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The replication and maintenance properties of the broad-host-range plasmid RK2 and its derivatives were
examined in nine gram-negative bacterial species. Two regions of RK2, the origin of replication (oriV) and a
segment that encodes for a replication protein (&7fA AkilD, designated trfA*), are sufficient for replication in all
nine species tested. However, stable maintenance of this minimal replicon (less than 0.3% loss per generation
under nonselection conditions) is observed only in Escherichia coli, Pseudomonas aeruginosa, Pseudomonas
putida, and Azotobacter vinelandii. Maintenance of this minimal replicon is unstable in Rhizobium meliloti,
Agrobacterium tumefaciens, Caulobacter crescentus, Acinetobacter calcoaceticus, and Rhodopseudomonas
sphaeroides. A maintenance function has been localized to a 3.1-kilobase (kb) region of RK2 encoding three
previously described functions: korA (trfB korB1 korD), incP1-(II), and korB. The 3.1-kb maintenance region
can increase or decrease the stability of maintenance of RK2 derivatives dependent on the host species and the
presence or absence of the RK2 origin of conjugal transfer (oriT). In the case of A. calcoaceticus, stable
maintenance requires an RK2 segment that includes the promoter and the kilD (kilB1) functions of the rfA
operon in addition to the 3.1-kb maintenance region. The broad-host-range maintenance requirements of
plasmid RK2, therefore, are encoded by multiple functions, and the requirement for one or more of these
functions varies among gram-negative bacterial species.

Natural plasmid isolates of gram-negative bacteria belong-
ing to incompatability groups C, N, P, Q, and W display
replication and maintenance proficiency in a diversity of
bacterial species. Most natural gram-negative plasmid iso-
lates, however, can be established only in their host of origin
and in closely related species. The basis for broad- versus
narrow-host-range plasmid maintenance is poorly under-
stood. Studies of narrow-host-range replicons suggest that
their inability to be maintained in a particular organism is
due to a lack of replication or segregation proficiency rather
than to an inability to be introduced into or express genetic
markers in a distantly related host (15, 24, 28, 29).

The incompatibility group P-1 plasmid RK2, similiar or
identical to RP1, RP4, R18, and R68 (5, 36), has been the
focus of studies to determine the basis of IncP-1 plasmid
maintenance in E. coli. Extensive deletion analysis of plas-
mid RK2 has identified two regions of the 56.4-kilobase (kb)
RK2 replicon, a 700-base-pair (bp) origin of replication
(oriV), and a trans-acting function, trfA, that are essential for
RK2 replication in E. coli (10, 21, 40). The trfA function and
at least one additional function designated kilD-kilBI (25, 33)
are expressed by the 1.5-kb #rfA operon (30, 34). kilD
activity leads to replicon instability in the absence of a kill
override function designated korD-korB1 (25, 33). Therefore,
mini-RK?2 replicons containing the oriV region and the rfA
operon require a third region of RK2, containing the korD
function, designated trfB (40). A deletion derivative of the
trfA region, trfA AkilD, designated the trfA* region, ex-
presses the trfA function but not the kilD function and
obviates the requirement for the #rfB region (37).

We have previously shown that a replicon carrying only
oriV and trfA* encodes stable replication and maintenance
properties in Escherichia coli and in the distantly related
gram-negative bacterium Pseudomonas putida (26). Schwab
et al. have characterized a spontaneous deletion derivative
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of RP4, pHS40, consisting of a continuous segment from
oriV through the trfA region, as capable of replication in a
third gram-negative species, Alcaligenes eutropus (27).
Southern blot analysis of a worldwide collection of IncP-1
plasmids indicates that the trfA* and oriV regions are con-
served among all IncP-1 plasmids (6). These results are
consistent with the proposal that these regions provide the
minimal amount of information for replication of RK2.
However, the kilD-korD circuit and perhaps additional func-
tions encoded by RK2 may be required for the stable
maintenance of this replicon in a wide variety of gram-
negative species. Figurski et al. have identified a novel set of
functions within plasmid RK2, designated kilA, kilB, and
kilC, each of which leads to E. coli host cell death in the
absence of corresponding kill override functions korA, korB,
and korC, respectively (12). Genetic analysis of the korA
(subsequent studies indicated that the trfB-korD-korBl and
korA functions are identical [3, 13, 35, 41]) and korB func-
tions indicates that these functions are conserved within a
worldwide collection of 10 IncP-1 group isolates (12). The
korA and korB functions have been shown to control RK2
copy number in E. coli and have been postulated to play a
role in the broad-host-range properties of RK2 (3, 12, 13, 38).

Ditta et al. established that the RK2 conjugal transfer
system, when joined to a narrow-host-range replicon, e.g.,
ColE1, was capable of mobilizing mini-RK2 derivatives that
carry the RK2 origin of conjugal transfer (9). Guiney and
Yakobson localized the functional origin of transfer (oriT)
within a 760-bp Haell fragment (16). Thus, a mini-RK2
replicon containing this oriT segment can be introduced into
virtually any gram-negative bacterial host. The development
of a proficient system for the introduction of mini-RK2
replicons into diverse gram-negative bacterial species and
the identification of the trfA* and oriV regions as compo-
nents of a minimal RK2 replicon led us to undertake an
assessment of the plasmid regions required for broad-host-
range maintenance of plasmid RK2. Our results show that
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TABLE 1. Bacterial strains used
Tetracycline concn . .
. . Growth Medium for selection of

Bacterial species mediume (u.g/;'::l cutfgg for transconjugants” Source
E. coli MC1029 L 25 M. Casadaban
A. vinelandii Av uw C 10 Burk MM with Tc G. Ditta
P. putida 2440 L 50 M9 MM with Tc M. Bagdasarian
P. aeruginosa PAO1161 L 100 M9 MM with leucine and Tc M. Bagdasarian
R. meliloti 102F34 YMB 3 R MM with Te G. Ditta
A. tumefaciens A136 YEP 1 MM with Tc E. Nester
R. sphaeroides 2.4.1 and WS8 L 1 L with Tc and Nal S. Kaplan
C. crescentus CB15 CMS5000 PYE 1 PYE with Tc and Nal R. Bender
A. calcoaceticus BD413 L 30 L with Tc and Rif I. Crawford

“ The compositions of the various media and antibiotic concentrations are described in Materials and Methods.
b Abbreviations: MM, minimal medium; Nal, nalidixic acid; Rif, rifampin; Tc, tetracycline; L, L broth.

the trfA* and oriV regions are sufficient for replication in
each of nine bacterial species tested. However, the stable
maintenance requirements of RK2 are complex, involve
multiple regions including the korA and korB functions, and
vary among the different gram-negative bacterial species
tested.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used
are listed in Table 1. The genotypes of the bacterial strains
employed were E. coli MC1029, araDI39 (ara leu)7697
(lacZ)M15 galU galK StrA recA56; Pseudomonas aerugi-
nosa PAO1161, leu-38 hsdR; P. putida 2440, an hsdR
derivative of strain mt-2; and Acinetobacter calcoaceticus
BD413, Str Rif. Agrobacterium tumefaciens A136 is a Rif"
Nal" Ti plasmid-cured derivative of wild-type strain CS58.
Nalidixic acid-resistant isolates of Rhodopseudomonas
strains 2.4.1 and WS8 were isolated in this laboratory.
Wild-type strains of Azotobacter, Caulobacter, and Rhizo-
bium species were used. The sources and relevant properties
of plasmids used in this study are listed in Table 2 and in the
text.

Media and antibiotic selection. Media used for growth of
each bacterial species are listed in Table 1 and consisted of
L broth (10 g of tryptone, S g of yeast extract, 10 g of NaCl,
and 10 mM Tris [pH 7.5] per liter); C medium (0.8 mM
MgSO, - 7TH,0, 1.7 mM NaCl, 0.25% yeast extract, 0.05%
Casamino Acids, 1% mannitol); YMB medium (1 g of yeast
extract, 0.2 g of MgSO, - 7H,0, 0.5 g of K,HPOy,, 0.1 g of
NaCl, and 10 g of mannitol per liter); YEP medium (1%
peptone, 1% yeast extract, 0.5% NaCl); and PYE medium (2
g of peptone, 1 g of yeast extract, and 0.2 g of MgSO,, - 7H,0O
per liter). Media used for the selection of transconjugants
and the concentration of tetracycline used to select for
plasmid-encoded antibiotic resistance are listed in Table 1
and consisted of modified Burk medium (0.2 g of KH,PO,,
0.8 g of K,HPO,, 0.2 g of MgSO, 7H,0, 0.09 g of
CaCl, - 2H,0, 1 ml of FeMo [1 mg of Fe and 0.1 mg of Mo
per mi], and 20 g of sucrose per liter) and R min medium (5.8
g of Na,HPO,, 3.0 g of KH,PO,, 0.5 g of NaCl, 1 g of
mannitol, 0.5 mg of biotin, 0.2 g of MgSO, - 7TH,0, and 0.5 g
of glutamate per liter). M9 (11) and Agrobacterium spp. (43)
minimal media have been described previously. Agar (1.5%)
was added for solid medium. Nalidixic acid (30 pg/ml) was
used to select transconjugants in Rhodopseudomonas and
Caulobacter species. Rifampin (150 pg/ml) was used to
select transconjugants in Acinetobacter spp.

Isolation of plasmid DNA. Clone analysis DNA was iso-

lated from E. coli, P. putida, P. aeruginosa, Rhizobium
meliloti; Caulobacter crescentus, Rhodopseudomonas
sphaeraides, Azotobacter vinelandii, and Acinetobacter cal-
coaceticus by the alkaline sodium dodecyl sulfate method of
Birnboim and Doly (4). Clone analysis DNA was isolated
from Agrobacterium tumefaciens by the method of Corbin et
al. (7). Purified plasmid DNA was prepared from E. coli by
the cesium chloride-ethidium bromide equilibrium centrifu-
gation method of Meyer et al. (20).

P. aeruginosa and Rhodopseudomonas sphaeroides were
transformed with purified plasmid DNA by published meth-
ods (14, 39).

Conjugal matings. Patch matings were performed by mix-
ing loopfuls of donor and recipient cells on the nonselective
agar medium used for growth of the recipient (Table 1) for
approximately 16 h at 30°C. Plasmid pRK2013 was used to
mobilize transfer-defective, mobilization-proficient deriva-
tives of RK2 (9). Transconjugants were selected by streaking
the mating mixture onto an appropriate selective medium
(Table 1). Transconjugants were tested for the presence of
plasmid by restriction analysis of clone analysis DNA.

Assessment of plasmid maintenance. Plasmid-containing
cultures generally were grown overnight at 30°C (all E. coli
cultures were grown at 37°C) in growth medium supple-
mented with tetracycline for selection of plasmid-containing
cells (Table 1). Cultures were then diluted 1:100 into 5 mls of
fresh growth medium supplemented with tetracycline for 2 to
4 h at 30°C. Each culture was then diluted into 5 mls of
nonselective growth medium prewarmed to 30°C to yield
approximately 10 cells per ml. The 5-ml cultures were
incubated with shaking on a New Brunswick Gyrotory bath.
Cultures were grown to a concentration of between 5 X 10°
and 5 x 108 cells per mil and then serially diluted into 5 mls
of prewarmed growth medium to yield approximately 103
cells per ml, with the process repeated as necessary to
complete the number of generations desired. After each
dilution into fresh growth medium samples were taken and
plated directly onto nonselective growth medium. The cen-
ters of single colonies were picked from these plates onto
growth medium supplemented with tetracycline to assess the
presence of plasmid-éncoded antibiotic resistance. One hun-
dred colonies were assayed for the presence of the plasmid-
encoded antibiotic resistance at each subculturing.

RESULTS

Host range properties of RK2 and of a rfA* oriV replicon.
Plasmids pTJS75 and pTJS124 carry the trfA*, Tc', and oriV
regions of RK2 (Fig. 1 and 2). pTJS75 and pTJS124 also
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TABLE 2. Plasmids used

Reference or

Plasmid Relevant genotype source
pCT88 Cm" Tc", P15A replicon 37
pUC7, pUCS8, pUC9 Ap", ColEl replicon 42
pUCICM Cm" Ap°®, derivative of pUC9 K. Buckley
pRK214.1 Tc™ Ap', 44.1-kb RK2 replicon 11
pRK215.1 Tc™ Ap", 49.5-kb RK2 replicon 11
pRK229 Tc", 24-kb RK2 replicon 40
pRK248 Tc', 9.6-kb RK2 replicon 40
pRK252 Tc', 10.3-kb RK2 replicon 8
pRK290 Tc", 20-kb RK2 replicon 9
pRK310 Tc', 20.4-kb RK2 replicon with the Haell a-lac region of pUC9 8
pRK407 Haell a-lac region of pUCY ligated into Haell site between 1rfA and trfB regions of plasmid pRK252 G. Ditta
pRK2178 Km", 6.8-kb P15A replicon with the kilobase 52.5 to 55.6 region of RK2 D. Figurski
pDG4 Ap", ColE1 replicon with the kilobase 45.0 to 56.4 region of RK2 16
pDGS Ap", ColE1 replicon with the RK2 Haell oriT region 16
pTJS26 Tc", 8.0-kb RK2 replicon 26
pTIS29A Tc', 8.0-kb ColE1 replicon 26
pTJSS0 Tc', 11.1-kb RK2 replicon 26
pTJS53 RK?2 760-bp Haell oriT region ligated as a blunt-end fragment into the BamHI site of pUCS8 This work
pTJS65 RK2 700-bp Haell oriV region ligated as a blunt-end fragment into the Smal site of pUC8 This work
pTJS66 RK2 700-bp Haell oriV region ligated as a blunt-end fragment into the Ps¢I site of pTJS53 This work
pTIS67° Tc", 9.8-kb RK2 replicon This work
pTJS752 Tc", 7.0-kb RK2 replicon This work
pTJS81 RK2 760-bp oriT region ligated as a blunt-end fragment into PstI-cut pUC7 (treatment with the This work
Klenow fragment of DNA polymerase I removed all of the pUC7 multicloning site except for a
single EcoRlI site on either side of the oriT insert)
pTIS87° Tc', 11.4-kb RK2 replicon This work
pTJIS94 Tc", 8.8-kb RK2, P15A joint replicon; ligation of EcoRI-Pstl oriV of pTJS6S to the large EcoRI-Pstl  This work
fragment of pCT88 )
pTIS100° Tc', 19.5-kb RK2 replicon This work
pTJS108 EcoRI Ap" fragment derived from pBR322 ligated into the EcoRI site of pUCICM This work
pTIS111% Tc', 14-kb RK2 replicon This work
pTIS112° Tc', 14.8-kb RK2 replicon This work
pTIS117° Ap" Tc', 9.2-kb RK2 replicon This work
pTJS124® Ap" Tc", 10-kb RK2 replicon This work
pTJIS129 Ligation of the 3.1-kb Hincll fragment containing korA, IncPI-(11), and korB from plasmid pRK2178  This work
into the Hincll site of pUCICM
pTIS130® Tc*, 10.2-kb RK2 replicon This work
pTJS133% Tc', 11.0-kb RK2 replicon This work
pTJS175% Tc*, 17.0-kb RK2 replicon This work
pTJS194 Ligation of the HindIIl Ap" fragment of pTJS108 into the unique Hindlll site of pTJS129 in the ori-  This work
entation yielding the 3.1-kb korA-incPI-(11)-korB region and Ap" as an EcoRI fragment
pTJS210° Ap" Tc', 13.0-kb RK2 replicon This work

“ Abbreviations: Cm, chloramphenicol; Tc, tetracycline; Ap, ampicillin; Km, kanamycin sulfate.

b Constructions described in the text.

contain the RK?2 origin of transfer, oriT, as a 760-bp fragment
that is sufficient to permit the mobilization of the plasmids
into another bacterial host. Nine bacterial species were
chosen as a representation of biologically important gram-
negative species known to support IncP-1 group plasmids
(Table 1). Our initial objective was to compare replication
and maintenance properties of rfA* oriV minimal plasmid
replicons to the parental RK2 plasmid in each host. Plasmid
pRK290 (Fig. 1) was included in studies in each host as an
intermediate size (20-kb) RK2 replicon known to have re-
tained most of the host range of plasmid RK2 (8, 9). Plasmids
pTIS7S, pTIS124, pRK290, and RK2 were successfully
introduced into each host tested, and all of the plasmids
could be maintained by selection with the appropriate anti-
biotic. Thus, the minimal replication system consisting of the
oriV and trfA* regions is capable of replication in all nine of
the bacterial hosts examined. Stable maintenance of the
plasmids under conditions of bacterial growth without anti-
biotic selection was then tested as described in Materials and
Methods. For comparative purposes in this study, stable

maintenance is defined as less than 0.3% loss of the plasmid
per generation. The results are summarized in Table 3. The
intact 56.4-kb RK2 replicon displayed stable maintenance in
all nine hosts tested. Plasmid pRK290 was maintained with
various degrees of stability in all nine hosts tested. The rate
of loss of pRK290 never exceeded 0.3% per generation in
any host. While capable of replication in all nine hosts
tested, the trfA* oriV replicons pTJS75 and pTJS124 lacked
the ability to be stably maintained in six of the nine hosts
tested, i.e., in P. aeruginosa, Rhodopseudomonas spha-
eroides, Caulobacter crescentus, A. calcoaceticus, Rhizo-
bium meliloti, and A. tumefaciens. In two hosts, R. meliloti
and A. tumefaciens, plasmid pTJS124 exhibited significantly
greater stability then did plasmid pTJS75.

Host range properties of the 7fA operon, korA, and IncP1-
(II) functions of RK2. The relative instability of plasmids
pTJIS75 and pTJS124 in six of the nine hosts tested suggests
a requirement for functions in addition to the trfA* and oriV
regions for RK2 broad-host-range maintenance. Analysis of
the #7fA region has shown that a single promoter expresses
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FIG. 1. Genetic map of RK2 incorporating information from RP1 and RP4, similar or identical to RK2 (5). The RK2 genome is calibrated
in kilobase-pair coordinates from the unique EcoRlI site. Two regions of RK2 involved in broad-host-range replication and maintenance have
been expanded for clarity. tra refers to conjugal transfer functions, rix refers to the relaxation complex (origin of conjugal transfer) site (16),
and pri refers to a DNA primase (19). The balance of genetic loci shown are described in the text. Regions of RK2 present in pRK290 are
indicated by a wavy line. The positions of the bacteriophage Mu insertions into RK2 which were used to construct plasmids pRK214.1 and

pRK215.1 are shown by arrows (11).

three polypeptides of 43, 32, and 13 kilodaltons in E. coli (18,
30, 34, 41). In these studies it was proposed that the 32- and
possibly the 43-kilodalton polypeptides encode the rrfA
function, while the 13-kilodalton polypeptide represents the
kilD-kilB1 function defined as destabilizing RK2 mini-
replicon maintenance in the absence of the korA (trfB-korD-
korBl) function. Thus, an intact t7fA operon requires the
korA function to suppress the kilD function. The trfA* region
was derived from the #rfA region by a TnS insertion and
restriction endonuclease deletion (37). We have determined
by DNA sequence analysis that the TnS insertion creating
the trfA* region maps to base pair 34 in the trfA operon (Fig.
3; unpublished data). Thus, the #rfA* region lacks the trfA
promoter and the first 4 bp of the kilD coding region as well.
Presumably, in the zrfA* region the trfA function is ex-
pressed from an outside promoter. To test the ability of the
intact trfA operon to support (along with oriV) stable RK2
broad-host-range maintenance requires the presence of the
korA function to suppress the kilD function as outlined
above. In addition to the RK2 origin of replication, a second
region of RK2 has been found to determine IncP-1 group
incompatibility. This function, termed IncPI-(II), maps ad-
jacent to korA and may be expressed from the same pro-
moter as the korA function (22, 35, 41).

We compared the maintenance properties of a mini-RK2
replicon consisting of the #rfA, korA, incP1-(I1), oriV, and
oriT regions (plasmid pRK252, Fig. 4 and 5) to the properties

of mini-RK?2 plasmids containing the trfA*, korA, incPI-(11),
oriV, and oriT regions (pTIS67 or pTIS87, Fig. 2) in several
bacterial hosts (Table 3). In each host tested, direct compar-
ison of pTJS67, pTIS87, or pRK252 with pTJS7S or pTIS124
indicated similar or less proficient maintenance of the
replicons containing the intact frfA region or the korA-
incPI-(II) region or both. Thus, the intact trfA operon and
korA—incPI1-(II) regions are insufficient to provide mainte-
nance functions to the minimal RK2 replicon in the bacterial
hosts tested.

Localization of host range functions in plasmid pRK290.
The 20 kb of RK2 DNA present in plasmid pRK290 appear to
encode maintenance functions that are absent from the
smaller deletion derivatives used in this study. Plasmid
pRK290 consists of approximately 8 kb of RK2 DNA ex-
tending clockwise from oriV through the kilB region and
including the zrfA operon (kilobases 12.0 to 20.0 on the RK2
map) and 12 kb of RK2 extending from within the tral region
clockwise to just beyond the single EcoRI site of RK2
(kilobases 45.0 to 0.3 on the RK2 map; Fig. 1). We attempted
to identify sequences necessary for broad-host-range main-
tenance within each of these two regions of plasmid pRK290.
The region of RK2 between kilobases 45.0 and 56.4 was
joined to the oriV, Tc", and trfA* regions of RK2 (coordi-
nates, 12.0 to 17.6 kb) as plasmid pTJS100 (Fig. 4) or to the
oriV, Tc", and trfA regions (coordinates, 12.0 to 18.7 kb) as
plasmid pTJS175 (Fig. 4).
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TABLE 3. Plasmid maintenance in various bacterial hosts*

Avg % loss of tetracycline resistance* in:

Azoto-

Plasmid Regions of RK2? ; . . P. aerugin- . . Agrobacter- R. sphaer- R. sphaer- Caulo- Acineto-

# (f‘:‘;l(;) b:;:’ (:_p g;l_dsaz) (5 _m:étgg) lgum spp.  oides 2.4.1 oides WS8 bacter spp. bacter spp.
(n = 35) (n= 40—45) (n = 34-36) (n = 25-29) (n = 42-46) (n = 31-33) (n = 27-32)

RK2 0 0 1 1 0 0 0 — 0 1

pRK290 Fig. 1 2 1 1 134 1 11 — 3 7 11

pTIS7S fA* 0 0 9 55 66 43 68 — — 97

pTIS124 trfA* — — — — 19 18 S3 76 90 —

pRK252 #rfA, 54.1-56.4 35 3 96 99¢ 49 88 86 — 99 90
kb

pTIS67 trfA*, 54.1- 1 o 13 91 88 — 89 — — 95
56.4 kb

pTIS87 trfA*, 54.1- —_ —_ — 82 374 524 — — 100 —

) 56.4 kb
pTIS100 rrfA*, 45.0- 0 g — — 3 — 5 — 14 32
) 56.4 kb

pTIS175 wfA, 45.0-56.4 9 — 100°¢ — 19 — — 10 — 36
kb

pTIS112 ufA*, 50.4- 1 ¢ 9 — 0 — 0 — 3 764
56.4 kb

pTIS133 nfA*, 52.5- 0 8 98¢ 3 0 4 3 0 2 88
55.6 kb

pTIS210 fA, 52.5-55.6 1 — 41 44 10 61 — 84 20 0
kb

pTIS26 trfA*, no oriT 1 — 10 9 — — — 36 — —

pTJIS50 pTIS87 0 — 8 22 — — — — — —
without oriT

pTJS130 pTJS133 0 — 8 — — — — 58 — —_

: without oriT
pTJS91 Fig. S 0 — 4 — 2 2 — 74 74 18
pTIS9S Fig. 5 3 — 939 48 2 14 — Zf' S 644

@ Bacterial species are listed in Table 1.

5 All plasmids contain the RK2 700-bp oriV region. Unless otherwise indicated, each plasmid also contains the RK2 760-bp oriT region. Other reglons relevant
to maintenance properties are indicated.

¢ Loss of resistance from cultures grown in the absence of selection for tetracycline resistance for n generations as described in Materials and Methods. Each
value represents the average of three or more studies unless othewise indicated. —, Plasmid maintenance was not assessed. The #fA and oriT regions and the

coordinate system used are indicated in Fig. 1. The t7fA* region is shown in Fig. 3.

4 Average of two studies.

¢ Plasmid-encoded tetracycline resistance was lost from more than 90% of the cells approximately 15 generations earlier than the final value for n.

/ Result of a single study.

# Plasmid could not be introduced into the host in three or more conjugal mating attempts or transformations with purified DNA.

Comparison of pTJS175 to pRK252 in five hosts indicates
that the region of RK2 between kilobases 45.0 and 56.4
éncodes a function(s) that increases the stability of mainte-
nance of the minimal RK2 replicon in E. coli, R. meliloti, R.
sphaeroides, and A. calcoaceticus (Table 3)., However, both
pRK252 and pTJS175 are unstable in P. putida. Plasmid
pTJS100 exhibits stable maintenance in R: meliloti, R
sphaeroides, and C. crescentus, yet is relatively unstable in
A. calcoaceticus and could not be established in Azotobacter
vinelandii (Table 3). The instability of pTJS100 and pTJS175
in A. calcoaceticus suggests that although the region of RK2
between kilobases 45.0 and 56.4 contributes to RK2 mainte-
nance in this host (comparison of pTJS100 to pTIS75 and of
pTIisS175 to pRK252), the kilB function or adjacent se-
quences present in pRK290 but not in pTIS100 or pTIS175
may be important in RK2 maintenance in A. calcoaceticus.

Identification of a 3.1-kb host range maintenance region. To
localize the maintenance function(s) encoded by the segment
of RK2 between kilobases 45.0 and 56.4, two derivatives of
this region were examined. The region of RK2 between
kilobases 50.4 and 56.4, with 1 kb from the left end of phage
Mu, was joined to the oriV, trfA*, and oriT regions of RK2
as plasmid pTJS112 (Fig. 4). Maintenance properties of
pTJIS112 in R. meliloti, R. sphaeroides, and C. crescentus

suggest that plasmid pTJS112 contains all the host range
maintenance functions present within pTJS100 (Table 3). In
A. calcoaceticus, plasmid pTJS112 is significantly less stable
than is pTJS100, indicating that additional maintenance
functioris may be present in the approximately 5.4 kb of
DNA present in pTJS100 but not in pTJS112 (the region of
RK2 between kilobases 45.0 and 50.4). )
Our studies with plasmids pTJS67, pTJSS7 and pRK252
indicate that the 2.3-kb korA—-incPI-(II) region (RK2 coordi-
nates, 54.1 to 56.4 kb) is insufficient to provide host range
maintenance function(s) to a trfA oriV or trfA* oriV replicon.
The korA and korB functions of RK2 have been localized to
a 3.1-kb HincIl fragment (the region of RK2 between
kilobases 52.5 and 55.6; D. H. Bechhofer and D. H.
Figurski, unpublished data). Joining of the 3.1-kb region
containing the korA, incPI1-(I), and korB functions to the
oriV, trfA*, and oriT regions of RK2 yields plasmid pTJS133
(Fig. 4). Joining of the oriV, trfA, and oriT regions of RK2 to
the region between kilobases 52.5 and 55.6 ylelds plasmid
pTJS210 (Fig. 4). pTJSl33 is stable in six of nine hosts
tested. pTJS210 is stable in four of eight hosts tested (Table
3). Thus, the region between kilobases 52.5 and 55.6 but not
that between 54.1 to 56.4 er ydes RK2 broad-host-range
maintenance function(s) when joined to a trfA* oriV or a trfA
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FIG. 2. Structure and relevant genetic loci and nuclease cleavage sites of plasmids pTJS67, pTIS75, pTIS87, and pTJS124. These plasmids
contain the trfA*, oriV, and oriT regions with and without the korA-incPI1-(1I) region. pTJS67 was constructed by ligation of the large
HindIlI-EcoRI fragment of pTJS29A to the small HindIII-EcoRI fragment of pTJS66. pTJS67 was digested with EcoRI and Xhol, treated with
DNA polymerase I Klenow fragment to produce blunt ends, and ligated to yield plasmid pTJS75. Plasmid pTJS87 is the product of insertion
of the EcoRI RK2 oriT fragment of pTJS81 into the unique EcoRI site of pTJS50. The HindIll Ap" fragment of pTJS108 was ligated to
Hindlll-cleaved pTJS26 to yield plasmid pTJS117. Plasmid pTJS124 is the product of insertion of the EcoRI RK2 oriT fragment of pTJS81

into the unique EcoRI site of pTJS117.

oriV replicon. However, the 3.1-kb korA—incP1-(11)-korB
region appears to destabilize a trfA* region oriV replicon in
P. putida and in A. vinelandii (comparison of pTJS75 and
pTIS133).

The stable maintenance of plasmid pTJS210 in A. calco-
aceticus and the instability of every #rfA* region replicon
tested in this host indicates that the kilD function or the trfA
operon promoter present in pTJS210 but not in zrfA* region
plasmids, or both, are essential for RK2 maintenance in this
host. Conversely, the stable maintenance of the trfA* region
plasmids pTJS75 or pTJS133 in every host tested save A.
calcoaceticus indicates that the trfA operon promoter and
the intact kilD coding region are not essential for RK2
mini-replicon maintenance in many of the gram-negative
bacterial species.

Influence of the RK2 oriT region on plasmid broad-host-
range maintenance. In a previous study, the #rfA* oriV
plasmid pTJS26 exhibited stable maintenance properties in
E. coli and P. putida (26). Plasmid pTJS26 was introduced
into P. aeruginosa PAO1161 via transformation (see Mate-
rials and Methods). Maintenance properties of pTJS26 in
strain PAO1161 indicate that a trfA* oriV replicon can be
stably maintained in this host (Table 3). Comparison of
pTJS26 with pTJS7S in strain PAO1161 indicates that the
presence of the RK2 oriT in pTJS75 leads to replicon
instability in P. aeruginosa. Plasmid pTJS87 was derived

from pTJS50 by the insertion of RK2 oriT as a 760-bp EcoRI
fragment (Fig. 2). Comparison of pTJS50 and pTJS87 with
pTJS133 in strain PAO1161 confirms the observation that the
760-bp RK2 oriT segment confers instability in P. aerugi-
nosa in the absence of the korA-incPI-(II)-korB region
(Table 3).

These observations on the RK2 oriT region were extended
to R. sphaeroides. In this bacterium, mini-RK2 plasmids
with RK2 oriT are unstable regardless of whether replication
is dependent on the trfA and oriV regions or on the trfA* and
oriV regions unless the region between kilobases 52.5 and
55.6 is also present (Table 3; comparison of pTJS75,
pTJS124, pRK252, pTJS133, and pTJS210). To further test
this effect of oriT, R. sphaeroides WS8 Nal was transformed
with purified pTJS26 DNA (see Materials and Methods).
Comparison of the maintenance properties of plasmids
pTJS26, pTIS124, and pTJS133 in strain WS8 Nal indicates
that the RK?2 oriT region contributes to replicon instability in
this host and that the region between kilobases 52.5 and 55.6
can stabilize replicons containing RK2 oriT in strain WS8
Nal (Table 3). The complete stability of pTIS133 in strain
WS8 Nal suggests that the korA—incP1-(11)-korB region can
stabilize RK2 oriT-containing replicons and provide mainte-
nance functions absent in the trfA* oriV plasmid pTJS26 in
this host.

Destabilization of mini-RK2 plasmids by the 3.1-kb
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korA—incP1-(II)-korB region. The finding that the region of
RK2 between kilobases 52.5 and 55.6 appears to counteract
instability originating in the RK2 oriT region in at least two
hosts (P. aeruginosa and R. sphaeroides) suggests an inter-
action between these two regions of RK2. To investigate this
relationship, the maintenance properties of pTIS130 were
examined. pTJS130 is the precursor to plasmid pTJS133 and
consists of the oriV, trfA*, and kilobases 52.5 to 55.6 regions
of RK2 (Table 1). Comparison of the maintenance properties
of pTJS130 and pTJS133 in strain WS8 Nal indicates that the
absence of RK?2 oriT in plasmid pTJS130 leads to an unstable
replicon in this host (Table 3). Repeated attempts to intro-
duce plasmid pTJS130 into P. putida by transformation were
unsuccessful, suggesting that the plasmid is extremely un-
stable in this host. Thus, in two gram-negative bacteria
where the kilobase 52.5 to 55.6 region of RK2 counteracts
instability due to the presence of the RK2 oriT region, the
kilobase 52.5 to 55.6 region of RK2 appears to lead to
unstable plasmid maintenance in the absence of RK2 oriT.
Furthermore, in P. putida, pTIS133 is very unstable relative
to trfA* oriV oriT replicons which lack the korB region (e.g.,
pTJS75 or pTIS67). Finally, repeated attempts to introduce
trfA* oriV replicons which contain the kilobase 52.5 to 55.6
region of RK2 (pTJS100, pTJS112, and pTJS133) into A.
vinelandii were unsuccessful. These results suggest that
although the region between kilobases 52.5 and 55.6 is
important in RK2 broad-host-range maintenance, the inter-
action of this region with other functions within RK2 such as
in the oriT region may also play a role in stable maintenance
in specific gram-negative bacteria.

The RK2 korA function has been shown to suppress the
kilA (12, 13) and kilD (kilBI) functions (25) and to allow
expression of the korB and korC functions (44). The studies
of Smith and Thomas (33, 35) have also demonstrated that
korA (trfB) is necessary to suppress kilD. Shingler and
Thomas have shown that the korA function regulates expres-
sion of the trfA promoter (30). In addition, the korB function
(which depends on the korA function for expression) regu-
lates expression of the trfA promoter and the putative kilB
promoter (30, 41).

Effect on host range of the kilA, kilC, and korC functions.
To test the importance of the complete kil-kor circuits, two
additional plasmids were constructed and examined for
stable maintenance. Plasmid pRK229 has been shown to
contain the complete kil-kor system (33). The addition of
RK2 oriT to plasmid pRK229 yields plasmid pTJS91 (Fig. 5).
The kilA, korC, kilC, oriV, and Ap" regions of pRK229 were
replaced with the RK2 oriV and oriT regions of plasmid
pRK252 to yield plasmid pTJS9S (Fig. 5). Plasmids pTJS91
and pTJS95 are stably maintained in E. coli, R. meliloti, and
A. tumefaciens. In two hosts, R. sphaeroides and C.
crescentus, pTJIS9S is stable, while pTJS91 maintenance is
unstable. In two other hosts, P. putida and A. calcoaceticus,
pTJS91 is stable while pTJS95 is unstably maintained (Table
3). Thus, as was observed in our studies of the region
between Kkilobases 52.5 and 55.6, functions present in
pTJIS91 or pTIS9S which contribute to increased stability of
plasmid maintenance in one host may create instability in
another host.

DISCUSSION

We have examined the maintenance properties of deriva-
tives of the IncP-1 plasmid RK2 to determine the genetic
basis of broad-host-range plasmid maintenance. Stable RK2
maintenance was observed in a representation of gram-
negative bacteria confirming the broad-host-range properties
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FIG. 3. The Haell fragments of the trfA region are depicted after
Smith et al. (32). The leftward putative kilB promoter and rightward
trfA promoter are indicated by arrows. The three polypeptides
encoded by the #rfA operon are shown (18, 30). An arrow indicates
the site of the TnS insertion used to construct the trfA* derivative of
the trfA region (37). Below the site of the trfA* Tn5 insertion, the
sequence of the Tn5-trfA operon junction is shown. Comparison
with the sequence of the intact #rfA operon indicates that deletion of
the balance of Tn5 to create the zrfA* region has removed the #rfA
promoter and the first 4 bp of the kilD coding region (unpublished
data). kD, Kilodaltons.

of this member of the IncP-1 group. Analysis of self-
replicating deletion derivatives of RK2 in nine bacterial
species has established that 2.2 kb of RK2 DNA containing
the trfA* and oriV regions encodes RK2 broad-host-range
replication properties. However, this trfA* oriV replicon
does not contain sufficient information for broad-host-range
maintenance. While stably maintained in E. coli, P. putida,
P. aeruginosa, and A. vinelandii, the trfA* oriV replicon
(pTJIS26, pTIS124, or pTIS75) is not stably maintained in R.
sphaeroides, C. crescentus, or A. calcoaceticus. Further-
more, the presence of the RK2 oriT region increases insta-
bility of a trfA* oriV plasmid (pTJS7S and pTJS124) in P.
aeruginosa and R. sphaeroides.

DNA sequence analysis of the trfA* derivative of the rfA
region indicates that the #rfA promoter and the first 4 bp of
the kilD coding sequence have been replaced by the end of
transposon Tn5. Stable maintenance of RK2 derivatives in
A. calcoaceticus is dependent on the presence of the intact
trfA operon. However, the #fA operon promoter and the
intact kilD coding region were nonessential for stable RK2
maintenance in the other gram-negative bacterial species in
our study. RK2 maintenance functions were localized to the
kilobase 52.5 to 55.6 region of RK2. The addition of this
3.1-kb region to a trfA oriV plasmid (pTJS210) allows stable
maintenance in four of the eight hosts tested. In addition, the
region between kilobases 52.5 and 55.6 stabilized a rfA*
region oriV plasmid (pTJS133) in R. meliloti, A. tume-
faciens, and C. crescentus (comparison with pTJS124) and
reduced instability arising from the RK2 oriT region in P.
aeruginosa and R. sphaeroides (comparison of pTJS26,
pTJS7S, pTIS124, and pTJS133). However, addition of the
RK2 region between kilobases 52.5 and 55.6 destabilized a
plasmid in certain situations (comparison of pTJS7S and
pTJS133 in P. putida and A. vinelandii and of pTJS26 and
pTJS130 in strain WS8 Nal). Thus, the functions present in
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FIG. 4. Structural features and relevant genetic loci and nuclease digestion sites of RK2 derivatives. Plasmid pTJS100 consists of the large
HindIII-EcoRI fragment of pTJS94 (containing the oriV, trfA*, and Tc' regions of RK2) joined to the small HindIII-EcoRI fragment of
pRK215.1 (Fig. 1). Plasmid pRK310 consists of the a-lac Haell fragment of pUC9 ligated into pRK290 linearized with Haell (8). Plasmid
pTIS111 was constructed by replacing the pRK215.1-derived HindlII-EcoRI fragment of pTJS100 with the small HindIII-EcoRI fragment of
pRK214.1 (Fig. 1). Plasmid pTJS112 is the product of insertion of the EcoRI RK2 oriT fragment of pTJS81 into the unique EcoRI site of
pTJS111. Mu sequences present in pTJS100 and pTJS112 are indicated by a wavy line. Plasmid pTJS130 was constructed by replacing the
pRK215.1-derived HindIII-EcoRI fragment of pTIS100 with the 3.1-kb HindIII-EcoRI fragment of pTJS129. Plasmid pTJS133 is the product
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fragment of pRK407 to an EcoRI fragment containing the ampicillin resistance gene, korA, incPI1-(II), and korB from plasmid pTJS194.
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functions, i.e., korA, incP1-(II), and korB. Preliminary re-
sults assessing Bal 31 deletions of the this region indicate
that deletions resulting in either a korA~ korB~ phenotype
(the korA function is required for korB expression [13]) or a
korA™ korB~ phenotype are unable to provide host range
maintenance functions to a trfA* region oriV plasmid in
R. meliloti, P. aeruginosa, or R. sphaeroides (T.]J.
Schmidhauser, D. H. Bechhofer, D. H. Figurski, and D. R.
Helinski, unpublished data). We have also shown that the
korA-incP1-(11) region (kilobases 54.1 to 56.4) in the absence
of korB function cannot provide RK2 maintenance functions
to a trfA oriV or a trfA* region oriV plasmid (pRK252,
pTJS67, or pTIS87). These results suggest that the entire
korA—incPI-(II)-korB coding region is required to provide
maintenance functions.

What is the genetic basis of the broad-host-range mainte-
nance phenotype of the region between kilobases 52.5 and
55.6? Evidence has been obtained for the control of RK2
copy number by the korA and korB functions (38). It has
been proposed that korB controls RK2 copy number by
regulating the expression of the trfA promoter (38, 41).
However, we have shown that the region between kilobases
52.5 and 55.6 provides maintenance function(s) to a mini-
RK2 plasmid lacking the #rfA promoter (pTJS133), suggest-
ing that the korB function may control RK2 copy number by
a mechanism other than or in addition to the regulation of the
trfA promoter. The korA function appears to act as an
anti-terminator of korB and kilA transcription (13, 44). How-
ever, this study has shown that the korA region alone does
not encode a broad-host-range maintenance phenotype. It is
possible that the korA—incP1-(II)-korB region functions as a
broad-host-range partition, coupled cell division (17, 23), or
copy number control locus able to act on mini-RK?2 plasmids
with and without the trfA promoter.

The results with our various plasmid constructs suggest
the involvement of regions in addition to the ¢rfA operon and
the segment between kilobases 52.5 and 55.6 in broad-host-
range maintenance. The 760-bp RK2 oriT region destabilizes
trfA* oriV plasmids in P. aeruginosa and R. sphaeroides. In
addition, the region between kilobases 52.5 and 55.6 desta-
bilizes a trfA* oriV replicon (pTIS133) in R. sphaeroides and
potentially in P. aeruginosa unless the RK2 oriT region is
present. Comparison of the maintenance properties of plas-
mids pTJS133 and pTJS112 in P. putida suggests that the
region of RK2 between kilobases 50.4 and 52.5 or the 1 kb of
the left end of phage Mu present in plasmid pTJS112 allows
stable maintenance in this host.

Barth et al. (1, 2) have shown that a Tn76 insertion
between the korA and korB functions of RP4 (plasmid
pRP761) has a differential effect on RP4 maintenance depen-
dent on the gram-negative host. Thomas et al. observed that
a trfA oriV plasmid spontaneously mutated to reduce expres-
sion of the kilD function, while capable of replication in E.
coli, could not be introduced into P. aeruginosa unless the
korA—incPI1-(II) region was provided in cis (39). These
results suggest that the expression or phenotype or both of
kil-kor functions may vary among gram-negative species.
Alternatively or additionally, non-kil-kor functions may be
responsible for the maintenance properties observed, and
the structure of RK2 derivatives may influence their expres-
sion. We observed that two plasmids, pTJS67 and pTJS75,
were unstable in two hosts, R. meliloti and A. tumefaciens,
relative to two plasmids consisting of the same regions of
RK2 joined in a different order (pTJS87 and pTJS124,
respectively). Preliminary analysis suggests that the close
proximity of the oriV and oriT regions of RK2 in plasmids
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pTIS67 and pTJS7S destabilizes the plasmids relative to
pTIS87 and pTJS124 in R. meliloti and A. tumefaciens.
Subsequently, the replicons in our study were constructed to
minimize, but do not rule out, structural effects on the
stability of replicon maintenance. Indeed, position effects,
rather then the RK2 region between kilobases 52.5 and 55.6,
appear to be responsible for the instability of pTJS133 in
Azotobacter spp. and P. putida (unpublished observations).

Our own observations and those of other laboratories
clearly indicate the interaction of several regions of the RK2
genome in the maintenance of plasmid RK2 in the broad
spectrum of gram-negative bacteria. The results with the
various plasmid constructs further show that while the #7fA
and oriV functions encode broad-host-range replication,
there is no universal set of genetic determinants in plasmid
RK2 that accounts for stable maintenance in all gram-
negative bacteria. Instead, the observations lead us to con-
clude that gram-negative bacterial species differ in their
requirements of various regions of plasmid RK2 for stable
maintenance of this plasmid. In addition, the stability of
IncP-1 plasmid maintenance may be related to the levels of
expression of the kil-kor functions in each host. It is essential
that the products of the maintenance regions be identified
before we can understand the molecular basis of broad-host-
range maintenance and the reasons for the different require-
ments shown by different bacterial species.
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