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The origins of replication of many different bacteria have been shown to reside at specific subcellular
locations, but the mechanisms underlying their positioning and segregation are still being elucidated. In
particular, little is known about the replication of multipartite genomes in bacteria. We determined the cellular
positions of the origins of the replicons in the alpha proteobacteria Agrobacterium tumefaciens and Sinorhizo-
bium meliloti and found that they are located at the poles of the cells. Our work demonstrates the conserved
extreme polar localization of circular chromosome origins in these alpha proteobacteria and is also the first
to specify the cellular location of origin regions from the repABC family. The cellular location of a derivative
of the RK2 plasmid is distinct from that of the alpha proteobacterium genomic replicon origins but is
conserved across bacteria. Colocalization experiments with the genomic replicons of A. tumefaciens revealed
that the repABC replicons, although preferentially positioned at the cell pole, colocalize only rarely. For the
repABC replicons in this organism, occupying discrete spatial locations may contribute to their coexistence and
stable inheritance.

The use of fluorescence in situ hybridization (FISH) and
protein fusions to the green fluorescent protein and its variants
has revealed that the bacterial cell is far more organized than
previously thought and that both DNA and proteins are tar-
geted to specific subcellular locations (30). Studies of Esche-
richia coli have shown that its chromosomal origin localizes to
nucleoid borders near the cell poles (24), while low-copy-num-
ber plasmids localize either to the cell midpoint and near the
poles (16) (R1) or to the mid- and quarter-cell positions (11,
25) (F and prophage P1). In sporulating Bacillus subtilis (35)
and Caulobacter crescentus (18), chromosomal origins are
found at the extreme cell poles. In synchronized populations of
Caulobacter, as soon as the polar origin is replicated, it can be
detected at the opposite pole of the cell (17). In vegetatively
growing B. subtilis, chromosomal origins are found in subpolar
positions (35). Little is known about origin positioning in bac-
teria with genomes of higher complexity, including several
members of the alpha proteobacteria which contain multiple
replicons, as well as Borrelia burgdorferi, Burkholderia cepacia,
and Vibrio species, which contain two or more chromosomes
(5, 12, 19, 21, 34, 37). The mechanisms utilized to accurately
duplicate and segregate multiple DNA molecules during the
bacterial cell cycle are not known.

The alpha proteobacterium Agrobacterium tumefaciens has
four replicons: a circular chromosome, a linear chromosome, a
cryptic plasmid (pAtC58), and the tumor-producing Ti plas-
mid. The circular chromosome origin of replication is similar
to those of other alpha proteobacteria, whereas the other rep-

licons carry plasmid-type replication systems of the repABC
family (3, 10, 36). In previous work, we described the synchro-
nization of DNA replication with the cell cycle in A. tumefa-
ciens (20). Duplication of all replicons has been independently
confirmed to occur during a defined period early in the cell
cycle, thus requiring coordinated initiation of these two classes
of replication origin (10). In this paper, we have determined
the cellular locations of the predicted replication origins of all
four replicons and found that they all localize to the poles of
the cell. This represents the first such analysis of a multipartite
bacterial genome and of the very-low-copy-number repABC
family of plasmids. Their localization pattern is distinct from
that of the low-copy-number plasmids F and P1, which have
been previously characterized in E. coli. We show that Sino-
rhizobium meliloti, an alpha proteobacterium with a circular
chromosome and two repABC megaplasmids (pSymA and
pSymB), also positions its replication origins at the cell pole,
suggesting that the mechanisms governing the cellular organi-
zations of both classes of replicons are conserved among the
alpha proteobacteria. In comparison, analysis of a broad-host-
range RK2-based multicopy plasmid in three different alpha
proteobacteria revealed that RK2 is localized to mid- and
quarter-cell positions, as is its parent plasmid in E. coli and
other gamma proteobacteria (28). Thus, the means of targeting
this plasmid are conserved across an even wider range of bac-
teria than previously shown yet are clearly different from those
governing the localization of the genomic replicons. We per-
formed dual-labeling experiments to determine whether the
genomic replicon origins of A. tumefaciens colocalized and
found that despite their location at the cell poles, they generate
coincident foci only rarely. Thus, there is a conserved localiza-
tion pattern of multiple replicons among the alpha proteobac-
teria; however, as with compatible plasmids in E. coli, coexist-
ing repABC replicon origins are found in the same general
region of the cell but occupy discrete areas of their own.
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MATERIALS AND METHODS

Bacterial growth conditions and media. Strains and plasmids used are listed in
Table 1. E. coli strains were grown at 37°C in Luria-Bertani (LB) medium
containing 10 g of NaCl/liter. A. tumefaciens and S. meliloti strains were grown at
28°C in LB medium containing 5 g of NaCl/liter. C. crescentus strains were grown
at 28°C in PYE medium (8). Antibiotics were used at the following concentra-
tions: nalidixic acid, 20 �g/ml; kanamycin, 25 �g/ml. Plasmids were introduced
into A. tumefaciens and S. meliloti either by electroporation or by mating with E.
coli S17-1 as a donor strain. Agrobacterium, Sinorhizobium, and Caulobacter
strains grown in these rich media had doubling times between 70 and 90 min
depending on the bacterium. All bacteria were harvested in exponential growth
phase.

FISH. Cells were fixed directly in growth media with 2.5% paraformaldehyde
and 30 mM KH2PO4 and processed for FISH as described previously (17).
Lysozyme was used to permeabilize the cells at a concentrations of between 2
and 20 �g/ml for Caulobacter and Sinorhizobium and between 50 and 250 �g/ml
for Agrobacterium. A range of lysozyme concentrations were tested, and the
concentration was optimized for each hybridization. Chromosomal DNA was
stained with 4�,6-diamidino-2-phenylindole (DAPI; 1 �g/ml) in SlowFade light
(Molecular Probes). Cells analyzed were chosen from fields in which there was
adequate permeabilization of cells and preservation of a compact nucleoid and
cell morphology. In such areas, approximately 20% of cells were not labeled with
a given probe.

Preparation of probes. Regions of replicons near their putative replication
origins were synthesized by PCR as 5- or 10-kb products. The replication origins
used were putatively identified as such by GC skew analysis of the completed
genome sequences of the organisms (4, 10, 23, 36). This identification is sup-
ported by the conserved genetic organization around the origins of the circular
chromosomes in alpha proteobacteria (2). Furthermore, repABC loci from other
plasmids have been isolated and shown to be capable of independent replication
(22, 29). These were cloned with the TOPO-XL cloning kit (Invitrogen) and
verified by direct sequencing and restriction analysis. Sequences were chosen to
be within approximately 10 kb of a putative replication origin and avoid cross-
hybridization with other regions of the genome. Ten micrograms of probe se-
quence DNA was digested with Sau3AI and MspI to give fragments ranging in
size from 20 to 300 bp. These were labeled with either Cy3-dCTP (Molecular
Probes) for FISH or digoxigenin-11-dUTP (Roche) for immunofluorescence

microscopy (IFM) using terminal deoxynucleotidyltransferase (Promega). Se-
quences of oligonucleotides are available on request.

Immunofluorescence. For detection of digoxigenin-labeled probes, FISH was
performed as described above. Following this, in the manner of Yang and Losick
(39), slides were prehybridized for 15 min with 2% bovine serum albumin in
phosphate-buffered saline and then incubated for 2 h with fluorescein-conju-
gated antidigoxigenin Fab fragments (Roche).

Microscopy. Cells were immobilized on poly-L-lysine-coated slides as de-
scribed previously (17). Fluorescence and differential interference contrast
(DIC) images were acquired with a Nikon E800 microscope with a 100� DIC
objective and a 5-MHz Micromax 5600 cooled charge-coupled device camera
controlled by Metamorph (Universal Imaging Corp., Scranton, Pa.). Images were
processed with Metamorph, which was also used to measure cells. A minimum of
100 cells were analyzed for each probe. Results were confirmed with separately
prepared slides, hybridizations, and cultures.

RESULTS

Localization of replication origins in A. tumefaciens by
FISH. A. tumefaciens contains four replicons. It has a circular
chromosome with a bacterial chromosome-like origin resem-
bling the Caulobacter origin of replication (Cori). It also has a
linear chromosome, a cryptic plasmid (pAt), and a Ti plasmid,
which all contain plasmid replicators of the repABC class (10,
33, 36). These replicons have been estimated at unit copy
number, and all replicate coincidently during the cell cycle (10,
20, 33). To determine if temporal coordination is accompanied
by spatial coordination, we identified the locations in the cell
of the origin region of the circular chromosome and the re-
gions adjacent to the repABC loci of the linear chromosome,
pAtC58, and pTiC58 (Fig. 1). We used FISH with Cy3-labeled
probes and DAPI staining of the nucleoid, as described in
Materials and Methods. As in Caulobacter (17), the nucleoid

TABLE 1. Strains and plasmids

Strain or plasmid Relevant characteristic(s) Reference or source

Strains
E. coli TOP10 Cloning strain Invitrogen
E. coli S17-1 Conjugal transfer of plasmids 32
C. crescentus CB15N Synchronizable wild-type strain Laboratory collection
A. tumefaciens C58 Wild-type strain Laboratory collection
S. meliloti 1021 Wild-type strain Laboratory collection
LS2305 C. crescentus CB15N with pMR10 Laboratory collection
LS3607 A. tumefaciens C58 with pMR10 This study
LS3592 S. meliloti 1021 with pMR10 This study

Plasmids
pMR10 Kan derivative of RK2; broad-host-range low-copy-

number vector
R. Roberts and C. Mohr

pCR-XL-TOPO Kan vector for cloning PCR products Invitrogen
Derivatives of pCR-XL-TOPO (Invitrogen)

containing FISH probes
pLK317 A. tumefaciens circular chromosome origin probe This study
pLK322 A. tumefaciens linear chromosome repABC probe 1 This study
pLK323 A. tumefaciens linear chromosome repABC probe 2 This study
pLK339 A. tumefaciens pAtC58 repABC probe 1 This study
pLK340 A. tumefaciens pAtC58 repABC probe 2 This study
pLK341 A. tumefaciens pTiC58 repABC probe 1 This study
pLK342 A. tumefaciens pTiC58 repABC probe 2 This study
pLK333 S. meliloti circular chromosome origin probe 1 This study
pLK334 S. meliloti circular chromosome origin probe 2 This study
pLK335 S. meliloti pSymA repABC probe 1 This study
pLK336 S. meliloti pSymA repABC probe 2 This study
pLK337 S. meliloti pSymB repABC probe 1 This study
pLK338 S. meliloti pSymB repABC probe 2 This study
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fills the cells in Agrobacterium. Only one or two foci were seen
in each cell, consistent with our prior flow cytometry and
Southern blot data suggesting that replication of all the repli-
cons occurs just once per cell cycle (20). The presence of two
foci is indicative of cells which have already initiated replica-
tion. No signal was observed when the empty plasmid used to
clone the probes was itself used as a probe (data not shown).
The positions of foci along the length of the cell were mea-
sured, revealing that the origins of all four replicons are lo-
cated preferentially at or near the cell poles (Fig. 1). As ob-
served in Caulobacter, the presence of two polar foci suggests
the movement of the replicated origin to the opposite cell pole.
The origin of pTiC58, while also predominantly polar, was

frequently found in a subpolar location. While this finding was
more pronounced in smaller cells with a single focus, it was
also a prominent feature of longer cells with two origins.

Localization of origins in S. meliloti by FISH. To determine
if the polar location of replication origins of all genomic rep-
licons in a bacterial cell is conserved among the alpha pro-
teobacteria, we examined the cellular positions of the replica-
tion origins in S. meliloti. S. meliloti contains three replicons; its
circular chromosome origin resembles those of Caulobacter
and Agrobacterium (3), and its two megaplasmids, pSymA and
pSymB, have repABC origins (9) (Table 2). As in Agrobacte-
rium, we used FISH with Cy3-labeled probes (Fig. 2). The
DAPI-stained nucleoid fills the cell in Sinorhizobium, as in

FIG. 1. Localization of A. tumefaciens origins of replication by FISH. Red, probe signals from the origin sequences; blue, DAPI staining of the
nucleoid. Graphical representations of the cellular positions of the origin are shown below the FISH staining. A minimum of 100 cells was counted
for each graph. Red dots, origin positions in cells with a single focus; blue dots, origin positions in cells with two foci. Zero and 1 on the x axis
represent the poles of the cell. Bars, 2 �m.

TABLE 2. Replication origins and their positioning

Organism Replicon Origin type Polar localizationa Position(s)

A. tumefaciens Circular chromosome Cori ��� Polar
Linear chromosome repABC ��� Polar
pAtC58 repABC �� Polar
pTiC58 repABC � Polar

S. meliloti Circular chromosome Cori ��� Polar
pSymA repABC �� Polar
pSymB repABC �� Polar

C. crescentus Circular chromosome Cori ��� Polar
A. tumefaciens pMR10 RK2 � 1/4 and 3/4
S. meliloti pMR10 RK2 � 1/4 and 3/4
C. crescentus pMR10 RK2 � 1/4 and 3/4

a ���, �10% nonpolar; ��, 10 to 25% nonpolar; �, 35% nonpolar; �, never polar.
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Agrobacterium and Caulobacter. We consistently observed one
or two foci per cell, and in all cases, the replication origins of
the circular chromosome and two megaplasmids are located at
the cell poles. As observed in the graphic representation of the
origin locations in individual cells, the polar localization was
most stringent for chromosome origin foci (Fig. 2A). For the
pSymA and pSymB origins, we observed that, in cells with
single foci (red dots) and in larger cells with two foci (blue
dots), there was some drift away from the cell pole (Fig. 2B and
C). Thus, in two different alpha proteobacteria with multipar-
tite genomes, the origins of the replicons are found predomi-
nantly at the cell poles and the chromosomal origins are local-
ized most strictly in this fashion.

Dual labeling of the chromosomal and repABC origins in A.
tumefaciens. To determine if the multiple replication origins in
A. tumefaciens are targeted to overlapping positions at the
pole, we performed dual labeling using a combination of FISH
and IFM to detect different pairs of foci (Fig. 3; Table 3). The
probes were labeled with Cy3 for FISH and digoxigenin-11-
dUTP for IFM, as described in Materials and Methods. For
each individual probe, digoxigenin-labeled probes gave the
same localization results as when Cy3 was used (data not
shown). In hybridizations with pairs of origin probes, each
labeled with a different fluor, the degree of signal overlap was
assessed. Foci were considered coincident if at least one-half of
each focus overlapped with the other. Examples of coincident
and noncoincident foci are shown in Fig. 3, and the results are
summarized in Table 3. When the circular chromosome origin
labeled with Cy3 was hybridized with the same probe labeled
with digoxigenin, the pairs of foci were entirely coincident 97%
of the time. When the circular chromosome and the linear
chromosome were examined, it was found that the foci were

coincident 68% of the time. This percentage dropped to 58%
when the circular chromosome and pAtC58 were examined
and to only 33% when the chromosome and the Ti plasmid
were examined. When different pairs of repABC replicons (lin-
ear chromosome with pAtC58, linear chromosome with
pTiC58, and pAtC58 with pTiC58) were examined in separate
hybridizations, it was found that their foci were coincident less
than 50% of the time. Given the size of the cells and the size
of the foci, we estimate that overlap could occur randomly
approximately 30% of the time. Thus, given the limitations of
this assay, we conclude that none of the three repABC repli-
cons displayed a strong tendency to colocalize with each other,
although they can be found in the same general region of the
cell.

Subcellular localization of an RK2-based multicopy plasmid
in alpha proteobacteria. Because of the tendency of alpha
proteobacterium genomic replicon origins to localize at or near
the cell poles, we asked if the pole is a general site for origin
localization in the alpha proteobacteria. Thus, we examined
the localization pattern of a different replicon, the plasmid
pMR10, which is an RK2-derived broad-host-range multicopy
plasmid (R. Roberts and C. Mohr, unpublished results), as
described in Materials and Methods. PMR10, which is 8.5 kb in
size, was used in its entirety as a probe in C. crescentus, A.
tumefaciens, and S. meliloti (Fig. 4). Hybridizations, with the
plasmid as a labeled probe, to strains which did not contain any
plasmid did not give a signal (data not shown). Cells bearing
pMR10 contained primarily one or two foci; three foci were
seen only infrequently (�1% of cells) in Sinorhizobium and
Agrobacterium and not at all in Caulobacter. The localization
patterns in all three bacteria were similar: in cells with a single
focus, this focus was found predominantly at midcell, whereas

FIG. 2. Fluorescence micrographs and graphical representation of origin localization by FISH in S. meliloti. Red, probe signals from the origin
sequences; blue, DAPI staining of the nucleoid. Red dots, origin positions in cells containing a single focus; blue dots, origin positions in cells with
two foci. Zero and 1 on the x axis represent the poles of the cell. Bar, 2 �m.
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in cells with two foci, these were located on average at the
one-quarter and three-quarter points (Fig. 4A to C). In the few
cells with three foci, there was a trend for those foci to occupy
the mid- and quarter-cell positions (Fig. 4D). Thus, an RK2-
based multicopy plasmid occupies regions of the cell distinct
from those of the other replicons, which are found at the cell
poles.

DISCUSSION

The alpha proteobacteria A. tumefaciens and S. meliloti have
multipartite genomes with replicons containing different types

of origins. The replication origins of the circular chromosomes
of both these bacteria are localized to the extreme poles of the
cell, as observed in the alpha proteobacterium C. crescentus,
which contains a single replication unit (17). This is in contrast
to the subpolar origin position in B. subtilis and E. coli (11, 24,
35). Analysis of the origin regions of the additional replicons in
A. tumefaciens and S. meliloti showed that their repABC class
origin regions are also positioned at or near the extreme poles
of the cell.

This is the first observation of the cellular positions of ori-
gins of the repABC class, which were found to preferentially
localize to the cell poles. This origin class occurs primarily in
large plasmids of the Rhizobiaceae, as well as in Paracoccus
spp. (1, 22). Well-characterized plasmids that have been local-
ized in E. coli are found at mid- and quarter-cell positions (F,
prophage P1, and RK2) (11, 25, 28) or at midcell and close to
the poles (R1) (16); these patterns are distinct from the pre-
dominantly polar location described here. The polar position-
ing is most strongly manifested for the linear chromosome of
A. tumefaciens and least strongly manifested for its Ti plasmid.
The linear chromosome of A. tumefaciens is 2 Mb in size,
compared to the 2.8-Mb circular chromosome, while pAtC58 is
0.5 Mb and the Ti plasmid is only 0.2 Mb. Neither pAtC58 nor
pTiC58 is essential for viability of Agrobacterium (14); thus,
nonessentiality does not explain the greater variability in ex-
treme polar localization seen for the Ti plasmid. In addition,
the pSymA megaplasmid of S. meliloti is not predicted to carry
essential genes (9), and its localization is very similar to that of
pSymB, which does carry essential genes. Their sizes are sim-
ilar (1.35 and 1.68 Mb, respectively), and both are smaller than
the 3.65-Mb chromosome, whose origin has a more strictly
polar localization. Thus, rather than correlating with the pres-
ence of essential genes, localization patterns of the repABC
origins may be determined by replicon size or by differing
degrees of interaction between their individual partitioning
proteins and host cellular structures.

Dual-labeling experiments show that the replicon origins in
A. tumefaciens do not colocalize. Hybridization with a single
probe (to the circular chromosome origin) labeled two ways
yields an extremely high frequency (97%) of coincident foci,
demonstrating that the technique accurately represents colo-
calization. Thus, the relatively low colocalization frequencies
among repABC replicons suggest that they are targeted to
nonoverlapping sites. In repABC systems, the RepA and RepB
proteins are responsible for partitioning and the RepC protein
functions in the initiation of replication (29). While RepA

FIG. 3. Dual labeling of origins in A. tumefaciens showing localiza-
tion patterns of Cy3-labeled probes (red) and digoxigenin-labeled
probes (green). Superimposed red and green appear yellow. (A) Con-
trol with both probes to the circular chromosome origin; (B) origins of
the circular chromosome (red) and the linear chromosome (green);
(C) origins of the circular chromosome (red) and the Ti plasmid
(green). Blue, DAPI staining of the nucleoid. Bars, 2 �m.

TABLE 3. Percentages of coincident foci in dual-labeling
FISH-IFM experiments on A. tumefaciens

Pair of origins %
Coincident

No. of
pairs

counted

Circular chromosome vs circular chromosome 97 200
Circular chromosome vs linear chromosome 68 391
Circular chromosome vs pAtC58 58 523
Circular chromosome vs pTiC58 33 316
Linear chromosome vs pAtC58 48 315
Linear chromosome vs pTiC58 45 196
pAtC58 vs pTiC58 42 193
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proteins are phylogenetically related to plasmid ATPases such
as SopA of plasmid F and ParA of P1, they comprise a separate
group. Distinct incompatibility groups exist among the repABC
plasmids, and this feature has been exploited in curing plas-
mids from certain strains (14, 26). Based on studies of com-
patible plasmids in E. coli, Ho et al. proposed a model wherein
they occupy spatially discrete regions of the cell, as opposed to
competing for a finite number of overlapping target sites (13).
Our data, which suggest only limited spatial overlap of the
repABC replication origins with each other inside the cell,
support this model and extend it to a different class of replicons

and bacteria. While the replicons must all exploit common
cellular machinery to replicate, each also carries its own dnaE
gene, encoding a homolog of the � subunit of DNA polymer-
ase III (10). DnaE in Staphylococcus aureus and B. subtilis,
organisms with a single chromosome which already contain
PolC, has been found to be essential for viability and appears
to be localized to the replication machinery along with PolC in
B. subtilis (7, 15). It is thus possible that specific, separate
polymerase complexes exist in the alpha proteobacteria, allow-
ing synchronous replication of different molecules while re-
maining spatially separated. However, origin movement in live

FIG. 4. (A to C) Localization of an RK2-based plasmid in A. tumefaciens, S. meliloti, and C. crescentus. Red, probe signal from the plasmid;
blue, DAPI staining of the nucleoid. Each panel also shows a graphical representation of positions of one and two foci in all three bacteria (red,
positions of spots in cells with one focus; blue, positions of spots in cells with two foci). (D) Positions of spots in cells with three foci. Red, A.
tumefaciens; blue, S. meliloti. In all panels, zero and 1 on the x axis represent the poles of the cell. Bars, 2 �m.
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cells and localization of the replication apparatus itself in these
bacteria have not yet been assessed.

In E. coli and other gamma proteobacteria, RK2 has been
localized to mid- and quarter-cell positions (13), suggesting
conservation of host cell-interacting components and subcel-
lular architecture. We have found that, in three alpha pro-
teobacteria, the same localization pattern occurs, making it
likely that the bacteria which support replication of a broad-
host-range plasmid do so because of conserved structural ele-
ments with which they interact. These results are consistent
with the function of the IncC/KorB partition system of plasmid
RK2 in a variety of gram-negative bacteria including A. tume-
faciens (31). It is possible that there is an even wider conser-
vation of DNA segregation machinery, as the Soj/SpoOJ par-
titioning system of B. subtilis is functional in E. coli (38).

Our findings demonstrate that the cell poles in the alpha
proteobacteria are not a default location for replication ori-
gins; rather, the chromosome and repABC origins are specifi-
cally targeted there in two different bacteria, while the RK2
origin is found at mid- and quarter-cell positions. While the
structures with which these DNA molecules interact remain to
be identified, the multipartite genome structure (including co-
existent chromosomal and repABC origins) is found in multiple
members of the alpha subdivision, including Brucella spp. (6,
19, 27). These findings lay the groundwork for further study of
replication and segregation in the alpha proteobacteria specif-
ically and the maintenance of complex bacterial genomes in
general.
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