolmogorov-Smirnov test (24) applied at
a level of significance of a = 0.10. Application
and development of the emulsion can be as-
sumed to cause aspecific shrinkage or expansion
of the cells in radioautograms, resulting in de-
viations with respect to average cell length from
the control population. Therefore, the lengths of
cells from radioautograms were corrected by
multiplication with the ratio between the aver-
age lengths of the two populations (correction
factor f, in Table 2). After this correction, the
cumulative distributions of radioautographed
cells coincided with those of control cells (Fig.
2A and B). Furthermore, a decrease in the per-
centage of constricted cells was observed when
they had been covered with emulsion for ra-
dioautography. This decrease may be ascribed
to a masking effect by the emulsion, especially
in newly initiated constrictions. This interpre-
tation is supported by the absence of short con-
stricted cells in radioautograms (data not
shown). Because of these possible artifacts, all
subsequent data on cells showing constriction
have been taken from control populations (solid
lines and speckled areas in Fig. 1A and B).

TABLE 1. Symbols used for different parameters of the cell cycle

Symbols for (at event):
Event Freq y Cﬁeq“‘el:;ve
Avg length distribution distributi gn Relative age  Period between
of length
of length
Birth L, ¥ E 4 a,
Initiation of DNA replication L: @ e o} B
Termination of DNA replication L, [ (¢} a } c T
Initiation of cell constriction L.* Y r Qei D
Separation of daughters L, ¢ [ a, } T

2 Not to be confused with the average length of constricted cells (L. in Table 2).
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F1G. 1. Length distributions of E. coli B/r A and K prepared by agar filtration. (A) E. coli B/r A; T = 109
min. (B) E. coli B/r K; r = 100 min. Note the use of different length scales. Speckled area: distribution of
constricted cells in the total population of the control (continuous line; treatment A in Table 2). Hatched
area: distribution of radioactive cells in the population pulse-labeled with [*H]thymidine and subjected to

radioautography (treatment B in Table 2).

For the combined populations, the average
length of separating cells (vertical lines L, in Fig.
2) has been calculated from the average length
of the control population and from its coefficient
of variation (see Table 2) by comparison with
the parameters for theoretical distributions
given by Koch (Table 4 in ref. 13). Almost iden-
tical L, values were obtained when applying the
formula of Harvey et al. (10): L, = L, + 1/2
Lax, where Ly, and Ly, are, respectively, the
minimal and maximal cell lengths observed in
the distribution.

Cumulative distributions of cells which
initiate or terminate DNA replication. The
length distributions of radioactive cells observed
in radioautograms of E. coli B/r A and K are
indicated by the hatched areas in Fig. 1A and B.
It is evident that B/r K cells become radioactive
at a relatively larger length in the cell cycle than
B/r A cells. In Fig. 2A and B, DNA replicating
cells found in the radioautograms have been

plotted as the percentage of radioactive cells per
length class. It can be seen that these percent-
ages increase as a function of cell length from
about 15 to 97% in E. coli B/r A, and from 0 to
95% in strain B/r K. This increase can be con-
sidered to represent the cumulative length dis-
tribution of the population of cells that initiate
DNA replication, whereas the subsequent de-
crease in the percentage of radioactive cells per
length class can be considered to result from
completion of DNA replication. In contrast to
B/r K cells, a second increase was found in B/r
A cells at the end of the cycle (Fig. 2A). We
interpret the radioactivity in these cells as re-
sulting from reinitiation of DNA replication
within the same cycle. These particular cells can
be distinguished in the radioautograms as con-
stricted cells with about twice the number of
grains found for the average radioactive cell.
Therefore, these cells were scored as unlabeled
when estimating the percentage of cells per



426

KOPPES, WOLDRINGH, AND NANNINGA

J. BACTERIOL.

TABLE 2. Parameters of length distributions obtained from control and radioautographed cells

. . No. of cells » Con- LY L:
Strain 7% (min) Treatment measured L (um) CV° (%) fe :etl’lusct:;) (um) (um) CV (%)
B/rA 109 Af 1,549 147 22,6 1.00 10.5 2.1 2.0 84
B? 3,163 1.53 234 0.96 6.9 2.2 84
B/rA 135 A 956 143 22.3 1.00 8.1 2.1 2.1 8.2
B 1,879 1.47 21.9 0.97 7.7 2.1 8.0
B/rK 100 A 1,396 249 24.0 1.00 7.1 3.6 34 11.0
B 3,155 240 264 1.04 5.1 3.5 119
B/rK 210 A 970 2.00 24.0 1.00 5.7 3.0 3.0 10.1
B 940 2.09 22.3 0.96 3.6 29 9.9
B/r F26 240 B 2,545 149 23.7 1.00 8.1 2.2 2.1 11.1

@ The different doubling times were obtained by the use of alanine plus proline (r = 100) or alanine (r = 109,

135, 210, and 240) as carbon source.
b CV, Coefficient of variation.

< f, Correction factor. f = L of the control cells/L of the radioautographed cells.

“ L,, Average length of separating cells.
¢ L., Average length of cells showing constriction.
f A, Untreated control cells.

# B, Cells pulse-labeled with [’H]thymidine and covered with emulsion for radioautography.

length class that are radioactive as a result of
the first round of DNA replication. The cumu-
lative length distribution of cells which termi-
nate DNA replication can now be calculated for
both strains after taking into consideration (i)
the small percentage of cells per length class
that have not yet initiated DNA replication (see
Appendix, part i), and (ii) the percentage of cells
that disappeared from every length class because
they had already proceeded through cell sepa-
ration (see Appendix, part ii). In Fig. 2C and D,
the cumulative length distributions of cells that
initiate or terminate chromosome replication
have been plotted on probability paper. Assum-
ing that cell length at initiation or termination
is normally distributed, the average lengths at
initiation (L,) or termination (L,) and their stan-
dard deviations (SD) can be derived from the
calculated regression lines.

Cumulative distributions of separating
and newborn cells and of cells which initi-
ate cell constriction. To perform the correc-
tion for depletion of length classes as a result of
cell separation (Appendix, part ii), the length
distribution of separating cells has to be known.
The only experimental observation that refers
to this distribution is the one of constricted cells
in the control population (L. in Table 2). This
distribution represents both the process of cell
separation and that of cell constriction. It will
therefore be more dispersed than the distribu-
tion of separating cells alone, because cells con-
tinue to elongate during constriction (see below).

The distribution of separating cells has been
assumed to be Gaussian with an average at L,
and a coefficient of variation equal to that of the
distribution of constricted cells. It is represented
in cumulative form by the dashed lines in Fig.
2C and D.

Cumulative distributions of newborn cells
have been drawn in Fig. 2C and D assuming that
the average length (L,) is equal to 1/2 L, and
that the coefficient of variation is equal to that
of the distribution of the daughters of the con-
stricted cells. A similar cumulative distribution
of newborn cells (crosses in Fig. 2C and D) is
obtained when making use of the distribution of
the ratio between lengths of daughter and
mother cells (10, 20), as shown in Fig. 3. From
this figure it can be noted that the longer and
thinner B/r K cells divide less precisely (coeffi-
cient of variation, 9%) than the shorter and
thicker B/r A cells (coefficient of variation,
5%).

By calculating the percentage of constricted
cells per length class (Fig. 2A and B), the cu-
mulative distribution of cells at the start of the
constriction process can be obtained after cor-
rection for depletion of length classes as a result
of cell separation. The average of this distribu-
tion gives the length, L.;, at which cell constric-
tion is initiated (Fig. 2C and D).

Average lengths and SD of different pa-
rameters in the cell cycle. In Table 3 the
relative average lengths and SD, derived as de-
scribed in Fig. 1 and 2, have been summarized
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for a number of experiments. It should be noted
that the data on lengths at initiation and termi-
nation have now been corrected for the duration
of the [’H]thymidine pulse (see Appendix, part
iii). In all experiments shown in Table 3, the SD
of cell lengths increased most dramatically be-
tween cell birth (L,) and initiation of chromo-
some replication (L;) and remained relatively
constant during the rest of the cycle. The same
result is indicated by the slopes of the lines in
Fig. 2C and D, the slopes being inversely pro-
portional to the SD. One would expect the SD
of newborn cells to be half that of dividing cells,
if cells divide in equal halves. Because of the
asymmetry in cell division (as shown in Fig. 3),
the SD at L, is higher than half the SD at L,

up

~ >
T T
fommemm——

@
T

°/e OF CONSTRICTED CELLS

038 042 046 050 05 058 062 266
LENGTH DAUGHTER / LENGTH MOTHER (p)

FiG. 3. Frequency distributions of the ratio p =
length of daughter cell/length of mother cell. p was
calculated by dividing the distance between cell pole
and site of constriction by the total length of the
constricted cell. Because the sum of the lengths of the
daughters must equal that of the mother, the average
of the measured distribution and the distribution in
reverse with respect to the vertical line p = 0.5 is
represented. Continuous line: E. coli B/r A, 1 = 109
min; coefficient of variation, 5%. Broken line: E. coli
B/r K, T = 100 min; coefficient of variation, 9%.
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(Table 3). It will further be observed that, in
strain B/r A, termination of DNA replication
precedes constriction, whereas in strains B/r K
and F26 these processes more or less coincide
(Fig. 2C and D and Table 3).

Relationship between length and age in
the cell cycle. The measurements can give
information on the kinetics of growth during the
division cycle in two ways. First, the duration of
periods devoid of DNA synthesis can be calcu-
lated from the percentage of unlabeled cells at
the beginning (B period) and at the end (D
period) of the distributions by making use of the
formula for the ideal age distribution of an ex-
ponentially growing population (19). Likewise,
the T period can be calculated from the per-
centage of constricted cells. The average cell
lengths found for the different events (Table 3)
and the calculated periods have been indicated
in a length-time diagram (triangles in Fig. 4).

For the second approach, the average rate of
elongation in each length class was calculated
by means of the analysis of Collins and Rich-
mond (2). For this purpose, use has been made
of the cumulative distributions of extant (Fig.
2A and B), newborn, and separating cells
(dashed lines in Fig. 2C and D). The average age
of each length class was calculated by integrating
the rates of elongation over the shorter lengths
(10). The results have been plotted in the same
length-time diagram (points in Fig. 4). It is evi-
dent from Fig. 4 that in both substrains most of
the points as well as the triangles fall on the
straight line (solid lines in Fig. 4) representing
exponential increase of length with average age.
Such a mode of elongation is in accordance with
the finding by radioautography (7, 31) of an
exponential increase in the macromolecular
mass of individual cells during the cell cycle.

Assuming exponential length increase, the av-
erage durations of the B, C, and D periods have
been calculated from the average cell lengths in
Table 3, and they have been summarized in
Table 4. In general, the results in Table 4 con-

TABLE 3. Average lengths and SD at different events during the cell cycle®

Event

. . . Initiation of DNA Termination of Initiation of cell .
Strain 7 (min) Cell birth replication DNA replication constriction Cell separation

L, SD L? SD L! SD L. SD L, SD
B/rA 109 1.00 0.10 1.03 0.14 1.74 0.15 1.81 0.15 200 017
B/r A 135 1.00 0.10 1.02 0.16 1.56 0.17 1.88 0.15 2.00 0.17
B/rK 100 1.00 0.14 1.31 0.21 1.92 0.18 1.87 0.23 2.00 0.22
B/rK 210 1.00 0.14 1.33 0.22 1.89 0.19 1.90 0.20 2.00 0.20
B/r F26 240 1.00 0.12 1.27 0.21 1.86 0.22 1.83 0.21 2.00 0.21

® For comparison between different experiments, all values were divided by L,. See Table 1 for symbols used.
® Cell lengths at the events of initiation and termination of DNA replication were corrected for the duration

of the pulse (see Appendix, part iii).
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F1G. 4. Plots of cell length versus average cell age. (A) E. coli B/r A; T = 109 min; (B) E. coli B/r K; v = 100
min. (A) Average cell lengths (Table 3) at the beginning and end of the average B, D, and T periods calculated
from the percentages of unlabeled cells at the beginning and end of the length distribution (Fig. 1) and from
the percentage of constricted cells. (@) Cell length as a function of average age calculated from the length
distributions of extant, newborn, and separating cells by means of the Collins and Richmond principle (2).
Average cell. lengths have been divided by L.; average age at length L, has been fixed at 0 and that at length
L, at 1. Beginning and end of the cell cycle are indicated by vertical lines. The hatched bars represent the
durations of chromosome replication (C) and cell constriction (T).

TABLE 4. Average duration of different periods in

the cell cycle®
Period
Strain 7 (min) g e
5 .
(min) C*® (min) D” (min) (min)
B/rA 109 5 82 (75"  22(38) 16
B/rA 135 4 83 (88) 48 (47) 15
B/rK 100 39 55 (53) 6 (17) 10
B/rK 210 86 106 (110) 17 (27) 16
B/r F26 240 83 132 (126)  25(23) 27

2 See Table 1 for symbols used.

% B, C, and D periods calculated from L; and L, in Table 3,
assuming exponential length increase (see Fig. 4).

< T period calculated from the percentage of constricted
cells in Table 2.

4 Values in parentheses are from Helmstetter and Pierucci
" (Fig. 3 in ref. 12).

firm the DNA replication pattern reported pre-
viously (12): a considerable gap in DNA synthe-
sis occurs in the B/r K and F26 strains in con-
strast to B/r A. In addition, the D period in the
former strains is about equal to or even smaller
than the T period (see Discussion).

Rate of DNA replication. To see whether

the rate of DNA replication changes with the
size of the cell, the average number of grains per
cell in each length class was estimated from the
slopes of the grain distribution plots transformed
according to Hanawalt et al. (9; cf. 13, 32). The
results, represented in Fig. 5, show that the
average number of grains per cell increases
about 32% during the cell cycle in strain B/r A
and about 23% in strain B/r K, suggesting that
large cells have a higher incorporation rate than
small cells. It should be noted that the variation
is not gradual as suggested by the calculated
regression lines in Fig. 5. A jump occurs about
halfway along the cycle, the significance of
which is not known. If no intermittent stops
occur during chromosome replication (13), the
observed variation in incorporation rate may
suggest a variation in the duration of the C
period for cells of different sizes (see Discussion).

Cell volume at initiation of DNA replica-
tion. The determination of average length at
initiation of DNA replication allows calculation
of volume (V) at initiation. The results from
four independent experiments with strains B/r
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A and K, grown under steady-state conditions
with roughly the same doubling time, are sum-
marized in Table 5. The value of V; obtained for
B/r K cells (0.46 um®) is higher than that found
for B/r A cells (0.32 um?®). For E. coli B/r H266,
a strain closely resembling B/r K with respect
to cell shape and DNA rephcatlon pattern (re-
sults not shown), a V; of 0.43 um® was obtained.
Since strains B/r A and K have a different shape
and a different DNA replication pattern, the
possibility exists that these differences are also
reflected in the respective initiation volumes.

DISCUSSION

Pattern of DNA replication and cell elon-
gation in B/r substrains. The duration of the
respective periods calculated from the radioau-
tographic data for the three B/r substrains (Ta-

T

% TR % e 20 22
RELATIVE CELL LENGTH

L . A .
0 025 050 075 100

RELATIVE CELL AGE

~

o

RELATIVE NUMBER OF GRAINS PER CELL
@®

FiG. 5. Rate of ['H]thymidine incorporation as a
function of cell length. The distribution, P(n), of the
number of grains per cell (n) in each length class was
plotted as the frequency function H(n) = In[P(n)-n!]
versus n. The average number of grains per cell was
estimated from the slope of the regression line
through H(n) with n = 1 and is represented in arbi-
trary units (1 unit = average grain count of radioac-
tive cells in the total population) as a function of
relative length (1 unit = L,). (®) E. coli B/r A (r =
109 min; continuous line); (A) E. coli B/r K (r = 100
min; broken line). The lines were obtained by linear
regression. Standard error is indicated by flags.
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ble 4) are in good agreement with the values
reported by Helmstetter and Pierucci (12). In
some experiments, however, the D periods
tended to be shorter than the values of these
authors and, in two cases (Table 4), even ap-
peared shorter than the corresponding T period.
This is not in accordance with our previous
observations that D always exceeded T in slowly
growing B/r A and K cells (27). The present
results could be explained if some residual divi-
sion occurred during processing of the pulse-
labeled population (see Table 2). This would
lead to a decrease in the percentage of unlabeled
cells at the end of the cycle and, therefore, to a
shorter D period.

Helmstetter and Pierucci (12) observed a de-
creasing quality of synchronous growth for the
three substrains in the order of F26, A, and K.
On the basis of the ratio of the SD of the lengths
of newborn and separating cells (Table 3), in
which the asymmetry of cell division is reflected,
the substrains can be placed in the same order.

Unlike the observations of Helmstetter and
Pierucci (12), our results (Table 5) suggest that
the volume at initiation of chromosome replica-
tion is different in B/r substrains A and K. The
value for V; of about 0.45 um® obtained for the
comparable strains B/r K and H266 is higher
than the 0.35 um® estimated for H266 from the
relationship between cell width and doubling
time under the assumption of linear elongation
(model 2 in ref. 8). The present values depend
solely on the accuracy of the dimensional meas-
urements. As compared to living cells observed
by phase-contrast microscopy (magnification,
%4,000) the cell widths of slow-growing B/r A
and K cells (r = 160 min) prepared by agar
filtration were found to be about 10% smaller in
both strains.

The finding of an exponential mode of length
increase for both B/r substrains A and K (Fig.
4) isin accordance with the previous observation
(27) that their length distributions have the
same shape and suggests that the mode of elon-
gation in these particular cases is independent
of the pattern of DNA replication (cf. 5). The
results in Fig. 4 further imply that cells continue
to elongate during the constriction process. The

TABLE 5. Average volume of cells at initiation of DNA replication

Strain + (min) * (um) 2R (um) V* (um?) V¢ (um®)
B/rA 117¢ (8) 1.57 (0.15) 0.59 (0.04) 0.44 (0.08) 0.32 (0.06)
B/rK 107 (10) 2.57 (0.16) 0.49 (0.03) 0.48 (0.07) 0.46 (0.07)

 Average lengths (L) and widths (2R) were determined from cells prepared by agar filtration.

® Average volume ( V) was calculated from L and 2R, assuming the shape of cells to be that of right cylinders.
¢ Average volume ( V.) at initiation of DNA replication was calculated from ¥V by multiplication with the ratio
L./L This ratio was fixed to 0.746 for the A strain and 0.954 for the K strain, as can be derived from Table 2 and

Ca All data are averages of four independent experiments; numbers in parentheses are the corresponding SD.
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exponential mode of elongation (or constant spe-
cific growth rate) is, however, at variance with
the more complex growth kinetics derived pre-
viously by means of the Collins and Richmond
principle (2) from size distributions measured
with the light microscope (2, 31) and with the
Coulter Counter (10). In both cases the specific
growth rate was found to increase between di-
visions. This discrepancy may be ascribed to
errors in the measurement of size distributions.
In this respect it can be noted that, in contrast
to the size distributions obtained by light mi-
croscopy (2, 31) or with the Coulter Counter
(10), our length distributions show a shoulder on
the right side of the distribution (see Fig. 1). The
shoulder is also present in theoretical distribu-
tions calculated by assuming exponential growth
and a coefficient of variation of size at division
of 10% (see Fig. 1 in ref. 13). Because a similar
shoulder is observed in volume distributions ob-
tained from unfixed E. coli cells using a Coulter
Counter with an improved detector (30), we
believe that our length distributions determined
from air-dried cells are fairly accurate.

Are initiation of DNA replication and cell
division coordinated? In the three different
B/r substrains that have been compared in the
present study, the standard deviation of cell
lengths has been shown to increase between
birth and initiation of DNA replication and to
remain relatively constant between initiation
and cell separation (Fig. 2C and D; Table 3).
The coefficient of variation at initiation of DNA
replication was found to be about 16%, which is
in accordance with the value derived by Koch
(13) from the data of Chai and Lark (1) and of
F. Forro (unpublished; quoted by Koch). Koch
raised the question (13) of whether the variation
in size at initiation of DNA replication is suffi-
ciently precise to serve as a control for cell
separation; in other words, whether or not there
can be a direct correlation between these two
events. We will discuss the two possibilities (see
Fig. 6) with the assumption that cells elongate
in an exponential way (Fig. 4). In addition,
length at initiation of constriction (L.;) is consid-
ered rather than length at cell separation (L,),
assuming both events to be tightly coupled. With
respect to the time interval, we thus consider
the C + D — T period instead of the C + D
period.

If size at initiation of constriction is independ-
ent of size at initiation of DNA replication, both
small and large cells at age a; (open symbols,
Fig. 6) will initiate cell constriction at an average
length L.;. The SD of L., will then be independ-
ent of that of the length at initiation of DNA
replication (L,). The finding of a similar SD for
L; and L; (Table 3) would thus be fortuitous. As
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FiG. 6. Length versus age. As an example, param-
eters applying to B/r K cells were taken. Individual
cells have been assumed to elongate exponentially.
Triangles and circles at age a, indicate cells that
initiate DNA replication at a small size (Li — SD)
and a large size (L; + SD), respectively. Open sym-
bols: size at constriction independent of size at initi-
ation of DNA replication. Closed symbols: size at
constriction dependent on size at initiation (constant
size increment during C + D — T). The variation in
a.; and thus in the C + D — T period is indicated by
the symbols on the abscissa.

can be seen from Fig. 6, individual cells which
initiate chromosome replication at a small
length (open triangles; L; — SD) have to accrue
more to reach L. than cells which initiate at a
large length (open circles; L; + SD). This leads
to a pronounced variation in the C + D — T
period, as indicated by the open symbols on the
abscissa in Fig. 6.

If size at initiation of constriction is dependent
on size at initiation of DNA replication, the
finding of a similar standard deviation for L; and
L.; can be explained by an identical size incre-
ment during the C + D — T period for both
small and large cells at age a; (closed symbols,
Fig. 6). The variation in the C + D — T period,
as indicated by the closed symbols on the ab-
scissa in Fig. 6, will be small as compared to the
variation obtained in the case of independent
events (open symbols).

To distinguish between the two possibilities
mentioned above, the variation in the C + D —
T period has to be known. Our finding of a small
variation (10 to 15%) in the rate of DNA synthe-
sis during the cell cycle (Fig. 5) does not seem to
be compatible with the rather large variation in
C + D — T expected for independently controlled
sizes (Fig. 6, open symbols). We therefore inter-
pret the observed constancy of the SD of cell
lengths after initiation of DNA synthesis (Table
3) as indicative for a direct correlation between
chromosome replication and cell division (Fig. 6,
closed symbols).

Koch (13) has stated that if C + D were
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rigorously constant, then the size at initiation
should be closely correlated with the size of the
same cell at cell division; in addition, the two
sizes should have identical coefficients of varia-
tion. On the basis of computer simulations made
to fit the radioautographic data of Chai and Lark
(1), Koch concluded that “initiation is much less
well controlled than cell division, and therefore
initiation cannot control or time cell division”
(13). The best fit was obtained for a coefficient
of variation of the size at initiation of DNA
replication of 15%, which is similar to our obser-
vations. When defining his condition for corre-
lated events (i.e., the coefficient of variation of
cell size has to remain constant, or, in other
words, the standard deviation has to increase
during the cell cycle), Koch (13) assumed that
the cell grows exponentially. However, when C
+ D is not rigorously constant, but negatively
correlated with size at initiation (Fig. 6, closed
symbols), or alternatively, when cells grow lin-
early, cell size at initiation and at cell division
can be closely correlated (same size increment)
while the standard deviation between the two
events remains the same (Table 3).

A constant C period is suggested by the ob-
servations of Zusman and Rosenberg (32). They
found by means of radioautography with the
light microscope that the rate of DNA synthesis
was independent of the size of Myxococcus xan-
thus cells. Likewise, Koch (13) concluded from
his analysis of the unpublished data of F. Forro
that individual cells of E. coli replicate their
DNA at very nearly the same rate independent
of cell size. By contrast, our observations on the
rate of thymidine incorporation (Fig. 5) show a
variation of 10 to 15% in the rate of DNA syn-
thesis during the cell cycle. Because knowledge
of the variation of time intervals in the cell cycle
is important to further establish the correlation
between DNA synthesis and cell division, exper-
iments are in progress to assess the variability
of the C + D — T period in synchronized cultures.

In conclusion, the present results indicate that
the E. coli cell cycle may contain a dependent
sequence of events in which DNA replication
and cell division are coordinated. The existence
of such a deterministic phase in the cell cycle
has also been proposed by Smith and Martin
(25) to occur in the cell cycle of eucaryotic cells
as well as of bacteria (Martin and Smith, per-
sonal communication).

APPENDIX

(i) Calculation of the percentage of cells per
length class which have terminated DNA repli-
cation. In Fig. 7A the observed percentage of radio-
active cells per length class (r) is schematically rep-
resented as a function of cell length on probability
paper (solid line). If & — @ are, respectively, the per-
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FiG. 7. Schematic diagrams to illustrate the cor-
rections explained in the Appendix and carried out
to construct Fig. 2C and D and Table 3.

centages of cells per length class which have initiated
and terminated DNA replication, and L™ is the
minimum cell length at which termination of DNA
replication occurs, then r = £ applies to length classes
with L = L/™*, and a regression line through the data
points yields the cumulative distribution of cells that
initiate DNA replication (2; dashed line). r = Q — 6,
applies to length class L > L/™", and 6 is calculated
from r and the extrapolated Q2. After the correction
discussed below (ii), 4 is plotted on probability paper,
and the regression line represents the cumulative
length distribution of cells which terminate DNA rep-
lication.

(ii) Correction for depletion of length classes
as a result of cell separation. In one particular
length class, the number of cells that have proceeded
through either DNA termination or constriction initi-
ation will be equal to the observed number plus the
number of cells which have disappeared from that
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length class because they have already proceeded
through cell separation. Figure 7B shows schematic
representations of the cumulative length distributions
of newborn (¥) and separating (®) cells (dashed lines)
and of cells which are either terminating DNA repli-
cation or initiating cell constriction (Z; solid line) on
probability paper. The observed percentage of cells
per length class that have terminated DNA replication
or initiated cell constriction (i.e., cells which have not
yet proceeded through cell separation), will be equal
to 100 X v/(v + w) or 100 X (£ — ®)/(1 — ®). From
this formula the corrected percentage of cells per
length class that have passed the event = can be
calculated. The determination of ® has been described
in the text.

(iii) Correction for the duration of the period
of pulse-labeling. If L; is the length at which cells
will initiate DNA replication and AL is the average
increase in length of cells during a pulse, then all cells
with length between L; — AL and L; at the start of the
pulse will initiate DNA replication. At the end of the
pulse, these cells will have grown to lengths between
L;and L, + AL and will have incorporated the amount
of label indicated by the solid line in Fig. 2C. There-
fore, after the Poisson analysis as carried out to obtain
Fig. 2C and D, the average length found for initiation
of DNA replication will be observed at L; + 1/2 AL
and the standard deviation will have increased by
about 1/3 AL. Assuming exponential growth, AL can
be calculated from AL = L;: (In 2 X A¢/7), in which At
is the duration of the pulse. The same reasoning
applies for termination. In Table 2 the lengths (L,, L,)
and their SD, as derived in the manner indicated in
Fig. 2, have been diminished with, respectively, 1/2
AL and 1/3 AL.
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