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ABSTRACT Vibrio cholerae has two chromosomes (chrI and chrII) whose replication and segregation are under different genetic
controls. The region covering the replication origin of chrI resembles that of the Escherichia coli chromosome, and both origins
are under control of the highly conserved initiator, DnaA. The origin region of chrII resembles that of plasmids that have iter-
ated initiator-binding sites (iterons) and is under control of the chrII-specific initiator, RctB. Both chrI and chrII encode
chromosome-specific orthologs of plasmid partitioning proteins, ParA and ParB. Here, we have interfered with chrII replication,
segregation, or both, using extra copies of sites that titrate RctB or ParB. Under these conditions, replication and segregation of
chrI remain unaffected for at least 1 cell cycle. In this respect, chrI behaves similarly to the E. coli chromosome when plasmid
maintenance is disturbed in the same cell. Apparently, no checkpoint exists to block cell division before the crippled chromo-
some is lost by a failure to replicate or to segregate. Whether blocking chrI replication can affect chrII replication remains to be
tested.

IMPORTANCE Chromosome replication, chromosome segregation, and cell division are the three main events of the cell cycle.
They occur in an orderly fashion once per cell cycle. How the sequence of events is controlled is only beginning to be answered in
bacteria. The finding of bacteria that possess more than one chromosome raises the important question: how are different chro-
mosomes coordinated in their replication and segregation? It appears that in the evolution of the two-chromosome genome of
V. cholerae, either the secondary chromosome adapted to the main chromosome to ensure its maintenance or it is maintained
independently, as are bacterial plasmids. An understanding of chromosome coordination is expected to bear on the evolutionary
process of chromosome acquisition and on the efficacy of possible strategies for selective elimination of a pathogen by targeting
a specific chromosome.
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The presence of a multiplicity of chromosomes is a universal
feature of eukaryotic cells. Each eukaryotic chromosome also

has many origins. However, a subset of origins suffices to com-
plete replication (1). Crippling an active origin is usually not a
problem for replication, because forks emanating from adjacent
active origins or activation of new dormant origins allow replica-
tion across the crippled origin (2, 3). Inactivation of a few origins
may increase the time to complete duplication, but this does not
affect replication initiation from other origins positioned on the
same chromosome or on different chromosomes (4). Blocking of
a large number of origins (~50) may, however, induce check-
point factors that prolong the S phase and delay entry into
mitosis. If a fork has to travel a long distance, it is more likely to
encounter roadblocks such as abnormal DNA structures or op-
posing transcription, which might lead to significant fork stall-
ing and the consequent checkpoint induction (5). The induc-
tion of a checkpoint response helps to stabilize the stalled fork
and to suppress firing of dormant and late origins, apparently
to avoid generation of further stalled forks till the damage is

repaired (6, 7). The induction of checkpoint responses thus
appears to be due to the stalling of replication forks, not due to
blockage of origin firing.

Bacteria in most cases have only one chromosome, and the
entire chromosome is duplicated starting from a single origin by
two divergent replication forks (8). The forks travel thousands of
kilobases without inducing a checkpoint response unless the DNA
is significantly damaged by external agents, such as UV light or
mitomycin (9). Although checkpoint response is not induced,
forks stall nonetheless. Only when the degree of damage over-
whelms the repair capacity of the cell is the checkpoint response
induced, which blocks cell division to allow time for repairing the
damage.

Bacterial plasmids replicate independently of the chromo-
some: blocking the replication of one seems not to affect the rep-
lication of the other. When replication initiation from the chro-
mosomal origin is blocked, the chromosomes can be duplicated
by replication initiated from an integrated plasmid copy (integra-
tive suppression) (10). Plasmid-bearing cells can also be cured of
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plasmids without affecting chromosomal replication directly, al-
though the plasmid loss can activate lethal toxins in some cases
(11). Independence of plasmid and chromosomal replication is
also evident from the fact that, whereas chromosomal replication
initiates at a particular time of the cell cycle, plasmids normally
initiate replication without regard to the cell cycle (12).

With the availability of many bacterial genome sequences, it
has become clear that in about 10% of bacteria, the genome can be
divided into separate chromosomes (13, 14). It is now possible to
ask whether nonidentical bacterial chromosomes communicate
with each other so as to ensure that their replication and segrega-
tion are completed in a timely fashion before the cell division, or
whether they are maintained independently in the cell cycle, like
the chromosome and plasmids of Escherichia coli. The two-
chromosome bacterium, Vibrio cholerae, is ideally suited to ad-
dress these questions, because much is known about how the in-
dividual chromosomes replicate (15–20) and segregate (21–24).
Chromosome I (chrI; 3 Mbp) has the vast majority of genes essen-
tial for cell function. In contrast, chromosome II (chrII; 1 Mbp)
has a few essential genes but mostly genes of unknown function
and origin (25). The replication origin of chrI (oriI) is similar to
the well-studied oriC of the E. coli chromosome, and oriI can re-
place oriC to maintain faithfully the E. coli chromosome (15, 26).
Like oriC, oriI is controlled by the initiator DnaA (27). The origin
of chrII (oriII) is different. It functions under control of a chrII-
specific initiator, RctB. Moreover, oriII bears many similarities to

plasmid origins that have iterated,
plasmid-specific initiator binding sites
(iterons). These sites are used both for
replication initiation and its control (28).
chrII iterons also play this dual role (16,
20).

A few additional features of the chrII
replication control elements deserve
mention. They are expected to endow
chrII with the capacity to fire in a cell
cycle-specific fashion, like other chromo-
somes, and unlike plasmids whose timing
of replication initiation is generally ran-
dom in the cell cycle (12, 18, 29). chrII
iterons, unlike plasmid iterons, include
GATC sequences, whose adenine is the
substrate for methylation by the Dam
methylase. RctB binds to iterons effi-
ciently only when their GATC sequences
are methylated on both the strands of du-
plex DNA (15). In addition to iterons, the
control includes another kind of RctB-
binding site, the 39-mers (30). One such
site is present within a locus, called rctA,
and serves as one of the key negative reg-
ulators of chrII replication.

chrII segregation has also been studied
extensively (19, 21–24, 31). The chromo-
some has homologs of plasmid partition-
ing genes, called parABII, and several cis-
acting sites, called parSII, in and around
oriII. V. cholerae cells, deleted of parABII
genes, grow poorly, as they lose chrII rap-
idly.

Here, we have used rctA to interfere with chrII replication and
segregation and monitored the fate of chrI replication and segre-
gation and cell division. The rctA locus has one of the parSII sites
of chrII for binding ParBII protein and one of the 39-mer sites for
binding RctB. We first show that the two types of sites can be
separated and used to interfere with chrII replication and segre-
gation independently, when the sites were provided via a multi-
copy plasmid. The function of both types of sites could be re-
strained by transcription across them. Since chrII is essential for
V. cholerae growth, transcription of the plasmid-borne rctA was
required to maintain the clones without affecting cell viability,
and by blocking transcription we could effectively block chrII rep-
lication and segregation. Under the latter conditions, chrI replica-
tion and segregation were found to remain unaffected, and cells
could be born and divide without chrII. Apparently, there has
been little adaptation in the maintenance of chrI to the presence of
chrII. It remains possible that in the evolution of the two-
chromosome genome of V. cholerae, either the secondary chro-
mosome adapted to the main chromosome to ensure its mainte-
nance or it is maintained independently, as are bacterial plasmids.

RESULTS
An inducible system to block chrII replication and segregation.
Our strategy to study communication between the two chromo-
somes of V. cholerae was to block replication and segregation of
one chromosome at a time and determine the consequences for

FIG 1 Schematic map of the origin region of chromosome II (chrII) of V. cholerae and the effect of
additional rctA on V. cholerae growth. (A) The region marked oriII is required in cis for initiation of
replication, and the adjacent region marked incII is for controlling initiation. Initiation requires three
trans-acting proteins, DnaA, IHF, and RctB. The binding sites for DnaA and IHF are shown by dark- and
light-blue rectangles, respectively. The chrII-specific initiator, RctB, binds to two kinds of sites: the
iterons (white arrowheads) and 39-mers (black rectangles). Iterons have built-in GATC sequences (red
dots) that comprise the recognition site for the Dam methylase. Efficient binding of RctB to iterons
requires the sites to be fully methylated. PrctB and PrctA are promoters responsible for transcribing rctB
and rctA loci. The rctA locus is not translated. (B) A magnified view of the rctA locus, showing a parSII
site for binding ParBII and three iteron-like sites within which also lies a 39-mer site. The sites were
cloned under an inducible promoter, PBAD, to control transcription across them. The plots show the
growth curves of wild-type cells (CVC209) with either the PBAD vector plasmid (CVC1111) or PBAD-
rctA (CVC1142) or PBAD-RctB sites (CVC1143) or PBAD-parSII (CVC1144). The plot also includes
generation times (�) during the exponential growth phase of the cultures.
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the replication and segregation of the other. It was possible to
design a genetic system to interfere specifically with chrII mainte-
nance. There is a locus, called rctA, which is a strong negative
regulator of chrII replication (20). The locus also contains a site
for chrII segregation, parSII (32). As shown below, rctA in a mul-
ticopy plasmid interferes with both replication and segregation of
chrII, and both the activities could be restrained by transcription.

The RctB and ParBII sites in rctA do not overlap; they can easily
be cloned separately (Fig. 1B). We separated the sites so that rep-
lication and segregation could be blocked individually. The sites
were cloned under an arabinose-inducible promoter (PBAD), and
the resultant plasmids were maintained in V. cholerae in the pres-
ence of a high concentration of arabinose (0.2%). Under these
conditions, the growth rate of the cells was essentially identical
(generation time of 28.5 � 0.5 min), whether or not they carried
the vector or any of the cloned rctA sites. When inhibitory activity
of the sites was desired, a single colony grown in the presence of
arabinose was inoculated into the growth medium without arab-
inose. The growth inhibition was found with cloned rctA sites, and
it was greatest in cells carrying plasmids with intact rctA (Fig. 1B,
�). Cloned RctB sites caused less inhibition, but more than the
parSII site. In any event, the continued growth of the cultures in
the presence of rctA suggests that replication block may have been
incomplete. Subsequent characterization of the cultures suggests
that a subpopulation of the cells was affected only under the block-
ing conditions used.

Additional rctA causes nucleoid condensation and lowers
chrII replication. To determine the effect of additional rctA under

inhibitory conditions, cells were
grown to log phase (optical density at
600 nm [OD600] of � 0.2) without
arabinose, and their DNA was moni-
tored by Hoechst staining and quanti-
tative PCR (qPCR). Hoechst staining
showed most cells to contain a single
DNA mass (nucleoid): anucleate cells
were �1% in the four cases examined
(data not shown). However, there was
a significant increase of cells with con-
densed DNA when any of the rctA sites
were present (Fig. 2A). Cells with con-
densed DNA were seen in earlier stud-
ies when cells were born without chrII,
and this was interpreted to be likely
due to toxins that get activated upon
the chrII loss (22). We also believe that
the condensation was caused by the
loss of chrII, as we show later (see
Fig. 4). The percentage of condensed
cells gives an approximate indication
of the effectiveness of the replication
and segregation blocks. The percent-
age of chrII-less cells seen by micros-
copy is also similar, as we show later
(Fig. 3B).

qPCR was used to determine the
frequency of four markers: oriI, oriII,
terI, and terII (Fig. 2B). The ratio of
oriI to oriII increased and that of oriII
to terII decreased in the presence of

RctB sites but not in the presence of the parSII site, consistent with
a specific block of oriII firing. A segregation defect alone is not
expected to change the oriI and oriII values. The results of Fig. 2
provided the initial indication that blocking chrII replication is
without effect on chrI replication.

Additional rctA does not block oriI firing. Replication initia-
tion of the two chromosomes was monitored by counting the
number of origins in individual cells. In these experiments, oriI
and oriII were labeled with two different fluorescent markers so
that they could be visualized in the same cell simultaneously (33).
Under our culturing conditions, cells showed one or two foci for
both oriI and oriII (Fig. 3A). The distributions of cells with one
and two oriI foci were similar whether or not cloned rctA sites were
present (Fig. 3B). Most cells had two oriI foci, indicating that
initiation of chrI occurred early in the cell cycle. In comparison,
cells with two oriII foci were less frequent, consistent with an ear-
lier finding that oriII fires later in the cell cycle than oriI (18).
When any of the cloned rctA sites was present, up to about 30% of
cells with oriI failed to show any oriII focus. The appearance of
oriII-less cells in the presence of cloned RctB sites indicates that
cell division can proceed without chrII replication. oriII-less cells
also appeared in the presence of the cloned parSII site, indicating
that a single centromeric site in a multicopy vector can cause chrII
missegregation. It is also possible that the parSII effect is mediated
through chrII replication since the presence of the site has been
shown recently to alleviate some of the negative regulatory activity
on replication by rctA (34). Our results appear to be more consis-
tent with missegregation, because the fraction of cells with two

FIG 2 Effect of additional rctA on V. cholerae nucleoid volume and replication initiation efficiency. The
strains are the same as those shown in Fig. 1B. (A) DAPI (4=,6-diamidino-2-phenylindole)-stained image of
V. cholerae cells carrying either a PBAD vector plasmid or the same vector with a cloned copy of rctA under
the PBAD control (PBAD-rctA). The red arrows indicate cells with condensed nucleoids. The table shows the
percentage of cells with condensed nucleoids. (B) Marker frequency analysis by qPCR. The frequencies of
the four markers, oriI, oriII, terI, and terII, were determined from three cultures grown from independent
colonies in each case, and the means of the three ratios, with one standard deviation, are shown. The ratios
considered significantly different from the vector-only control (top line) are shown in red.
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foci over the total number of cells was similar whether the cells had
the vector or the parSII site (Fig. 3B, none versus parSII values in
the oriII panel). In the case of a replication block, the frequency of
cells with two foci should have decreased, as was the case in cells
with cloned RctB sites. Examples of cells with only oriII and no oriI
foci were rare. In summary, the results support the view that in-
terfering with chrII replication and segregation does not influence
similar processes in chrI nor block cell division.

Loss of chrII disorganizes chrI. Cytological studies in Caulo-
bacter crescentus, E. coli, and Bacillus subtilis have shown the chro-
mosome to be highly organized (35–38). As in C. crescentus and
sporulating B. subtilis, oriI of V. cholerae is found near a cell pole
where it also duplicates (19, 21, 24, 31, 39). One daughter oriI stays
at the place of birth, and the other moves to the opposite pole. The
segregation pattern of chrII is like that of the E. coli chromosome:
oriII is found near the cell center, and after duplication, the two
daughter origins move to the cell quarter positions. Since chrI
spans the entire length of the bacterium, it overlaps chrII over
nearly half of the cell length around the cell center. Although in-
terfering with replication and segregation of oriII did not disturb
the overall distribution or the number of oriI foci (Fig. 3B), the
possibility remains that the location of oriI is disturbed in the
absence of chrII. The location of oriI was mapped in cells with and
without oriII (Fig. 4).

In cells with vector only, oriI was
found primarily at or near the cell poles,
as expected from earlier studies (Fig. 4A).
When extra rctA sites were present, there
was a significant increase in the fraction
of oriI foci more centrally located, and
this was particularly pronounced in cells
devoid of oriII foci (compare Fig. 4E and
H). These results are consistent with nu-
cleoid condensation in the absence of ch-
rII and the consequent mislocalization of
oriI. How the loss of chrII causes conden-
sation of chrI is not known.

In vector-only cells, a centrally located
single focus of oriII was found in small
cells and, when the cells exceeded a cer-
tain size, two oriII foci were found mostly
near cell quarter positions (Fig. 4K). The
cell size at which one focus becomes two
was no longer distinct when cells carried
the parSII clone (Fig. 4K versus L and N).
The mislocalization of oriII apparently
did not disturb oriI localization (Fig. 4E
and G). Excess RctB sites seem to only
delay oriII firing, as single oriII foci were
found in relatively large cells (Fig. 4M).

We confirmed, by time-lapse photog-
raphy, that the failure of chrII to replicate
perturbed neither the replication of chrI
nor cell division (Fig. 5). In summary, the
results show that RctB sites and the parSII
site perturb chrII replication initiation
and segregation, respectively. These per-
turbations do not affect oriI firing or lo-
calization unless chrII is lost from the cell.
The loss appears to cause condensation of

chrI, leading to nonpolar localization of oriI.
Nucleoid condensation follows upon loss of chrII. To further

demonstrate that the replication and segregation cycles of chrI can
be independent of chrII, and to avoid the complexity of nucleoid
condensation upon chrII loss, the effect of rctA sites were tested in
cephalexin-treated cells. The drug blocks cell division and thus
can prevent the loss of chrII when its replication is blocked. The
cell division block was obvious, as cells elongated as expected
(about 3-fold in an hour after drug treatment, covering about two
generations of growth without the drug) (Fig. 6). In cephalexin-
treated control cells (with PBAD), up to four foci of oriI and of oriII
could be seen distributed over their entire lengths. In the presence
of any or all of the rctA sites, the number and distribution of oriI
foci were not significantly affected. The number of oriII foci was
reduced, particularly when the RctB sites were present. These re-
sults confirm that ongoing replication and segregation of chrII are
not required for the replication and segregation of chrI to proceed
in the same cell, at least for about two generations.

DISCUSSION

In eukaryotes, the mechanisms that maintain chromosomes are
common to all the chromosomes. In V. cholerae, the genetic pro-
grams that maintain its two chromosomes are separate. Although
there are genes, such as dnaA, ihf, and dam, that are used by both

FIG 3 Effect of additional rctA on V. cholerae origin numbers in individual cells. The plasmids
supplying additional rctA sites are the same as in Fig. 1B. (A) Origins were visualized by inserting a
P1parS site 135 kb away (clockwise) from oriI and a pMTparS site about 40 kb away from oriII (clock-
wise) and supplying from plasmid pRN011 the corresponding fluorescent-tagged proteins GFP-P1ParB
and mCherry-pMTParB that bind to those sites. The oriI foci are shown in green and oriII foci in red.
The arrows indicate cells either without oriII (blue) or mislocalized oriII (white). (B) Distribution of cell
numbers with different numbers of origin foci.
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the chromosomes for replication initiation, the factors responsi-
ble for controlling replication initiation frequency are different for
the two chromosomes (27). Similarly, the genetic programs for
segregation of the two chromosomes are separate (22, 40). The
possibility still remained that the two chromosomes coordinate
their replication and segregation (15, 16). Here we show that the
cell cycle progresses even when chrII replication or segregation is
blocked. This makes it unlikely that there could be any checkpoint
mechanism to ensure completion of replication and segregation
of both the chromosomes before cell division. The system thus
could be prone to chromosome loss. It is all the more likely since
vibrios are among the most rapidly growing bacteria, having a
generation time that can be as short as 9 min (41). Chromosome
loss, however, might be justified if it served some altruistic pur-

pose, such as feeding neighboring cells in
a community of cells, as in a biofilm (42).
This is unlikely to happen for long, be-
cause chrI loss would not generate new
transcription and translation machiner-
ies, and chrII loss would trigger degrada-
tion of chrI DNA (22). On the other
hand, depending on the cell density, DNA
from lysing cells could be nutrients for
cells in the same habitat or help in adap-
tation since V. cholerae can develop natu-
ral competence for genetic transforma-
tion (43, 44).

In the family of Vibrionaceae, whose
members each have two chromosomes,
the secondary chromosome may have
evolved from a plasmid ancestor that in-
corporated a few essential genes and
changed its replication program to initi-
ate at a specific time in the cell cycle, as
chromosomes generally do (45). Since
the dynamics of chrI are not altered when
the dynamics of chrII are perturbed
(Fig. 7), the two chromosomes could be
maintained by independent mechanisms
without rapid communication between
them, as is the case between the chromo-
some and several well-studied plasmids
in E. coli and in eukaryotic cells, in which
the blockage of initiation in one chromo-
some appears not to be sensed by other
chromosomes in the same cell. Our re-
sults are consistent with an earlier finding
that in �parAB2 cells, oriI localization is
not perturbed (22) and a more recent
finding that a viable V. cholerae can be
made by fusing its two chromosomes,
which also deletes the chrII-specific genes
for replication and segregation (46). The
latter study is a clear indication for non-
essentiality of chrII replication and segre-
gation for similar functions of chrI.

Chromosomes I and II initiate replica-
tion at different times so that their repli-
cations terminate more or less at the same
time (18). Even if the two chromosomes

are independently maintained, there must have been a one-way
adaptation of chrII to suit the dynamics of chrI and/or to align its
replication initiation to the cell cycle. There is also some under-
standing on how the replication initiation of chrII occurs at a
specific time of the cell cycle, whereas the timing of plasmid rep-
lication is random in the cell cycle (30).

The plasmid-like maintenance strategy of chrII is suggested
not only by the similarity in the organization of their replication
origins and the nature of partitioning genes but also by the pres-
ence of toxin-antitoxin (TA) modules in both. The TA systems can
severely compromise growth of plasmid-free cells, should they
arise due to replication or segregation error. V. cholerae cells die
rapidly if they are born without chrII, because of the loss of essen-
tial genes present in chrII and possibly due to the activation of TA

FIG 4 Effect of additional rctA on V. cholerae origin position. The plots show the positions of oriI and
oriII foci in different cells. The cells were arranged according to increasing lengths along the abscissa.
One pole is placed on the abscissa and the other is shown by green dots. Focus positions were measured
from the pole placed on the abscissa. This pole was chosen because the nearest focus from this pole was
closer than the nearest focus from the opposite pole. Small cells usually showed one focus (blue dot) and
larger cells two foci (red and yellow dots). (A to J) Plots of oriI positions. Cells with oriI did not always
show oriII foci. Cells with oriI irrespective of the presence of oriII foci are in panels A to D. These cells
were separated into two groups: ones with oriII foci (E to G) and ones without oriII foci (H to J). (K to
N) The plot of oriII positions. The pink bars mark the cell size at which two-focus cells appear in the wild
type (K). The bars serve as a reference in other panels (L to N). The cell size at which the two foci
appeared varied in the mutants. The brown dots on the top axis in panels L to N show the sizes of cells
without oriII (these are the same cells as shown in panels H to J). The dots show that oriII-less cells can
be of all possible sizes.
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systems (22, 47, 48). The intrinsic maintenance mechanisms must
be efficient in the first place to avoid activation of TA systems.

Although the TA systems can increase the apparent stability of the
genome, its frequent activation is likely to slow down the clonal

growth of the culture and may put the
species at a disadvantage in a competitive
environment.

The only phenotype we see upon loss
of chrII is the condensation of the chrI
nucleoid. The phenotype is the same as
was reported earlier when chrII mainte-
nance was perturbed by deleting its segre-
gation genes (22, 48). The condensation
could be brought about by activation of
TA systems or by the vacuum created by
the loss of chrII (49). It also remains pos-
sible that chrII encodes some gene prod-
uct that directly controls chromosome
architecture. The mechanism of conden-
sation remains to be elucidated.

Although rctA was used as a tool here
to block chrII dynamics, the results also
shed light on its function. They show that
a single centromeric site in trans can
cause chrII missegregation, a phenome-
non attributed to partition-mediated in-
compatibility (50). This is remarkable,
considering that chrII has at least nine
such sites (32). A single locus capable of
controlling both replication and segrega-
tion of a chromosome is not that com-
mon, although examples of partitioning
genes controlling replication by a differ-
ent mechanism have been found (40, 51).
The phenotypes of intact rctA could be
additive of those conferred by RctB sites
and parSII sites separately: the generation

FIG 5 Effect of additional RctB sites on origin dynamics in V. cholerae cells by time-lapse microscopy. The figure shows cell growth and segregation of oriI and
oriII foci in cells with either the PBAD plasmid (CVC1111) or the PBAD-RctB sites plasmid (CVC1143). The oriI foci are shown in green and oriII foci in red. The
cells were grown on an agarose pad by continually feeding them from underneath with fresh medium (MM) using a homemade flow cell. The numbers indicate
the time in minutes at which the cells were imaged. In the time interval tested, oriI foci usually duplicate two times and oriII foci once (oriII foci duplicate later
in the cell cycle, thwarting capturing of two full replication cycles for chrII because of mCherry bleaching).

FIG 6 Effect of additional rctA on origin numbers in cephalexin-treated V. cholerae cells. Cells were treated
with cephalexin to prevent chrII loss upon replication/segregation block. Cells are the same as those used in
Fig. 3 and 4. (A) The oriI foci are shown in green and oriII foci in red. Note that the oriII foci number reduced
when additional RctB sites but not parSII sites were provided. (B) The table shows increase of cell length upon
cephalexin treatment and decrease in oriII focus number in the presence of RctB sites. The errors in oriI-to-
oriII ratios (�f) represent standard errors of the mean (SE) using the relationship �2

f � (1/b2) �2
a � (a2/b4)

�2
b, where �a and �b are the SE of mean copy numbers of oriI (a) and oriII (b).
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time increased most when rctA was intact
(Fig. 1B). However, the additive effect
was not obvious in other experiments
(Fig. 2 to 6). It has been shown recently
that the parSII site in rctA can neutralize
some of the negative regulatory activities
that regulate chrII replication (34). This
can explain how the phenotype of RctB
sites can be stronger in the absence of the
parSII site (Fig. 3 and 6). However, it is
clear from the present study that in the
intact rctA locus, the RctB sites remain
quite active in trans in reducing chrII rep-
lication initiation. More studies will be
required to understand the interplay be-
tween the two types of sites of the locus
more fully. It remains to be determined
whether blocking chrI blocks chrII or
whether chrII is maintained indepen-
dently following the plasmid paradigm.

MATERIALS AND METHODS
Strains and growth conditions. Strains are
listed in Table 1, and the primers used are
listed in Table S1 in the supplemental material.
E. coli DH5�lac (BR2846) and C600
(CVC1221) were used for standard plasmid
manipulations and for plasmid propagation.
V. cholerae strains are derivatives of N16961
(CVC209) or N16961 hapR� (CVC1118).
Cells were grown in minimal medium (MM;

FIG 7 A cartoon summarizing the effect of additional rctA sites on chromosome dynamics of V. chol-
erae. The nucleoid is shown in yellow, oriI in green dots, and oriII in red dots. In wild-type cells (top), oriI
replicates near a cell pole and oriII near the cell center but at a time later than oriI. Replication and
segregation of oriI are not disturbed by any of the rctA sites unless chrII is lost from cells (see Fig. 4E to
G versus H to J). The mislocalization of oriI apparently results from chromosome condensation that
follows upon the loss of chrII due to unknown reasons. The presence of RctB sites delays oriII firing,
since a single oriII focus was seen in longer cells (Fig. 4M). The presence of parSII sites does not delay
oriII firing but mislocalizes oriII, as two oriII foci were seen even in small cells (Fig. 4N). The results in
the presence of intact rctA are a composite of the effects seen with RctB and parSII sites separately
(Fig. 4L).

TABLE 1 Strains and plasmids used in this study

Bacteria or plasmid Relevant description Source or reference

E. coli
BR2846 DH5�lac � K-12 recA �(argF-lac)U169 53
CVC1221 C600 � F� thi�1 thr-1 supE44 leuB6 lacY1 tonA21 mcrA� mcrB� �� NAIST lab stock

V. cholerae
CVC209 N16961 El tor; Strr M. Waldor
CVC1111 CVC209/pRN012 (PBAD) This study
CVC1118 N16961 hapR� 40
CVC1140 CVC1118 � P1parS-Kn (at �135 kb on chrI) This study
CVC1142 CVC209/pTVC58 (PBAD-rctA) This study
CVC1143 CVC209/pRN007 (PBAD-RctB sites) This study
CVC1144 CVC209; Strr/pRN008 (PBAD-parSII) This study
CVC1146 CVC1140 � pMTparS-Sp (at �40 kb on chrII) This study
CVC1147 CVC1146/pRN012 (PBAD) This study
CVC1148 CVC1146/pTVC58 (PBAD-rctA) This study
CVC1149 CVC1146/pRN007 (PBAD-RctB sites) This study
CVC1150 CVC1146/pRN008 (PBAD-parSII) This study

Plasmids
pALA1840 Source of pMTparS-Sp cassette; Apr Spr 54
pPS2 Coordinates 39216 to 41197 of chrII in pDS132; Cmr 29
pPS4 Coordinates 133582 to 135584 of chrI cloned at PstI site of pDS132; Cmr 40
pPS45 Source of P1parS-Kn cassette; Apr Knr 40
pPS47 Source of P1parS-Kn cassette; Cmr Knr 40
pPS69 pALA2705 modified to incorporate XhoI and SacII sites � mCherry-mreB PCR XhoI-SacII fragment; Apr 29
pRN007 pTVC58 except that rctA is replaced with RctB sites (PBAD-RctB sites) This study
pRN008 pTVC58 except that rctA is replaced with a parSII site (PBAD-parSII) This study
pRN009 pPS2 � NsiI fragment from pPS45 containing pMTparS-Sp cassette cloned at the NsiI site; Cmr Spr This study
pRN010 pPS69 mreB gene between AatII-SacII replaced with pMTparB AatII-SacII PCR fragment This study
pRN011 pST52 � lacIq-mCherry-pMTparB-gfp-P1parB fragment (NsiI-HindIII) from pRN010 This study
pTVC58 pMLB1109 � araC-PBAD-rctA from pTVC38 as EcoRI-SmaI PCR fragment (PBAD-rctA); Apr 20
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M63 buffer, fructose [0.2%], and Casamino Acids [0.1%]). Antibiotics
were used at the following concentrations: ampicillin, 100 �g/ml; chlor-
amphenicol, 25 �g/ml for E. coli, 6.5 �g/ml for V. cholerae; kanamycin,
25 �g/ml; and spectinomycin, 40 �g/ml.

Plasmids with rctA, RctB sites, and parSII under PBAD control.
pTVC58 was used as the source of PBAD-rctA. The rctA open reading frame
(ORF) was removed by digesting pTVC58 with NheI and SmaI, and after
blunting with Klenow, the plasmid backbone was self-ligated. This gener-
ated pRN012, which was used here as the PBAD vector control. To supply
the RctB sites within the rctA ORF, the sites were amplified by PCR using
primer pairs RP004 and RP097 and N16961 DNA as the template. RP004
has SmaI and NheI sites, and RP097 has only SmaI sites at their 5= ends.
The PCR product was digested with NheI and SmaI and ligated to simi-
larly digested pTVC58. This generated pRN007 (PBAD-RctB sites). To
clone the parSII within rctA, RP007 and RP008 oligonucleotides were
annealed and ligated to NheI- and SmaI-digested pTVC58. This generated
pRN008 (PBAD-parSII). These same four plasmids (PBAD, PBAD-rctA,
PBAD-RctB sites, and PBAD-parSII) have been used in all the experiments
reported in this study.

Chromosomal integration of P1parS and pMTparS. To localize oriI,
P1parS as a P1parS-Kn cassette was inserted into the hapR� strain
CVC1118 at approximately �135 kb in the intergenic region between
VC0142 and VC0143. The resultant strain (CVC1140) was constructed by
allelic exchange after transferring by conjugation pPS47 carrying the cas-
sette into CVC1118. To localize oriII, the pMTparS-Sp cassette was inte-
grated in the intergenic region between VCA032 and VCA033 of
CVC1140, both encoding hypothetical proteins. To clone the
pMTparS-Sp cassette, pPS2 carrying the intergenic region (chrII DNA
coordinates 39216 to 41197) was digested with NsiI and ligated to the
pMTparS-Sp cassette obtained from pALA1840 by PCR using RP012 and
RP013 primers containing the NsiI site. From the resultant plasmid
(pRN009), pMTparS-Sp with flanking chrII DNA was amplified by PCR
using primers RN033 and RN038. The PCR product was introduced into
chrII by natural transformation (40). The strain thus made (CVC1146)
has two different parS sites, one in chrI (P1parS) and another in chrII
(pMTparS).

Construction of plasmid carrying genes for two different fluores-
cent ParB protein fusions. The pMTparB gene was amplified from the
pFHC2973 plasmid using primers RN005 and RN006 (33). The PCR
product was digested with AatII and SacII and subsequently cloned under
an isopropyl-�-thiogalactopyranoside (IPTG)-inducible promoter pres-
ent in pPS69. The pPS69 has an operon with two fluorescent fusion pro-
tein genes, mCherry-mreB and gfp-P1parB, under pTrc promoter (29).
The pMTparB fragment was cloned in the orientation AatII to SacII be-
tween the mCherry and gfp genes, replacing mreB. In the resultant plasmid
(pRN010), the order of elements downstream of pTrc is mCherry-
pMTparB-gfp-P1parB. To clone the pTrc-mCherry-pMTparB-gfp-
P1parB cassette, pRN010 was digested with NsiI and HindIII, and the
cassette was ligated to BglII-digested pPT52, a pBR322-compatible vector
(52). The resulting plasmid was called pRN011.

Fluorescence microscopy. Cells were grown in MM at 37°C to log
phase (OD600 between 0.1 and 0.2) and concentrated 100-fold by centrif
ugation and resuspension in the same medium. They were stained for
DNA with Hoechst-33342 at a final concentration of 0.5 �g/ml at room
temperature and observed under a fluorescence microscope within
10 min, as described (40).

Time-lapse microscopy. Time-lapse microscopy was done using a
grooved microscope slide (homemade) that was overlaid with an agarose
pad. The slide with the pad was placed on the microscope stage and heated
at 37°C. The pad was equilibrated for about an hour with MM containing
appropriate antibiotics and inducer by continually running the medium
through the grooves by gravity flow. About 5 �l of log-phase cells was
placed on the pad and overlaid with an untreated coverslip. Imaging was
done every 10 min, where the intensity of the illuminating light was in-
creased in steps, as required.

Flow cytometry. Log-phase cells were processed for flow cytometric
analysis as previously described (31).

Marker frequency analysis. Frequencies of four markers, oriI, oriII,
terI, and terII, from exponentially growing cells without arabinose were
determined as previously described (15).
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