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The variability of (i) the length (size) at which cells initiate chromosome
replication, (ii) the length at which they initiate cell constriction, and (iii) the
time interval between these events has been estimated for Escherichia coli B/r
K at two different slow growth rates. Steady-state cultures were pulse-labeled
with [3H]thymidine and, after fixation, analyzed by electron microscopic radioau-
tography. The coefficient of variation of length at initiation of chromosome
replication was found to be 15 to 22%, the coefficient of variation of length at
initiation of cell constriction was 10%, and the coefficient of variation of the time
interval between both events was 25%. With the help of these values we calculated
a high positive coefficient of correlation (p) between the length at which a round
of chromosome replication is initiated and that at which the onset of cell
constriction occurs. At both growth rates p has a value of 0.6 to 1.0. This
correlation excludes a model in which chromosome initiation and cell constriction
are independently triggered by some aspects of cell growth. It favors a model in
which an event before or at chromosome initiation triggers both.

During the bacterial cell cycle, chromosome
replication and cell division are coordinated so
that each daughter cell receives one complete
genome at division (2, 4, 6, 15). For Escherichia
coli B/r the interplay ofchromosome replication
and cell division is described in the Helmstetter-
Cooper model (13). How coordination is
achieved remains obscure, however.
The most direct way to study the cell cycle is

to observe individual cells at successive times
during growth by time-lapse photomicrography
(7, 21, 29, 31, 33). However, the accuracy of this
method is limited by the small size of bacteria,
the small sample size, and the difficulty of main-
taining steady-state growth conditions during
the period of observation. An approach which
avoids these problems is to infer the properties
of individual cells from the distribution of sizes
at which cell cycle events occur, or from the
time variation of the periods between these
events in a population which is in a steady state
(3, 16-19,26,27). For instance, a small coefficient
of variation (CV = 9.3%) has recently been re-
ported for the period between successive rounds
ofDNA replication in rapidly growing E. coli B/
r (26). This was compared with a CV of about
20% for the period between cell divisions (21, 29,
31, 33). On the other hand, the CV of size at
initiation of DNA replication was found to be
large (CV : 15%) as compared to that (CV
10%) for size at cell division (16, 19).

In a previous paper dealing with size distri-
butions at cell cycle events (see Fig. 6 in refer-
ence 19), we explained that the finding of a large
CV for size at initiation of DNA replication and
a small one for cell constriction (the standard
deviations being similar) is compatible with two
possibilities (Fig. 1). (i) The first possibility is
that size at initiation of constriction is dependent
on size at initiation ofDNA replication (Fig. 1A).
The size increment between these events (AL;
hatched area) is about the same for both small
(Li,) and large cells (Li2) at initiation of DNA
replication. During exponential length growth
(3, 7, 18, 19, 33; this paper), the smaller cells
grow more slowly and need more time to in-
crease with AL than the larger. This results in a
distribution of the time interval between initia-
tion of DNA replication and initiation of cell
constriction (U period = C + D - T; see for
symbols the lower part of Fig. 1), which is indi-
cated by the dashed line in Fig. 1A.

(ii) The second possibility is that size at initi-
ation of constriction is independent of size at
initiation of DNA replication (Fig. 1B). Both
small (Li,) and large cells (Li2) at initiation of
DNA replication will initiate cell constriction at
an average length L4. As can be seen, individual
cells that initiate chromosome replication at a
small size (Li,) have to accrue more (i.e., AL1;
hatched area) to reach L4 than cells (Li2) that
initiate at a large size (size increment: AL2;
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FIG. 1. Two models for the coordination ofDNA replication and cell division. The cells are assumed to
elongate exponentially. (A) Length at initiation of constriction is dependent on length at initiation ofDNA
replication (positive correlation). Both small (Li1) and large cells (Li2) at initiation ofDNA replication have
increased with the length increment AL (hatched area) at initiation of constriction. (B) Length at initiation of
constriction is independent of length at initiation ofDNA replication (no correlation). Both small (Li,) and
large cells (Li2) at initiation of DNA replication have on the average the same length at initiation of
constriction (Lj). The expected distribution of the Uperiod is indicated by the dashed lines. The symbols and
the average duration of the periods of the cell division cycle are given in the lower part of the figure.

hatched area). This leads to a more pronounced
variation in the U period (dashed line) than for
alternative (i).

Previously, we have chosen possibility (i) to
explain our results with respect to the distribu-
tion of sizes at initiation ofDNA replication and
at initiation of constriction. To further distin-
guish between the two possibilities, we have
made more detailed measurements, and we have
in particular estimated the variation in the U
period.
An exponentially growing culture of E. coli

B/r K was pulse-labeled with [3H]thymidine at
two different growth rates. The CV of length at
initiation of DNA replication was estimated by
electron microscopic radioautography and found
to exceed that at initiation of cell constriction
(l15% and 10%, respectively). The CV of the U
period was determined from the fraction of con-
stricted cells that were unlabeled at successive
times after pulse-labeling during growth in non-
radioactive medium, and was found to be about
25%. These results are compatible with size at
initiation of constriction being dependent on size
at initiation of DNA replication (Fig. 1A).

MATERIALS AND METHODS
Bacterial strain and growth conditions. The

organism used was E. coli B/r K Thy-, derived from

the wild-type strain (obtained from H. Kubitschek) by
trimethoprim mutagenesis. The strain was found to
contain a small plasmid (M. Meyer, personal commu-
nication). The replication time of the plasmid is small
compared to the duration of the pulse, so that, on the
assumption of random replication of the plasmid dur-
ing the cell division cycle, its contribution to the rate
of DNA synthesis will be included in the correction
made for aspecific background radioactivity. Because
the results of the radioautographic analysis were not
different from those of plasmid-free strains (see also
reference 36), we believe that any effect of the plasmid
on cell cycle parameters can be neglected. The strain
was grown in a minimal medium (13) supplemented
with 50 ,Ag of thymine per ml and with, as carbon
sources, either 0.2% L-alanine (doubling time, TD =
180 min) or a mixture of 0.04% L-alanine and 0.04% L-
proline (TD = 90 min). For each experiment, 100 ml of
minimal medium was inoculated with bacteria and
incubated under aeration by shaking in a water bath
at 37°C. Growth was monitored by measuring the
absorbance at 450 nm with a Gilford spectrophotom-
eter in samples fixed with 0.7% formaldehyde. This
was done after 19 to 29 h of incubation, i.e., after about
eight generations.

Pulse labeling with I'H]thymidine. When the
absorbance had reached a value of 0.5 (about 5 x 108
cells per ml), 1 ml of culture was fixed with 0.1% OS04
(unlabeled control), and 10 ml of culture was pulse-
labeled with [3H]thymidine (40 Ci/mmol; 50 uCi/ml;
Radiochemical Centre, Amersham, England) during
5% of TD.
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The pulse was terminated by pouring the cells on a
filter (pore size, 0.45 ltm; filter diameter, 47 mm; Mil-
lipore Corp., Bedford, Mass.) and by washing with 100
ml of fresh, prewarmed medium with 0.5 mg of thy-
midine per ml. The duration of washing was 3% of TD
and has been included in the chase period. The labeled
and washed cells were suspended in 50 ml of pre-
warmed growth medium and incubated with shaking
in a water bath at 37°C. At successive times, 2-ml
samples were fixed with 0.7% formaldehyde for the
measurement of absorbance; 1-ml samples were fixed
with 0.1% OS04, placed on ice, and then used for the
determination of the fraction of unlabeled constricted
cells (see below).
Agar filtration and radioautography. Agar fil-

ters were prepared as previously described (37). Both
the unlabeled control cells and the pulse-labeled cells
fixed at successive times during the chase were applied
to the same filter (at different locations) in droplets of
10 ,l. Bacitracin (1%) was added to promote spreading
of the cells. The plastic film with adhering bacteria
was floated off on distilled water and picked up from
below with a glass slide previously covered with a
collodion membrane. Contrast was enhanced by
shadowing with platinum and carbon at an angle of
about 600. The slides were dipped in Ilford L4 emul-
sion diluted with 2 volumes of distilled water at 30°C
with a semiautomatic apparatus. After an exposure of
16 days (TD = 90 min) or 20 days (TD = 180 min) at
4°C, the slides were developed for 15 min in Agfa-
Gevaert developer (20): 0.75 g of Metol, 0.5 g of
Na2SO3, and 0.2 g of KSCN in 100 ml of double-
distilled water. The radioautograms were transferred
to electron microscope grids and viewed in a Philips
EM 300 electron microscope at a magnification of
x1,600.
Analysis of radioautograms. The average num-

ber of grains over radioactive cells was about five; the
average number of background grains above non-ra-
dioactive cells in the control was less than 0.5. There-
fore, cells were considered to be labeled when they
were associated with at least two grains. For the
construction of the "fraction of unlabeled constric-
tions" plot, at least 100 constricted cells from succes-
sive time samples were screened in the electron micro-
scope. The constricted cells were scored as labeled or
unlabeled.
The control sample and the samples that had been

pulse-labeled and chased in non-radioactive medium
for 0 and 40 min were also analyzed with respect to
size. Areas were photographed at random, and the
negatives were projected at a final magnification of
12,000 onto a transparent tablet digitizer (Summa-
graphics, Fairfield, Conn.), which was connected to a
calculator (HP 9825A). The cell length, width, degree
of constriction, and number of grains were determined
with the digitizer, processed by the calculator, and
stored on tape. Sample and theoretical length distri-
butions were compared by means of the Kolmogorov-
Smirnov test of goodness of fit (34) at a level of
significance of 0.01 unless stated otherwise.

RESULTS
Comparison of control and treated cells.

During the experiment we have checked

whether changes occur in the mass doubling
time (TD) and in the length distributions of the
various cell population samples. After pulse la-
beling with [3H]thymidine, washing, and resus-
pension in a fresh non-radioactive growth me-
dium, the absorbance increased without delay.
The Tos during the chase (90 and 172 min) were
well within experimental error from those of the
parent culture before pulse labeling (93 and 180
min). The median generation times estimated
from the fraction of unlabeled constrictions plot
(i.e., the time after the pulse at which half of the
constricted cells contained one labeled chromo-
some) were 92 min and 184 min, respectively.
Length distributions obtained from treated

cells (0-min and 40-min chase) were found not
to differ from untreated control cells (Dmax =
7.2%; Dk,it = 9.8%) in one case (TD = 90 min) and
only slightly (Dmax = 7.8%; Dkit = 6.4%) in the
other (TD = 180 min). The difference between
the average lengths of control and treated cells
was less than 0.1 ,im, which is within the repro-
ducibility ofmeasuring length distributions from
the same sample. These data indicate a steady
state of growth during the experiment.
Length distributions ofnewborn and sep-

arating cells. These distributions are required
for the Collins and Richmond equation to cal-
culate a relation between cell length and time.
We distinguish separating cells from constricting
cells because it takes some time before constric-
tion is followed by separation. For the estimation
of length at birth (Lo) and at cell separation (L8),
the constricted cells (hatched area in Fig. 2;
parameters in Table 1) were classified by eye as
slightly, medium, and very constricted. The av-
erage length was found to increase during con-
striction with a constant CV. Therefore, the
lengths of the medium constricted cells, when
multiplied with the factor f= L very constricted
cells/L medium constricted cells (1.04 < f <
1.09), gave a distribution which did not differ
significantly from that of the very constricted
cells. The corrected distribution of the medium
constricted cells and the distribution of the very
constricted cells were pooled. The resulting dis-
tribution was used to estimate the distribution
at cell separation [O (x)]; the distribution of
the prospective daughters of the separating cells
was used to estimate the distribution at birth
[4, (x)]. The parameters of the 4' (x) and 4 (x)
distributions are shown in Fig. 2 (vertical lines)
and in Table 2. Log normnal fits to the estimated
4 (x) and O (x) distributions could not be rejected
(a = 0.10) and were routinely used in the further
analysis for the sake of computational conveni-
ence.
From the 4' (x) and 4 (x) distributions we

calculated theoretical length distributions A (x)
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FIG. 2.'Length distributions of E. coli Blr K thy-. Histograms: Overall distribution obtained by pooling
the distributions of treated cells (0- and 40-min chase; both were corrected by multiplication of lengths with
the factor m = L control celslIL treated cells, 0.96 < m < 1.05) and the distribution of the untreated control
cells. The parameters of the overall distribution are summarized in Table 1. The constricted cells are
indicated by the hatched area. Curves: Theoretical distributions calculated from the distribution at birth
(mean, Lo) and that at cell separation (mean, L,) on the assumption thatpart ofthe cell length (L-K) increases
exponentially, whereas the otherpart (k) does not contribute to the growth rate. (A) TD = 90 min; k = 0. 76 Pm;
Dkrit = 3.3%; Dm.x = 1.8%. (B) TD = 180 min; k = 1.12 pEm; Dkrit = 2.5%; Dm. = 2.9%.

by means of the equation derived by Collins and
Richmond (3, 18). Both a model in which the
cell elongates with a constant rate that doubles
on the average at length Lb (CV = 15%), and a
model in which part of the cell length (L - K)
increases exponentially whereas the other part

(k) does not grow, were tried. The parameter of
the linear model that gave the best fit was:
Lb = 2.74 ,um at TD = 90 min and Lb = 2.40 ,um
at TD = 180 min; the parameter of the exponen-
tial model that gave the best fit was: k = 0.76
,um at TD = 90 min and k = 1.12 ,um at TD = 180
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TABLE 1. Parameters of overall length distributions

T,)a ~~~~~Con- b RadocT,va No. of cells L CV stricted T LaCV tioac- C..e
(min) measured (jtm) (%) cells (mm) (Am) (%) v%) (min)

90 2,490 2.61 23.5 6.2 7.8 3.76 10.7 57.6 54
180 4,404 2.31 24.3 5.5 13.9 3.33 11.2 38.4 75

a TD, Mass doubling time.
b T, Duration of constriction calculated from: T = TD-ln(1 + g)/ln 2, in which g = fraction of constricted cells

(37).
'LT, Average length of cells showing constriction.
d The percentage of radioactive cells was determined in the sample pulse labeled with [3H]thymidine and

covered with emulsion for radioautography (0-min chase sample).
'C.,, Maximal duration of DNA replication calculated from: Cmax = TD-ln(l + h)/ln2 - At in which h =

fraction of radioactive cells and At is the duration of the pulse (22).

TABLE 2. Estimated average length and CV at
different events during the cell cycle

Initiation of Initiation of Cel separa-
Cell birth DNA repli- cell constric- tion

TI) cation tion
(min)

LO CVO L.a CV,a L, CV, L, CV,
(AM1) ( o (usm) ( (lm ) M(.%) M) (

90 1.93 12.8 2.39 22.3 3.63 10.0 3.87 9.9
180 1.78 14.3 2.42 14.8 3.30 10.2 3.55 11.4
a Corrected for the duration of the pulse (At) as

follows: Li = Li' - 1/2 AL and CVi = 100[(Li'.CVi'/
100)2 _ (AL)2/12)]"2/Li, in which Li' and CVi' are the
incorrected parameters and AL = ln2.Li'.At/TD (see
Appendix iii of reference 19).

min. The exponential model gave a better fit at
both growth rates. The curves in Fig. 2 represent
the best fits calculated for the exponential
model.
Length distribution at initiation of DNA

replication. For the estimation of length at
initiation of DNA replication (Li), the distribu-
tion of nondividing cells that had been fixed
after pulse-labeling and washing (0-min chase)
was divided into 20 length classes containing
about an equal number of cells. For each class
the frequency distribution of grains per cell was
assessed. The theoretical probability P (n) of
observing a cell with n grains is given by the
Poisson law (16; see the Appendix of reference
18):

P (n) = (1-S) *e-(G)n + S-ec (C)n

where S is the fraction of DNA-synthesizing
cells which have on the average C grains per
cell, and G is the average number of background
grains per cell. This equation was fitted to the
observed grain distribution by the method of
maximum likelihood (32). The parameters G
and C that gave the best fit approximately dou-
bled with increasing length from Lo to L,. By

linear regression of G and C on length, an im-
proved estimate of the parameter S could be
obtained, which is shown as a function of the
average length of each length class in Fig. 3
(closed circles).

In E. coli B/r K, average lengths at termina-
tion of DNA replication (Lf) and at initiation of
cell constriction (Lj)coincide (19, 37), and almost
all unlabeled, unconstricted cells occur before
initiation of DNA replication. Therefore, the
theoretical fraction P (x) of labeled uncon-
stricted cells is approximated by (see Appendix
ii of reference 19):

P (x) =2l(x) - (x)
()1-_(x)

in which:
x

sa (x) = (y).dy

i.e., the cumulative length distribution at initia-
tion of DNA replication, and:

(x) = f (y)dy

i.e., the cumulative length distribution at cell
constriction. The above equation, in which the
parameters Li and CVi [defining w (x)] were
variable and the parameters L, and CV, [defin-
ing t (x)] were constant (Table 2), was fitted to
the estimated fraction of labeled cells, S, by the
method of maximum likelihood (10). The pa-
rameters of the distribution at initiation ofDNA
replication [w (x)] that gave the best fit (curve
in Fig. 3) are given in Table 2.
Length distribution at initiation of cell

constriction. For the estimation of length at
initiation of cell constriction (L,), the overall
length distribution A (x) (Fig. 2; Table 1) was
divided into 10 length classes such that each
class contained about an equal number of cells.
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FIG. 3. Fractions of radioactive and constricted cells per length class. (A) TD = 90 min. (B) TD = 180 min.
(0) Fractions of radioactive cells in each length class of the distribution of unconstricted cells (0-min chase
sample). The curves were calculated assuming; Li = 2.44 pm, CV = 21.9%o (A); L, = 2.46 pum, CV = 14.6% (B).
Fractions within brackets were neglected in the calculation. (0) Fractions of constricted cells in each length
class of the overall length distribution. The curves were calculated assuming: L, = 3.63 ,um, CV = 10.0% (A);
L, = 3.30 Mm, CV= 10.2% (B). The standard error is given by the bars. Average length at birth (L.) and at cell
separation (L,,) is indicated by the vertical lines.

The observed fractions of constricted cells in
each class are shown in Fig. 3 (open circles) as

a function of the average length of that class.
Theoretical fractions P (x) are approximated by
(see above):

p (x) _ (x) - (x)
(x)

in which:

) (x) = + (y)-dy

i.e., the cumulative length distribution at cell
separation. The curves shown in Fig. 3 were

obtained by fitting the above equation to the
observed fractions by the method of maximum
likelihood (10). The parameters of the distribu-
tion at initiation of constriction [t (x)] that gave

the best fit are given in Table 2.
Distribution of times between initiation

ofDNA replication and cell constriction. In

the strain of E. coli used, a pulse with [3H]-
thymidine will label almost all unconstricted
cells after initiation ofDNA replication, whereas
those before this event (i.e., in the B period)
remain unlabeled. The kinetics of the appear-

ance of the latter cohort of cells in the constric-
tion "window" of the cell cycle are shown in Fig.
4 (fraction of unlabeled constrictions plot) and
has been used to estimate the variability of the
U period (time interval between the onset of
DNA replication and cell constriction). This was
accomplished as follows. Theoretical fractions of
unlabeled constricted cells were calculated ac-

cording to the method of Nachtwey and Cam-
eron (25). This method corrects for the average

duration of the constriction process (T period;
see Table 1) and assumes a log normal distri-
bution of the U period for computational con-

venience. In addition, exponential increase of
the population during the chase period was

taken into account. The theoretical fractions
were fitted to the observed ones by the method
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FIG. 4. Fraction of unlabeled constrictions as a function of time after pulse labeling. (A) TD = 90 min. (B)
TD = 180 min. The 68%o confidence interval for the observed fractions is given by the bars. The curves were

calculated assuming a log nornal distribution of the Uperiod with parameters: U = 55.1 min, CV = 25.4%,
T = 7.8 min (A); U = 84.5 min, CV = 27.9%o, T = 13.9 min (B).

of maximum likelihood (10). The parameters of
the U period that gave the best fit (curve in Fig.
4) are given in Table 3.
Correlation of lengths at initiation of

DNA replication and cell constriction. From
the estimated average length and CV at initia-
tion of DNA replication and at initiation of cell
constriction (Table 2) and from the estimated
CV of the U period (Table 3), the correlation
coefficient p (9) for lengths at both events has
been calculated according to the formula:

(Li CV1)2 + (Lc.CV,)2 CVU2. (L, -Li)2
r 2 Li Le,.CVi *CV,

It can be seen (Table 3) that there is a positive
correlation in accordance with the model out-
lined in Fig. 1A. About the same correlation is
found on the assumption of either linear or

exponential elongation during the U period. The
correlation calculated when cell constriction oc-

curs at any length after initiation of DNA repli-
cation (the model outlined in Fig. 1B) was about
0.16 (CVu = 50%) for both TDs. This low value
is due to the overlap of the length distributions
at initiation ofDNA replication and at initiation
of cell constriction (30).

DISCUSSION
Some models for the cell cycle. The coor-

dination of chromosome replication and cell di-
vision in E. coli B/r is described in the Helms-
tetter-Cooper model as a sequence of three pe-
riods I + C + D (11). I is the period of prepara-
tion for initiation of chromosome replication
during which an initiator complex (replisome;
see reference 1) of constant size per initiation
event is synthesized at a rate equal to the growth
rate; C is the period of chromosome replication,
and D is the period occurring after completion

TABLE 3. Correlation of length at initiation of
DNA replication and at initiation of cell

constriction

TI) ua CVua p(lin.)h p(exp.)b
(min) (min) (%

90 57.5 24.1 0.63-1.00 0.76-1.00
180 89.0 26.3 0.69-0.88 0.69-0.98

a Corrected for the duration of the pulse (At) as
follows: U = U' + 1/2 At and CVu = 100 [(U'.CVu'/
100)2 - (At)2/12]'/2/U in which U' and CVu' are the
uncorrected parameters.
bThe 77% confidence interval for the correlation

coefficient p was calculated by substituting the 95%
confidence limit of CVu and those of the parameters
Li, CVi, LC, and CV, (linear model [lin.]) or the equiv-
alent parameters of the log-transformed distributions
of Li and L, (exponential model [exp.]) into the equa-
tion for p mentioned in the text.

of chromosome replication up to the time of cell
separation. In E. coli B/r K, growing with a
doubling time TD < 60 min at 37°C, the C period
and the D period are constant at 42 and 14 min,
respectively (14). With TD> 60 min, the C period
(22) or both C and D periods (14) have been
reported to increase progressively. The model
explains how the growth rate in a particular
medium determines the frequency of initiation
of chromosome replication, which in turn deter-
mines the frequency of cell division C + D
minutes later (23); it also explains why at differ-
ent growth rates a round of chromosome repli-
cation is initiated on the average at a constant
mass per chromosome origin (5; R. H. Pritchard,
Heredity 23:472, 1978).

In the model of Donachie et al. (6, 15), a single
event triggers both a round of chromosome rep-
lication and, by a parallel way, a process leading
to cell separation after C + D min. The afore-
mentioned event would coincide with the acqui-
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sition by the cell of a certain initiation mass (5).
Helmstetter (12) hypothesizes that envelope
growth rather than cell mass controls the fre-
quency of initiation of DNA replication. In line
with this idea, Pierucci (28) assumes that new
sites of envelope synthesis are inaugurated coin-
cident with initiation of DNA replication. This
latter notion is not inconsistent with our own
observations. Radioautographic data on the in-
corporation of tritiated diaminopimelic acid into
the cell envelope of E. coli PAT 84 (18) and E.
coli W7 (Verwer and Nanninga, submitted for
publication) show that lateral incorporation sites
arise at about the same time that DNA replica-
tion starts. In addition, the measurement of
length growth in two synchronized substrains of
E. coli B/r hints at an alteration in length
growth around the initiation of DNA replication
(24). Though it appears quite reasonable that
initiation of DNA replication is related to cell
mass or, more specifically, to a process occurring
in or at the cell envelope, it has to be admitted
that clear-cut evidence is still lacking.
Experimental design and limitations. The

above models are founded on biochemical deter-
minations in cell populations. They describe the
cell cycle in terms of constants and make no
allowance for a distribution of cell cycle param-
eters. However, the statistical aspects of DNA
replication and cell division cannot be neglected
on the cellular level due to the probable low
number of regulatory molecules, target sites, or
both per cell (35). In fact, as pointed out above
(see Introduction), the CV of sizes at various cell
cycle events and the CV of the periods between
them can be used to deduce correlations.

In the present study we have estimated the
mean and CV of several parameters (i.e., Li, L,
U, C; see Fig. 1) of the cell cycle of E. coli B/r
at two different slow growth rates. At these
growth rates (TD> 100 min), the procaryotic
cell cycle resembles the eucaryotic one in show-
ing periods devoid of DNA synthesis (22).
We made a number of assumptions in the

analysis of the radioautograms and in the esti-
mation of the parameters Li, L, CVi, CV, and
CVu. We should consider these limitations of
our approach in more detail before we discuss
the values of the parameters and before we
proceed to interprete the coefficient of correla-
tion p (Li, LC), which we calculate from them.

(i) Although we can measure the dimensions
of bacteria quite precisely (-0.01 ,um), the ac-
curacy of our length measurements may be in-
fluenced by a variable drying process of the cells
prepared by agar filtration. This variation would
increase CVi and CVc.

(ii) Two sources of variation are inherent to
radioautography, both of which tend to inflate

CVi. Variable amounts of radioactivity are in-
corporated by the cells that initiate DNA repli-
cation during pulse labeling. We have corrected
Li, CVi, U, and CVu for the duration of pulse
labeling (reference 19, appendix iii). This correc-
tion was only small and could possibly be omit-
ted. The other source of variation is due to the
random decay of tritium. We made use of this
variation by fitting a Poisson distribution to the
frequencies of grains per cell in each length class.

(iii) The fraction of unlabeled constricted cells
was assessed in the electron microscope on the
assumption that cells with no or one grain are
unlabeled and those with two or more grains are
labeled. This procedure inflates CVu dependent
on the average number of background grains.

(iv) Impairment of the radioactive cells by the
decay of tritium could retard their progress to-
wards division during the chase, and thus in-
crease CVu. We are inclined to reject this pos-
sibility because of the unaltered doubling time
after the pulse. In the calculation of CVu the T
period was assumed to be constant. Distribution
of the T period would increase CVu. However,
we found that CVu is rather insensitive to the
duration of the T period (see also Fig. 6 in
reference 25).

(v) The formula for p (Li, L4) gives the exact
correlation only if the different distributions re-
late to the same sample of cells. However, we
estimated Li and CVi in a sample of cells that
are initiating chromosome replication and L,
CVc, and CVu in a sample of constricting cells.
The difference of the means of distributions that
are defined for different samples is probably
small and within the error of measurement.

(vi) In the calculation of p (Li, L4) we had to
assume a relation between cell age and cell size.
We considered two simple models: linear and
exponential elongation during the U period.
Both models gave about the same correlation
(Table 3). We have also assumed equal growth
rate constants for all cells. Variation of the
growth rate will tend to decrease the correlation.
However, the CV of the specific growth rate is
probably small (-6%; see reference 7) relative to
CVu and could then be neglected.

Errors in the different parameters have a dif-
ferent effect on p (Li, L4). The correlation in-
creases with increasing Li and CVi but with
decreasing L, CVc, and CVu. Therefore, the
various errors cancel each other out to some
extent in the formula for the correlation. The
77% confidence interval for p (Li, L,) in Table 3
has to be understood as an attempt to account
for the sources of experimental variation.
Comparison of cell cycle parameters. The

values calculated for the C period (Table 1) do
not differ significantly from those of the wild-
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type strain at similar TD (19, 22). Thus, the thy
mutation does not appear to limit the rate of
DNA replication, whereas the growth rate does
(22). The C period is about the same or shorter
than the U period (Table 3). Therefore, on the
average, termination of DNA replication pre-
cedes or coincides with initiation of visible con-
striction, as we observed previously (19, 37).
The CVi of length at initiation of DNA repli-

cation (Table 2) is within the range of 15 to 25%
reported by Koch (16). The CVi (22%) found for
TD = 90 min is rather large as compared to that
estimated previously by means of a graphic pro-
cedure for the wild-type strain growing with
TD = 100 min (CVi = 16%; see Table 3 of refer-
ence 19). When we analyzed the same radioau-
tographic data (19) by means of the procedure
outlined above, we found a higher value (CVi =
21%), similar to that of the thy auxotroph at
about the same TD. Therefore, we think that the
large difference of CVi at TD = 90 min and TD
= 180 min (Table 2) is due to the different
growth rates. The large CVi of size at initiation
of chromosome replication that we find (CVi =
15 to 22%) and the smaller variation in the time

.-q
4

!ci

(1) between successive initiations reported by
Newman and Kubitschek (26; CV, ~ 9%) are not
contradictory to each other, because they apply
to different parameters.
From the estimated CVu of the time interval

between initiation of DNA replication and ini-
tiation of cell constriction (i.e., 25%; Table 3) and
from the reported CVT of the interdivision time
(i.e., 20%; 21, 29, 31, 33), it can be inferred that
the CV of the sum of the B and T periods has to
be at least 30 to 35%. The CVB of age at initiation
of DNA replication estimated in synchronized
cultures of E. coli B/r F is larger
(i.e., -60%; manuscript in preparation); this im-
plies a negative correlation between the B and
U period.
Coordination ofDNA replication and cell

division. The positive coefficient of correlation
p between the lengths at which cells initiate
DNA replication and initiate visible cell con-
striction (Table 3) signifies a strong linear rela-
tionship between the two variables Li and L4.
We distinguish between the following possibili-
ties (see Fig. 5). (i) The true p equals 1, and it
was due to experimental error that we found a

1.25 '
JK1.0

102 1.5151- 1.0 1.25 1.5 1a51.s.

RELATIVE LENGTH AT lNITIATION OF DNA REPLICATION (Li)
FIG. 5. Diagrams to illustrate three different ways in which length at initiation ofDNA replication (Ld)

can be correlated with length at initiation of cell constriction (Ld. Note the use of logarithmic scales which
transform the log normal frequency distributions ofLi and Lc (CV, 15% and 10%, respectively) to normal ones.
The relationship between Li and Lc is indicated by the rising curve (A) or by a 68% probability band (B, C;
stippled area). (A) Both small (A, Li - standard deviation) and large cells (o, Li + standard deviation) at
initiation ofDNA replication start to constrict after they have elongated with the constant length increment
AL = L, - Li. Length at the onset of constriction is already determined at initiation ofDNA replication [the
coefficient ofcorrelation p (Li, L) = 1.01. Therefore, the coordination can be called deterministic (see also Fig.
1A). (B) Small (A) and large cells (o) at initiation ofDNA replication start to constrict after a variable length
increment AL (CV = 24%). Length at the onset of constriction is not fully determined at initiation ofDNA
replication [the coefficient of correlation p (Li, L) = 0.8]. The coordination can be called probabilistic or
stochastic. (C) Both small (A) and large cells (o) at initiation ofDNA replication start to constrict, on the
average, at the same length, L. The average length increment AL between both events differs for the two cells.
Length at the onset of constriction is hard to determine at initiation ofDNA replication [the coefficient of
correlation p (Li, L) = 0.16]. The coordination can be called independent (see also Fig. IB). In the construction
of the diagrams it has been assumed that constriction can only occur after initiation ofDNA replication, i.e.,
Lc 2 Li, and above the diagonal (broken line) in the plots. Therefore, at large Li the 68% probability band for
Lc converges to the diagonal in Fig. 5C (upward distortion, right upper corner). This dependence causes the
low positive value of p (see reference 30).
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lower value (see above). The length of a cell at
constriction would therefore be predetermined
at initiation of DNA replication (Fig. 1A and
5A). Such a coordination can be called deter-
ministic. (ii) The true p is slightly less than 1, as
we actually estimated. The length of a cell at
constriction is, therefore, not fully predictable
from its length at initiation of DNA replication,
because the length increment AL between both
events varies (Fig. 1A and 5B). Such a coordi-
nation can be called probabilistic or stochastic.
(iii) The true p is only slightly positive, and it
has been inflated by experimental error (see
above). The length of a cell at constriction is
then "independent" of that at initiation of DNA
replication. (In fact, a low correlation arises be-
forehand when the onset of constriction always
occurs after initiation of DNA replication.) In
this way there is hardly any coordination (Fig.
1B and 50). We consider this model improbable
because of the confidence interval of 77% which
we calculated for p (see Table 3).
The high correlation between Li and LC

doesn't necessarily imply that initiation ofDNA
replication has a direct effect on the onset of
constriction (besides allowing it). It could also
reflect the common influence of another event
before initiation of DNA replication on both
processes. This latter feature is expressed in the
model of Donachie et al. (6, 15) and implicitly in
the model of Pierucci (28).
The correlation we calculated means that cells

that initiate DNA replication at a big size pro-
ceed faster to division than cells that initiate at
a small size, thus reducing the CV of cell size
(homeostasis; see reference 8). Such a mecha-
nism of size control is compatible with our ob-
servation that the rate of DNA replication, es-
timated from the average number of grains
above cells engaged in DNA replication, seems
to accelerate as cells become bigger (Fig. 5 of
reference 19; this paper).

In conclusion, our results suggest that the size
of a cell at division is determined in a stochastic
way (Fig. 5B) at initiation of DNA replication.
Current experiments with synchronized cultures
are concerned with the question of to what ex-
tent size at initiation of DNA replication is pre-
determined at birth.
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