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Replication of the miniF plasmid pML31 was examined during the division cycle of Escherichia coli growing
with doubling times between 40 and 90 min at 37&C and compared to the replication of plasmid pBR322 and
the minichromosome pAL70. The replication pattern of pML31 was indistinguishable from that of pBR322 at
all growth rates and very different from the cell-cycle-specific replication of the minichromosome. It is
concluded that both pML31 and pBR322 plasmids can replicate at all stages of the division cycle, with a
probability of replication that increases gradually, but perhaps not exponentially, during the cycle. In contrast,
the modes of segregation of pML31 and pBR322 plasmids into daughter cells at division appeared to differ,
raising the possibility that pML31 may segregate in a nonrandom fashion similar to that of chromosomes and
minichromosomes.

Relationships between replication and the division cycle for
DNA molecules residing at low copy numbers in Escherichia
coli have been of interest for some time. It has been well
established that chromosomes, and plasmids that initiate rep-
lication from the chromosomal origin, oriC, replicate in a cycle-
specific manner (11, 18). Even chimeric plasmids containing
both oriC and an origin from pBR322 replicate with some
periodicity in the cycle (20). On the other hand, a controversy
has arisen with regard to the replication of low-copy-number
plasmids such as the F plasmid and its derivatives. Work from
this laboratory indicated that F plasmids can replicate through-
out the cycle, with no evident periodicity, based on measure-
ments of radioactivity incorporated into plasmid DNA identi-
fied by agarose gel electrophoresis and autoradiography (19).
This finding was considered to supersede some earlier work in
which periodic replication of F9lac was detected based on in-
ducibility of b-galactosidase (3, 7, 9, 27), since the observed
fluctuations in enzyme activity could have been due to factors
other than changes in plasmid copy numbers (26). The re-
ported absence of cycle-specific F replication also agreed with
some earlier cell cycle analyses (1, 2, 10, 24) that included
direct measurement of plasmid DNA isolated from cells sep-
arated by size in sucrose gradients (10). More recently, how-
ever, studies by Keasling et al. (14, 15) have resurrected this
question since they reported very striking cell cycle-dependent
replication of F and a miniF derivative, pML31. The tech-
niques employed were very similar to those used in our labo-
ratory, except that the radioactivities of the plasmid DNA
bands were quantitated by liquid scintillation counting rather
than scanning densitometry of autoradiographs. In view of the
potential importance of this issue as regards understanding of
replication control and its relationship to plasmid segregation,
we have reexamined the replication of F plasmids in the divi-
sion cycle, using the same pML31 plasmid employed in the

studies by Keasling et al. (15), and both techniques for assaying
radioactivity in plasmid DNA.

MATERIALS AND METHODS

Bacteria, growth conditions, and radioactive labeling. The strain employed
was E. coli B/r (ATCC 12407). The cells contained the plasmids pML31 (oriS
oriV Kanr), obtained from D. R. Helinski (21), pBR322 (Ampr Tetr), and pAL70
(Camr) (19) in various combinations. Cultures were grown in minimal salts
medium (26) supplemented with 0.1% glucose, 0.1% glycerol, or 0.2% sodium
succinate. For each experiment, 100 ml of minimal medium lacking antibiotics
was inoculated with bacteria from a fresh stationary-phase stock which had been
grown in medium with the appropriate antibiotics, diluted at least 1:1,000, and
incubated until the cells were growing exponentially at approximately 108 cells/
ml. Bacterial concentrations were determined with a model ZB Coulter elec-
tronic particle counter.
Cell cycle analyses. Exponentially growing cultures were exposed to 10 mCi of

[methyl-3H]thymidine (85 Ci/mM; Amersham Life Sciences) per ml for 4 to 6
min, depending on the growth rate. The timing of plasmid replication was
determined at 378C with the baby-machine technique (11). Briefly, the cells were
filtered onto the surface of a type GS Millipore nitrocellulose membrane filter
(diameter, 142 mm) and washed once with 100 ml of medium. The filter was
inverted, and elution with fresh medium was begun at a rate of 15 ml/min for the
first 2 min and then 2.0 ml/min thereafter. After a delay of several minutes to
allow release of weakly attached cells, consecutive samples were collected from
the effluent. A 0.2-ml portion was removed from each sample for measurement
of cell concentration, and the remainder was lysed by the procedure of Projan et
al. (25), except that lysostaphin was replaced by lysozyme. Agarose electrophore-
sis of the samples and fluorography were performed as described previously (18).
Portions from individual cell lysate samples were loaded into the wells of a 0.5%
agarose slab gel and electrophoresed at 50 V for 24 h in Tris-borate-EDTA
buffer (25). Loading was performed so that each well contained the lysate from
an equivalent number of cells. The gels were dried at 688C for 2 h.
The radioactivities in the bands in the dried gels were assessed in two ways. In

the first method the dried gels were exposed to Kodak X-Omat AR X-ray film at
2708C for 4 h to 90 days. Individual gels were exposed to the film for several
different times to provide clear radioactive images at similar densities. The
densities of the bands in the films were determined by scanning the autoradio-
grams with a Microtek flat-bed scanner using Adobe Photoshop and quantitating
with NIH Image 1.52. In the second method, the individual bands were cut from
the dried gels and radioactivity was determined in a Beckman LS 5000TD liquid
scintillation counter. The locations of the bands in the gels were identified from
the autoradiograms, and gel slices of equivalent sizes were cut above (for pML31
and pBR322) or below (for pAL70) the bands for determination of backgrounds.
This method was also used to estimate plasmid copies per chromosome equiv-
alent, which were 14 and 1.7 for pBR322 and pML31, respectively, in glucose-
grown cells.
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RESULTS

F plasmid replication during the division cycle. The repli-
cation patterns of the miniF plasmid pML31, pBR322 and the
minichromosome pAL70 during the division cycle of E. coli B/r
were examined with the baby-machine technique. Cultures
growing exponentially at 378C were pulse-labeled with [3H]thy-
midine, bound to the surface of a nitrocellulose membrane
filter, and then flushed continuously with culture medium. The
timing of plasmid replication during the division cycle was
determined by measuring the radioactivity present in the plas-
mids in newborn cells as they were continuously released from
the surface of the membrane due to the growth and division of
the bound cells. The levels of radioactivity in the plasmids were
assayed after agarose gel electrophoresis of whole-cell lysates
of the newborn cells. Radioactivity in the plasmids in the new-
born cells released during each generation of elution reflected
the amount of [3H]thymidine incorporated into the oldest
through the youngest cells of the original exponentially grow-
ing population. Figure 1 shows fluorographs of agarose gels
after electrophoresis of newborn cell samples collected at in-
tervals from the effluents of six separate membrane-bound
cultures of E. coli B/rA (pML31, pBR322, pAL70). The nar-
rower film strip at the bottom of each frame shows the labeled
monomer bands for pBR322 and pAL70 from the same exper-
iment as the larger upper film, except that the exposure of the
gel to the X-ray film was longer to better display the lighter
minichromosome bands.
To quantitate the relationships between plasmid replication

and the cell cycle, the radioactivity in the bands from the
experiments shown in Fig. 1 was assayed by measuring both the
film density and counts per minute corresponding to each band
(Fig. 2). Frames A through D in Fig. 1 and 2 show the results
of four separate experiments on cells grown in glucose-minimal
medium. In all experiments, the radioactivity in minichromo-
some pAL70 DNA fluctuated periodically in consecutive sam-
ples of the newborn cells. On the other hand, the radioactivity
in the pML31 and pBR322 bands did not display any obvious
periodicities and appeared to change in parallel from lane to
lane, based on visual inspection (Fig. 1), as well as both quan-
titation procedures (Fig. 2). In the typical result (Fig. 1A and
2A), radioactivity in both pML31 and pBR322 in newborn cells
decreased gradually with time. Frames B and C in Fig. 1 and 2
show examples of results when there was some lane-to-lane
variability. It is evident, however, that any variations in radio-
activity in pML31 were mimicked in pBR322. Frame D shows
an example of an experiment in which there was apparent
degradation of the closed circular plasmid forms during sample
processing. As a result, radioactivity in the closed circular
monomer forms of the two plasmids did not vary in identical
fashion in every lane (e.g., lanes 8 and 9 in frame D). This
difference is not seen, however, when the total radioactivity in
closed and open circular forms is considered, as can be seen by
visual inspection of the autoradiogram.
Plasmid replication was also measured in slower-growing

cells based on the possibility that any potentially distinctive
periodicities in pML31 replication might be more evident in
poorer growth medium (14). The results of experiments with
cells grown in glycerol- and succinate-minimal medium are
presented in frames E and F of Fig. 1 and 2. Again, the
radioactivity in minichromosome pAL70 DNA fluctuated pe-
riodically in consecutive samples of the newborn cells, whereas
that in pML31 and pBR322 changed in parallel without pro-
nounced periodicities. Although the probability of replication
of both plasmids during the cell cycle may differ from an
exponential increase during slower growth, it is evident that

pML31 replicated during the cycle in a manner that was indis-
tinguishable from pBR322 at all growth rates.
F plasmid segregation. While there was no evidence for

cycle-specific replication of pML31 or pBR322 in the averaged
data from the four experiments with glucose-grown cells (Fig.
3), the observation that the ratio of these data is not constant
suggests that their segregation properties differ. Furthermore,
the shape of the curve showing the ratio of radioactivities in
pML31 to pBR322 is consistent with a nonrandom segregation
of pML31, similar to that of the chromosome. The rationale
for this interpretation is as follows. It has been shown previ-
ously that chromosomes segregate into daughter cells in a
nonrandom pattern such that the chromosome with the oldest
DNA strand has about a 0.6 probability of segregating to the
daughter containing the oldest cell pole (4–6, 12, 13, 22, 23).
The nonrandom pattern is clearly evident in baby-machine
experiments since the cell with the oldest pole generally re-
mains fixed to the surface (12). This phenomenon is illustrated
in Fig. 4, which shows a schematic representation of pML31
segregation in a baby-machine experiment based on the as-
sumption that the plasmid behaves the same as the chromo-
some; i.e., the molecules that replicate during each division
cycle are partitioned equally between the two daughter cells,
with a 60% probability that the plasmid with the older of the
two template strands is partitioned into the older daughter.
For simplicity, the cells bound to the membrane are shown
with a single plasmid, but the same analysis would pertain for
higher copy numbers. The first cell at the left, representing an
entire population of bound cells, is assumed to contain two
plasmids, each with one radioactive DNA strand (the inter-
rupted line) which polymerized during a pulse-labeling with
radioactive thymidine. When the cell divides for the first time
on the membrane filter (first division), each daughter cell re-
ceives, on average, one radioactive plasmid with one unit of
label. When the plasmid in the bound cell replicates for the
first time and then this cell divides (second division), the plas-
mid with the older template strand (thick solid line) segregates
to the old, membrane-attached pole 60% of the time and is
shed with the released cell 40% of the time. Since the radio-
active strand is the younger template, 40% of the radioactive
plasmids remain with the attached cell and 60% are released.
Thus the cells released in the second generation contain 0.6 of
the radioactive plasmid/cell as in the first generation. When the
radioactive plasmid replicates for the second time in the mem-
brane-attached cell, and then this cell divides (third division),
the radioactive strand is now the older template and segregates
to the old, membrane-attached pole 60% of the time and is
shed with the released cell 40% of the time. The cells released
in the third generation would thus contain 0.16 of the radio-
active plasmid/cell (40% of the 0.4 U of label in the attached
cell after the second division). In subsequent generations, the
pattern remains the same: 60% probability of the plasmid with
the labeled strand remaining with the attached daughter and
40% with the released daughter cell.
A plot of the segregation pattern depicted in Fig. 4 is shown

in Fig. 5. Replication of pML31 has been assumed to increase
exponentially during the cell cycle, although the data suggest
that this may not be exactly correct. The curve for pML31
shows the basic result for nonrandom segregation of the type
described here and previously for the chromosome: one or two
generations of 50% of the label in the released cells, one
generation of greater than 50% (60% in this case), one gen-
eration of significantly less than 50%, and then 60% for all
further generations. If there were additional factors to con-
sider (such as multiple plasmids or more or less than one
replication per plasmid per generation, etc.), the absolute val-
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FIG. 1. Fluorographs of radioactive plasmid DNA in newborn cells from the effluent of membrane filter-bound cultures of E. coli B/r harboring pML31, pBR322,
and pAL70. Cells growing exponentially in minimal medium containing glucose (A to D), glycerol (E), or succinate (F) were pulse-labeled with [3H]thymidine, bound
to a membrane filter, and eluted with minimal medium of the same composition. Whole-cell lysates of the newborn cells released into the effluent were subjected to
agarose gel electrophoresis and fluorography. In each experiment, all lanes were loaded with lysate from the same number of cells. Bands corresponding to the closed
circular monomers of pML31, pBR322, and pAL70 are indicated. The dark bands near the top of the gels correspond to chromosomal DNA, and the two bands in the
center of the gel correspond to the open circular monomers (lower) and closed circular dimers (upper) of pBR322. The start of collection of the first sample and the
interval between samples were 20 and 4 min (A to D), 25 and 5 min (E), and 48 and 8 min (F), respectively. The lower film in each frame shows the portion of the
gel containing the pBR322 and pAL70 monomer bands exposed to film for a longer period.
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FIG. 2. Quantitative analysis of the radioactive bands in the fluorographs presented in Fig. 1. Radioactivity was determined by both scanning densitometry (closed symbols)
and scintillation counting (open symbols) for the cells grown in minimal medium containing glucose (A to D), glycerol (E), or succinate (F) as the carbon source. The positions
of the data for the plasmids in each frame reflect their vertical locations in the gels rather than relative radioactivities. The approximate relative peak radioactivities for pBR322:
pML31:pAL70 were 1.0:0.5:0.1. The vertical interrupted lines indicate generations of elution. Replication during the division cycle is given from right to left in each generation.
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ues would change but this basic pattern would remain the
same. The figure also shows the anticipated relationship be-
tween a plasmid displaying nonrandom segregation and one
with a random pattern, as might be anticipated for pBR322.
The ratio of these two curves again shows the very distinct
consequences of nonrandom segregation. The important point
is that the predicted pattern of this ratio is similar to the
experimental ratio presented in Fig. 3, i.e., a slight increase in

the ratio followed by a decrease. This same pattern was also
evident in previous studies on F replication in more rapidly
growing cells (19).

DISCUSSION

The relationship between F plasmid replication and the di-
vision cycle of E. coli has been the subject of many investiga-
tions in this laboratory and others for many years. The diffi-
culties that have arisen in attempting to identify relationships
have been due primarily to weaknesses in the techniques for
measuring plasmid replication during the division cycle of un-
disturbed, exponentially growing cultures. Many early studies
used the inducibility of b-galactosidase as an assay for the copy
number of F9lac during the cycle (3, 7, 9, 27) and were gener-
ally interpreted to indicate a periodicity in F replication. In
subsequent experiments involving more direct assays of plas-
mid replication by isolation of the DNA by agarose gel elec-
trophoresis, which avoided potential technical problems with
the indirect enzyme assay, it was found that F plasmids repli-
cated throughout the cycle (19).
More recently, Keasling et al. (14, 15) reported cell-cycle-

dependent replication of F9lac and the miniF plasmid pML31,
also using agarose gel electrophoresis for plasmid identifica-
tion and isolation. The periodicity was reported for various
growth rates, was as pronounced as that for minichromosomes
in some experiments, and led to the proposal that F replication
initiated in the cycle when a fixed cell mass per origin was
reached. It is evident from the data presented here that the
very obvious periodicity in minichromosome replication was
not seen with the F plasmid in our experiments and, in fact,
that pML31 replicated with the same cell cycle timing as
pBR322. The same findings were obtained in numerous addi-
tional experiments with more rapidly growing cells, with other
E. coli B/r rec1 and recA derivatives, and when pML31 was
alone in the cells or paired with either pBR322 or pAL70 (data
not shown).
In the experiments of Keasling and coworkers, radioactivity

was determined by cutting the bands from the gels and count-
ing radioactivity by liquid scintillation. A known number of
[14C]thymine-labeled cells were added to the samples to cor-

FIG. 3. Replication of pML31 and pBR322 and pML31/pBR322 ratio during
the division cycle of glucose-grown cells. The average band densities for pML31
(F) and pBR322 (å) and the ratio pML31/pBR322 (E) 6 standard deviations
are given for the four experiments with glucose-grown cells (Fig. 1).

FIG. 4. Theoretical segregation of pML31 between bound and released cells
in a baby-machine experiment. The cells are assumed to be bound to the bottom
surface of a membrane filter by their upper poles. A single cell, on the left, is
representative of a population of bound cells. It is followed to the right and
shown at the time of division into bound and released daughter cells for four
successive generations of growth on the filter. At the start at the left the cell is
assumed to contain two pML31 plasmids with one radioactive strand (interrupt-
ed line) and one nonradioactive strand (solid line). The plasmids are drawn as
linear molecules for convenience. The numbers adjacent to the cells containing
radioactive plasmid DNA indicate the average units of radioactivity per cell in
the bound and released populations at each division. The percentages above the
cells indicate the proportions of the cells that would divide in the indicated
manner at each division. The radioactivity per effluent cell is shown below the
released cells in each generation. The thin solid lines indicate nonradioactive
strands formed during growth while attached to the filter.

FIG. 5. Theoretical radioactive plasmid DNA per cell in the effluent from a
baby-machine experiment based on the model presented in Fig. 4. It has been
assumed that the probability of replication of pML31 (nonrandom) and pBR322
(random) increases exponentially during the division cycle and that pML31
follows the segregation pattern shown in Fig. 4 whereas pBR322 segregates at
random. The ratio of the two curves is shown at the top (nonrandom/random).
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rect for variabilities in lysis, loading, etc. Radioactivities of
slices of the gel above and below the bands of interest were
also measured to correct for background radioactivity. After
these corrections, the measured counts per minute were di-
vided by the cell concentration in each of the samples and
plotted. In some instances, the radioactivity determined for F
was divided by the radioactivity in the corresponding bands of
a plasmid known to replicate without cell cycle specificity,
either pMF26 or pBR322. Periodicity in F replication was
reported in every case. It is difficult to evaluate this approach
because only the end points of the corrections and calculations
performed to display the results have been reported. Primary
data, such as autoradiograms of the gels from cells containing
all three plasmids, have not been offered. In the one instance
in which an autoradiogram was presented, the DNA had been
subjected to the additional treatment of digestion with an en-
donuclease, and a nonfluctuating plasmid, such as pBR322 or
pMF26, was not present for comparison (14).
We have chosen to include autoradiography in our studies

because it yields fundamental information that can be evalu-
ated and interpreted independently. The information present-
ed in the films was not subjected to any corrections, except for
an attempt to load DNA from equal numbers of cells in each
lane. However, any potential errors caused by this process
would be immediately evident in the films. Furthermore, any
nicking of closed circular plasmid forms during processing,
such as in Fig. 1D, which could conceivably alter data inter-
pretation, would also be clearly visible. The problem with the
autoradiographic approach is at the next level, the quantita-
tion. The response of the film is not linear with radioactivity,
and densitometry may not be as accurate as direct measure-
ment of radioactivity by liquid scintillation, at least in single
label experiments. In an attempt to overcome this problem, the
X-ray films were exposed to the gels for various lengths of time
to produce films with band densities that were roughly the
same for the different plasmids. However, our conclusions do
not rely on this method of quantitation. Visual inspection of
the films presented here clearly demonstrates that any period-
icity in F replication approaching that for the minichromosome
would be unmistakable. In fact, if the bands for pML31 and
pBR322 are compared lane for lane in all of the films they vary
in parallel. Furthermore, the bands were also cut from the
dried gels and the radioactivity was measured directly. The
results of both quantitation procedures were indistinguishable,
and there was no evidence for cycle-specific replication of F
plasmids.
The pML31 plasmid consists of the f5 EcoRI fragment of the

F plasmid (21) and contains both oriS and oriV. There is agree-
ment that plasmids harboring oriS alone can replicate through-
out the cell cycle (15, 19). In density shift experiments, which
measure interreplication time, replication has been reported to
initiate at random from oriS (8) and nonrandomly from plas-
mids with both origins (17). Although we have shown that
plasmids with both origins do not initiate replication at a spe-
cific time in the cycle in the manner of oriC-containing plas-
mids, as suggested by Keasling et al. (14, 15), replication prob-
ability may not be completely random. That is, the overall rate
of plasmid replication appeared to deviate from an exponential
increase during the cycle, particularly in the slower-growing
cells.
The possibility is raised that F plasmids may segregate into

daughter cells in a nonrandom fashion similar to chromosomes
and minichromosomes. The results are compatible with the
idea that the newly replicated plasmid molecule with the older
template strand has a higher probability of being partitioned
into the daughter with the oldest cell pole. It has been pro-

posed that this nonrandomness is a direct consequence of the
preclusion of the portion of the cell delineated by the preex-
isting pole from participation in the replication process (12,
13). This could also be the explanation for the apparent non-
randomness of miniF segregation. Finally, if the chromosome
and F plasmid have some similar segregation properties, they
could cosegregate; i.e., the older versions of both molecules
might reside in the same daughter cell. This idea, which is
compatible with earlier findings of F plasmid-chromosome
associations (16), cannot be tested with the current meth-
odology.
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