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Actively Replicating Nucleoids Influence Positioning of Division
Sites in Escherichia coli Filaments Forming Cells Lacking DNA
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The positioning of constrictions in Escherichia coli filaments pinching off anucleate cells was analyzed by
fluorescence microscopy of dnaX(Ts), dnaX(Ts) sfiA, dnaA46(Ts), gyrA(Am) supF(Ts), and gyrB(Ts) mutants.
In filaments with actively replicating nucleoids, constrictions were positioned close to the nucleoid, whereas in
nonreplicating filaments, positioning of constrictions within the anucleate region was nearly random. We
conclude that constriction positioning depends in an unknown way on nucleoid replication activity.

Cell division in Escherichia coli involves the tight coordi-
nation in time and space of the processes of cell growth,
DNA replication, and cell constriction. Concomitant with
the increase in cell mass and DNA replication, the daughter
chromosomes are segregated into the cell halves. After
termination of DNA replication and completion of segrega-
tion, the cell is constricted between the nucleoids in the cell
center. Constriction requires discontinuation of enzyme
activity for cell wall synthesis at the constriction site (1, 21).
This may be achieved either by local activation of enzymes
or by positioning of specific enzymes at the constriction site.
Although termination of DNA replication has been sug-
gested to signal the cell to initiate a constriction (11), the
mechanism is still not well understood. So far, factors that
determine the positioning of a constriction site have not been
identified.
According to the concept of zonal growth in bacterial cells

(5, 8), the site of constriction is determined by growth zones
that occur in the lateral cell wall. It has also been suggested
that "zones of adhesion" between the cell membrane and
the peptidoglycan layer may be involved in the positioning of
constrictions (16). Both ideas imply that constriction sites
are predetermined within the cell envelope in such a way
that the specific enzymes for constriction are concentrated at
potential division sites, which are placed at regular distances
from the cell pole. Experiments with cells carrying the
temperature-sensitive DNA initiation mutation dnaA46(Ts)
have been interpreted in terms of predetermined division
sites (2). At the restrictive temperature, the SOS response
and the related cell division inhibition are not induced in this
mutant (for a review, see reference 12), which thus continues
to divide, pinching off DNA-less cells. At 42°C, the
dnaA46(Ts) mutant was reported to pinch off DNA-less cells
of uniform length similar to the newborn cell length (5, 10),
suggesting that the cells can measure the distance between
constriction and pole.

Contrary to the results of Hirota et al. (5), observations on
other DNA-less cell-forming mutants suggest the absence of
regularly spaced, predetermined constriction sites in the
lateral cell wall. For instance, the dnaB mutation, by which
DNA replication and constriction initiation are also uncou-
pled, produces DNA-less cells that are not uniform in size
(7). Anucleate cells with a broad range of cell lengths are also
pinched off from filaments of the dnaX(Ts) mutant recover-
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ing from a temperature shift (21). In addition, inhibition of
DNA synthesis in min mutants, which normally pinch off
minicells and short DNA-less cells, causes the formation of
DNA-less cells with lengths that vary from 1.2 to 13 p.m (9).
Finally, gyrA(Am) supF(Ts) (parD [6]) and gyrB(Ts) (2)
mutants, which show a defect in DNA segregation, pinch off
DNA-less cells, which may vary in length from the size of
minicells to normal rod size. It has thus been suggested that,
in the absence of segregated nucleoids, constrictions are
positioned randomly within the nucleoid-free cell ends of the
filaments (6, 21).

In this article we present observations which suggest that,
in the absence of unsegregated nucleoids, division sites are
neither predetermined nor randomly positioned& We show
that recovering temperature-sensitive replication mutants
and DNA segregation mutants growing at the restrictive
temperature, which both contain actively replicating nucle-
oids, preferentially constrict close to the nucleoids. In divid-
ing filaments that do not replicate their chromosome, posi-
tioning of constrictions relative to the nucleoid is close to
random.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and replication rate
measurements. The Escherichia coli strains used in this
study are listed in Table 1. The cells were cultured under
steady-state conditions at 30 or 37°C in minimal medium (18)
supplemented with glucose (0.4%) as the sole carbon source,
thiamine (4 pLg/ml), and the required amino acids (50 ,ug/ml).
The osmolality of the medium was adjusted to 300 mOsm by
the addition of 0.1 M NaCl. Temperature shifts were carried
out by diluting the steady-state culture (OD450, 0.2 to 0.3)
into warm medium; four times for a shift from 30 to 42°C,
and two times for a shift back from 42 to 30°C. During the
experiments, the OD450 was never allowed to increase above
0.3.
To measure the rate of DNA synthesis in the replication

and initiation mutants under the various growth conditions,
cells were pulsed every 10 min, in a total volume of 400 ,ul,
with 12 pLCi of [3H]thymidine (30 Rl) (Amersham Corp.).
[3H]thymidine incorporation was stopped after 10 min by the
addition of 100 pul of cold 50% trichloroacetic acid (TCA).
Samples (100 pul) were put on GF/A glass filter (Whatman) in
duplicate. The filters were equilibrated in 10% TCA contain-
ing thymine (200 pug/ml), washed once with 5% TCA, twice
with acetone, and once with ether, and finally dried. Radio-
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TABLE 1. E. coli K-12 strains

Strain Genotype Source or reference

LMC500 F- araD139 A(argF-lac)U169 deoC/ flbB5301 lysA ptsF25 rbsR Taschner et al. (19)
relAl rpsL150

LMC1011 LMC500 minB zcf: :TnS P1(GC7115) xLMC500
LMC1012 LMC500 dnaX2016(Ts) zba::TnIO P1(LMC722) x LMC500
LMC1013 LMC500 dnaX2016(Ts) sfiA: :TnS zba: :TnIO pyrD P1(LMC605) xLMC1012
LMC1039 LMC500 dnaA46(Ts) tna::TnIO P1(LMC1061) x LMC500
LMC1040 LMC1039 sfiA::TnS P1(LMC605)x LMC1039
WM1028 dnaA46(Ts) ilvB lac supF thi W. M. Messer
OV6 F- ara(Am) deo galE galU42(Am) gyrA(Am) his ilv lac-125(Am) Hussain et al. (6)

leu supF-A81(Ts) trp(Am) tsx(Am)
LE234 F- argE gyrB(Ts) ilv leu metB rpsL supE thi tna xyl E. Orr et al. (15)
GC7115 F- X- minBI sfiA85 zcf-289::TnIO Jaffd et al. (10)
LMC722 AX727 zba::TnJO
AX727 dnaX2016(Ts) gal lac rpsL thi J. M. Henson et al. (4)
LMC605 LMC500 pyrD sfiA::Tn5 P1(GC2555) x LMC500
GC2555 F- pyrD sfiA::Tn5 R. D'Ari
LMC1061 WM1028 tna::TnJO P1(WP72)XWM1028
WP72 arg bglR galE pro rpsL thi tna::TnIO Schaus et al. (17)

activity on the filters was determined in toluene with 4 g of
2,5-diphenyloxazol per liter in a scintillation counter.

Genetic techniques. Phage P1 vir-mediated transduction
was carried out as described by Miller (13). Temperature
sensitivity of the strains was tested on TY plates without
NaCI at 42°C and on TY plates with 0.5% NaCl at 30°C.

Microscopic techniques. The positioning of constrictions
relative to nucleoids and cell poles was determined from
fluorescence microscope pictures. For fluorescence micros-
copy, exponentially growing cells (OD450 of 0.1 to 0.2) were
harvested and fixed in 0.1% OS04. The cells were concen-
trated 20 to 40 times by centrifugation and suspension in
veronal-acetate buffer (pH 6) containing 0.12 M NaCl and
0.01 M MgCl2. The nucleoids were specifically stained with
fluorochrome 33342 (Hoechst-Roussel Pharmaceuticals Inc.)
at a final concentration of 16 ,ug/ml; 5 ,ul of the cell suspen-
sion was left to dry on a polylysine-coated cover slip (50 RI,
0.01%) and covered with 3% methocel (5 pul). The fluoro-
chrome was irradiated at 365 nm in a fluorescence micro-
scope (Zeiss). Cells with fluorescent nucleoids were photo-
graphed with Tmax films (400 ASA; Kodak Ltd.), which
were developed with Acu-1 developer (Acufine Inc.).

Distances between nucleoids and constrictions (LNC) or
between nucleoids and cell poles (LNP) and between con-
strictions and cell poles (LCP) and individual cell lengths
were measured from fluorescence microscope pictures pro-
jected onto a digitizing screen (Summagraphics Co.) at a final

magnification of 3,200. The distances were measured by
tipping the nucleoid poles, constrictions, and cell poles with
an electronic pen (19); different distances were measured in
separate runs. Fifty measurements of a nucleoid-cell pole
length in one cell (mean, 0.9 pum) gave a coefficient of
variation (CV) of 8%. The maximum measurement error was
thus estimated at 10%.

RESULTS

Growth and cell division characteristics of DNA-less cell-
forming mutants. Mutants that are affected in DNA replica-
tion or in the segregation of nucleoids form anucleate cells,
either during restrictive growth in the absence of SOS-
dependent cell division inhibition or when recovering from
SOS-dependent filamentation. To study the positioning of
constrictions under these two conditions, we examined the
dnaX(Ts), dnaX(Ts) sfiA, and dnaA46(Ts) replication mu-
tants, the gyrA(Am) supF(Ts) and gyrB(Ts) segregation
mutants and a minB mutant (Tables 2 and 3).
The dnaX(Ts) replication mutant only pinched off DNA-

less cells when recovering from growth at the restrictive
temperature. Figure 1A shows the growth and division
characteristics after a temperature shift of a steady-state
population from 30 to 42°C and back to 30°C. The tempera-
ture shift resulted in an immediate increase in growth rate,
which from then on decreased steadily. DNA synthesis was

TABLE 2. Constriction efficiency of isogenic dna mutants and some gyr mutants, expressed as percentages of constricting cells and of
DNA-less cells, determined from fluorescence microscope photographs

Genotype of strain Growth conditions % Constricting cells" % Anucleate
C, c.,c CP Cd cells

dnaX(Ts) sfiA 2 h at 42°C 14 2 12 b 8
dnaX(Ts) sfiA 4.5 h at 42°C 13 13 17
dnaX(Ts) 2 h after shift back to 30°C 77 23 27 27 12
dnaA46(Ts) 2 h at 42°C 3 2 1
dnaA46(Ts) 4.5 h at 42°C 13 2 11 7
dnaA46(Ts) 1.5 h after shift back to 30°C 82 21 63 25
gyrA(Am) supF(Ts) 3 h at 42°C 15 6 11 41
gyrB(Ts) 2 h at 42°C 23 4 19 34

"Ct, Total percentage of constricting cells; Cc, percentage of centrally constricting cells; Cr, percentage of polarly constricting cells; Cd, percentage of doubly
constricting cells (central and polar).

b
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TABLE 3. Positioning of constrictions of anucleate-cell-forming filamentous mutants and lengths of new born cells

Constriction position"
Genotype of strain Growth conditions L, (,um)"

LC I) ([>m) LNI' ( m)

LMC500 (wild type) Steady state at 37°C 1.4 (11)
dnaX(Ts) sfiA 5 h at 42°C 3.2 (33) 6.5 (39) 2.1 (11)
dnaX(Ts) 2 h after shift back to 30°C 2.6 (42) 3.4 (38) 2.0 (12)
dnaA46(Ts) 5 h at 42°C 3.1 (21) 4.8 (23) ND"
dnaA46(Ts) 1.5 h after shift back to 30°C 4.5 (18) 5.3 (17)
gyrA(Am) supF(Ts) 3 h at 42°C 1.7 (30) 2.7 (31)
gyrB(Ts) 2 h at 42°C 1.9 (23) 2.3 (22)
mninB Steady state at 37°C 0.9 (25) 1.3 (19)

"The percent CV is shown in parentheses.
"ND, Newborn cell length could not be determined.

inhibited within 40 min (Fig. iB). Due to the presence of
cells that had terminated replication, cell division continued
at a low rate for about 1 h at 42°C, resulting in a 35 to 50%
increase in the number of cells in various experiments. At
the same time, filaments with no signs of constriction were
formed due to induction of the SOS response. In these
filaments, the nucleoids at first appeared to spread out,
whereas after 10 min an increasing percentage of nucleoids
(40% with contracted nucleoids after 2 h of growth at 42°C)
became contracted [Fig. 2a shows a similar nucleoid mor-
phology in dnaX(Ts) sfiA cells]. Within 10 min after a shift
back to the permissive temperature, the contracted nucle-
oids became dispersed again. Subsequently, the DNA repli-
cation rate increased rapidly (Fig. iB). The growth rate
recovered very slowly but eventually reached the steady-
state level (not shown). Recovery of cell division, which did
not occur until 60 min after the shift back to 30°C, resulted in
anucleate cell formation. The percentage of free anucleate
(N-) cells amounted to 12% after 2 h of permissive growth
(Table 2).
The dnaX(Ts) sfiA mutant, in a shift experiment (30 to 42

to 30°C), behaved like the dnaX(Ts) mutant with respect to
DNA replication inhibition and nucleoid morphology (Fig.
2a). The dnaX(Ts) sfiA mutant lacks a functional SOS-
related cell division inhibition mechanism (SfiA protein) and
thus formed anucleate cells at the restrictive temperature.
After the shift from 30 to 42°C, cell division was nevertheless
inhibited to some extent. Table 2 shows that as a result of
this SOS-independent cell division inhibition (10), the per-
centage of polarly constricting cells (CP) (13% after 4.5 h)
was low compared with that of the recovering dnaX(Ts)
population (Cp, 27% after 2 h). After the shift back to 30°C,
the cells recovered completely, even after 5 h at 42°C.
However, recovery of growth rate took two times longer
after 5 h (about 4 h) than after 3 h (about 2 h) of restrictive
growth.

In the dnaA46(Ts) mutant, the DNA replication rate
decreased gradually after a shift to the restrictive tempera-
ture (Fig. 1D). The nucleoids in the dnaA46(Ts) mutant
filaments appeared to spread out, like in the dnaX(Ts)
mutant, but did not contract (Fig. 2c). In the present
temperature shift experiments, with cells growing in minimal
medium, cell division inhibition immediately set in (Fig. 1C),
giving rise to filaments with multiple nucleoids (Fig. 2c). Of
the few filaments that formed anucleate cells at the restric-
tive temperature (7% after 4.5 h; Table 2), 80% contained
multiple nucleoids. The same cell division inhibition at 42°C
was observed with a dnaA(Ts) sfiA strain (result not shown),
confirming Monk and Gross (14) in that dnaA46(Ts) does not
induce the SOS response. In the 30°C steady-state

dnaA46(Ts) culture, many long cells with three or more
nucleoids and asymmetrically positioned constrictions were
observed, indicating that cell division is also inhibited to
some extent at the permissive temperature. Therefore, the
accuracy of constriction positioning determined by the vari-
ation of the newborn cell length (LO, 3.1 p.m; CV, 17%)
cannot be compared with of that of the wild-type strain (1.4
[Lm; CV, 11%; Table 3) or of DNA-less cell formation (see
below). When the culture was shifted back to the permissive
temperature after 5 h of restrictive growth, DNA replication
was restored (Fig. 1D) and many DNA-less cells were
formed (25% after 1.5 h; Table 2).
The gyrA(Am) supF(Ts) and gyrB(Ts) mutants formed

anucleate cells at the restrictive temperature, at a greater
rate than the dna mutants (Table 2). In these mutants, the
aberrant positioning of constrictions appeared to be related
to the retardation of nucleoid segregation (Fig. 2e and f).
Upon the shift to 42°C, both mutants showed an increase in
growth rate, which from then on declined steadily (results
not shown). The minB mutant also showed impaired segre-
gation (manuscript in preparation) and formed minicells
(small rounded anucleate cells) constitutively during growth
under steady-state conditions at 37°C.
Comparison of positioning of constrictions in filaments with

and without actively replicating nucleoids. From the exami-
nation of the various DNA-less cell-forming mutants in
fluorescence micrographs as shown in Fig. 2, it appeared
that most mutants preferentially positioned constrictions
close to the nucleoid. Only the dnaX(Ts) sfiA and
dnaA46(Ts) mutants at 42°C appeared to constrict on an
average farther away from the nucleoid. Because of this
difference, the positioning of constrictions in these filaments
was analyzed in more detail.

Figure 3A shows the length distribution of anucleate cell
parts (LNP) of the dnaX(Ts) sfiA mutant cells at 42°C. From
this distribution, a theoretical distribution of nucleoid-con-
striction distances (LNC) was derived, assuming random
positioning of constrictions between the nucleoid and the
polar cap (which was assumed to extend 0.8 p.m from the cell
pole). Every LNP length class of 0.2 pum in width contains a
number of cells which may constrict with equal probability
in any length class of the indicated range. Thus, the number
of cells in each LNP length class was distributed evenly over
the LNC classes between the nucleoid and L = LNP - 0.8
p.m. Summing up of the cells that thus had been assigned to
every LNC length class resulted in the desired length distri-
bution. From the correspondence of the theoretical and
measured LNC length distributions (Fig. 3B), we conclude
that positioning in the anucleate parts of the dnaX(Ts) sfiA
filaments (at 42°C) is close to random. In contrast, the
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FIG. 1. Growth and changes in cell number of E. coli replication dnaX(Ts) mutant (A) and the initiation dnaA46(Ts) mutant (C) after a shift
to the restrictive temperature (42°C) at 0 min and after a shift back to the permissive temperature (30°C); OD450 (O) and cell number (-). The
changes in replication rate during the temperature shift experiment are depicted in panels B and D for the dnaX(Ts) and dnaA46(Ts) mutants,
respectively. Shifts are indicated by dotted verticals.

dnaX(Ts) filaments, after a shift back to the permissive
temperature, positioned constrictions preferentially close to
the nucleoid (Fig. 4). A similar difference in positioning of
constrictions relative to nucleoids was observed when iso-
genic dnaA46(Ts) cells growing at 42°C (Fig. 5) were shifted
back to 30°C (Fig. 6), an observation also obtained with the
dnaA46(Ts) mutation in another genetic background
(WM1028; Table 1). However, in both dnaA46(Ts) strains
growing at the restrictive temperature (Fig. SB), positioning
of constrictions was less random than in the dnaX(Ts) sfiA
mutants (Fig. 3B).

Constriction positioning in the gyr mutants, which contin-
ued to replicate, was found to be nonrandom. However, due

to the relatively short length of the nucleoid-free parts of the
filaments, the distinction between random and nonrandom
constriction positioning was less clear. The gyrB(Ts) mutant
appeared to constrict preferentially close to the nucleoid,
and the gyrA(Am) supF(Ts) mutant appeared to constrict
somewhat more at random (results not shown).
We conclude from these results that the positioning of

constrictions is influenced by the replication activity of the
nucleoids.

Anucleate cell formation in the various DNA replication and
segregation mutants. Do the above observations on constric-
tion positioning exclude the formation of DNA-less cells of a
certain uniform length? In the dnaX(Ts) sfiA filaments,

J. BACTERIOL.
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FIG. 1-Continued.

which did not replicate while forming DNA-less cells, con-

strictions were positioned nearly randomly with respect to
the cell pole as well as to the nucleoid (Fig. 3B). The length
distribution of the DNA-less cells that were being formed is
shown in Fig. 3C and appeared to be wide (CV, 33%; Table
3) and corresponded closely with the calculated Lcp distri-
bution (result not shown). The replicating filaments of the
dnaX(Ts) mutant after the shift back pinched off DNA-less
cells close to the nucleoid (Fig. 4B). Figure 4C shows that, as
a consequence, these filaments pinched off anucleate cells
with a length distribution similar to that of the corresponding
nucleoid-free cell parts (CV, 42%; Table 3 and Fig. 4A). The
length distributions of the DNA-less cells formed by the
dnaX(Ts) and dnaX(Ts) sfiA filaments show that their great
variation is probably not the result of bimodality, caused by

positioning of constrictions at Lo or 2 x Lo (Lo = 2.0 ,um)
from the cell pole.
The dnaA46(Ts) mutant, growing at 42°C, formed DNA-

less cells with a narrower length distribution than expected
on the basis of random constriction positioning. This can in
part be explained by the formation of a few small rounded
anucleate cells (minicells; Fig. 5C). The average length of
these DNA-less cells (3.1 ,um; Table 3) cannot be compared
with the newborn-cell length of the 30°C steady-state culture
(see above), but is greater than that of the wild-type strain or
the dnaX(Ts) mutant (1.4 and 2.0 ,um, respectively; Table 3);
the variation of the dnaA46(Ts) Lcp distribution (CV, 21%;
Table 3) was, although smaller than that of the dnaX(Ts)
mutants (CV, 42%; Table 3), significantly greater than that of
wild-type newborn cells (CV, 11%; Table 3). Table 3 also
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FIG. 2. Fluorescence micrographs (3,200x) of DNA-less cell-forming filaments of (a) dnaX(Ts) vfiA after 5 h at 429C; (b) dnaX(Ts) 2 h after
a shift back to 30°C; (c) dnaA46(Ts) after 5 h at 42°C; (d) dnaA46(Ts) 1.5 h after a shift back to 30°C; (e) gyrA(Am) supF(Ts) after 3 h at 42°C;
and (f) gyrB(Ts) after 2 h at 42°C. Bar, 5 ,um.
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FIG. 4. dnaX(Ts) filaments 2 h after a shift back to 30°C. See Fig. 3 legend for details. A total of 120 filaments were measured.
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FIG. 7. Schematic representation of how, in an E. coli cell, a
positive signal (+) that is generated upon termination of DNA
replication diffuses into the cell and initiates a constriction at a site
where a negative nucleoid effect (-), which is also the result of
nucleoid activity, has weakened sufficiently.

shows that the lengths of the nucleoid-free parts of DNA-less
cell-forming dnaA46(Ts) filaments had a relatively narrow
distribution (CV, 27%), which, together with the slight posi-
tioning effect shown in Fig. SA, may contribute to the smaller
variation of the anucleate-cell length distribution (Fig. SC).
From these results we conclude that no positioning of

constrictions at a uniform distance from the cell pole occurs
in any of these DNA-less cell-forming mutants.

DISCUSSION

Precise positioning of constrictions in the absence of
segregated nucleoids depends on replication activity of the
nucleoid. Filaments that do replicate, as in dna mutants
upon a shift back to the permissive temperature and in the
gyr segregation mutants at the restrictive temperature, pref-
erentially position constrictions close to the nucleoid. In the
absence of DNA replication, positioning of constrictions
along the anucleate part of the filamentous dnaX(Ts) sfiA
cells is close to random.
The dnaA46(Ts) mutant (Fig. 5) positioned constrictions

somewhat less randomly at 42°C, i.e., on average closer to
the nucleoid than those of the dnaX(Ts) sfiA mutant (Fig. 3).
This difference in constriction positioning may be the result
of on-going initiation of DNA replication in a subpopulation
of the culture. Indeed, low but significant replication activity
could be detected up to 2 h after the shift to 42°C (Fig. 1D).
The synchronization effect in on-going initiations observed
by Helmstetter and Weinberger (3) with the dnaA5(Ts)
mutant at the restrictive temperature could not be observed
in the dnaA46(Ts) mutant, which may be due to stronger
inhibition of initiation.

In the literature it has been considered that constrictions
may be predetermined through the localization of specific
constriction enzymes in either growth zones (5) or zones of
adhesion (16). Alternatively, specific peptidoglycan-synthe-
sizing enzymes may be locally activated (1, 21). From the
present observations on positioning of constrictions (Fig. 3 to
6) and the distributions of anucleate cells that were being

formed (Fig. 3C, 4C, SC, and 6C), we conclude that constric-
tion sites are not predetermined but can be induced by local
activation of peptidoglycan-synthesizing enzymes specific for
constriction (1, 21). We think that such local activation could
be obtained by assuming interaction of two opposing factors,
which are generated by the nucleoid and interact with pepti-
doglycan-synthesizing enzymes in the plasma membrane.
The first, negative factor causes an overall slowing down

of peptidoglycan synthesis. It is a short-range or labile factor
which ensures that a constriction is never initiated in the
nuclear region of the cell. Inhibition of protein synthesis by
chloramphenicol (unpublished observations) or conditions of
slow growth (20) appears to abolish this so-called negative
"inucleoid effect," as some cells start to constrict before the
nucleoids are properly segregated. Therefore, the negative
nucleoid effect may be related to a transcription or transla-
tion activity of the nucleoid. A negative nucleoid effect is
confirmed by the observation that in dnaX(Ts) filaments
growing at 42TC, the rate of peptidoglycan synthesis, analyzed
by autoradiography, was lower in the nuclear region than in
the nucleoid-free cell ends (manuscript in preparation).
The second, positive factor is synthesized or released

upon termination (e.g., the termination protein postulated by
Jones and Donachie [11]). We envisage that upon termina-
tion of replication, a weak but stable activator of peptidogly-
can synthesis is released, which acts either directly or via
helping structures like periseptal annuli (16) or via interme-
diate steps like calcium fluxes (V. Norris, S. J. Seror, S.
Casaregola, and I. B. Holland, J. Theor. Biol., in press).
This activator can only induce constriction at a site where
the influence of the first, negative factor has weakened
sufficiently. During the normal cell cycle, this will ensure
that constriction is only initiated when the nucleoids have
segregated some distance apart.

If termination has occurred but segregation is in some way
retarded, as occurs in the gyr mutants at the restrictive
temperature and in the minB mutant (manuscript in prepa-
ration), the released positive factor may induce constriction
just outside the inhibitory influence of the nucleoid, between
the nucleoid and the cell pole. As a result, DNA-less cells
are pinched off close to the nucleoid.
The dnaX(Ts) mutant filaments start to constrict about 60

min after the shift back to the permissive temperature,
between segregated nucleoids or close to the nucleoids in the
nucleoid-free cell parts. The DNA replication period for
these cells has been estimated at 42 min (J. A. C. Valken-
burg, C. L. Woldringh, P. Huls, and N. Nanninga, submit-
ted for publication). The timing and positioning of constric-
tions indicate that these constrictions may well be induced
by the putative positive factor, which is produced upon
termination of replication.
The dnaX(Ts) sfiA replication mutant pinches off anucle-

ate cells at the restrictive temperature, when DNA replica-
tion is inhibited. In these cells, no positive factor is released,
and we therefore presume that in these cells constrictions
are initiated spontaneously at a site where the negative
factor has lost its influence. As a result, DNA-less cells are

pinched off randomly in the anucleate region and at a low
rate compared with dnaX(Ts) cells that recover from a

temperature shift (Table 2). The same explanation applies to
the difference in constriction positioning in the dnaA46(Ts)
mutant growing at 42 and at 30°C.
The above concept, summarized in Fig. 7, can explain the

division behavior of E. coli in many different physiological
situations and may therefore help in further defining the
factors involved in the toporegulation of cell division.

VOL. 171, 1989



4314 MULDER AND WOLDRINGH

ACKNOWLEDGMENTS
We thank N. Nanninga for critical comments on the manuscript,

E. Pas, J.-P. Cameron, and R. Witzenburg for technical assistance,
E. van Spronsen for helping with the software, and R. D'Ari and
L. I. Rothfield for stimulating discussions.

LITERATURE CITED
1. Cooper, S. 1988. Where and when is the cell wall peptidoglycan

of gram-negative bacteria synthesized? p. 79-91. In P. Actor, L.
Daneo-Moore, M. L. Higgins, M. R. J. Salton, and G. D.
Shockman (ed.), Antibiotic inhibition of bacterial cell surface
assembly and function. American Society for Microbiology,
Washington, D.C.

2. Donachie, W. D., K. J. Begg, and N. F. Sullivan. 1984. Morpho-
genes of Escherichia coli, p. 27-62. In R. Losick and L. Shapiro
(ed.), Microbial development. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

3. Helmstetter, C. E., and M. Weinberger. 1985. Initiation of
chromosome and mini-chromosome replication in E. coli when
the activity of the dnaA gene product is rate-limiting, p. 298-
311. In M. Schaechter, F. C. Neidhardt, J. L. Ingraham, and
N. 0. Kjelgaard (ed.), The molecular biology of bacterial
growth. Jones and Bartlett Publications, Inc., Boston.

4. Henson, J. M., H. Chu, C. A. Irwin, and J. R. Walker. 1979.
Isolation and characterization of dnaX and dna Y temperature-
sensitive mutants of Escherichia coli. Genetics 92:1041-1059.

5. Hirota, Y., F. Jacob, A. Ryter, G. Buttin, and T. Nakai. 1968. On
the process of cellular division in E. coli. I. Asymmetrical cell
division and production of DNA-less bacteria. J. Mol. Biol.
35:175-192.

6. Hussain, K., K. J. Begg, G. P. C. Salmond, and W. D. Donachie.
1987. parD: a new gene coding for a protein required for
chromosome partitioning and septum localization in Escherichia
coli. Mol. Microbiol. 1:73-81.

7. Inouye, M. 1969. Pleiotropic effect of the recA gene of Esche-
richia coli: uncoupling of cell division from deoxyribonucleic
acid replication. J. Bacteriol. 106:539-542.

8. 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.

9. Jaffe, A., R. D'Ari, and S. Hiraga. 1988. Minicell-forming
mutants of Escherichia c oli: production of minicells and anucle-

ate rods. J. Bacteriol. 170:3094-3101.
10. Jaffe, A., R. D'Ari, and V. Norris. 1986. SOS-independent

coupling between DNA replication and cell division in Esche-
richia coli. J. Bacteriol. 165:66-71.

11. Jones, N. C., and W. D. Donachie. 1973. Chromosome replica-
tion, transcription and cell division in Escherichia coli. Nature
(London) 243:100-103.

12. Little, J. W., and D. W. Mount. 1982. The SOS regulatory
system of Escherichia coli. Cell 29:11-22.

13. Miller, J. H. 1979. Experiments in molecular genetics, p.
201-205. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

14. Monk, M., and J. D. Gross. 1971. Induction of a prophage X in
a mutant of E. coli K-12 defective in initiation of DNA replica-
tion at high temperature. Mol. Gen. Genet. 110:299-306.

15. Orr, E., N. F. Fairweather, B. I. Holland, and R. H. Pritchard.
1979. Isolation and characterization of a strain carrying a
conditional lethal mutation in the cou gene of Escherichia coli
K-12. Mol. Gen. Genet. 177:103-112.

16. Rothfield, L. I., T. J. MacAlister, and W. Cook. 1986. Murein-
membrane interactions in cell division, p. 247-275. In M. Inouye
(ed.), Bacterial outer membranes as model systems. John Wiley
and Sons, New York.

17. Schaus, N., K. O'Day, W. Peters, and A. Wright. 1981. Isolation
and characterization of amber mutations in gene dnaA of
Escherichia coli K-12. J. Bacteriol. 145:904-913.

18. Taschner, P. E. M., P. Huls, E. Pas, and C. L. Woldringh. 1988.
Division behavior and shape changes in isogenicftsZ,ftsQ,ftsA,
pbpB, and ftsE cell division mutants of Escherichia coli during
temperature shift experiments. J. Bacteriol. 170:1533-1540.

19. Trueba, F., and C. L. Woldringh. 1980. Changes in cell diameter
during the division cycle of Escherichia coli. J. Bacteriol.
142:869-878.

20. Woldringh, C. L., M. A. de Jong, W. van den Berg, and L. J. H.
Koppes. 1977. Morphological analysis of the cell division cycle
of two Escherichia coli substrains during slow growth. J.
Bacteriol. 131:270-279.

21. Woldringh, C. L., J. A. C. Valkenburg, E. Pas, P. E. M.
Taschner, P. Huls, and F. B. Wientjes. 1985. Physiological and
geometrical conditions for cell division in Escherichia coli. Ann.
Inst. Pasteur Microbiol. 136A:131-138.

J. BACTERIOL.


