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To study the incompatibility properties of the vitopine Ti
plasmids of Agrobacterium vitis, pPM739 containing the
cloned ori region of pTiS4 was introduced by triparental
mating into seven Agrobacterium tumefaciens strains car-
rying incRh-1, incRh-2, and incAg-1 plasmids and into
eight A. vifis strains. All strains containing pPM739 re-
tained their original plasmids and virulence or the ability
to grow on tartrate, except for the three vitopine strains
S4, Sz1, and NW11. Furthermore, pTiS4 was stably main-
tained in S4 cells following introduction of the ori/inc
clones of the incRh-1, incRh-2, and incRh-3 plasmids.
These results show that vitopine Ti plasmids represent a
novel incompatibility group for which we propose the
name incRh-4.

Additional keywords: crown gall, grapevine, opines, plasmid
incompatibility.

Strains of the genus Agrobacterium may contain one to
several plasmids of which the large Tumor-inducing (Ti) or
Root-inducing (Ri) plasmids are characteristic for phytopa-
thogenic strains. During crown gall tumorigenesis or hairy
root induction a segment of these plasmids, called T-region, is
transferred from the bacterium to the plant cell and becomes
stably integrated into the plant chromosome as T-DNA
(Zambryski et al. 1989; Kado 1991; Hooykaas and Schilpero-
ort 1992; Zambryski 1992; Zupan and Zambryski 1995). The
transformed cells of the tumors or hairy roots produce and
secrete specific amino acid derivatives called opines. Both the
oncogenes and the opine biosynthetic genes are encoded by
the T-DNA. Outside the transferred region, Ti and Ri plas-
mids contain genes for the bacterial utilization of opines.
Opine synthesis and utilization form a basis for the classifica-
tion of Ti and Ri plasmids (Petit and Tempé 1985; Dessaux et
al. 1992). Ti and Ri plasmids have also been classified by
their incompatibility properties. Plasmid incompatibility has
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been defined as the inability to coexist stably in the same
bacterial cell (Novick and Hoppensteadt 1978; Austin and
Nordstrdm 1990). The incompatibility (inc) region of a given
plasmid is closely linked with the replication origin (ori) and
partition (par) regions (Novick and Hoppensteadt 1978; Aus-
tin and Nordstrom 1990) and is determined by 20 to 24 bp
direct repeats (Stalker and Helinski 1985; Persson and Nord-
strdm 1986; Lin et al. 1987; Newnham and Taylor 1994). The
ori and par regions have also been cloned from several plas-
mids of Agrobacterium and their use in incompatibility stud-
ies is well established (Knauf and Nester 1982; Gallie et al.
1984; Jouanin et al. 1985; Komari et al. 1986). The octopine,
nopaline, and D,L-succinamopine Ti plasmids of Agrobacte-
rium tumefaciens as well as the octopine Ti plasmids of
Agrobacterium vitis, formerly called biotype 3 (Ophel and
Kerr 1990), belong to incRh-1 group. The L,L-succinamopine
Ti plasmids (e.g., pTiB0542, also called leucinopine-type) of
A. tumefaciens belong to the incRh-2 group while the
agropine Ri plasmids of Agrobacterium rhizogenes are clas-
sified into the incRh-3 group (Hooykaas et al. 1980; Nester
and Kosuge 1981; Melchers and Hooykaas 1987). The tar-
trate-utilization (pTAR) plasmid of the A. tumefaciens strain
1D1422 and plasmid pAg119 belong to a fourth group desig-
nated incAg-1 (Gallie et al. 1984). Several other plasmids are
partially characterized with respect to their incompatibility
properties. For example, the 410-kbp cryptic pAtC58 plasmid
of A. tumefaciens strain C58 is compatible with several Ti and
Ri plasmids (White and Nester 1980; Jouanin et al. 1985), but
incompatible with the Rhizobium meliloti plasmid pRme41a
(Rosenberg and Huguet 1984; Hynes et al. 1985). The L,L-
succinamopine-type incRh-2 pTiBo542 plasmid was found to
be compatible with the L,L-succinamopine-type Ti plasmid of
strain Chry5 (Kovécs and Pueppke 1994) and the large tar-
trate-utilization (pTr) plasmids of A. vitis are also compatible
with various ‘Ti plasmids (Szegedi et al. 1992). Previous
studies have shown that A. vitis strains can be subdivided into
octopine, nopaline, and vitopine groups on the basis of the Ti
plasmid encoded opine markers. Of these the vitopine Ti
plasmids have been described recently (Szegedi et al. 1988;
Paulus et al. 1989). One vitopine Ti plasmid, pTiS4, has al-
ready been mapped and its T-DNA has been characterized in
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detail. These studies have shown that the vitopine Ti plasmid
has an unusual structure with three T-DNAs. These T-DNAs
carry oncogenes and opine genes that are only distantly re-
lated to T-DNA genes from other Ti plasmids (Gérard et al.
1992; Canaday et al. 1992). Here we show evidence that vi-
topine pTi’s belong to a new incompatibility group.

Strains and plasmids used for experiments are listed in Ta-
ble 1. Two-day-old pre-cultures were prepared for all experi-
ments on mannitol-glutamate Luria broth (MGLB) medium
(Lichtenstein and Draper 1986) supplemented with the ap-
propriate antibiotics. Plasmid pPM739 containing the ori re-
gion of pTiS4 cloned into the pBR322 derivative pKC7
(Gérard et al. 1992) was mobilized to various wild-type Agro-
bacterium strains by triparental mating with the helper plas-
mid pGJ28 as described (van Haute et al. 1983; Gérard et al.
1992). Plasmids pVK210, pVTK17, and pCH1546 were mo-
bilized by pRK2013 (Ditta et al. 1980). Plasmid pLJ46 was
introduced into S4 by transformation (Hofgen and Willmitzer
1988). Strain UBAPF2 (pTAR1D1422) was obtained by
mating A. tumefaciens UBAPF2 and 1D1422 strains on sterile
grapevine tumor tissue induced by A. vitis AB3 strain as de-
scribed (Szegedi et al. 1992). Two to six colonies per mating
combination were isolated and repeatedly purified on AB
minimal medium (Lichtenstein and Draper 1986) supple-
mented with 1% glucose and 100 mg of kanamycin per liter
or 20 mg of tetracycline per liter and characterized (see be-
low).

For plasmid miniscreens, the transconjugants and transfor-
mants were grown in liquid MGLB medium supplemented
with the appropriate antibiotics for 16 to 20 h. Cell lysis and
electrophoresis were carried out as described by Kado and
Liu (1981). For electrophoretic separation of plasmid DNA,
0.5 to 0.8% (wt/vol) agarose gel was used. Plasmid DNA was
blotted onto Hybond C-extra membranes (Amersham, UK)

Table 1. Bacterial strains and plasmids

according to the instructions of the supplier. Southern hy-
bridizations were carried out according to standard conditions
(Sambrook et al. 1989).

The virulence of strains was tested on wounded stems of
Kalanchoe tubiflora or Nicotiana tabacum var. Petite Havana
SR1 (Maliga et al. 1973). Plants were kept in the greenhouse
for 4 to 6 weeks following inoculation. The plasmid-free non-
pathogenic UBAPF2 (Table 1), the UBAPF2(pPM739), and
the pathogenic recipient strains were used for control experi-
ments.

To study the incompatibility properties of the well-
characterized vitopine Ti plasmid pTiS4 we introduced its
cloned ori region (Gérard et al. 1992) into 14 Agrobacterium
strains representing four opine types of A. tumefaciens, three
opine types of A. vitis, and into UBAPF2(pTAR1D1422),
which contains a tartrate utilization plasmid. This set of agro-
bacteria included strains with incRh-1, incRh-2, and incAg-1
plasmids (Table 1) as well as several uncharacterized Ti
plasmids. Except for the vitopine strains S4, Sz1, and NW11,
all transconjugant colonies contained the same plasmids as
the wild-type recipients plus an additional band correspond-
ing to the 25.4-kbp plasmid pPM739 following selection and
growth on kanamycin to promote maintenance of pPM739.
The pPM739 band was only weakly detectable in all recipient
Agrobacterium strains as shown for vitopine strains on Figure
1A, indicating that the pPM739 plasmid replicates at low
copy numbers in Agrobacterium.

The vitopine strains S4, Szl, and NWI11 became non-
virulent following introduction of pPM739. The loss of their
Ti plasmids was confirmed by Southern hybridization experi-
ments. Probe pKC7 (the 5.9-kbp vector part of pPM739) hy-
bridized to the 25.4-kbp band in Agrobacterium transconju-
gants as expected (Fig. 1B). The 1.0-kbp Ti-derived BamHI
fragment of the pTiS4 clone pPM628 (Gérard et al. 1992) hy-

Strain/Host Characteristics (inc group) Reference
Agrobacterium tumefaciens
UBAPF2 Biotype 1, RifR?, plasmid cured C58 Hynes et al. 1985
Ach5 Biotype 1, octopine pTi, incRh-1 Petit and Tempé 1985; Knauf and Nester 1982
C58 Biotype 1, nopaline pTi, incRh-1 Petit and Tempé 1985; Hooykaas et al. 1980
T37 Biotype 1, nopaline pTi, incRh-1 Petit and Tempé 1985; Hooykaas et al. 1980
A281 Biotype 1, L,L-succinamopine pTi, incRh-2 Petit and Tempé 1985; Komari et al. 1986
Eu6 Biotype 2, D,L-succinamopine pTi Sciaky et al. 1978; Chilton et al. 1984
UBAPF2 Biotype 1, pTAR1D1422, incAg-1 Gallie et al. 1984; and this work
Agrobacterium vitis
Tm4 Biotype 3, octopine pTi Szegedi et al. 1988
B10/7 Biotype 3, octopine pTi, incRh-1° Szegedi et al. 1988
ATI Biotype 3, nopaline pTi Szegedi et al. 1988
AT66 Biotype 3, nopaline pTi, incRh-1° Szegedi et al. 1988
Nil Biotype 3, nopaline pTi Szegedi et al. 1988
S4 Biotype 3, vitopine pTi Szegedi et al. 1988
Szl Biotype 3, vitopine pTi Szegedi et al. 1988
NWI11 Biotype 3, vitopine pTi Bien et al. 1990
Escherichia coli strains and plasmids
NM522 pPM739, ori pTiS4, KmR?, 25.4 kbp Gérard et al. 1992
HB101 pVK210, ori pTiA6, KmR, incRh-1, 47.1 kbp Knauf and Nester 1982
HB101 pTVKI17, ori pTiBo542, KmR, incRh-2, 49.3 kbp Komari et al. 1986
HB101 pLJ46, ori pRiHRI, KmR, incRh-3, 42 kbp Jouanin 1984; Jouanin et al. 1985
HBI101 pCH1546, TcR?, ori pTiChry5, 44.4 kbp Kovdcs and Pueppke 1994
JC2926 pGJ28, pR64drd11, KmR, TcR, SmR?* van Haute et al. 1983
HB101 pRK2013, KmR Ditta et al. 1980

* KmR: kanamycin resistant (100 mg/l); SmR: streptomycin resistant (100 mg/l); TcR: tetracycline resistant (20 mg/l); and RifR: rifamycin resistant (60

mg/l).

® The incompatibility properties of pTiB10/7 and pTiAT66 were determined during these studies using plasmid pVK210.
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Fig. 1. A, Lane 1, Plasmid profiles of Escherichia coli strains NM522
(pPM739); lane 2, JC2926(pGJ28B); lane 3, Agrobacterium vitis strains
S4; lane 4, S4(pPM739) of which the 260-kbp pTi has been cured by
pPM739; lane 5, Szl; lane 6, Sz1(pPM739); lane 7, NW11 (7); and lane
8, NW11(pPM739). Strain S4 contains four plasmids of which pTiS4
and pTrS4 are of nearly equal sizes (260 and 250 kbp, respectively; Ger-
ard et al. 1992), therefore were not properly separated. Strains Szl and
NWI11, besides the pTi, also contain a larger plasmid that becomes visi-
ble after curing of pTi's (lanes 6 and 8). The smaller band present in
NWI11, but not in NW11(pPM739) (lanes 7 and 8) is a plasmid that is
not consistently detected. Samples were separated in 0.7% (wt/vol) aga-
rose gel. B, Hybridization of identical plasmid blots using the cloning
vector pKC7 and (C) the Ti plasmid specific BamHI fragment of
pPM628 (Gérard et al. 1992) as probe. The 260-kbp bands in lanes 3, 5,
and 7 correspond to Ti plasmids. Plasmid sizes are given in kbp, c:
sheared chromosomal and plasmid DNA.

bridized to the Ti plasmids of wild-type vitopine strains S4,
Szl1, and NW11, and to the 80-kbp non-Ti plasmid of S4 (Fig.
1C). On the other hand, in S4(pPM739), Sz1(pPM739), and
NW11(pPM739) strains Ti plasmids could not be detected by
hybridization experiments, confirming that they were cured by
pPM739 (Fig 1C). All other Agrobacterium (pPM739) trans-
conjugant strains, except the negative control strain
UBAPF2(pPM739), were as virulent on Kalanchoe or tobacco
plants as the wild-type recipients. Similarly, pTAR1D422 was
stably maintained in UBAPF2 following introduction of
pPM739 since the transconjugants (six colonies were isolated)
contained both pTAR1D1422 and pPM739 when they were
grown on tartrate-free medium with kanamycin (to promote
the maintenance of pPM739).

To verify these data, ori/inc clones of the incRh-1 plasmid
pTiA6 (pVK210), the incRh-2 plasmid pTiBo542 (pTVK17),

1 2 3 4 5 6

Fig. 2. A, Lane 1, Plasmid profiles of Agrobacterium vitis strain S4 wild-
type; lane 2, S4(pPM739); lane 3, S4(pVK210); lane 4, S4(pTVKI17);
lane 5, S4(pLJ46); and lane 6, S4(pCH1546), separated in 0.8% (wt/vol)
agarose gel. B, The same samples separated in 0.5% (wt/vol) agarose
gel. The ori/inc clones are indicated by arrowheads. Sizes are given in
kbp, c: sheared chromosomal and plasmid DNA. C, Virulence of A. vitis
strain S4 and its transconjugant derivatives containing various eri/inc
clones on Kalanchoe tubiflora stems (order of strains as listed above).
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the incRh-3 plasmid pRiHRI (pLJ46), and the partially char-
acterized ori/inc clone of pTiChry5S (pCH1546) were intro-
duced into the vitopine strain S4 by triparental mating or
transformation. All colonies isolated on kanamycin or tetra-
cycline plates showed the appropriate additive plasmid pro-
file, i.e., the introduced ori/inc clone and the resident S4
plasmids, and they all were also pathogenic (Fig. 2).

The above data show that pPM739 is incompatible with the
vitopine Ti plasmids of A. vitis, but compatible with the Ti
plasmids and/or with the ori/inc clones representing the
known incompatibility groups incRh-1, incRh-2, incRh-3,
and incAg-1 (Nester and Kosuge 1981; Gallie et al. 1984:
Melchers and Hooykaas 1987), and with octopine and no-
paline Ti plasmids of A. vitis. We propose to establish a novel
group, incRh-4, for these pTi’s. Vitopine Ti plasmids have
only been detected in grapevine isolates (A. vitis), while other
opine types (octopine, nopaline, agropine) are more common
in the genus Agrobacterium (Petit and Tempé 1985; Szegedi
et al. 1988; Paulus et al. 1989; Dessaux et al. 1992). The dis-
tinct incompatibility property is another evidence, besides the
unique opine biosynthetic and catabolic genes and complex
T-DNA organization, that the vitopine-type pTi’s of A. vitis
represent a novel group of Ti plasmids.

ACKNOWLEDGMENTS

The authors are grateful to E. Puskds for technical assistance, to E.
Gdbris for photographic work, to E. W. Nester (Seattle, WA), L. Kovics
(Columbia, MI), to L. Jouanin (Versailles, France) for strains and plas-
mids, and to P. J. J. Hooykaas (Leiden, The Netherlands) for critical
reading of the manuscript. Em& Szegedi was supported by grant no.
24.327/1995 of the Hungarian Ministry of Agriculture.

LITERATURE CITED

Austin, 8., and Nordstrém, K. 1990. Partition-mediated incompatibility
of bacterial plasmids. Cell 60:351-354.

Bien, E., Lorenz, D., Eichhorn, K., and Plapp, R. 1990. Isolation and
characterization of Agrobacterium tumefaciens from the German vine
region Rheinpfalz. J. Plant Dis. Prot. 97:313-322.

Canaday, J., Gérard, J.-C., Crouzet, P., and Otten, L. 1992. Organization
and functional analysis of three T-DNAs from the vitopine Ti plasmid
pTiS4. Mol. & Gen. Genet. 235:292-303.

Chilton, W. §., Tempé, J., Matzke, M., and Chilton, M.-D. 1984. Succi-
namopine: a new crown gall opine. J. Bacteriol. 157: 357-362.

Dessaux, Y., Petit, A., and Tempé, J. 1992. Opines in Agrobacterium
biology. Pages 109-136 in: Molecular Signals in Plant-Microbe Com-
munications. D. P. S. Verma, ed. CRC Press, Boca Raton, FL.

Ditta, G., Stanfield, S., Corbin, D., and Helinski, D. R. 1980. Broad host
range DNA cloning system for Gram-negative bacteria: Construction
of a gene bank of Rhizobium meliloti. Proc. Natl. Acad. Sci. USA
77:7347-7351.

Gallie, D. R., Zaitlin, D. Perry, K. L., and Kado, C. L. 1984. Characteri-
zation of the replication and stability regions of Agrobacterium tume-
faciens plasmid pTAR. J. Bacteriol. 157:739-745.

Gérard, J.-C., Canaday, J., Szegedi, E., De La Salle, H., and Otten, L.
1992. Physical map of the vitopine Ti plasmid pTiS4. Plasmid 28:146-
156.

Hofgen, R., and Willmitzer, L. 1988, Storage of competent cells for
Agrobacterium transformation. Nucleic Acids Res. 16:9877.

Hooykaas, P. J. I, Den Dulk-Ras, H., Ooms, G., and Schilperoort, R. A.
1980. Interactions between octopine and nopaline plasmids in Agro-
bacterium tumefaciens. J. Bacteriol. 143:1295-1306.

Hooykaas, P. J. J., and Schilperoort, R. A. 1992. Agrobacterium and
plant genetic engineering. Plant Mol. Biol. 19:15-38.

Hynes, M. F, Simon, R., and Piihler, A. 1985. The development of

142 / Molecular Plant-Microbe Interactions

plasmid-free strains of Agrobacterium tumefaciens by using incom-
patibility with a Rhizobium meliloti plasmid to eliminate pAtC58.
Plasmid 13:99-105.

Jouanin, L. 1984. Restriction map of an agropine type Ri plasmid and its
homologies with Ti plasmids. Plasmid 12:91-102.

Jouanin, L., Vilaine, F,, d'Enfert, C., and Casse-Delbart, F. 1985, Local-
ization and restriction maps of the replication origin regions of the
plasmids of Agrobacterium rhizogenes strain A4, Mol, & Gen. Genet,
201:370-374.

Kado, C. 1. 1991. Molecular mechanism of crown gall tumorigenesis.
Crit. Rev. Plant Sci. 10:1-32,

Kado, C. I, and Liu, 8.-T. 1981. Rapid procedure for detection and iso-
lation of large and small plasmids. J. Bacteriol. 145:1365-1373.

Knauf, V. C., and Nester, E. W. 1982. Wide host range cloning vectors:
A cosmid clone bank of an Agrobacterium Ti plasmid. Plasmid 8:45-
54.

Komari, T.,, Halperin, W,, and Nester, E. W. 1986. Physical and func-
tional map of supervirulent Agrobacterium tumefaciens tumor induc-
ing plasmid pTiBo542. J. Bacteriol. 166:88-94.

Kovdcs, L., and Pueppke, §. G. 1994. Mapping and genetic organization
of pTiChry5, a novel Ti plasmid from a highly virulent Agrobacterium
tumefaciens strain. Mol. & Gen. Genet, 242:327-336.

Lichtenstein C., and Draper, J. 1986. Genetic engineering of plants.
Pages 67-119 in: DNA Cloning: A Practical Approach. Vol. II. D. M.
Glover, ed. IRL Press, Oxford.

Lin, L. S., Kim, Y. J., and Meyer, R. J. 1987. The 20 bp, directly re-
peated DNAsequence of broad host range plasmid R1162 exerts in-
compatibility in vivo and inhibits R1162 DNA replication in vitro.
Mol. & Gen. Genet. 208:390-397.

Maliga, P, Sz.-Breznovits, A., and Mdrton, L. 1973, Streptomycin resis-
tant plants from callus culture of haploid tobacco. Nature New Biol.
244:29-30.

Melchers, L. S., and Hooykaas, P. J. J. 1987. Virulence of Agrobacte-
rium. Oxf. Surv. Plant Mol. Cell. Biol. 4:167-220.

Nester, E. W., and Kosuge, T. 1981. Plasmids specifying plant hyperpla-
sias. Annu. Rev. Microbiol. 35: 531-565.

Newnham, P. J., and Taylor, D. E. 1994. Molecular analysis of Re-
pHILA, a minimal replicon of the incHII plasmid R27. Mol. Micro-
biol. 11:757-768.

Novick, R. P, and Hoppensteadt, F. C. 1978. On plasmid incompatibil-
ity. Plasmid 1:421-434,

Ophel, K., and Kerr, A. 1990. Agrobacterium vitis sp. nov. for strains of
Agrobacterium biovar 3 from grapevines. Int. J. Syst. Bacteriol.
40:236-241,

Paulus, ., Huss, B., Bonnard, G., Ridé, M., Szegedi, E., Tempé, I., Petit,
A., and Otten, L. 1989. Molecular systematics of biotype III Ti plas-
mids of Agrobacterium tumefaciens. Mol. Plant-Microbe Interact.
2:64-74.

Persson, C., and Nordstrom, K. 1986. Control of replication of the broad
host range plasmid RSF1010: the incompatibility determinant consists
of directly repeated DNA sequences. Mol. & Gen. Genet. 203:189-
192,

Petit, A., and Tempé, J. 1985. The function of T-DNA in nature. Pages
625-636 in: Molecular Form and Function of the Plant Genome. L.
van Vloten-Doting, G. S. P. Groot, and T. C. Hall, eds. Plenum Press,
New York.

Rosenberg, C., and Huguet, T. 1984. The pAtCS58 plasmid of Agrobac-
terium tumefaciens is not essential for tumor induction. Mol. & Gen.
Genet. 196:533-536.

Sambrook, J., Fritsch, E. F, and Maniatis, T. A. 1989. Molecular Clon-
ing: A Laboratory Manual. 2nd ed. Cold Spring Harbor Laboratory,
Cold Spring Harbor, New York.

Sciaky, D., Montoya, A., and Chilton, M.-D. 1978. Fingerprints of
Agrobacterium Ti plasmids. Plasmid 1:238-253.

Stalker, D. M., and Helinski, D. R. 1985. DNA segments of the IncX
plasmid R485 determining replication and incompatibility with
plasmid R6K. Plasmid 14:245-254.

Szegedi, E., Czaké, M., Otten, L., and Koncz, Cs. 1988. Opines in crown
gall tumors induced by biotype 3 isolates of Agrobacterium tumefaci-
ens. Physiol. Mol. Plant Pathol. 32:237-247.

Szegedi, E., Otten, L., and Czaké, M. 1992. Diverse types of tartrate
plasmids in Agrobacterium tumefaciens biotype III strains. Mol.
Plant-Microbe Interact. 5:435-438,

van Haute, E., Joos, H., Maes, H., Warren, G., van Montagu, M., and



Schell, J. 1983. Intergeneric transfer and exchange recombination of Zambryski, P. 1992. Chronicles from the Agrobacterium-plant cell DNA

restriction fragments cloned in pBR322: A novel strategy for the re- transfer story. Annu. Rev. Plant Physiol. Plant Mol. Biol. 43:465-490.

versed genetics of the Ti plasmids of Agrobacterium tumefaciens. Zambryski, P., Tempé, J., and Schell, J. 1989. Transfer and function of T-

EMBO J. 2:411-417. DNA genes from Agrobacterium Ti and Ri plasmids in plants. Cell
White, F. F,, and Nester, E. W. 1980. Relationship of plasmids responsi- 56:193-201.

ble for hairy root and crown gall tumorigenicity. J. Bacteriol. 144: Zupan, J. R., and Zambryski, P. 1995. Transfer of T-DNA from Agrobac-

710-720. terium to the plant cell. Plant Physiol. 107:1041-1047

Vol. 9, No. 2, 1996 / 143



