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We localized the multicopy plasmid RK2 in Escherichia coli and
found that the number of fluorescent foci observed in each cell was
substantially less than the copy number of the plasmid, suggesting
that many copies of RK2 are grouped into a few multiplasmid
clusters. In minimal glucose media, the majority of cells had one or
two foci, with a single focus localized near midcell, and two foci
near the 1y4 and 3y4 cell positions. The number of foci per cell
increased with cell length and with growth rate, and decreased
upon entering stationary phase, suggesting a coordination of RK2
replication or segregation with the bacterial cell cycle. Time-lapse
microscopy demonstrated that partitioning of RK2 foci is achieved
by the splitting of a single focus into two or three smaller foci,
which are capable of separating with rapid kinetics. A derivative of
the high-copy-number plasmid pUC19 containing the lacO array
was also localized by tagging with GFP-LacI. Whereas many of the
cells contained numerous, randomly diffusing foci, most cells
exhibited one or two plasmid clusters located at midcell or the cell
quarter positions. Our results suggest a model in which multicopy
plasmids are not always randomly diffusing throughout the cell as
previously thought, but can be replicated and partitioned in
clusters targeted to specific locations.

The assumption that multicopy plasmids are free to diffuse
randomly throughout the cell has been a generally accepted

concept in plasmid biology for over two decades. Most models
for multicopy plasmid replication and partitioning incorporate
this concept as one of their underlying basic assumptions. For
example, high-copy-number plasmids such as ColE1 and deriv-
atives such as pUC19 (present at 30–200 copies per cell depend-
ing on the particular plasmid, strain, and growth temperature),
are believed to rely entirely on random diffusion for inheritance
into daughter cells (1, 2). Consistent with this idea, ColE1
plasmids do not encode active partitioning mechanisms. As
another example, replication of the multicopy plasmid RK2
(present at five to eight copies per chromosome) is thought to be
controlled by the intracellular plasmid concentration, which
decreases when cell growth occurs in the absence of plasmid
replication (3, 4).

Very low-copy-number plasmids (present at one to a few
copies per chromosome), such as F, P1, and R1, have been
localized in Escherichia coli (1, 5–9). For visualization of plasmid
molecules in living cells, F and P1 were tagged with an array of
lacO operator sequences containing the binding site for the LacI
repressor repeated in tandem '256 times. F and P1 were
detected by simultaneously expressing a green fluorescent pro-
tein (GFP)-LacI fusion protein from a compatible plasmid (8).
For visualization in fixed cells, plasmid F was localized by using
fluorescence in situ hybridization (FISH; ref. 6). Both plasmids
localize to the cell midpoint and migrate rapidly after duplication
to the 1y4 and 3y4 cell positions, which become the midpoints
of the daughter cells after cell division.

Localization of these plasmids is thought to be mediated by the
partitioning (Par or Sop) systems they encode because (i) the
ParB protein of P1 shows a pattern of localization that depends
on the parS DNA binding site and is similar to that reported for
the P1 plasmid (10); (ii) miniF plasmids lacking the sopAB
partitioning genes are more randomly distributed in the cell (6);

and (iii) in the absence of a Par system, the P1 and F plasmids
are rapidly lost from the population (9, 11). One emerging model
is that these Par systems prevent the otherwise normal tendency
of plasmids to be randomly distributed by directing newly
duplicated plasmids to specific subcellular regions (midcell and
cell quarter).

Recent studies show that DNA replication occurs in stationary
factories located near the midcell or cell quarter positions in both
Bacillus subtilis (12, 13) and E. coli (14–18). If multicopy
plasmids randomly diffuse throughout the cell, but DNA repli-
cation occurs in stationary factories, how is replication of
multicopy plasmids in vivo achieved? To gain insight into the
mechanisms of replication and partitioning of multicopy plas-
mids, we localized RK2 in E. coli by using both GFP-LacI tagging
and FISH, and we localized a derivative of the high-copy-number
plasmid pUC19 by using GFP-LacI. We show that these two
multicopy plasmids can be targeted to specific subcellular loca-
tions, notably at midcell or cell quarter positions, similar to those
reported for low-copy-number plasmids and DNA replication
proteins.

Materials and Methods
Strains, Media, and Growth Conditions. Plasmids were introduced
into the E. coli strain JP313 (19) or DH5a (Life Technologies,
Grand Island, NY) to create JP704 (JP313yRK2), JP872 (JP313y
pZZ6ypGAP60), JP873 (JP313yRK2ypGAP60), JP839 (JP313y
pAFS52ypGAP60), JP892 (JP313ypUC19ypGAP60), JP760
(DH5ayp52–1), JP765 (DH5aypAFS52D1yp52–1), and JP787
(DH5ayp52–1ypUC19). Strain SM10 contains an RK2 plasmid
integrated into the chromosome (20). Strains were grown in
M63y0.2% glucose or LB. pGAP18 was constructed by using
PCR to amplify the gfpmut2 gene from pMut2 (21) using the
primers 59-TCATCTAGATTTAAGAAGGAG-39 and 59-
GATTCTAGATTTGTATAGTTCATC-39 and ligating the
XbaI-digested PCR product with XbaI-digested pBAD33 (22).
Plasmid pALH4 expresses GFPmut2 constitutively from the
Pneo promoter from Tn5; it was constructed by amplifying with
PCR a 0.3-kb region of DNA containing the Pneo promoter from
plasmid pRR10 (23) using the primers 59-CAGGGTACCTC-
CGTCAGCTTCACGCTGC-39 and 59-CAGGGTACCGCGC-
CATCAGATCCTTGG-39. The KpnI-digested product was li-
gated to KpnI-digested pGAP18 DNA. Plasmid p52–1 expresses
GFP-LacI constitutively from the Pneo promoter of Tn5 and was
constructed by cloning the PmlI–NheI fragment from pSG20 (8)
into the same sites of plasmid pALH4. Plasmid pGAP60 con-
tains the GFP-LacI gene expressed from the arabinose promoter
and a pACYC184 origin of replication; pGAP60 was constructed
by deleting the Pneo promoter from p52–1 by digestion with
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KpnI, followed by self-ligation. Plasmid pAFS52 (24) contains
the 10-kb lacO array and the pUC19 origin of replication from
pYIplac204 (25). Plasmid pZZ6 is an RK2 derivative containing
the lacO array; pZZ6 was constructed by ligating the 10-kb
SmaI–HindIII fragment of pAFS52 containing the lacO array to
the 57.8-kb HpaI–HindIII fragment of RK2. Chloramphenicol
(10 mgyml) was used to select for pACYC plasmids, ampicillin
(50 mgyml) was used for RK2 plasmids, and ampicillin (100
mgyml) was used for pUC19 plasmids.

Preparation of Probes. Probes for FISH were prepared as de-
scribed (26). Briefly, RK2 DNA (20 mg) was digested with six
enzymes (AluI, HaeIII, MseI, MspI, RsaI, and Sau3AI) to
produce fragments ranging in size from 20 to 300 base pairs and
labeled with Cy3-dCTP by terminal deoxynucleotidyltransferase
(Promega).

FISH. FISH was performed as described by Jensen and Shapiro
(27). Samples (0.5 ml) of exponentially growing cultures (2 3 108

cells per ml) were fixed for 10 min with 2.6% paraformalde-
hydey32 mM phosphate buffer for LB or 1.4% paraformalde-
hydey32 mM phosphate buffer for M63yglucose. Fixed cells
were washed three times with PBS and resuspended in 200 ml of
GTE (50 mM glucosey10 mM EDTAy20 mM Tris, pH 7.5).
Samples of 10 ml were affixed to poly-L-lysine-treated wells of a
multiwell slide and allowed to air dry. Blocking solution (1 mg/ml
salmon sperm DNAy70% formamidey23 SSC) was added to
each well, and the slide was heated to 75°C for 2 min and then
transferred to 70%, 90%, and 100% ethanol baths for 5 min each.
After air drying, 10 ml of 50% formamidey23 SSC solution was
added for 5 min and then removed by aspiration, and 10 ml of
probe solution (200 ngyml) was added to each well. The slide was
heated at 94°C for 2 min and incubated at 42°C for 1 h. The slide
was washed twice in 10 ml of 50% formamidey23 SSC at 42°C
for 30 min, once in 10 ml of 50% formamidey23 SSC at room
temperature for 10 min, three times in 10 ml of 23 SSC at room
temperature for 10 min, and twice quickly in PBS. Cells were

stained with 0.5 mgyml 49,6-diamidino-2-phenylindole (DAPI)y
0.2 mg/ml Mitotracker Green FM (Molecular Probes) and
mounted in SlowFadey10% glycerolyPBS (Molecular Probes).

In Vivo Visualization of GFP-LacI-Tagged Plasmids. In LB, strains
containing the plasmid pGAP60 (GFP-LacI) and either pZZ6
(JP872) or RK2 (JP873) were grown overnight in LB at 23°C or
at 30°C, diluted 1y100 in fresh media, and grown until OD600 5
0.1. GFP-LacI was induced for 20 min with 0.2% L-arabinose,
and then repressed with 0.2% glucose to prevent overexpression.
After 2.5 to 3 h of growth (0.4 # OD600 # 0.6), cells were stained
with 1 mgyml FM 4–64 and 5 mgyml DAPI, and then affixed to
a poly-L-lysine-treated coverslip. GFP-LacI was induced in M63y
glucose by the addition of 0.2% L-arabinose; samples were
collected 3 h later and stained with 0.1 mgyml FM 4–64 and 5
mgyml DAPI. Images from six optical sections spaced 0.15 mm
apart were captured with an Applied Precision Deconvolution
microscope as described (28). All images presented were de-
convolved by using DELTAVISION V2.1 software. For quantitation
of the number and position of foci, six optical sections were
scanned to ensure that all foci in each cell were counted. For
time-lapse microscopy, cells were grown with FM 4–64 (0.2
mgyml) and concentrated 10-fold by centrifugation, and 10 ml
was placed on an agarose slab (0.9% agarosey1% LBy0.2%
glucose). The microscope objective and agarose pad were heated
to 30°C, and images of cells were captured at the times indicated.
While under observation, cells grew with a doubling time of
40 min.

Results and Discussion
Localization of RK2 in Fixed Cells by Using FISH. We localized RK2
in the E. coli strain JP704 grown in M63yglucose at 37°C by FISH
(Fig. 1 A–D). RK2 was detected by using Cy3-labeled RK2 DNA
(red foci); the DNA was stained with DAPI (blue), and the cell
membranes were stained with Mitotracker Green FM (green). In
18% of cells, only one focus was observed; in 60% of cells, two
RK2 foci were observed (Fig. 1 A and B). Less frequently, three

Fig. 1. Subcellular localization of RK2 in E. coli by FISH. (A–D) Strain JP704 was grown in M63yglucose at 37°C, fixed with paraformaldehyde, and hybridized
with a Cy3-labeled RK2 probe. RK2 foci are red (ii, iii, and iv), the cell membranes are green because of staining with Mitotracker Green FM (i, ii, and iv), and
DNA is stained with DAPI (iii and iv). Fluorescence micrographs of representative cells containing one focus (A), two foci (B), three foci (C), and four foci (D). (Bar 5
1 mm.) (E–H) Subcellular distribution of RK2 in strain JP704 grown in M63yglucose at 37°C as determined by FISH. The position of each focus was measured with
respect to one end of the cell. Cell length (in microns) is plotted against position of foci (given as a fraction of cell length). A total of 373 cells were measured.
Graphs contain data for cells containing one (E, 18%), two (F, 60%), three (G, 14%), and four (H, 6%) foci.
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(14%) and four (6%) foci per cell were seen (Fig. 1 C and D).
None of the cells contained more than four foci, whereas 2% did
not show any foci. In control strains without RK2, no foci were
seen (data not shown). In strains containing RK2 integrated into
the chromosome (SM10), we were able to detect one or two
fluorescent foci per nucleoid, demonstrating that our technique
is sensitive enough to detect a single copy of RK2 (data not
shown).

The positions of RK2 foci varied depending on the total
number in each cell. In Fig. 1 E–H, the position of each focus is
plotted against fraction of cell length. A single focus was located
preferentially near midcell, whereas two foci were located pref-
erentially near the 1y4 and 3y4 cell positions (Fig. 1 E and F).
When three foci were present, one focus was often located near
midcell and the other two were located near the 1y4 and 3y4 cell
positions (Fig. 1G). In cells containing four foci, the foci were
found approximately at the 1y8, 3y8, 5y8, and 7y8 cell positions
(Fig. 1H). In addition, the pattern of localization showed a strong
correlation with cell length, which is an approximate indicator of
progression through the cell cycle in E. coli (29). The average
length for cells containing one, two, three, and four foci was 1.5
mm, 1.9 mm, 2.1 mm, and 2.5 mm, respectively (Fig. 1 E–H).
Furthermore, 90% of the cells containing one focus were less
than 2 mm in length, whereas 95% of cells containing four foci
were greater than 2 mm in length (Fig. 1 E and H). This finding
suggests that the shorter, newborn cells have a single focus at
midcell that duplicates into two foci, which then migrate to the
cell quarter positions.

Localization of RK2 in Live Cells. Fixation with paraformaldehyde
and other manipulations during FISH experiments could poten-
tially affect or alter plasmid localization. To independently
confirm results obtained from FISH experiments, RK2 was
localized in living cells by GFP-LacI tagging (8, 30). A DNA
cassette containing the lacO array was inserted into the wild-type
60-kb RK2 plasmid to create plasmid pZZ6 (RK2-lacO). The
RK2-lacO plasmid was detected by expressing a GFP-LacI fusion
protein from the arabinose promoter on the compatible plasmid
pGAP60.

Strains containing pGAP60 and either RK2-lacO or RK2 were
grown in M63yglucose at 23°C; GFP-LacI expression was in-
duced by the addition of 0.2% L-arabinose. Approximately 3 h
later (OD600 5 0.5), samples were stained with FM 4–64 to
visualize the cell membranes (red) and with DAPI to visualize
the nucleoids (blue; Fig. 2). Upon induction of GFP-LacI, green
fluorescence filled the cytoplasm of the control strain containing
wild-type RK2 without the lacO array (Fig. 2 D–F). In contrast,
green fluorescent foci appeared in 99% of the cells containing
RK2-lacO (Fig. 2 A–C). Whereas GFP-LacI often forms inclu-
sion bodies when expressed from high-copy-number plasmids
(such as pUC19) at 30°C (8), it does not produce inclusion bodies
(or fluorescent foci in strains without the lacO array) when
expressed from plasmid pGAP60 (a pACYC184 derivative) at
30°C. Nonetheless, to ensure that temperature did not affect our
results, we performed all localization experiments at both 23°C
and 30°C and obtained similar results at each temperature. We
quantitated the number and positions of GFP foci and plotted
the position of foci against fraction of cell length (Fig. 3 A and
B). Most cells contained either a single focus (39%) located
preferentially near the cell midpoint (Fig. 3A), or two foci (46%)
near the 1y4 and 3y4 cell positions (Fig. 3B). Cells containing
three, four, and five foci comprised 8%, 4%, and 2% of the
population, respectively, whereas 1% of cells lacked foci (data
not shown). These results agree well with those obtained by using
FISH.

Our results demonstrate that RK2 is not randomly positioned
in the cell, but rather is localized to the cell midpoints or future
midpoints, similar to the very low-copy-number plasmids F and

P1. This finding suggests that several different plasmids are
targeted to the same general location in E. coli. Like plasmid F,
the position of RK2 varied with cell length, suggesting that
duplication or segregation is coordinated with the cell division
cycle. The pattern of RK2 localization is also strikingly similar
to that reported for the RK2-encoded partitioning protein
KorB (31).

Effect of Growth Rate on RK2 Localization. To determine whether
RK2 localization is influenced by growth rate, we compared the
number of foci per cell in strains grown in M63yglucose to the
number per cell in strains grown in LByglucose. Strains (JP872
and JP873) were grown in LB at 23°C, and GFP-LacI expression
was induced with 0.2% L-arabinose. After 20 min, further
expression of GFP-LacI was inhibited by the addition of 0.2%
glucose and samples were collected for microscopy '2.5 h later
(OD600 5 0.5). No fluorescent foci were observed after arabi-
nose induction in the strain (JP873) containing the wild-type
RK2 plasmid without the lacO array (data not shown). In the
strain (JP872) containing RK2-lacO, we observed up to 10 foci
per cell in LByglucose at 23°C (Fig. 2 G–I and Fig. 4A, blue bars).
More than 80% of the cells had three or more foci, with four

Fig. 2. Localization of RK2-lacO (pZZ6) and pUC19-lacO (pAFS52) plasmids by
tagging with GFP-LacI at 23°C. GFP-LacI was expressed from plasmid pGAP60
by induction with 0.2% L-arabinose, as described in Materials and Methods.
Cell membranes were stained with FM 4–64 (red), DNA was stained with DAPI
(blue), and GFP-tagged plasmids appear as green foci. (A–C) Strain JP872
(containing RK2-lacO) grown in M63yglucose. (D–F) Strain JP873 (containing
RK2) grown in M63yglucose. (G–I) Strain JP872 (containing RK2-lacO) grown
in LByglucose, showing cells containing one (i), two (iii), three (v), four (iv), five
(ii), and six (vi) foci. (J–L) Strain JP839 containing the pUC-lacO derivative
pAFS52 grown in LByglucose, showing cells containing one (i) and two (ii) foci,
a cell nearly finished dividing (iii), and cells with multiple foci (iv). (Bars 5
1 mm.)
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(30%) and five foci (24%) constituting the two largest classes. In
minimal glucose media, on the other hand, more than 80% of the
cells contained only one or two foci (Fig. 4A, yellow bars). Nearly
identical results were obtained when strains were grown at 30°C
(data not shown). We independently confirmed these results by
localizing RK2 in strain JP704 grown in LB at 30°C by FISH and
obtained similar results (Fig. 4B).

We also explored the effect of growth phase on foci number
by quantitating RK2 localization in a culture during exponential
growth in LByglucose at 23°C and after the same culture had
transitioned to stationary phase. The number of foci per cell
during exponential growth from Fig. 4A is replotted in Fig. 4C
(note different y-axis scale) and compared with the number of
foci per cell '1.5 h after entry into stationary phase (OD600 5
3.5). Although 80% of the exponential-phase cells contained
three or more foci (Fig. 4C, dark blue bars), 76% contained less
than three foci after entering stationary phase, with the largest
class (37%) containing a single focus (Fig. 4C, light blue bars).

The number of RK2 foci per cell is dramatically affected by
both the growth media and the growth phase, in a manner similar
to that seen for fusions of SeqA to GFP in E. coli (16, 17) and

PolC-GFP in B. subtilis (12). In these cases, the higher number
of foci during more rapid growth reflects the increased number
of replication forks per cell. This similarity in RK2 and SeqA
localization suggests that the number and position of RK2 foci
may also reflect the number and position of chromosomal DNA
replication forks. Alternatively, plasmid and chromosome rep-
lication may be similarly regulated.

RK2 Plasmids Form Clusters. Several different methods of plasmid-
copy-number determination have established that RK2 is
present at five to eight copies per chromosome (32–37); there-
fore, we expected '5–10 foci in slowly growing cells, and 10–20
foci in rapidly growing cells. Instead, 90% of the cells grown in
LByglucose at 23°C (Fig. 2 G–I and Fig. 4A) or LB at 30°C (Fig.
4B) contained between two and six foci. We conclude that the
number of foci per cell does not correspond to the number of
plasmids per cell, indicating that each focus consists of more than
one plasmid. Multimer formation is not likely to explain this
clustering effect, because RK2 encodes a potent multimer-
resolution system and is maintained primarily as monomers
within the cell (38, 39). The unrelated plasmid R1 also exists as
clusters in E. coli (40), suggesting that formation of multiplasmid
bundles may be a feature common to many plasmids.

Visualization of RK2 Segregation. Time-lapse microscopy experi-
ments allowed us to observe RK2-lacO segregation in vivo. Cells
containing GFP-tagged RK2-lacO were stained with FM 4–64,
placed on an agarose slab, and heated to 30°C; images were
captured at various time intervals. Two examples of RK2-lacO
segregation are shown in Fig. 5 A and B. When time points were
10 min apart, we could readily observe a single focus split into
two foci (Fig. 5A). Duplication of foci frequently occurred at the
cell quarter positions (Fig. 5A, top cell) in addition to occurring
at midcell (data not shown). Two midcell foci were readily
observed to migrate to the 1y4 and 3y4 cell positions (Fig. 5A,
bottom cell).

To determine the rate of separation of RK2 foci, we per-
formed time-lapse microscopy of GFP-tagged RK2-lacO at 30°C,
and collected images 1 min apart. One example is shown in Fig.
5B. At time 0, the cell contains three foci that are very close
together at midcell; by the 7-min time point, they resolve into
three well separated foci. Between the 9- and 10-min time points,
the top two foci separate more than 0.5 mm from the bottom
focus.

For a few foci that showed duplication and separation, the
distance between the foci was measured and plotted against time
(Fig. 6). Some foci showed a dramatic jump in the separation
distance between two time points, followed by a more gradual
separation from each other (Fig. 6). Other foci showed relatively

Fig. 3. Subcellular distribution of GFP-tagged pZZ6 (RK2-lacO) and pAFS52
(pUC-lacO) in E. coli. Cell length (in microns) is plotted against position of GFP
foci (given as a fraction of cell length). (A and B) Strain JP872 containing
RK2-lacO was grown in M63yglucose at 30°C. A total of 282 cells were
measured; 39% had a single focus (A), 46% had two foci (B), and 8%, 4%, and
2% had three, four, and five foci, respectively (data not shown). (C and D)
Strain JP839 containing plasmid pAFS52 was grown in LByglucose at 23°C. A
total of 124 cells were measured; 99 cells contained one focus (C) and 25 cells
contained two foci (D).

Fig. 4. Histograms showing the number of RK2 foci per cell in different growth conditions. Percentage of total cells is plotted against the number of foci per
cell. (A) Number of GFP foci per cell in strain JP872 (containing RK2-lacO) grown in M63yglucose at 23°C (yellow bars 5 140 total cells) and LByglucose at 23°C
(blue bars 5 135 total cells). (B) Number of RK2 foci per cell from FISH analysis of JP704 grown in M63yglucose at 37°C (yellow bars 5 373 total cells) and LB at
30°C (blue bars 5 241 total cells). (C) Number of GFP foci per cell in strain JP872 (containing RK2-lacO) during exponential growth in LByglucose at 23°C (dark
blue bars represent the same data shown in A) and 1.5 h after the same culture had transitioned to stationary phase (light blue bars 5 110 total cells). Note the
different y-axis scales.
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gradual separation during the experiment (Fig. 6B, open circles).
Many foci appeared to vibrate in three dimensions within the
cell, accounting for the variation in the distance between foci
over time (Fig. 6A, filled green circles). These experiments
suggest that active partitioning of RK2 foci is achieved by the
splitting of a single cluster of plasmids into two or three clusters,
which then migrate in opposite directions from midcell to the cell
quarter positions. Foci migration appears slow during most of
the division cycle but is punctuated by periods of very rapid
movement, with maximal rates (0.3 mmymin average for n 5 3)
similar to those reported for chromosome movement in B.
subtilis (41) and SeqA migration in E. coli (15).

Localization of a High-Copy-Number Plasmid. The results described
above suggested that multicopy plasmids may occur in clusters
tethered near the cell midpoints or future midpoints, rather than
existing as freely diffusable units. To address whether this was a
property common to many multicopy plasmids or specific to
RK2, we localized the plasmid pAFS52 (24), which contains the
10-kb lacO array and an origin of replication derived from
pUC19 (25). The copy number of pUC19 and its derivatives
varies from 40 to 250 copies per cell depending on the host strain
and temperature (42). In our particular growth conditions,
quantitation of pAFS52 demonstrated that at least 70 copies per
cell were present before and after GFP-LacI expression (data
not shown).

Strains JP839 (containing pAFS52) and JP892 (containing
pUC19) were grown in LB at 23°C; GFP-LacI was induced with
0.2% L-arabinose from the compatible plasmid pGAP60. After
20 min, further expression of GFP-LacI was inhibited by the
addition of 0.2% glucose. Under these conditions, whole-cell
green fluorescence of GFP-LacI was always observed in strains

containing pUC19. Surprisingly, in strains containing pAFS52,
we observed two distinct patterns of localization. First, 90% of
the cells contained one or two bright foci, suggesting that many
of the plasmid copies in the cell were grouped into one or two
large clusters (Fig. 2 J–L). Second, many cells ('30%), including
some of those containing bright foci, appeared to have plasmids
randomly diffusing throughout the cytoplasm (Fig. 2 Jiv). These
foci were faint, rapidly moving, and difficult to capture in
photographic images.

We measured the lengths of the cells and the positions of
bright GFP foci for a culture growing exponentially in LBy
glucose at 23°C. A single focus occurred preferentially near
midcell or near one of the cell quarter positions (Fig. 3C).
Localization near midcell generally occurred in the shorter cells,
whereas localization near one of the cell quarter positions usually
occurred in the longer cells. Less frequently (20%) two foci were
observed that localized near the 1y4 and 3y4 cell positions (Fig.
3D). The localization pattern of two foci is similar to that for
RK2. This tendency to cluster together could account for a
significant amount of loss of the plasmid during growth. These
results suggest the unexpected conclusion that high-copy-
number plasmids are also targeted to specific positions during a
portion of their replication cycle, as one or two large clusters.

To further explore this phenomenon, we localized
pAFS52(D1), a spontaneous deletion derivative of pAFS52
containing only 1.5 kb of lacO repeat DNA, instead of 10 kb.
GFP-LacI was expressed constitutively from the neomycin pro-
moter of Tn5 on the compatible plasmid p52–1. Despite having
85% less lacO repeat DNA on the plasmid, bright fluorescent
foci located at midcell and cell quarter positions were observed
in most cells of strain JP765 (DH5aypAFS52(D1)yp52–1) but
not in the control strains JP760 (DH5ayp52–1) or JP787
(DH5aypUC19yp52–1; data not shown). Randomly diffusing
foci were rarely observed in this strain. These results provide
additional support for the proposal that multiple copies of this
plasmid are clustered together.

Time-Lapse Microscopy of Active pUC Segregation. Although images
of GFP-tagged pAFS52 suggested that high-copy-plasmids may
exhibit localization patterns similar to RK2, F, and P1, it
remained unclear how clusters of plasmids without a known
partitioning system could be segregated. Therefore, we used
time-lapse microscopy to observe movement and partitioning of
GFP-tagged pAFS52(D1). Cells of JP765 were stained with FM
4–64, placed on an agarose slab, and heated to 30°C. We
captured images of live cells every 5 min. As observed for
RK2-lacO, pAFS52(D1) localization is dynamic. In Fig. 5C, two
foci can be seen to migrate away from each other during cell
growth, taking up positions at the 1y4 and 3y4 cell positions, so
that each daughter cell inherits one focus. These results sug-

Fig. 5. Time-lapse microscopy of RK2-lacO and pUC-lacO segregation. Strains were grown in LB at 30°C, stained with FM 4–64 (red), and placed on an agarose
slab; images were captured at various times by using a stage and microscope objective heated to 30°C as described in Materials and Methods. (Bars 5 1 mm.)
(A) Two time-lapse images taken 10 min apart of GFP-tagged RK2-lacO (JP872) showing the duplication of two foci into four foci (top cell) and the
separationymigration of two midcell foci to the 1y4 and 3y4 cell positions (bottom cell). (B) Twenty images of JP872 (with GFP-tagged RK2-lacO) were collected
1 min apart; six of those images are shown. Three foci very close together at midcell at time 0 resolve into three clearly separate foci at midcell by the 7-min time
point. Between the 9- and 10-min time points, the top two foci separate from the bottom focus more than 0.5 mm. Red shifting of GFP after repeated excitation
yields foci that fluoresce both red and green, and therefore appear yellow when both colors are shown simultaneously. (C) Three time-lapse images of JP765
showing segregation of pUC-lacO. Two foci in one cell at time 0 migrate to the future midpoints of the two daughter cells by the 40-min time point.

Fig. 6. Rate of separation of GFP-tagged RK2-lacO plasmids. Time-lapse
microscopy of strain JP872 grown in LByglucose at 30°C was performed as
described in Materials and Methods. Images were collected 1 min apart, and
the distance between foci was measured and plotted against time (min). (A)
Two foci showing rapid separation over a 1-min (open blue circles) or 2-min
(filled green circles) time interval. (B) Two foci showing gradual separation
(open circles) and duplication of a single focus into two foci which then
separate more than 0.7 mm over a 1-min time interval (filled red circles).
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gested that the GFP-tagged pUC molecules may be actively
partitioned, despite lacking a plasmid-encoded partitioning lo-
cus. Alternatively, pUC foci could dissociate into a pool of free
molecules and later reform at different locations.

If the dynamic and complex nature of pAFS52 localization
reported here reflects the in vivo situation for other ColE1-type
plasmids, these results may reconcile the apparent incongruity of
past studies, one of which indicated that pBR322 plasmids were
clustered in the cell (43), and another which indicated that
pBR322 plasmids were randomly localized (44). Both patterns of
localization were observed.

Experiments to localize pUC19 by using FISH were incon-
clusive, and, therefore, we were unable to independently confirm
these results. However, three lines of evidence suggest that the
GFP-tagged foci observed in vivo are not inactive plasmid
clusters, but may represent the normal dynamics of the plasmid.
First, these clusters are located at midcell or at the 1y4 and 3y4
cell positions, similar to plasmids RK2, P1, and F; they are not
randomly distributed in the cell or preferentially located in
nucleoid-free zones where Par2 miniF plasmids reside (6).
Second, these foci appeared to migrate into daughter cells in
time-lapse microscopy experiments. Third, plasmid replication
(as determined by quantitation of plasmid DNA) was unaffected
by the expression of GFP-LacI, as might be expected if these
plasmids have aggregated artificially into inactive repositories.
Finally, even if the clustering observed for pAFS52 were caused
by GFP-LacI tagging, these results would still suggest that this
plasmid is capable of targeting to the midcell and cell quarter
positions. Dynamic targeting to these positions could be part of
a mechanism for their DNA replication and partitioning (if they
use a replisome fixed in these locations).

Models for Plasmid Replication and Partitioning. These results sup-
port a model in which clusters of plasmid copies are tethered to
specific regions of the cell by as yet unidentified receptors, whose
numbers and subcellular positions are closely regulated by the
host-cell division cycle. As receptors duplicate and separate
during cell growth, plasmid clusters are split apart and attach to
the unoccupied receptors. The nature of these putative receptors
is as yet unclear; however, there is a close correlation between
the position and number of plasmid clusters and that of DNA-
replication factories, suggesting that the receptor may be asso-
ciated with, or a subunit of, the replication factories. Should this
be the case, then plasmids could segregate by hitching a ride with
the segregating DNA-replication machinery. Partitioning pro-
teins may serve to regulate either the affinity of plasmids for the
receptor, or their dynamic behavior during segregation. Those
plasmids that lack a partitioning system (such as pUC19 or Par2

mutants of F) may have a decreased affinity for, or unregulated
binding to, these receptors, so that targeting is defective or
transient and localization is more random. Regardless of the role
of partitioning proteins in these processes, our results demon-
strate that the ability of plasmids to localize within the bacterial
cell is a feature of multicopy plasmids as well as single-copy
plasmids, and that this feature is conserved even in small,
high-copy-number plasmids such as pUC19.
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