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The native 44-kilobase-pair plasmid pTAR, discovered in a grapevine strain of Agrobacterium tumefaciens,
contains a single origin of DNA replication confined to a 1.0-kilobase-pair region of the macromolecule. This
region (ori) confers functions sufficient for replication in Agrobacterium and Rhizobium species but not in
Pseudomonas solanacearum, Pseudomonas glumae, Pseudomonas syringae pv. savastanoi, Xanthomonas cam-
pestris pv. campestris, and Escherichia coli. ori contains a repA gene that encodes a 28,000-dalton protein
required for replication. Nucleotide sequencing of repA and its promoter region revealed four 8-base-pair
palindromic repeats upstream of the repA coding region. Deletion of these repeats alters repA expression and
plasmid copy number. Downstream of repA are three additional repeats in a region essential for replication. A
locus responsible for plasmid partitioning (parA) and a putative second locus regulating plasmid copy number
are part of the origin region and are required for stable plasmid maintenance.

The replication of many plasmids depends on host func-
tions and on one or more plasmid-encoded proteins (1, 2, 4,
6,19, 21, 25, 26, 28, 29, 34-36, 38, 40). Other plasmids, such
as ColE1l and CloDF13, replicate in the absence of protein
synthesis (9, 43). Still others, such as RSF1010 (29, 31) and
RK?2 (30), encode replication proteins which are required in
some hosts but not in others. Interestingly, as an apparent
result of plasmids using the replicative machinery of the
host, the amount of plasmid-borne information required is
kept to a minimum (<3 kilobase pairs [kb]). Production of
replication (Rep) proteins is often regulated to maintain the
copy number of the plasmid in the cell population without
causing a detrimental metabolic effect on the host. Regula-
tion of the rep gene is mediated either by the level of Rep
protein interacting with upstream sequences, often in the
form of direct repeats (1, 2, 19, 25, 26, 34-36), by the action
of an RNA (21, 22, 40, 41), or by the interaction of other
proteins (42).

The locus responsible for replication can determine the
host range of the plasmid. Plasmids of the incompatibility
groups P (7), Q (3), and W (37) display broad-host-range
features. These plasmids contain specialized origins of DNA
replication that apparently play a significant role in extend-
ing their host ranges (29, 30).

In our continued interest in plasmid host range specificity,
we have focused on the 44-kb narrow-host-range plasmid
pTAR, which is naturally harbored in grapevine strains of
Agrobacterium tumefaciens (14), and have undertaken de-
tailed studies of the origin of the DNA replicative and
partitioning features of this plasmid (12, 14). Plasmid pTAR
shares no sequence homology with Ti and Ri plasmids and is
completely compatible with these tumor- and root-inducing
plasmids in A. tumefaciens and Agrobacterium rhizogenes.
The compatibility feature of pTAR made it suitable for the
construction of useful stable cloning vectors for Rhizobium
and Agrobacterium spp. (13). Biologically, the plasmid may
be responsible for conferring ecological specificity on A.
tumefaciens strains that infect grapevines since pTAR con-
fers on these strains the ability to utilize tartrate, a substrate
abundantly produced by grapevines (44).
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To develop an understanding of the nature of broad- and
narrow-host-range plasmids, we have initiated the studies
described in this paper to define the minimal region that is
required for the autonomous replication of pTAR.

MATERIALS AND METHODS

Bacterial strains, plasmids, enzymes, and media. The de-
scriptions and sources of A. tumefaciens LBA4301 Rec™
Rm" and Escherichia coli HB101 were given previously (37).
Other bacterial strains were from our laboratory collection.
The pTAR derivative, pUCD400, was described elsewhere
(14). The IncW plasmid pSa and the IncP plasmid RK2 were
from laboratory stocks. T4 DNA ligase was prepared by
R. C. Tait. Bal31 exonuclease and restriction endonucleases
were from New England BioLabs, Inc., Beverly, Mass.
DNA polymerase I (Klenow fragment) was obtained from
Boehringer Mannheim Biochemicals, Indianapolis, Ind. A.
tumefaciens was grown in medium 523 (16), and E. coli was
cultured in L broth (23), both at 30°C. YEB medium (20) was
used for preparing competent A. tumefaciens cells. For
plating assays, all media were solidified with 1.5% Bacto-
Agar (Difco Laboratories, Detroit, Mich.).

Plasmid purification and transformation. Preparative iso-
lation of plasmid DNA from A. tumefaciens was described
elsewhere (20). Plasmid DNA was isolated by rapid mini-
screening procedures (17, 39). Methods for transformation of
A. tumefaciens (14) and E. coli (24) were previously pub-
lished.

Plasmid segregation. A. tumefaciens cells were grown in 5
ml of medium 523 containing 25 pg of neomycin per ml at
30°C, and 10 pl of culture was transferred successively every
24 h into fresh medium in the absence of neomycin selection.
The number of generations was determined by viable cell
counts by taking 10-ul samples from each culture, serially
diluting them with sterile distilled water, and plating 100 .l
of each diluted cell suspension on medium 523, which then
was incubated at 30°C until colonies appeared. Plasmid
retention was determined as the percentage of colonies that
grew on solid media containing neomycin.

Copy number estimation. Copy number determinations
were performed as described previously (11). Cells were
grown to log phase at 30°C in medium 523 containing 75 pg
of neomycin per ml to a density of 10° cells per ml, and
0.35-ml portions were analyzed against known concentra-
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tions of pUCD500 DNA by electrophoresis in a 0.7% agarose
gel at 10 V/cm for 3 h. The DNA was stained with 1 pg of
ethidium bromide per ml for 1 h, rinsed 30 min with distilled
water, and photographed with type 55 Polaroid Land Film.
The negative was traced densitometrically at Ass, with a
Beckman model 3220 recording spectrophotometer equipped
with a film scanner. The quantity of plasmid DNA and the
plasmid copy number were estimated by using the pUCD500
DNA standards and the cell density of the culture.

DNA sequencing. DNA sequence analyses were according
to Sanger et al. (27) by using pUC19 as modified by Chen and
Seeburg (5).

Electron microscopy. Plasmid DNA was prepared for
transmission electron micrescopy as described by Sheikho-
leslam et al. (32) except that uranium was substituted by
platinum-paladium (80:20) for rotary shadow casting of the
DNA. Analysis of the plasmid replication loops was done by
the method of Tait et al. (38). Transmission electron micro-
scope model AEI was used.

Protein analyses by in vitro coupled transcription-transla-
tion. E. coli S-30 fraction was obtained from Amersham
Corporation, Arlington Heights, Ill., and used by the recom-
mendations of the supplier.

RESULTS

Host range. The pTAR derivative, pUCD400, the con-
struction of which is described by Gallie et al. (14), contains
the ori and par loci of pTAR, an aminoglycoside phospho-
transferase II (NPTII) gene of TnS5, and the pMB1 ori and
bom sites of pBR325. This plasmid lacks transfer functions
but can be mobilized with helper plasmids such as pRK2013
(8). Attempts were made to introduce pUCDA400 into Pseu-
domonas solanacearum 10D45R, Pseudomonas glumae
33D4, Pseudomonas syringae pv. savastanoi 2015-32R, and
Xanthomonas campestris pv. campestris 84-81R by tripa-
rental matings between E. coli HB101(pUCD400), HB
101(pRK2013), and the recipient strain. Transfer and main-
tenance of pUCD400 was successful with members of the
family Rhizobiaceae but failed with bacterial species outside
this family. These experiments suggest that the host range of
pTAR is confined primarily to members of the Rhizobiaceae,
supporting earlier studies on vectors containing ori and par
of pTAR (13).

Defining the pTAR ori. Previous studies identified a 1.3-kb
(EcoRV-Avall) restriction fragment, which contains the
entire origin (Fig. 1) (14). Electron microscopic analyses of
replicating pUCD400 molecules purified from A. rumefa-
ciens LBA4301 showed several replicating intermediates
whose characteristic replicating loop structures mapped
within or close to the region previously defined as the ori
locus (Fig. 2). The average position of the replication loops
suggested that the right end of the ori might be the initiation
site (oriV).

Deletion derivatives of pUCD481 (Fig. 1) were con-
structed by Bal31 digestions of the left end of the ori region,
which were followed by blunt ending with T4 DNA polymer-
ase and adding EcoRI linkers. These derivatives were trans-
formed into E. coli HB101 after ligation. Derivatives
pUCD482 through pUCD486 were capable of replicating in
A. tumefaciens LBA4301, whereas pUCD487 and pUCD488
were unable to do so.

To determine the functional limit of the right end of the ori
region, the Avall-EcoRI fragment of about 894 base pairs
(bp) was removed, resulting in pUCD489 (Fig. 1). This
deletion derivative was incapable of supporting plasmid
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FIG. 1. Plasmid constructs used in pTAR ori analysis. Replica-
tion region (ori region) and partition locus (parA) as previously
delineated (12, 14) are shown above the restriction map of the
region. H, HindIIl; A, Avall; R, EcoRI; V, EcoRV. pTAR DNA
present in a construct is represented by a black line. Nondelimited
lines extending beyond the 5-kb scale had no origin or partitioning
activities. pUCD470, pUCD481, and pUCD489 do not include a
pMBI ori, while all other constructs do. pUCD401, pUCD403, and
pUCD404 extend approximately 2 kb to the right of parA.

replication in LBA4301, while those containing the 125-bp
Avall fragment supported replication, suggesting that the ori
locus extended into this Avall fragment. Restriction analysis
of the deletion derivatives described above defined a region
of 1.0 kb, represented by pUCD486, that contained all the
information necessary for autonomous replication (Fig. 1).
Protein analysis. We used an in vitro E. coli coupled
transcription-translation system to identify polypeptides en-
coded by the region containing the origin of DNA replication
and other replication-associated functions of pTAR. The
plasmid pUCD401, which contains oriV, repA, and parA
(12), encodes at least two gene products: repA and parA.
When pUCD401 was used as the template, four proteins of
approximately 20,000, 24,500, 25,000, and 34,000 daltons
(Da) were synthesized (Fig. 3, lane 1). The protein of 25,000
Da was identified previously as ParA (12), and for reasons
given below, the 34,000-Da protein, which is observed above
the NPTII gene product in Fig. 3, was designated as the
putative RepA protein. A protein of 20,000 Da was found to
be encoded by another locus situated to the right of the
known parA locus and extends beyond the region designated
as ori in Fig. 1 (data not shown). The function of this protein,
which has not been identified, is not required for replication
or partitioning. The 24,500-Da protein (as discussed below)
was also found not to be required for replication. When the
deletion derivative plasmid pUCD403 lacking ori (Fig. 1) was
used as template, the synthesis of the 34,000-Da product was
not detected (Fig. 3, lane 2). When the deletion was ex-
tended into the parA locus (pUCD404, Fig. 1), the 25,000-
and 34,000-Da proteins were not detected (Fig. 3, lane 3).
To confirm that the 34,000-Da protein is indeed encoded
by repA, plasmid pUCD402 containing a truncated repA and
no parA locus was used as a template. The 34,000-Da protein
and the 25,000-Da ParA protein were not synthesized (Fig. 3,
lane 4). However, the 24,500-Da protein, previously seen
with pUCD401, was detected. For further confirmation,
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FIG. 2. Analysis of replicative intermediates of pUCD400 deriv-
atives purified from A. tumefaciens LBA4301. Replication interme-
diates of pUCD400 were prepared and digested with Sall (site not
shown; cf. reference 12) to generate linear molecules, which were
spread in a hyperphase solution containing 50 pl of formamide, 20 .l
of 1 M Tris hydrochloride (pH 8.0), 0.1 M EDTA, 40 ul of 1-pg/ml
DNA, and 3 pl of 1% cytochrome c. Water was used as a
hydrophase to maximize linear expansion. The hyperphase was
retrieved on a film of 3% Parlodion (Mallinckrodt, Inc., St. Louis,
Mo.) on 300-mesh copper electron microscope grids. The grids were
immersed in S mM uranyl acetate (in 0.05 M HCl in 90% ethanol) for
30 s and then in 95% ethanol for 5 s, air dried, rotary shadowed with
platinum-paladium, and examined by electron microscopy. The
replication bubbles are represented by a heavy line. B, BamHI; H,
HindIII; R, EcoRI; V, EcoV.

pUCD481 and pUCD473 containing only repA (Fig. 1) were
found to direct the synthesis of the 34,000- and 24,500-Da
proteins (Fig. 3, lanes 6 and 9). The deletion derivative
pUCDA486, containing the right-hand portion of repA in the
ori region (Fig. 1), directed the synthesis of the 34,000-Da
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FIG. 3. E. coli S-30 in vitro protein analysis of the pTAR ori
region. Lane 1, pUCD401; lane 2, pUCD403; lane 3, pUCD404; lane
4, pUCDA402; lane 5, molecular weight standards with respective
weights (in thousands) indicated on the left; lane 6, pUCD481; lane
7, pUCD486; lane 8, pUCD470; lane 9, pUCD473; lane 10,
pUCDA489; lane 11, pTAR. NPTII is indicated on the left. Proteins
encoded by the origin region of pTAR are indicated on the right.
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but not the 24,500-Da protein (Fig. 3, lane 7), indicating that
this portion encodes the 34,000-Da product. To further
define the locus encoding the 34,000-Da RepA protein,
pUCDA489, containing a 125-bp deletion of the right side of
the ori region, was used as a template. As observed in lane
10 of Fig. 3, the 34,000-Da protein was synthesized, indicat-
ing that RepA is encoded by the repA locus in a region of less
than 1 kb. The data also indicate that the locus encoding the
24,500-Da protein is to the left of the repA locus. For the
deletion derivatives of pUCD481 that were unable to support
replication in A. tumefaciens, RepA was not produced.
Constructs which produced RepA but not the 24,500-Da
protein remained replication proficient (data not shown).
The 24,500-Da protein, therefore, appears to be not required
for replication, but its role as an ancillary regulatory element
has not been ruled out in these studies.

DNA sequence. The nucleotide sequence of each deriva-
tive of pUCD481 was determined to precisely locate the
extent of each deletion. To facilitate sequencing, an EcoRI
site was added to the Bal31-deleted end of each derivative,
allowing an EcoRI-HindIII fragment from each derivative to
be introduced into the EcoRI-Hindlll sites of pUC19, in
which the fragments were sequenced. The position of each
deletion derivative is indicated in Fig. 4. The Bal31-created
terminus in pUCD486, which contains the largest deletion
and yet retains replicative function, begins 509 bp to the right
of the EcoRV site, whereas the nonreplicative derivative,
pUCD487, has an additional 106 bp removed. The replica-
tive-proficient pUCD486 contains 37 bp of pTAR DNA
upstream to the start codon of an open reading frame (ORF).
The replicative-deficient pUCD487 contains a 23-codon de-
letion from this start site into the coding region.

The ORF in pUCD486 has a coding capacity for a 28,000-
Da protein; this ORF begins at base 547 and finishes just
beyond the HindlIII site at base 1299 (Fig. 4). The ORF is in
the same position as the locus which encodes the 34,000-Da
RepA protein. The obvious discrepancy in the size estimate
of this protein (as determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoretic analysis) may be ex-
plained by the composition of the protein as deduced from
the nucleotide sequence. The protein has 20 more basic
amino acid residues than acidic ones and would therefore
contain a substantial net positive charge, which can cause
anomalous migration during electrophoresis.

There are two purine-rich regions (5'-AGGA-3'), 3 and 10
bp upstream of the putative RepA start codon. These regions
are homologous in sequence and position to the ribosome-
binding site preceding translated reading frames of enteric
bacteria (33). Contained within the 125 bp located immedi-
ately upstream of the ORF are four 8-bp repeats (designated
by half arrows over the sequence in Fig. 4), ordered as two
sets of inverted repeats. These repeats are also imperfect
palindromes; the three bases on either end of the sequernce
5'-TCTTGAGA-3' of these repeats are complementary.
Within this same region, there exist several candidates for
the —35 and —10 components of a promoter. The existence
of the four repeats in an area which probably also serves as
the repA promoter suggests their involvement in regulation
of the gene. At 120 bp downstream from the stop codon of
repA are two inverted 8-bp repeats (5'-GGCGGTTC-3'),
separated by a single base pair. A truncated third repeat lies
7 bp downstream from the first two. This family of repeats is
unrelated in sequence to the four repeats found upstream of
repA and lacks palindromic potential within the repeat itself.
However, this family of repeats is located within the 125-bp
Avall fragment known to be essential for replication.
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FIG. 4. pTAR ori DNA sequence and amino acid sequence of the open reading frame corresponding to repA. The sequencing strategy is
shown below. The site at which each deletion derivative maps is indicated above the sequence with a bent arrow. Repeats are indicated by
straight half arrows. The possible Shine-Dalgarno region is underlined. H, HindIII; A, Avall; RV, EcoRV.

Within the pTAR origin region, there exists no sequence
analogous to the primosome assembly site of F, $X174, and
ColE1 (5'-GTGAGCG-3') (15). Nor is there any sequence or
set of repeats analogous to the family of repeats 5'-(G/
T)GAG(A/G)G-3' found in the origin region sequences of
bacteriophage lambda and plasmids R6K, mini-F, RK2, and
P1 (10). However, the sequence from base 401 to 409 on the
opposite strand to that shown in Fig. 4 is similar to the
dnaA-binding-site sequence 5'-TTAT(A/C)CA(A/C)A-3’,
which is found in the origin region of pBR322, ColEl,
pSC101, R100, R1, CloDF13, P1, F, and oriC of the E. coli
chromosome (18).

Copy number. pTAR exists in A. tumefaciens strains
under stringent copy number control (14). To determine
whether the region upstream of the pTAR repA gene might

be involved in copy number control, pUCD481 and its
derivatives were analyzed for alterations in copy number
(Table 1). pTAR is under stringent copy number control in
A. tumefaciens and is present at 1 to 2 copies per cell. The
absence of the pTAR par gene leads to apparent copy
numbers of less than 1. This reflects a change in the
percentage of cells harboring the plasmid and not in copy
number (13). pUCD473, which lacks parA but contains
repA, was assigned a value of 1 for comparative purposes in
Table 1. pUCD481, identical to pUCD473 as well as contain-
ing the origin of pBR325, remained at a copy number
equivalent to that of pUCD473. Moreover, the copy num-
ber remains unaffected by the deletions represented by
pUCD482 and pUCD483. These derivatives still possess the
region containing the palindromic repeats upstream of repA
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TABLE 1. Copy number mutants of pTAR

Plasmid

pUCD473
pUCD470....
pUCD481 ....
pUCD482 ....
pUCD483 ...
pUCD484 ....
pUCD48S ...
pUCD486

and likely contain a locus that controls pTAR copy number.
As the deletions are progressively increased as in pUCD484,
pUCD485, and pUCD486, the copy numbers increased to 5,
4, and 12, respectively. Since this region probably contains
the repA promoter and may also serve as the regulatory site
for the gene, deletions which alter these functions will alter
RepA production; i.e., the loss of repA results in the loss of
RepA protein, whose function likely regulates pTAR copy
number. The efficiency of RepA in maintaining low copy
number is decreased by progressive truncation of repA.
Plasmid stability. We have shown previously that the par
gene of pTAR completely stabilizes pTAR and its deriva-
tives (12, 13). Derivatives of pTAR containing only the
pTAR oriV and not the par gene are relatively unstable in the
cell population under nonselective conditions for the plas-
mid. In addition, there are other plasmid-related factors,
such as alterations in copy number under the control of the
cop locus and mutations within the region controlling repli-
cation, that will affect the rate of loss of par-deficient
plasmids. Figure 5 illustrates the effect on plasmid stability
caused by mutations in the ori region. For instance,
pUCDA473 containing oriV but not par shows a typical rate of
loss for a par mutant derivative as compared with that of
pTAR itself (Fig. SA), and pUCD470 exhibiting low copy
number and altered RepA is lost more rapidly than pUCD473
from the cell population. Although the pBR325 oriV is
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FIG. 5. pTAR ori mutations which affect plasmid stability. The
assay is described in Materials and Methods. Percent plasmid
retention equals the percentage of the cell population which still
harbors the plasmid. The x axis represents the number of genera-
tions of growth under nonselective conditions. Panel A: @, pTAR;
A, pUCD473; O, pUCD470. Panel B: @, pUCD401; A, pUCD486;
B, pUCD484 and pUCD485; O, pUCD483; O, pUCD482; A,
pUCD481.
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nonfunctional and does not alter plasmid copy number in A.
tumefaciens, its presence results in a substantial rate of loss
for pTAR par mutant derivatives. This is demonstrated by
pUCD481 (Fig. 5B), which is equivalent to pUCD473 but
contains oriV of pBR325. When pTAR par is present, there
is no detectable loss of the plasmid (pUCD401 in Fig. 5B).
Deletion derivatives of pUCD481 exhibiting unaltered copy
number (e.g., pUCD482 and pUCD483) showed rates of
loss similar to that of pUCD481. For those plasmids which
exhibited increased copy number (e.g., pUCDA484,
pUCD485, and pUCDA486), the rate of loss decreased signif-
icantly, in accordance with the general observation that a
high-copy-number par mutant plasmid is lost at a slower rate
than a low-copy-number par mutant plasmid.

DISCUSSION

In our present study, we have defined a 1-kb region of
pTAR that is required for the replication. Nucleotide se-
quence analyses have revealed an ORF in this region that
has a coding capacity for a protein of 28,000 Da. Deletion
analyses of pTAR derivatives by using a coupled transcrip-
tion-translation system suggested that a protein of 34,000 Da
(as estimated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) is synthesized from this ORF region; its loss
results in the concomitant loss in plasmid replication. On the
basis of the high basic amino acid content of this protein,
which we designate as RepA, it is possible that the electro-
phoretic size determinations were an overestimate of RepA.
Indeed, deletion mutants delineate a 823-bp region, encom-
passing the 753-bp ORF for the 28,000-Da protein, which
produces a single protein that migrates at 34,000 Da in
sodium dodecyl sulfate-polyacrylamide gels. Because the
host range of pTAR is limited to members of the Rhizobia-
ceae, studies of RepA, oriV, and a putative copy control
locus may provide a means for elucidation of the intriguing
feature of host range limitation of bacterial plasmids.

The repeated sequences directly upstream of repA are of
special interest since they may serve as binding sites for
proteins needed for the regulation of repA. Directly up-
stream from repA are four 8-bp palindromic repeats in a
region where the repA promoter is presumably located.
Deletion of these repeats elevates the copy number of
pTAR, and, therefore, this region likely contains a locus for
controlling plasmid copy number. A second set of repeats,
unrelated to those upstream of repA, were found 120 bp
downstream from repA in a 125-bp region that is essential for
replication and may comprise oriV. As this region does not
appear to have any protein-coding potential, we can only
speculate on the role of this region in replication.

Interestingly, comparisons of published repeated nucleo-
tide sequences in phage lambda and plasmids RK2, mini-F,
P1, and R6K (10) with the repeats in the origin region of
PTAR revealed no similarities. Also, there is a lack of
sequence homology between repA and the rep genes of these
plasmids. Nonetheless, the RepA protein of pTAR is similar
in size to the Rep proteins of the above plasmids and to those
of pSa (38), RSF1010 (31), and pT181 (26). Whether or not
the repeated sequences play an important role in host range
specificity remains to be elucidated.
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