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The genome of Vibrio cholerae, the
causative agent of cholera, is
divided between two circular
replicons. Genomic analysis has
revealed that several other bacterial
species have more than one
chromosome. However, to date, the
dynamics of chromosome
replication in bacteria with more
than one chromosome have not
been investigated. As in V. cholerae
chromosome II (1.07 Mb) is smaller
than chromosome I (2.96 Mb) and
contains fewer essential genes, it
was proposed that it originated as a
plasmid [1]. The replication of
chromosome II shows both plasmid
and chromosome-like features [2].
Whereas prokaryotic and
eukaryotic chromosomes replicate
once per cell cycle [3], plasmids
replicate autonomously and
independently of the host
chromosome [4]. Here we report
that replication of both V. cholerae
chromosomes is initiated
synchronously, once per cell cycle.

To decipher the replication
kinetics of the two V. cholerae
chromosomes, we used Meselson-
Stahl density shift experiments [5].
With this method, non-
synchronized cells are initially
grown in medium containing heavy
isotopes and then switched to
medium with light isotopes. As the
cells undergo semi-conservative
DNA replication, heavy (HH) DNA
gives rise to heavy-light (HL) DNA.
Light-light (LL) DNA appears only
after the initiation of HL DNA
replication. Therefore, the time until
appearance of LL DNA defines the
minimal inter-replication period: the
time interval between successive

initiation events from the same
origin [6]. There has been some
debate in the literature regarding
the degree of autonomy of the
replication of certain low-copy
plasmids, particularly the F-plasmid
[7–9]. However, in density shift
experiments, the inter-replication
periods of the Escherichia coli
chromosome and those of resident
low copy plasmids clearly differ,
which reflects the disparate factors
controlling replication of the
chromosome and plasmids [10,11].

We grew V. cholerae in ‘heavy’
medium until early exponential
phase, and then shifted the cells
to ‘light’ medium. At various times
after this switch, DNA was
extracted, sheared, and separated
according to density by
centrifugation in CsCl gradients.
Gradient fractions were hybridized
with radioactive DNA probes
specific for the ori region of
chromosome I (chrI) or

chromosome II (chrII) to determine
the relative amount of DNA in
each fraction.

As expected, with increasing
time after the switch from heavy to
light medium, the DNA density
became lower, transitioning from
HH to HL to LL (Figure 1). The
persistence of some HH DNA until
60 min after the switch, which is
longer than the doubling time of the
culture (see Supplemental data),
suggests that some cells were slow
to recover from the density shift.
Strikingly, the time at which LL DNA
was first apparent (∼∼40 min) was
the same for both chromosomes,
indicating that they have the same
inter-replication period. Thus,
although the replicons differ in size,
the time between successive
initiation events is the same for
both origins. Furthermore, this time
was equal to the doubling time of
the cells (see Supplemental data,
Figure S1), indicating that each

Figure 1. Replication kinetics of the two Vibrio cholerae chromosomes.
DNA was prepared from equal volumes of cultures taken at various time points after
switching from heavy to light medium and separated by density in CsCl gradients. Frac-
tions of the gradients were collected (fraction 1 is from the bottom of the gradient) and
the DNA in each fraction was detected with probes derived from the ori region of chrI
(red) and chrII (blue). For each time point and each probe, the amount of DNA in each
fraction was plotted as a percent of the total DNA.
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chromosome initiates replication
only once per generation.

To assess whether the two
chromosomes initiate replication at
the same time in the cell cycle, we
measured the DNA content of
rifampicin-treated cells using flow
cytometry. Rifampicin inhibits the
initiation of new rounds of
replication without affecting
ongoing replication [6]. If all origins
in a slow-growing cell initiate
simultaneously, only one or two
genome equivalents will be
observed after addition of this drug.
This is not the case in cells in which
origins initiate asynchronously [6].
In both V. cholerae and E. coli, two
main peaks were observed; for E.
coli these peaks correspond to
cells containing one or two fully
replicated chromosomes (4.6 Mb
and 9.2 Mb respectively). The
peaks for V. cholerae correspond
to cells with either one copy of
each chromosome (4.1 Mb) or two
copies of each chromosome (8.3
Mb) (Figure 2 and Supplemental
data). The symmetry and
narrowness of the peaks indicate
that no (or very few) cells contained
unequal numbers of the two
chromosomes. These results are
consistent with both origins
initiating synchronously, within a
narrow time interval of the cell
cycle. Therefore, unlike a plasmid,
chrII does not replicate randomly;
instead, replication of both

chromosomes is coordinated with
the cell cycle.

Our findings demonstrate that
the replication of two distinct
chromosomes can be coordinated
with the prokaryotic cell cycle.
There are several factors required
for replication of both V. cholerae
chromosomes that may mediate
such coordination, including the
DnaA initiator protein, dam
methylation, and sequestration of
newly replicated origins [2]. Even
though the smaller V. cholerae
replicon may have originated as a
plasmid, stable maintenance of
genomes with multiple
chromosomes may require the
evolution of shared mechanisms to
control replication. In this regard, it
will be interesting to investigate
replication dynamics in other
bacteria with multipartite genomes.
Preliminary studies in
Agrobacterium tumefaciens
suggest that replication of its four
replicons is coordinated and
occurs during a specific time in the
cell cycle [12,13]. Detailed analyses
of replication dynamics in this and
other species will be necessary to
explore the possibility that cell
cycle regulated replication is a
requirement for the maintenance of
complex genomes.
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Figure 2. Flow cytometry analysis of the
DNA content of rifampicin- and
cephalexin-treated bacteria.
E. coli (MG1655) [14] and V. cholerae
(2740-80) [15] were treated with
rifampicin and cephalexin to inhibit initi-
ation of replication and cell division,
respectively. For E. coli (red) the different
peaks represent cells with 1 (4.6Mb), 2
(9.2Mb) or 4 (18.4Mb) chromosomes. V.
cholerae (green) cells contained either
4.1 or 8.3 Mb of DNA. Data from 100,000
cells of each strain are presented.
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