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In a search for the mechanism underlying dimensional changes in bacteria, the glucose analogue methyl a-D-
glucoside was used to effect a rapid reduction in the mass growth rate of Escherichia coli by competitively inhibiting
glucose uptake, a so-called nutritional shift-down. The new steady-state cell mass and volume were reached after
1 h, during which the rate of cell division was maintained; rearrangement of the linear dimensions (cell length,
diameter), however, required an additional 2 h and caused an undershoot in cell length, consistent with the view that
E. coli is slow to modify its diameter. The results are compared with the overshoot in cell length that occurs

following nutritional shift-up.

Introduction

Eubacteria are larger at rapid growth rates (Kjeldgaard
et al., 1958; Schaechter et al., 1958). This is explained by
the fact that two of the cell cycle parameters, the time
(Helmstetter et al., 1968) between initiation of chromo-
some replication and subsequent cell division (C+ D),
and the cell mass per chromosome origin (Donachie,
1968 Pritchard et al., 1969) at the time of initiation (A7),
are independent of the value of the doubling time (7)
when 7 is less than 60 min. Thus, a fast-growing cell
reaches a larger size (mass or volume) by the time it is
ready to divide because it initiates replication at the same
size (M) as a slow-growing cell but grows faster during
the subsequent C+ D.

Rod-shaped Gram-negative species such as Escheri-
chia coli and Salmonella typhimurium change their cell
size by adjusting both length and diameter (Schaechter et
al., 1958; Woldringh et al., 1977; Zaritsky, 1975), despite
the fact that at any particular growth rate (1/7) they
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extend in length only (Marr et al., 1966). The mechanism
by which cell diameter is modulated at different growth
rates remains elusive. A crucial observation in this regard
would seem to be the overshoot in cell length that takes
place during the well-defined transition from slow to fast
growth (Grover et al., 1980; Woldringh et al., 1980), the
so-called nutritional shift-up (Kjeldgaard et al., 1958):
the process of dimensional rearrangement requires much
more time than the C+ D needed for the cells to attain
their final steady-state size (Zaritsky et al., 1982). This
has been explained in terms of linear extension of the cell
envelope at a rate that depends on growth rate and
doubles once during each cell cycle (Rosenberger et al.,
1978). However, recent analyses of peptidoglycan syn-
thesis rate and its localization (Woldringh et al., 1987;
Cooper, 1988) are discordant with such a view.

The process of dimensional rearrangement during a
nutritional shift-up is slow compared to C+ D because
the cell is not able to adjust its diameter as rapidly as its
mass or volume (Grover et al., 1980; Woldringh et al.,
1980; Zaritsky et al., 1982). Will it be easier, and thus
quicker, for the cell to reduce its diameter upon a
nutritional shift-down or will cell length again over-
compensate, this time by undershooting its final steady-
state value? Can we obtain an indication of the kinetics
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of diameter accommodation during such a transition,
with perhaps a hint as to the underlying mechanism?
Such questions can only be addressed reliably under
conditions in which the mass (and volume) growth-rate
changes rapidly, a requirement that is satisfied (Kessler
& Rickenberg, 1963) by the glucose analogue methyl a-
p-ghucoside (xMG), which has been used for studying the
control of RNA and protein synthesis (Hansen et al.,
1975; Johnsen et al., 1977; Molin et al., 1977). This
abrupt shift-down system has recently been exploited
(Zaritsky & Helmstetter, 1992) to investigate the rate
maintenance of cell division, enabling observation of the
changes in the cell-cycle parameters C+ D and M, with 7.

Here we present a detailed study of the dimensions of
E. coli B/r during such a shift-down experiment and
consider the implications for growth, division and shape
formation in rod-shaped bacteria.

Methods

Strain, growth medium, shift-down conditions and growth measure-
ments. E. coli B/r F26 (thy his) was cultured by vigorous shaking at
37°C in minimal medium (Helmstetter, 1967) supplemented with
glucose (0-1%), thymine (10 pg mi™') and histidine (20 pg m1™). To
achieve a nutritional shift-down, xMG (Hansen et al., 1975) was added
as a powder to a final concentration of 1% (w/v). This ratio of 10:1
MG : glucose was chosen because previous observations had indicated
that rate-maintenance of cell division persisted under such conditions
(Zaritsky & Helmstetter, 1992). Mass increase of the cultures was
monitored at 450 nm with a Gilford micro-sample spectrophotometer
and cell numbers were determined using an electronic particle counter
developed in one of our laboratories (Huls ef al., 1992).

Preparation of cells for electron microscopy. Cells were fixed by the
addition to the growth medium of 1% (w/v) OsO, to a final
concentration of 0-1%, deposited on agar filters (Woldringh ez al.,
1977) and photographed with a Philips EM300 electron microscope.
Cellular dimensions were measured by touching, with an electronic
pen, pictures projected on a transparent screen at a magnification of
about x10000. Distributions and means were calculated using the
software described previously (Huls ef al., 1992).

Results and Discussion

Experiments described previously (Zaritsky & Helm-
stetter, 1992) showed that the addition of aMG (in a
ratio to glucose of 10:1) to exponentially growing cells
causes the mass doubling-time to increase abruptly from
42 to 100 min, then stabilize after about 70 min at a level
of 80 min. In such shift-down experiments, the pre-shift
rate of cell division (1-45 doublings h™') was maintained
for about 65 min, after which it dropped to its new
steady-state level (0-75 h™).

All cell dimensions were determined from a single,
typical growth experiment. Cell length distributions at
seven representative time points, and samples of agar-
filtered cells at three time points, are displayed in Fig. 1.

The transition period was characterized by a sharp drop
in mean cell length, from its pre-shift level of 2-71 pm to
1-77 um at 60-80 min (Fig. 2a), due to division-rate
maintenance (Zaritsky & Helmstetter, 1992), followed by
a gradual rise of 6% to its final steady-state value of
1-87 um. Mean cell diameter, on the other hand,
remained approximately constant at 0-72 pm for about
2 h, then decreased by 10% over the next hour or so to
its final steady-state value of 0-65 um (Fig. 25). This
dissociation between length and diameter changes is
emphasized by considering their ratio, the so-called
(Zaritsky, 1975) shape factor (Fig. 2¢). The ratio, 3-8
prior to the shift, undershot by around 35% (to 2:45 at
60-100 min) before reaching its new steady-state level of
2-8 about 3 h after the transition.

Adjustment of cell diameter during a transition
between different growth rates is thus slow not only
during nutritional shift-up, but under shift-down con-
ditions as well. Qualitatively, two mechanisms can be
conceived of through which the cell adjusts its diameter
and establishes its shape. In one, it is the envelope alone
that determines the response to the turgor pressure and
the synthetic possibilities afforded by the metabolism of
the cell. This is the idea underlying the constrained-hoop
model (Cooper, 1989), which regards the cell as a
pressurized balloon constrained by a tube of constant
diameter, and ascribes its slow accommodation to a new
radius to the molecular arrangement of the peptidoglycan
chains in its surface.

The alternative view (Woldringh er al., 1990) sees the
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Fig. 1. (a) Relative frequencies of cell lengths and (b) agar-filtered E.
coli F26 cells at selected time points before and after nutritional shift-
down. Darker distributions (@) represent constricted cells. Bar (b),
1 pm.
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Fig. 2. (a) Mean cell length (um), () cell diameter (um), and (c) cell
shape factor as functions of time before and after nutritional shift-
down.

nucleoid influence as indirect (via the transcription/
translation activity in its vicinity, for instance), acting on
the local rate of peptidoglycan synthesis through a
process of reciprocal interactions: a change in the
amount of replicating and segregating DNA forces the
growing peptidoglycan to adjust its radius by a so-called
nucleoid occlusion effect (Woldringh et al., 1990). In
turn, the peptidoglycan tube forces the extending
nucleoid to segregate along the major axis of the cell. The
data we have presented here are currently being utilized
to test just such a model.

Volume and surface area were computed for each cell,
from its measured length and diameter, by assuming an
idealized geometry of a right circular cylinder with
hemispherical polar caps, and the mean values are
plotted in Fig. 3. Both dimensions appear to attain their
new steady-state levels after about 60 min, followed by
what appear to be slow oscillations that persist for
several hours. Mean cell mass (relative values) was
calculated from the ratio between OD,,, and cell number
(results not shown), and is included to demonstrate that
cell density (mass/volume) remains constant during this
transition, as in steady-state exponential growth (Kubit-
schek et al., 1984). Cell volume distributions were also
determined by a completely independent method, an
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Fig. 3. Mean cell surface area (@, um?), volume (O, pm?), and relative
mass (A, ODy/10° cells) as functions of time before and after
nutritional shift-down.
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Fig. 4. Comparison between independent methods for cell volume
determinations at selected time points before and after nutritional shift-
down: electronic particle sizing (left; channel number), electron
microscopy (right; pm?).

electronic particle counter (Kubitschek & Friske, 1986),
and found to be comparable (Fig. 4); it is unlikely,
therefore, that serious artifacts are present.

The very short cells (Fig. 2a) with small shape factors
produced during the undershoot period (Fig. 2¢) have an
unusually high ratio of polar to cylindrical cell surface
area (or volume) and so may be useful in testing the
model (Helmstetter & Leonard, 1990) for nonrandom
segregation of sister DNA strands to daughter cells at
division.
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