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A Vibrio cholerae deletion mutant lacking VS2773, a parA partitioning gene homolog located in a parAB
operon on the large chromosome, displays altered positioning of the large chromosome origin. Deletion of a
second parA homolog on the large chromosome (VC2061) does not affect its origin positioning. The origin
position of the small chromosome is unchanged by either or both of these deletions, suggesting that VC2773
function is specific to the replicon on which it is carried. VC2773 and VC2772 form a parABS system with
inverted repeats found near the large chromosome origin.

In recent years, it has become possible to study the internal
organization of the bacterial cell in great detail. DNA posi-
tioning and movement have been studied in various bacteria,
using both live- and fixed-cell models. While it is clear that the
chromosome is highly organized within the cell, the mecha-
nisms underlying these processes are still not fully understood
(18). Studies of bacteria with single chromosomes, such as
Escherichia coli, Bacillus subtilis, and Caulobacter crescentus,
have revealed variations in origin positioning and the timing of
this placement (13, 24, 29). In the multireplicon-containing
alpha-proteobacteria Agrobacterium tumefaciens and Sinorhi-
zobium meliloti, origins localize predominantly to the cell
poles, although they remain nonoverlapping (15). Fogel and
Waldor have studied origin positioning in the bipartite genome
of Vibrio cholerae, using a live-cell model and a fluorescent
repressor-operator system (6). Their findings of distinct posi-
tioning patterns and cell cycle timing of movement for the two
origins were independently confirmed by Fiebig et al. (5a) and
suggest that a separate segregation mechanism may exist for
each chromosome.

Early studies of bacterial DNA partitioning focused on the
maintenance of low-copy-number plasmids, such as F factor,
P1, and R1. The genetic loci responsible for plasmid partition-
ing encode members of the ParA and ParB protein families.
Homologs of these genes have been discovered on many bac-
terial chromosomes, with the exception of E. coli and related
enteric organisms, and work in model systems such as B. sub-
tilis, C. crescentus, Streptomyces coelicolor, and Pseudomonas
putida has demonstrated a role for ParA and ParB in chromo-
some segregation. However, the segregation defects in strains
with mutants of these genes have often been mild, with stron-
ger phenotypes manifested under specific growth conditions or
during developmental processes such as sporulation (9, 12, 16,
19, 23).

The Vibrio species studied to date all have a divided genome
consisting of two chromosomes; each chromosome carries a
parAB locus (1, 10, 21, 26). The locus on the large chromosome
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is related more closely to other bacterial chromosomal par loci
than that on the small chromosome, which bears homology to
plasmid-carried loci (10). Given the distinct localization pat-
terns of the replication origins in V. cholerae, the parAB loci are
factors that may confer specificity in positioning. Vibrio species
also have a second parA homolog carried separately on the
large chromosome, but its function is unclear. In this study, we
provide evidence that the par4 homolog VC2773, found in the
parAB operon on the large chromosome of V. cholerae, can
specifically alter positioning of the large chromosome origin if
it is deleted or present in multiple copies. In contrast, the parA
homolog VC2061 does not appear to affect the origin position-
ing of either chromosome. We also demonstrate that the large
chromosome parAB locus can function in DNA segregation
and stabilizes an unstable mini-F plasmid carrying putative
parS sequences unique to the large chromosome of V. cholerae.

A fixed-cell model of origin positioning recapitulates a live-
cell model in V. cholerae. We investigated the role of the par4
homologs carried on the large chromosome of V. cholerae,
visualizing positioning of the V. cholerae replication origins by
using fluorescence in situ hybridization (FISH) in fixed cells.
An ~10-kb region of each V. cholerae chromosome near the
origin was synthesized by PCR and verified using restriction
analysis and sequencing. The sequences of oligonucleotides
used in this study are available upon request. FISH analysis
was performed as described by Jensen and Shapiro (13), and
probes were labeled with either Cy3-dCTP (Molecular Probes)
or digoxigenin—11-dUTP (Roche) (15). Bacteria were grown
with shaking in LB medium at 37°C to an optical density at 600
nm (ODy,) of 0.6 to 0.8 and fixed immediately prior to process-
ing. Fluorescence and phase-contrast images were acquired using
a Leica DM4000B microscope with a 100X objective and a cooled
charge-coupled device camera (Qimaging). Image processing and
analysis were performed using ImageJ (NIH) and ImagePro soft-
ware (MediaCybernetics, Silver Spring, MD). Hybridizations
were performed with multiple independent cultures and slides.
The strains and plasmids used in this study are listed in Table 1.
As needed, bacteria were grown in Luria-Bertani (LB) medium,
AB minimal medium with 0.2% glycerol as the carbon source (2),
or M9-CSA medium (M9 medium with 0.2% Casamino Acids
and 0.4% glucose) (5) with appropriate antibiotics.

The positions of fluorescent foci in wild-type cells were mea-
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Genotype or description®

Source or reference

Strains
E. coli strains
DHS5aNpir F~ endAl hsdR17 supE44 thi-1 recAl gyrA96 relA1 A(lacZYA-argF)U169 Laboratory collection
&80dlacZAM15 Npir
DH10B F~ mcrA A(mrr hsdRMS mcrBC) $80dlacZAM15 AlacX74 endAl recAl Laboratory collection
deoR A(ara leu)7697 araD139 galU galK nupG rpsL
SM10Npir thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu Npir pro endA hsdA hsdR Laboratory collection
supF
V. cholerae strains
N16961 Wild-type El Tor strain, Sm" 10
LK626 N16961 AVC2773 This study
LK681 N16961/pJK4 This study
LK705 N16961 AVC2061 This study
LK706 N16961 AVC2773 AVC2061 This study
LK712 LK626 with reconstituted VC2773 This study
KFV10 N16961 AlacZ 7
Plasmids
pBluescript SKII+ Cloning vector, Amp* Stratagene
pCVD442 Origgk MObgpy bla sacB 4
pWMOI1 Origei OriTRpy bla sacB 22
pRKlac290 Broad-host-range vector with promoterless lacZ 28
pWKS30-Tc Low-copy-number broad-host-range vector, Tc" 14
pJK4 pWKS30-Tc with parAB upstream region and parA4 This study
pSD15 VC2773 in-frame deletion construct in pCVD442 This study
pJK11 VC2061 in-frame deletion construct in pWM91 This study
pSD19 pRKlac290 with 450-bp parAB upstream region This study
pDAG114 Stable mini-F, Cm" 25
pDAG203 Unstable mini-F, A(sopOPABC) Cm" 5
pSD38 pDAG203 with IR1 cloned into AflIII-Bsu36I sites This study
pSD39 pDAG203 with IR2 cloned into AflIII-Bsu36I sites This study
pSD44 pDAG203 with IR3 cloned into AflIII-Bsu36I sites This study
pSD25 pBluescript II SK(+) with par4AB and upstream region This study
pSD9 pBluescript II SK(+) with parB and in-frame deletion of par4 This study
pSD21 pBluescript II SK(+) with par4 and in-frame deletion of parB This study

“ Amp', ampicillin resistance; Tc', tetracycline resistance; Cm', chloramphenicol resistance; Sm", streptomycin resistance.

sured from the nearest cell pole and expressed as fractional
proportions of the length of the cell body as visualized by
phase-contrast microscopy (Fig. 1). In cells containing a single
fluorescent focus, the large chromosome origin (oriCI) was
often positioned centrally in the smallest cells but could be
found near the cell pole in larger cells (median position, 19%
of cell length). The origin of the second chromosome (oriCII)
was also centrally located in the smallest cells but was found
closer to the quarter-cell position in longer cells (median, 34%
of cell length). In cells with two foci, the large chromosome
origin was asymmetrically localized at both polar and subpolar
positions (medians, 13% and 80%, respectively), while the
small chromosome origin was found, on average, near the
quarter-cell positions (medians, 28% and 68%, respectively).
These results were confirmed using reciprocal labeling, and no
signal was detected with a probe made from empty vector.
The distribution of origin positions in our study is consistent
with that found by Fogel and Waldor (6). The median position
for cells with single foci was closer to the cell pole in our work,
but this may reflect incomplete detection of second foci in
larger cells (typically, 90 to 95% of cells contained foci). The
distributions of large chromosome and small chromosome or-
igin focus positions overlapped to a greater extent in this work;
however, an evaluation of 400 sets of closely paired foci
showed that the majority (72%) were noncoincident (Fig. 1E)

(11). We observed dual oriCII foci more readily in small cells
by comparison with the live-cell technique. While integrated
arrays may have some effect on the timing of segregation in the
live-cell model, we also found cells in which two oriCI foci were
present with a single oriCII focus, consistent with a model
where duplicated oriCII foci segregate later than oriCIl. Our
findings may also be related to faster growth conditions, as the
cultures had a doubling time of approximately 25 min. Indeed,
while the majority of cells contained one or two fluorescent
foci for each probe, we observed that a small number con-
tained three or four foci.

A deletion mutant lacking the parA homolog VC2773 is
viable and has altered oriCI positioning. The VC2773 and
VC2772 genes constitute a parAB locus near the origin of the
large V. cholerae chromosome. To examine the role of VC2773,
the gene was replaced with an in-frame deletion construct
lacking the sequence for amino acids 11 to 244 of the predicted
protein. All constructs described in this study were confirmed
by restriction digestion and sequencing. As needed, constructs
were cloned into the suicide vector pCVD442 (4) or pWM91
(22), transferred into V. cholerae by conjugation with the E. coli
donor strain SM10Apir, and used for allelic exchange with
sucrose counterselection (7). As shown in Fig. 2A and B, po-
sitioning of oriCI in the VC2773 deletion strain (LK626) was
less polar than that in the wild-type parent strain; the median



5628 NOTES

J. BACTERIOL.

B

5 - chromosome I origin

cell length, microns

04 06 08 1

0 02
fraction of cell length

FIG. 1. Positions of V. cholerae chromosome origins in wild-type strain N16961. (A and B) Positioning of the large chromosome origin in cells.
(C and D) Positioning of the small chromosome origin. Graphs show positions of signals in cells containing one (red) or two (black) fluorescent
foci; they depict the lengths of the cells on the y axis and the positions of the fluorescent foci along the length of the cell on the x axis.
Photomicrographs depict the Cy3 probe signals superimposed on phase-contrast images of cell bodies. Bars, 2 wm. (E) Examples of dually labeled
cells, where the oriCI probe signal is red (Cy3) and the oriCII probe signal is green (fluorescein).

position in cells with single foci was 26% of the cell length. In
cells with two foci, we often observed that neither focus was at
the pole of the cell. However, oriCI still appeared able to attain
a position closer to the cell pole than that of oriCII. The
localization pattern of oriCII was unchanged from that of the
wild-type strain (Fig. 2C and D). In cells with two foci, we
assessed the absolute distances from the nearest pole of the
cell of all foci. oriCI foci were found at median distances of
15% of cell length in strain N16961 and 23% of cell length in
strain LK626, as opposed to 28.8% for oriCII foci in both
strains; these differences were statistically significant. For cells
with two foci, the median distances between the foci were 65%
of cell length for N16961 and 51% of cell length for LK626.
While the doubling times in LB medium were indistinguish-
able between the wild type and LK626, there was a small but
reproducible slowing of the doubling time in minimal medium
(AB minimal medium with 0.2% glycerol) (2), with doubling
times of 97.4 min for strain N16961 and 106.8 min for LK626.
The cells were normally motile, and we did not observe a cell
division defect. Studies of chromosomal par genes in other
bacteria have suggested that they have various roles in devel-
opment and at growth-phase transitions. Specifically, muta-
tions in one or both genes of the par4AB locus on the single
chromosome of P. putida give rise to a low frequency of anucle-
ate cells during exponential growth and a significantly in-
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creased number at the entrance to stationary phase in minimal
medium (9, 19). There was no significant difference in average
cell size between N16961 and LK626; the culture density and
CFU correlated well with each other and were comparable to
those of the wild-type parent strain in both rich and minimal
media. Because the loss of the large chromosome would yield
cells which still stained with 4',6'-diamidino-2-phenylindole
(DAPI), we also utilized propidium iodide staining, which did
not reveal any increase in inviable cells for LK626 over a range
of growth, including the transition to stationary phase and late
stationary phase (data not shown). We also did not note any
increase in cells that did not give a signal for oriCI.

The parA homolog VC2061 does not appear to play a role in
origin positioning. We assessed the possibility of functional
redundancy with another par4 homolog, VC2061, carried on
the large chromosome of V. cholerae. We created an in-frame
deletion of VC2061, eliminating the sequence encoding amino
acids 9 to 166. A VC2061 deletion strain was recently inde-
pendently reported; although the gene is located in an operon
with flagellar and chemotaxis genes, it does not appear to play
a significant role in motility or flagellar biogenesis (3). Our
AVC2061 strain (LK705) had normal growth rates in both rich
and minimal media, with wild-type oriCI and oriCII position-
ing. A AVC2061 AVC2773 double mutant (LK706) had no
additive positioning phenotype (data not shown). In minimal
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FIG. 2. Positions of V. cholerae chromosome origins in strains LK626, LK681, and LK712. Graphs show positions of signals in cells containing
one (red) or two (black) fluorescent foci. The labeling of axes and scale are the same as those in Fig. 1. (A and B) Positioning of the large
chromosome origin in LK626. (C and D) Positioning of the small chromosome origin in LK626. (E and F) LK681 (N16961 with pJK4) labeled with
the oriCI probe. (G and H) LK712 (LK626 with “knocked-in” VC2773) labeled with the oriCI probe.

and rich media, the growth rate of LK705 was similar to that of
the N16961 parent strain, and the growth rate of LK706 was
similar to that of LK626. Thus, the VC2061 par4 homolog does
not appear to influence origin positioning.

Multiple copies of VC2773 alter oriCI positioning in wild-
type cells. Our aim was to complement the VC2773 mutation
by using its endogenous promoter. The VC2773-VC2772 locus
on the large V. cholerae chromosome is carried immediately
downstream of gidAB, suggesting that these four genes may
form an operon. We performed Northern blotting, using a
374-bp internal fragment of VC2772 as a probe, and detected
a transcript of approximately 1.8 kb in the wild-type strain that
was appropriately shortened in LK626 (Fig. 3A); thus,
VC2773-VC2772 is an independently transcribed operon. We
cloned a 450-bp segment of DNA upstream of the VC2773
coding region into the plasmid pRKlac290 (28), which contains
a promoterless lacZ gene. This construct (pSD19) was tested in
KFV10, a AlacZ derivative of N16961 (7), and promoter ac-
tivity was detected in beta-galactosidase assays (27) (Fig. 3B).

To complement the VC2773 mutation, we cloned the pro-
moter and VC2773 coding region into the low-copy-number
vector pWKS30-Tc (14). The position of oriCI was not re-
stored to the wild-type position in the LK626 background; in
fact, the construct caused aberrant, less polar positioning of
the large chromosome origin in the N16961 wild-type strain
(LK681) (Fig. 2E and F) that was not observed in a strain
containing the empty vector. In cells with single foci, oriCI was
found at a mean distance of 34% of cell length, and in cells
with two foci, oriCI was found at 18% and 71% of cell length.
The positioning of oriCII was not affected. When we regener-
ated a wild-type copy of VC2773 in the deletion strain through
allelic exchange (strain LK712), oriCI was restored to its wild-

type position (Fig. 2G and H). Thus, both excess copies and the
absence of VC2773 appear to lead to isolated oriCI positioning
abnormalities. LK681 had normal morphology and growth; in
contrast, in P. putida, parAB overexpression causes anucleate
cells and abnormal morphology during deceleration and sta-
tionary phase (9). In C. crescentus, constitutive overexpression
of either ParA or ParB causes cell division defects that are less
severe when both proteins are overexpressed together, suggest-
ing that proper stoichiometry between these two components is
also important (23).

V(2773 and VC2772 encode gene products that exhibit ac-
tivity with IRs partition located on the large chromosome of V.
cholerae. We attempted to investigate the role of parB
(VC2772) as well as that of parA4; however, despite extensive
efforts, we were unable to generate a parB or parAB deletion
mutant. Thus, to study the partitioning activity of the parAB
locus, we assayed its function using the unstable mini-F plas-
mid pDAG203, which has been employed in characterizing
parABS systems from other bacteria (5, 9). Plasmid stability
assays were performed according to the method of Dubarry et
al. (5). We tested pDAG203 and its derivatives in E. coli
DHI10B in the presence of coresident plasmids carrying par4B
genes (Fig. 4). To find candidate parS sequences, we searched
the genome of V. cholerae for inverted repeats (IRs) with
similarity to chromosomal parS sequences characterized in
other bacteria (5, 9, 20). Three highly similar IRs were located
only on the large chromosome, approximately 8° from the
origin: they are IR1 (5" CGTTTCACGTGAAACA [bp 62423
to 62438]), IR2 (5" TGTTTCACGTGAAACC [bp 66117 to
66132]), and IR3 (5" CGTTTCACGTGGAACA [bp 69417 to
69432]). We used complementary oligonucleotides with appro-
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FIG. 3. Isolation of the promoter for the V. cholerae chromosome
1 parAB locus. (A) Northern blot showing transcripts detected using a
parB probe in three separate samples of each strain. The positions of
RNA markers and their sizes in kb are depicted to the side of the blot.
Arrowheads, transcripts; asterisk, background band from rRNA.
(B) Beta-galactosidase activities (in Miller units) assayed in bacteria
grown in LB at 37°C to an ODy,, of 0.4 to 0.6, using the following
strains: wild-type parent strain KFV10, KFV10 with a plasmid contain-
ing a promoterless lacZ gene (pRKlac290), and KFV10 with pSD19
(pRKlac290 containing the upstream region of parA) (averages of
three experiments are shown).
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priate overhangs to clone these repeats individually into
pDAG203, generating pSD38, pSD39, and pSD44, respec-
tively.

Consistent with previously published results, pPDAG203 was
unstable in host strain DH10B, while its parent sop™ plasmid,
pDAG114, was completely stable (5, 25). pPDAG203 remained
unstable in the presence of a pBluescript vector and its deriv-
ative, pSD25, containing the VC2773-VC2772 parAB locus and
its upstream region (Fig. 4A). As shown in Fig. 4B to D,
pSD38, pSD39, and pSD44 were all stable in the presence of
pSD25. However, they were unstable in the presence of empty
vector, pSD9 (with an in-frame deletion of VC2773), or pSD21
(with an in-frame deletion of VC2772, eliminating the se-
quence encoding amino acids 19 to 280). Thus, stabilization of
an unstable mini-F plasmid requires the presence of a parS-like
inverted repeat sequence and both VC2773 and VC2772. A
recent study of the four parABS systems in the multipartite
genome of Burkholderia cenocepacia showed that each parAB
locus displays partitioning activity with its cognate parS gene;
our results suggest that this may also be the case for V. cholerae,
although, as in B. cenocepacia, interactions between components
of par systems in the same genome cannot be ruled out (5).

Concluding remarks. In conclusion, we have used a fixed-
cell FISH model to study origin positioning in V. cholerae and
observed that deletion or extra copies of VC2773, a parA gene
homolog found in a parAB operon on the large V. cholerae
chromosome, can selectively affect large chromosome origin
positioning while leaving the position of the small chromosome
origin unaffected. Thus, the function of VC2773 appears to be
specific to the replicon on which it is located, and its operon
forms a parABS system with three inverted repeats unique to
the large V. cholerae chromosome. The subtlety of the mutant
phenotype is not attributable to the presence of a second par4
homolog carried on the large chromosome. However, Lee and
Grossman have recently demonstrated that in B. subtilis, a soj
mutation in an smc mutant background reveals a significant
partitioning defect not seen in a Asoj single mutant (17). Thus,
as is the case for a growing number of bacteria, it will be of

pSD39 pSD44
(PDAG203 + IR2) (PDAG203 + IR3)

100 m—mo a0 E - E

10 f |[-e-vector Tm 10 [ |-e-vector . 10 | |-e-vector
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FIG. 4. Stabilization of mini-F plasmids containing putative parS sequences by coresident plasmids carrying the VC2773-VC2772 parAB locus.
Experiments were performed multiply, and the graphs are from a representative experiment. Bacteria were grown in M9-CSA with chloram-
phenicol to maintain the mini-F derivative; at an OD of ~0.3, they were back diluted into medium lacking chloramphenicol (time zero) and plated
at the specified generation times. Colonies were patched onto chloramphenicol to assay for the presence of the mini-F plasmid. The y axes in all
panels show the percentages of colonies still retaining the mini-F derivative. (A) Stability of the sop™ mini-F plasmid pDAG114, as well as its
unstable derivative pDAG203, in the presence of a coresident pBluescript vector or pSD25 (carrying both parA and parB). (B to D) Stabilities of
pDS38, pSD39, and pSD44 (pDAG203 carrying IR1, IR2, and IR3, respectively). Each plasmid was assayed in the presence of empty pBluescript
vector, pSD9 (with an in-frame deletion of VC2773, thus carrying parB), pSD21 (with an in-frame deletion of VC2772, thus carrying parA), or
pSD25 (carrying both parA and parB). The legend for each graph indicates the par genes supplied in trans.
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great interest to identify the additional factors that influence
the critical process of proper origin placement in V. cholerae

(®)
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