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The dimensions of Rep~ cells of Escherichia coli K-12 were measured and
compared with those of their Rep* isogenic cells (both Thy™). Rep™ cells culti-
vated identically were longer (but not wider), even though both strains were
wider when the rate of chromosome replication was slowed down by lowering the
thymine concentration supplied. This eliminates the possibility that cell shape is
determined by this rate. Simulating Thy* phenotype by adding deoxyguanosine
resulted in shorter Rep~ cells when growth was faster. This excludes a simple
relationship between cell elongation and growth rate, but is consistent with a
linear proportionality between the rates of surface synthesis and growth. Thymine
limitation of fast-growing Thy™ E. coli K-12 cells is shown to result in loss of their
uniform shape and production of bizarre morphologies, apparently due to imbal-

anced synthesis of wall components.

The bacterial chromosome initiates replica-
tion when the cell reaches a certain mass (or
volume; 5, 28) and terminates a constant time
(C; 3) later; cell mass accumulates exponentially
(8). The observation (20, 40) that Thy™ cells of
Escherichia coli supported by lower thymine
concentrations are thicker, together with the
view that bacterial length extension is directly
coupled to chromosome replication and segre-
gation (6, 15), led to the proposal (27, 40) that a
cell grows by elongation at discrete zones, equiv-
alent in number to the number of completed
chromosomes, and at a rate (per zone) propor-
tional to the growth rate. Both faster growth
and slower replication thus result in a higher
mass-length ratio, and the cell accommodates
this “extra” mass by increasing its girth (26, 27,
36, 40).

The above argument assumes that thymine is
required for DNA synthesis only. However,
there is some evidence (14, 21, 22, 24) that deox-
ythymidine diphosphate rhamnose (TDPR) is
involved in bacterial envelope synthesis (20; R.
H. Pritchard, personal communication). When
lower thymine concentrations are used for cul-
tivation (14), the intracellular concentration of
TDPR is likely to be reduced together with the
reduction in the pools of the immediate DNA
precursors (1). Thus, if TDPR is rate limiting
for envelope synthesis under these conditions,
as are the deoxythymidine phosphates (1) in
chromosome replication, then both processes
can be expected to slow down proportionately

(20). The resulting envelope-mass ratio would
then decrease with the DN A-mass ratio (27, 40).

The dimensions of temperature-sensitive
DNA initiation mutant cells growing at inter-
mediate temperatures, reported in the accom-
panying paper (29), demonstrate conditions in
which reduction in DNA concentration was not
associated with an increased cell diameter.
These conditions, however, seem not to alter the
replication time of the chromosome (29); hence,
the proposal (36) that the change in cell diame-
ter is related to a corresponding change in the
number of replication positions has not been
excluded.

The isolation of the rep mutation in E. coli
K-12 (4) opened up a simple way to test this
hypothesis. The extensive studies of Lane and
Denhardt (17, 18) demonstrate a longer replica-
tion time (C) in Rep~ cells than in isogenic Rep™*
cultivated identically. As expected, the Rep~
cells are larger than their Rep® counterparts
grown similarly in a variety of media (17). The
increased size of Rep~ cells should be expressed
mainly in their thickening (as occurs in thymine-
limited cultures; 20, 40) if the diameter is deter-
mined by the number of replication positions
(36).

Here we attempt to resolve this question, by
measuring the cellular dimensions of a rep mu-
tant of E. coli K-12 and of its isogenic Rep”
strain, and conclude that the kinetics of chro-
mosome replication do not determine cell di-
ameter.
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MATERIALS AND METHODS

E. coli K-12 thr leu thy drm (inferred from lack of
sensitivity to deoxyguanosine; 27) and its rep-3 deriv-
ative (4; kindly provided by H. E. D. Lane) were
cultivated in AB salts solution (11) supplemented with
0.4% glucose as the sole carbon source, threonine and
leucine (50 ug/ml each), and the indicated concentra-
tions of thymine. Casamino Acids (Sigma; 1%) was
added for shorter doubling time (7) and deoxyguano-
sine (Sigma; 100 ug/ml) for faster replication velocity
(1, 37, 39). The cultures were vigorously aerated at
37°C in a reciprocating water-bath shaker and diluted
as necessary for maintaining them in a steady state of
exponential growth (40), indicated by a constant
length distribution (35).

Samples were fixed either by 0.25% formaldehyde
for absorbance measurements (Gilford microsample
spectrophotometer, at 450-nm wavelength) and for
titration (Coulter Counter, model ZB) or by osmium
tetroxide for electron microscopy. Electron micro-
graphs of cells, air-dried by a modification (35) of the
agar-filtration technique (16), were projected on a
screen at a final magnification of between 10,000 and
15,000.

Relative amounts of DNA were determined by in-
corporation of [“C]thymine (0.02 uCi/pg) into cold
trichloroacetic acid-insoluble material (39, 40).

RESULTS

Shape changes with replication time. E.
coli K-12 and its isogenic rep-3 derivative were
grown in glucose minimal medium supple-
mented with 5 ug of thymine per ml, with and
without deoxyguanosine. Pictures of each of the
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four cultures, after reaching steady-state growth
conditions, are shown in Fig. 1. It seems obvious
at first sight that both the rep mutation and a
limiting thymine concentration modify cell
shape. The quantitative analysis is presented as
length distributions in Fig. 2; the average dimen-
sions are summarized in Table 1. The results
confirm previous observations on other Thy~
strains (20, 40) that as chromosome replication
slows down under reduced thymine concentra-
tion (1, 39), the cell shape factor (36) decreases,
essentially by increasing diameter. However, a
reduction in the replication rate due to the pres-
ence of the rep mutation results in a somewhat
increased shape factor, mainly through in-
creased length. This observation seems to con-
tradict the simple relationship proposed by Zar-
itsky and Pritchard (40) between the number of
cell elongation zones and chromosomal termini,
provided rep does not influence cell cycle param-
eters other than C.

Shape changes with doubling time. The
study of cell dimensions at different steady-state
growth conditions, which has proved fruitful
before (7, 10, 17-20, 32, 33, 35, 40), was exploited
again, and the same strains were cultivated in
glucose-Casamino Acids-supplemented medium
to obtain shorter 7. Steady-state conditions
could be reached only when deoxyguanosine was
added (38), and the cells looked as shown in Fig.
3. Further experiments are summarized in Table
1. The most striking observation was the de-

F1G. 1. Electron micrographs of agar-filtered E. coli K-12 cells grown exponentially in glucose-minimal
salts medium, supplemented with 5 pg of thymine per ml with (c, d) or without (a, b) deoxyguanosine. (a) and
(c) Rep*; (b) and (d) Rep~. Magnification bar is 1 um.
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F16. 2. Length distributions of cells and of constricted cells (hatched area) from the same cultures as in

Fig. 1. N is the total number of cells measured.

TABLE 1. Dimensions and shape of E. coli K-12 at various conditions

Thymine Avg cell Avg cell
Media Rep concn® 7 (min) (mi:l) length (L) diam (2R) S(l;a:e g;;}b;)r
(ug/ml) (um) (um)
Glucose + 5 51 62 2.68 0.97 2.76
+ 5+ dG 57 41 2.62 0.68 3.83
- 5 54 127 3.19 1.04 3.07
- 5+ dG 60 1056 4.00 0.73 547
Glucose + Casa- + 3+dG 31 41 2.79 0.98 2.86
mino Acids - 5+ dG 38 79 3.70 1.03 3.59

¢ +dG, Deoxyguanosine was added to medium.

® Values of C were calculated from relative DNA-mass ratios (38, 39) normalized to give 41 min for Rep* in

deoxyguanosine.

crease in the average length of the Rep™ cell
compared to that in glucose minimal medium.
This excludes the elongation model (6, 7, 10, 40)
because it results in a time before division that
is negative (d; 10) for the presumed doubling in
cell elongation rate (Table 2). It is gratifying
that the estimated d for surface extension (27,
40) was similar in both strains (45 to 46 min;
Table 2) and approached the estimated value in
an E. coli B/r (strain H266; 49 min; R. F. Rosen-
berger, N. B. Grover, A. Zaritsky, and C. L.
Woldringh, J. Theor. Biol., in press).

Shape distortion. Thymine limitation of
fast-growing E. coli 15T cells causes them to
lose their division control, resulting in a gradual
increase in average cell size (40). As demon-
strated recently (38), such cells change their
otherwise uniform shape and give rise to many

monsters, a significant number of which are
branched. It was therefore important to find
that this phenomenon had nothing to do with
the genetic background specifying strain 15; es-
sentially identical cell shapes were observed
when the present K-12 strain was cultivated
under thymine limitation (without deoxyguano-
sine) in glucose-Casamino Acids-supplemented
medium (Fig. 4) irrespective of the presence of
the rep gene. The higher proportion of branched
cells (some 5 to 10%) in these populations can
be attributed to the faster growth conditions
employed here.

DISCUSSION

The apparent connection inferred between
bacterial cell shape and chromosome replication
rate (27, 36, 40) is demonstrated here to be
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Fic. 3. Electron micrographs and length distributions of agar-filtered E. coli K-12 cells grown exponen-
tially as in Fig. 1 and 2, supplemented with Casamino Acids and deoxyguanosine. Magnification bar is I pm.

N is the total number of cells measured.

TaBLE 2. Time before division (d) when cell growth
rate doubles"

d (min)
Rep
Elongation Surface growth
+ 6.1 44.8
- -11.8 45.8

“ Values for elongation were derived from the equa-
tion: d = mima(log L, — log L»)/(r2 — m1)log 2 (10, 40),
where L,, L., are average cell lengths when growing
with 71, 72, respectively. Values for surface growth were
derived similarly, but with average surface area [S =
27R(R + L); Rosenberger et al., J. Theor. Biol,, in
press] replacing L.

fortuitous, using a mutant that is affected in its
replication machinery (4, 17, 18, 34). The inde-
pendent effect on C of limiting thymine and the
presence of rep (Table 1; 18) is an indication
that thymine metabolism is not altered in the
mutant strain.

Thymine is not a normal intermediate in DNA
synthesis except in the presence of deoxyribo-
nucleotides or a thy mutation (see, e.g., 27). This
could be the reason why E. coli and Bacillus
subtilis seem not to have evolved an active
transport system for this base (31). Conse-
quently the intracellular concentrations of thy-

mine and its metabolites are low, resulting in
slower rates of the reactions for which these
serve as substrates. The possibility of simulating
conditions of thymine prototrophy in drm mu-
tants of Thy™ strains by adding deoxyguanosine
to the growth medium (1, 37, 39) permits study-
ing the proposed link between C/7 and cell shape
(36) without the complication of limiting thy-
mine.

In spite of the similar effect on C and on cell
size of the rep mutation in response to reduction
in the supply of thymine, the two treatments
resulted in opposite responses of cell dimensions
(Table 1). As intuitively expected, the increased
size of the rep-containing cell was expressed by
its becoming longer (due to an extended period
of elongation when divisions are delayed). The
marked thickening of thymine-limited -cells,
which has previously been interpreted as result-
ing from a reduced differential rate of synthesis
of envelope components over total dry weight
(inferred from the lower surface-mass ratio; 27,
40), does not seem to be caused by delaying
termination of chromosome replication (27, 40)
or by lengthening of C (36). It may be another
consequence of limiting thymine metabolites af-
fecting cell envelope synthesis directly.

TDPR is utilized in the synthesis of cell wall
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F16. 4. Electron micrographs of agar-filtered E. coli cells (Rep*) grown exponentially in glucose-minimal
salts medium supplemented with 3 pg of thymine per ml and Casamino Acids. Magnification bar is 1 um.

lipopolysaccharide (22, 24). Mutations in genes
coding for enzymes involved in TDPR synthesis
are pleiotropic; they alter the lipopolysaccharide
layer in a way similar to uridine diphosphate
glucose-negative mutations and influence the
intracellular concentration of dTTP (22). A re-
cent report by Ohkawa (23) describes a class of
mutants (Ter-21) which shows a spherical or
ellipsoidal form after UV irradiation, rather than
the usual filamentation expressed by their par-
ent strain. This phenomenon has been explained
(23) by the apparent fragile cell wall synthesized
in the mutant (due to deficient concentration of
TDPR following UV irradiation), in accord also
with the prolate shape of thymine-limited Thy~
cells (Fig. 1; 40) and, perhaps, with the phenom-
enon of branching observed at fast growth
under these conditions (Fig. 4; 38). The typical
fields shown in Fig. 4 also include a few lysed
cells, not usually found otherwise. Light micros-
copy of living or of OsO,-fixed samples failed to
show any lysis; this must therefore occur during
cell drying in preparation for electron micros-
copy.

The apparent imbalanced synthesis of enve-

lope components referred to here (and see 22)
should now be compared with the recent studies
of I. B. Holland and A. Boyd (personal commu-
nication); they did not find any difference in the
relative rate of either outer or inner membrane
protein synthesis versus total proteins in E. coli
B/r when Thy~ cells were thymine limited to
different extents. Thus the synthesis of the ma-
jority of envelope proteins is not directly linked
to surface growth in this strain. This observation
is consistent with the view that the outer mem-
brane proteins do not play a key role in bacterial
morphogenesis since mutants of E. coli K-12
lacking all “major” proteins of the outer cell
envelope membrane still display cylindrical
shape (13).

We are therefore inclined to explain the shape
changes observed under thymine limitation as
resulting from reduced differential rate of at
least one envelope component, the synthesis of
which involves TDPR, accompanied by weak-
ening of this layer in some strains of E. coli (K-
12 here; 15 in reference 38). (Since the genetic
background seems to be important in this con-
nection [2, 23, 30], it appears worth noting again
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[see also 38] that a Thy™ strain of one E. coli
B/r [LEB-16; 19, 20] does not show these bizarre
forms when growing rapidly under thymine lim-
itation, but rather slows down its growth rate
[Woldringh and Zaritsky, unpublished data] as
though straight-jacketed.) The primary candi-
date for such a component is the O side-chain of
the lipopolysaccharide (10, 21), but it is not easy
to imagine how this minor constituent could
modify cell shape by itself. It is interesting that
the same lipid (a Cs;-isoprenoid alcohol) may be
involved in the biosynthesis of both this side-
chain and peptidoglycan (9) by transferring the
appropriate sugars. It has been proposed that
the presence of some nucleotide sugars could
activate the enzymes transferring other sugars
(21). Thus, restricting the thymine supply to
Thy™ strains could limit the intracellular TDPR
concentration and, in turn, affect the sugar nu-
cleotides necessary for peptidoglycan biosyn-
thesis to a degree that influences cell shape. It is
unlikely, however, that this mechanism operates
during nutritional shifts of Thy* strains; hence,
we are forced to return to the question posed by
the correlation between growth rate and cell
width in gram-negative bacilliform bacteria (10,
26, 27, 32, 33, 40).

One possible positive conclusion from the data
presented here is that if the view of linear growth
limited by the number of zones (6, 26, 27, 40) is
correct, this number doubles some 45 min (=d)
before division (Table 2), in close agreement
with the estimated value of d in E. coli B/r
strain H266 for surface growth model (49 min;
Rosenberger et al., J. Theor. Biol., in press; C.
L. Woldringh, N. B. Grover, R. F. Rosenberger,
and A. Zaritsky, submitted for publication). The
notion of a “unit cell length” (6), predicting a d
value of 15 to 20 min (7, 10), should therefore be
abandoned, to be replaced perhaps by a “unit
cell surface.” The estimated d of 45 min does not
necessarily contradict the possibility that the
presumed doubling in number of surface growth
zones corresponds with the time when a specific
segment of the chromosome is replicated (27),
because the exact way D (3) changes with C (17,
19, 40) may vary among different strains and
growth conditions. These and other cell cycle
parameters in the present strains are under care-
ful study now.

ZARITSKY AND WOLDRINGH

ACKNOWLEDGMENTS

This work was supported by an European Molecular Biol-
ogy Organization Short-Term Fellowship to A.Z.

The skillful technical assistance of Jos Joosten is gratefully
acknowledged. Thanks are due to N. B. Grover, 1. B. Holland,
H. E. D. Lane, D. Mirelman, R. H. Pritchard, E. Ron, and R.
F. Rosenberger for critically reading the manuscript; Grover
and Pritchard were also helpful in shaping it.

—

*®

b

10.

11

—

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

J. BACTERIOL.

LITERATURE CITED

. Beacham, I. R, K. Beacham, A. Zaritsky, and R. H.

Pritchard. 1971. Intracellular thymidine triphosphate
concentrations in wild type and in thymine requiring
mutants of E. coli 15 and K12. J. Mol. Biol. 60:75-86.

. Begg, K. J., and W. D. Donachie. 1978. Changes in cell

size and shape in thymine-requiring Escherichia coli
associated with growth in low concentrations of thy-
mine. J. Bacteriol. 133:452-458.

Cooper, S., and C. E. Helmstetter. 1968. Chromosome
replication and the division cycle of E. coli B/r. J. Mol.
Biol. 31:519-540.

. Denhardt, D. T., D. H. Dressler, and A. Hathaway.

1967. The abortive replication of ®X174 DNA in a
recombination-deficient mutant of E. coli. Proc. Natl.
Acad. Sci. U.S.A. 57:813-820.

Donachie, W. D. 1968. Relationship between cell size and
time of initiation of DNA replication. Nature (London)
219:1077-1079.

. Donachie, W. D., and K. J. Begg. 1970. Growth of the

bacterial cell. Nature (London) 227:1220-1224.

Donachie, W. D,, K. J. Begg, and M. Vicente. 1976.
Cell length, cell growth and cell division. Nature (Lon-
don) 264:328-333.

Ecker, R. E., and G. Kokaisl. 1969. Synthesis of protein,
ribonucleic acid, and ribosomes by individual bacterial
cells in balanced growth. J. Bacteriol. 98:1219-1226.

Ghuysen, J. M., and G. D. Shockman. 1973. Biosyn-
thesis of peptidoglycan, p. 37-130. In L. Leive (ed.),
Bacterial membranes and walls. Marcel Dekker, Inc.,
New York.

Grover, N. B,, C. L. Woldringh, A. Zaritsky, and R.
F. Rosenberger. 1977. Elongation of rod-shaped bac-
teria. J. Theor. Biol. 67:181-193.

Helmstetter, C. E., and S. Cooper. 1968. DNA synthesis
during the division cycle of rapidly growing E. coli B/r.
J. Mol. Biol. 31:507-518.

Henning, U. 1975. Determination of cell shape in bacte-
ria. Annu. Rev. Microbiol. 29:45-60.

Henning, U., and 1. Haller. 1975. Mutants of E. coli K
12 lacking all “major” proteins of the outer cell envelope
membrane. FEBS Lett. 55:161-164.

Hobsono, R., H. Hosono, and S. Kuno. 1975. Effects of
growth conditions on thymidine nucleotide pools in E.
coli. J. Biochem. 78:123-129.

Jacob, F., S. Brenner, and F. Cuzin. 1963. On the
regulation of DNA replication in bacteria. Cold Spring
Harbor Symp. Quant. Biol. 28:329-348.

Kellenberger, E., and D. Bitterli. 1976. Preparation and
counts of particles in electron microscopy: application
of negative stain in the agarfiltration method. Microsc.
Acta 78:131-148.

Lane, H. E. D., and D. T. Denhardt. 1974. The rep
mutation. III. Altered structure of the replicating Esch-
erichia coli chromosome. J. Bacteriol. 120:805-814.

Lane, H. E. D., and D. T. Denhardt. 1975. The rep
mutation. IV. Slower movement of replication forks in
E. coli rep strains. J. Mol. Biol. 97:99-112.

Meacock, P. A., and R. H. Pritchard. 1975. Relationship
between chromosome replication and cell division in a
thymineless mutant of Escherichia coli B/r. J. Bacte-
riol. 122:931-942.

Meacock, P. A, R. H. Pritchard, and E. M. Roberts.
1978. Effect of thymine concentration on cell shape in
Thy~ Escherichia coli B/r. J. Bacteriol. 133:320-328.

Nikaido, H. 1973. Biosynthesis and assembly of lipopoly-
saccharide and the outer membrane layer of gram-neg-
ative cell wall, p. 131-208. In L. Leive (ed.), Bacterial
membranes and walls. Marcel Dekker, Inc., New York.

Ohkawa, T. 1976. Studies of intracellular thymidine nu-
cleotides. Eur. J. Biochem. 61:81-91.

Ohkawa, T. 1977. Abnormal metabolism of thymidine



VoL. 135, 1978

26.

217.

31.

nucleotides in UV-irradiated dTDPG pyrophosphoryl-
ase-deficient mutants of E. coli K12. Biochim. Biophys.
Acta 476:190-202.

. Okazaki, T., J. L. Strominger, and R. Okazaki. 1963.

Thymidine diphosphate-L-rhamnose metabolism in
smooth and rough strains of Escherichia coli and Sal-
monella weslaco. J. Bacteriol. 86:118-124.

. Orr, E., P. A. Meacock, and R. H. Pritchard. 1978.

‘Genetic and physiological properties of an E. coli strain

carrying the dnaA mutation T46. p. 85-100. In 1. J.
Molineux and M. Kohiyama (ed.), DNA synthesis—
present and future. Plenum Press, New York.

Previc, E. P. 1970. Biochemical determination of bacterial
morphology and the geometry of cell division. J. Theor.
Biol. 27:471-497.

Pritchard, R. H. 1974. On the growth and form of a
bacterial cell. Philos. Trans. R. Soc. London Ser. B
267:303-336.

. Pritchard, R. H,, P. T. Barth, and J. Collins. 1969.

Control of DNA synthesis in bacteria, p. 263-297. In P.
M. Meadow and S. J. Pirt (ed.), Microbial growth. XIX
Symposium of the Society of General Microbiology,
Cambridge University Press, Cambridge.

. Pritchard, R. H,, P. A. Meacock, and E. Orr. 1978.

Diameter of cells of a thermosensitive dnaA mutant of
Escherichia coli cultivated at intermediate tempera-
tures. J. Bacteriol. 135:575-580.

. Reeve, J. N, N. H. Mendelson, and R. M. Cole. 1972.

Cell morphology of Bacillus subtilis: the effect of ge-
netic background on the expression of a rod gene. Mol.
Gen. Genet. 119:11-26.

Rinehart, K. V., and J. C. Copeland. 1973. Evidence
that thymine is not a normal metabolite in wild-type

CELL SHAPE IN ESCHERICHIA COLI

32.

37.

587

Bacillus subtilis. Biochim. Biophys. Acta 294:1-7.
Rosenberger, R. F., N. B. Grover, A. Zaritsky, and C.

L. Woldringh. 1977. Control of microbial surface

growth by density. Nature (London) 271:244-245.

. Schaechter, M., O. Maalpe, and N. O. Kjeldgaard.

1958. Dependency on medium and temperature of cell
size and chemical composition during balanced growth
of Salmonella typhimurium. J. Gen. Microbiol.
19:592-606.

. Scott, J. F., S. Eisenberg, L. L. Bertsch, and A. Korn-

berg. 1977. A mechanism of duplex DNA replication
revealed by enzymatic studies of phage ®X174: catalytic
strand separation in advance of replication. Proc. Natl.
Acad. Sci. U.S.A. 74:193-197.

. Woldringh, C. L., M. A. de Jong, W. van den Berg,

and L. Koppes. 1977. Morphological analysis of the
division cycle of two Escherichia coli substrains during
slow growth. J. Bacteriol. 131:270-279.

. Zaritsky, A. 1975. On dimensional determination of rod-

shaped bacteria. J. Theor. Biol. 54:243-248.
Zaritsky, A. 1975. Rate stimulation of DNA synthesis
after inhibition. J. Bacteriol. 122:841-846.

. Zaritsky, A. 1977. Branching of fast-growing E. coli 15T

in low thymine concentrations. FEMS Microbiol. Lett.
2:65-69.

. Zaritsky, A., and R. H. Pritchard. 197i. Replication

time of the chromosome in thymineless mutants of E.
coli. J. Mol. Biol. 60:65-74.

. Zaritsky, A., and R. H. Pritchard. 1973. Changes in cell

size and shape associated with changes in the replication
time of the chromosome of Escherichia coli. J. Bacte-
riol. 114:824-837.



