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A collection of 76 Agrobacterium vitis isolates was analyzed
by several molecular methods. PCR analysis of the 16S-
23S intergenic spacer (IGS) region of the ribosomal DNA,
restriction patterns of total DNA, and hybridization with
different Ti plasmid probes enabled us to distinguish
chromosomal and Ti plasmid characteristics. The various
strains could be divided into several chromosomal groups
based on IGS patterns. Each group was found to contain a
particular type of Ti plasmid (nopaline, vitopine, and oc-
topine/cucumopine Ti plasmids), although a few excep-
tions occur which may represent rare natural transconju-
gants. The Ti plasmid of isolate CG474 did not fit within
existing A. vitis Ti plasmid groups.

Additional keywords: Agrobacterium ecology, crown gall,
grapevine, ribosomal RNA gene.

Agrobacterium vitis (Ophel and Kerr 1990), previously
called Agrobacterium tumefaciens biotype III (Kerr and Pana-
gopoulos 1977; Siile 1978), has been found to be specifically
associated with grapevine (Panagopoulos et al. 1978; Perry
and Kado 1982; Burr and Katz 1983; Burr et al. 1987; Ma et
al. 1987; Szegedi et al. 1988; Bien et al. 1990; Sawada et al.
1990). An A. vitis-specific polygalacturonase gene that leads
to grapevine root necrosis plays an important role in host
specificity (McGuire et al. 1991; Rodriguez-Palenzuela et al.
1991).

Szegedi (1985) has shown that many A. vitis isolates use
tartrate even in the presence of glucose, whereas other Agro-
bacterium species do not (Kerr and Panagopoulos 1977; Siile
1978). Tartrate utilization is plasmid-encoded (Otten et al.
1995, Crouzet and Otten 1995, Salomone et al. 1996) and may
constitute another important host range factor for A. vitis.

The Ti plasmids of the A. vitis strains have been classified
into four main groups: nopaline plasmids (N plasmids), oc-
topine/cucumopine (o/c) plasmids with a small or large TA
region (OS and OL plasmids, respectively), and vitopine (V)
plasmids (Paulus et al. 1989a). Within these major groups,
several subgroups have been found (exemplified by pTiAB3,
pTiAg57, and pTiINW233 within the OS group and pTiTm4,
pTiHm1, and pTi2608 within the OL group, van Nuenen et al.
1993). The V and N plasmids (of which pTiS4 and pTiAB4
have been studied in detail, Gérard et al. 1992, Otten and de
Ruffray 1994) are less variable. The OS and OL plasmids are
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associated with particular chromosomal backgrounds (Paulus
et al. 1989b). The phylogenetic relationships between the A.
vitis chromosomal backgrounds have not been studied earlier.
Here we describe chromosomal and Ti plasmid characteris-
tics of 76 A. vitis isolates, 22 of which are reference strains
chosen on the basis of earlier analyses, whereas 54 (CG num-
bers) are new grapevine isolates from the United States. Dif-
ferent molecular methods based on chromosomal and Ti plas-
mid characteristics were used. Analysis of 16S sequences
(Sawada et al. 1993; Willems et al. 1993) and of the intergenic
spacer separating the 16S and 23S rRNA genes (Barry et al.
1991) has been suggested for identification of bacterial
strains. In this study, we have used restriction enzyme analysis
of the PCR-amplified intergenic spacer (ribo-fingerprinting)
and the EcoRV digestion pattern of total DNA to place the
strains into chromosomal groups. Most of the Ti plasmids
could be placed in the earlier defined OS, OL, N, and V
groups, but one (pTiCG474) has an unusual T-DNA structure.

RESULTS

Digestion patterns of total DNA.

Total DNA of the 76 A. vitis isolates was digested with
EcoRV and run on agarose gels.

Thirteen different restriction patterns were obtained (I to
X111, Fig. 1) and allowed a first grouping of the isolates.

PCR amplification of the 165-23S intergenic
spacer regions.

The 16S-23S intergenic spacer regions (IGS) from all
strains were amplified by PCR and the amplicons were di-
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Fig. 1. EcoRV digestion patterns of representative Agrobacterium vitis
isolates. CG49 (I), CG56 (II), CG78 (III), CG81 (IV), CG98 (V), CG101
(VID), CG450 (VII), CG102 (VIII), CG108 (IX), CG415 (X), CG475 (XI),
2612 (XII), CG474 (XIII). M: DNA marker (fragment size in kb).



Table 1. Agrobacterium vitis isolates and their properties®

IS8671S869 Ti EcoRV IGS
Strains and origin type type type type type
CG47(NY,g,C), CG49(NY,g,R), - 1 N I Al
CG60(NY,g,G), CG94(NY,g,R),
CG109(NY,g,-), CG110(NY,g,-),
CG112(NY,g,-), CG213(NY,s,Cb),
CG218(NY,s,Cb), CG406(NY,1,G),
CG407(NY,1,G), CG424(NY,s0),
CG439(WA,r,Cb), CG440(WA,r,Cb),
CG441(WA,r,Cb), CG442(WA,1,R),
CG443(NY,r,Ch), CG44T(NY 1,-),
CG470(WA,s,Sb), CG471(WA,s,Sb),
CG485(NY,r,Cd), Ni-1(H),
IS1.1(H),AT1(H), EK2(H)

CG111(NY.,g.-) - 1 - I Al
CG453(NY,s,R), CG455(NY,s,R) - 2 N I Al
CG486(NY,r,Co) - 3 N I Al
AB4(H) - 4 N I Al
CG78(NY,g,M), CG88(NY,gR) - - vV m Al
CG113(NY,g,-), CG114(NY,g,-),
Sz2(H), NW11(G), NW113(G), 1 - v I Al
NW121(G), NW161(G)
CG108(NM,g,Z) 27 - OL- IX A2
like
CG81(MlLg,Ch) - 5 A" IV  Bla
2681(F) 1 6 v IV  Bla
CG448(NY,s,Ch), CG450(NY,s,Ch), 1 6 A" VII Bla
CG452(NY,s,Ch)
CG56(ML,g,Cl) - 7 N II  Bla
CG474(NM,1,Z) - 8 On XIII Bla
CG98(VA,g.R) - 9 \" v Bl1b
CG101(VA,g,Gt), CG228(NY,s,Cs), - 10 v VI Blb
CG229(NY,s,Cs), CG230(NY,s,Cs),
CG231(NY,s,Cs)
2618(F) 13 - OL VII B2a
2949(F) 14 - OL VII B2a
K308(A), K309(A) 15 - OL VII B2a
2686(F) 17 - OL VII B2a
2641(F) 19 - OL VII B2a
CG102(VA,g,Ch), CG106(MS,g,P), 24 - OL VII B2a
CG107(MS,g,P), CG435(VA,s0),
CG437(VA,s0)
CG412(NY,s0), CG413(NY,s0) 25 - OL VII B2a
CG475(NM,r,Fc), CG477(NM,r,Fc) 26 - 0S8 XI B2a
CG478(NM,r,Fc), CG479(NM,r,Fc)
CG415(NY,s,Cb) 28 - 0s X B2b
2612(F) 3 12 0S8 XII B2
AB3(H) 4 14 O8 XII B2
2607(F) 5 13 0S8 XII B2
2613(F) 8 13 0S8 XI B2
B10/7(H) 9 11 OS XII B2

* CG series: new isolates from the United States, the others are reference
strains described by Paulus et al. 1989a, 1989b. Strains were analyzed
by hybridization to I1S867, 1S869, and (to determine the Ti plasmid
type) to N231 (T-DNA of the nopaline pTiAB4 plasmid) and pPM649
(T-DNAs T1 and T2 of the vitopine pTiS4 plasmid), by comparison of
EcoRV digests of total DNA, and by IGS ribo-fingerprinting. Origin:
for the american isolates (CG series) the first two letters represent the
abbreviation for the state in which the sample was collected. Isolations
were made from g = galls, r = roots, s = sap or so = soil. Cultivars of
grape from which isolation were made include: C = Chancellor, Ch =
Chardonnay, Cb = Chenin blanc, Cl = Chelois, Co = Concord, Cs =
Cabemet-Sauvignon, Fc = French Colombard, Gt = Gewurztraminer, G
= Gamay beaujolais, M = Merlot, P = Pinot noir, R = Riesling, Sb =
Sauvignon blanc, Z = Zinfandel, Cd = C3309. For the other isolates A,
F, G, and H denote Australia, France, Germany, and Hungary, respec-
tively. Ti types: N, V, OS, OL, and On: nopaline, vitopine, o/c small
TA, of/c large TA and new octopine type Ti plasmids. IS867 types 1-23
have been described by Paulus et al. 1989b.

gested with five different restriction endonucleases. The Nei
and Li coefficients, calculated from the resulting fragments,
were used in the unweighted pair group method with the
arithmetic mean (UPGMA, Sneath and Sokal 1973) in the
NTSYS program to generate the phenogram shown in Figure
2B. Two main groups of strains (similarity coefficients [s] <
0.50) were identified. UPGMA is commonly used, easy to un-
derstand and generates equally weighted comparisons of all of
the isolates that are tested (Rohlf 1988).

Group A consists of two subgroups, Al and A2. Within
group Al, group Ala contains 30 of the 31 strains with N
plasmids (all with identical IGS patterns) and group Alb
contains eight strains with V plasmids. Group A2 has a single
strain (CG108) with an OL plasmid. Group B consists of sub-
groups B1 and B2. Group B1 is divided into two subgroups
comprised of Bla with a set of five identical strains with V
plasmids, strain CG56 with an N plasmid and strain CG474
with an unusual octopine plasmid. Group B1b has six identi-
cal strains with V plasmids. Group B2 consists of three sub-
groups all containing strains with OS or OL plasmids. B2a has
primarily strains with OL plasmids (13 of 17 strains), the
other B2 strains carry OS plasmids. These data are summa-
rized in Figure 2B and Table 1.
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Fig. 2. A, Ribofingerprinting patterns of PCR-amplified IGS region of
tDNA from representative Agrobacterium vitis strains with Aval (A),
Cfol (B), Haelll (C), Rsal (D) and Tagl (E) endonucleases. IGS groups
are indicated within brackets. First and last lane in each gel is a 100-bp
DNA marker. Lanes 1 to 13: CG47 (Ala), CG78 (Alb), CG56 (Bla),
CG81 (Bla), CG474 (Bla), CG98 (B1b), CG102 (B2a), 2641 (B2a),
CG475 (B2a), CG108 (A2), CG415 (B2b), B10/7 (B2c), 2613 (B2c). B,
Phenogram from UPGMA clustering of strains based on values of Nei-Li
similarity coefficients (strain designation is the same as in Table 1).
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Hybridization to different probes.

Contrary to the PCR technique, Southern hybridization can
reveal banding patterns of repeated elements like bacterial in-
sertion sequences (IS elements). These patterns can then be
related to each other (Paulus et al. 1989b). The EcoRV-
digested DNAs of the 54 new A. vitis isolates were blotted and
hybridized to different probes. The 22 reference strains were
only analyzed for the occurrence of IS869, the other probes
were tested in previous studies.

Hybridization to I1S867.

All OS and OL plasmids studied so far contain an IS867
copy just outside the right border of the TA region, and an-
other one within the right part of the TB region. OL plasmids
also contain a copy of the IS867-related IS866 element in the
TA region, which cross-hybridizes to 1S867 (Paulus et al.
1989b). Apart from the pTi-located IS866 and I1S867 copies,
strains with OS and OL plasmids contain chromosomal copies
which can be identified by their particular hybridization pat-
terns. Some strains with V plasmids have also been found to
contain chromosomal IS867 copies, while strains with N
plasmids lack IS867 and IS866 (Paulus et al. 1989b).

Total DNA of the 54 new isolates (CG series) was digested
with EcoRV and hybridized to the IS867 probe F7 (Paulus et
al. 1989b). Results are summarized in Table 1. The 11 patterns
of the hybridizing reference strains (Table 1) have been de-
scribed and defined before (Paulus et al. 1989b). Thirteen CG
strains grouped into five hybridization patterns different from
the 23 patterns described before; these patterns were called
patterns 24-28 (Fig. 3).

Hybridization to IS869.
IS869 was first detected in the TA and TB region of OS
plasmids (Paulus et al. 1991). Strains with such plasmids also
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Fig. 3. Five new IS866/867 patterns from representative Agrobacterium
vitis strains. Lanes 1 to 5 (pattern numbers indicated in brackets):
CG102 (24), CG412 (25), CG475 (26), CG108 (27), CG415 (28). M:
molecular weight marker in kb. Patterns 1 to 23 have been defined in
Paulus et al. 1989b.
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carry IS869 copies in their chromosomes. The exceptional OS
plasmids pTiAg57 and pTiNW233 lack IS869. Strains with N
or V plasmids sometimes carry IS869 copies on their chromo-
somes but not on the Ti plasmid (Paulus et al. 1991). An
1S869 probe (a 0.6-kb Hinfl-HindIIl fragment from the
pTiAB3 TA region, Paulus et al. 1991) was hybridized to the
76 A. vitis isolates; 49 strains hybridized with 14 different
patterns (Table 1, Fig. 4).

Hybridization to vitopine T-DNAs.

Vitopine Ti plasmids (V plasmids) have been found to have
identical EcoRV T region patterns (L. Otten, unpublished).
The EcoRV-digested DNAs of the new isolates were hybrid-
ized to an 18-kb insert of the vitopine T1-T2 region from the
model V plasmid pTiS4 contained in clone pPM649 (Gérard
et al. 1992). Fourteen isolates hybridized, all with the charac-
teristic pTiS4 pattern (Table 1, not shown)..

Hybridization to the AB4 T-DNA.

AB4 is an A. vitis strain with an N-type Ti plasmid. The
pTiAB4 T-DNA has been cloned (clone N231, Otten and de
Ruffray 1994) and partially sequenced. The left part of N231
hybridizes to the left part of the OL TA region, while the right
part is pTiAB4-specific. N231 does not hybridize to vitopine
T-DNAs nor to the OS TA-DNA or OS/OL TB-DNA. Clone
N231 can therefore identify strains with N plasmids and OL
plasmids. It was used as a probe against EcoRV-digested DNA
of the new A. vitis isolates; 25 strains hybridized with the
characteristic N plasmid pattern, 8 with the OL plasmid pat-
tern (Table 1). CG111, 415, 474, 475, 477, 478, and 479 did
not hybridize and therefore did not contain V, N, or OL plas-
mids. They were tested for virulence on stems of Kalanchoe
tubiflora: CG111 was avirulent and was not further investi-
gated, the others induced undifferentiated tumors (CG415,
475, 477, 478, 479) or tumors with shoots (CG474, results not
shown).

Hybridization with other probes.

CG415, 474, 475, 477, 478, and 479 were further investi-
gated with an OL virulence region probe (P28, Otten et al.
1993), an OS TA region probe and an OS TB region probe

12__345678910I112]3l4

30 i

2.0-
1.6-

1.0-

0.5-

Fig. 4. 1S869 patterns from representative Agrobacterium vitis strains.
Lanes 1 to 14 (pattern numbers indicated in brackets): CG49 (1), CG453
(2), CG486 (3), AB4 (4), CG81 (5), CG450 (6), CG56 (7), CG474 (8),
CG98 (9), CG101 (10), B10/7 (11), 2612 (12), 2607 (13), and AB3 (14).
M: molecular weight marker in kb.



(BhS and Bh6, van Nuenen et al. 1993). The hybridization
patterns (not shown) demonstrated that CG415 and CG475,
477, 478, and 479 are OS strains of the Ag57/NW233 type
(they have characteristic P28 and Bh6 patterns but lack
18869). CG474 does hybridize to the virulence region and the
OS TA region but with unusual patterns (not shown). It does
not hybridize to the OS TB region (found in strains with OL
and OS plasmids).

DISCUSSION

Hybridization analysis of 54 new A. vitis isolates from the
United States showed that most of their Ti plasmids could be
classified into one of the groups defined earlier by Paulus et
al. 1989a, confirming that A. vitis strains contain either o/c,
nopaline, or vitopine plasmids.

Agrobacterium strain classification should be based on
chromosomal characteristics, not on Ti plasmid properties like
opine synthesis, opine utilization, or T-DNA structure. Al-
though we found a strong correlation between chromosome
and Ti plasmid structures, both in previous studies and in the
present study, the correlation is not perfect. We therefore pro-
pose to abandon opine induction and utilization as criteria to
classify and name Agrobacterium isolates. Practically, this
means that one can no longer speak of octopine, vitopine, or
nopaline strains as systematic groups, as has been usual up to
now. Opines may still be used to classify Ti plasmids but fur-
ther specification is clearly necessary. There are (for example)
at least threc different types of nopaline Ti plasmid
(representatives of which are pTiC58 in an A. tumefaciens bi-
otype I strain, pTi82139 in an A. tumefaciens biotype Il strain,
and pTiAB4 in an A. vitis strain, Otten and de Ruffray 1994) ;
at the moment it is not clear how such plasmids should be
named.

We propose to use the 16S-23S intergenic region of the
rRNA operon to establish the phylogenetic relationships
within A. vitis species. In this study we have defined two main
IGS groups, A and B. Group B can be divided into B1 and B2,
each subdivided further. The IGS data correlate very well with
the EcoRV DNA digestion patterns, but contrary to the latter,
also provide a clue to the phylogenetic relations between the
chromosomes.

All isolates with N plasmids except CG56 belong to IGS
group Ala and have similar IS869 patterns and indistinguish-
able EcoRV restriction patterns {type I). This indicates that
this group is of recent, clonal origin. CG111 belongs to the
same group, but lacks a Ti plasmid and may therefore be a
naturally cured derivative. V plasmids are found in three dif-
ferent IGS groups: Alb, Bla, and B1b. V plasmids may there-
fore have entered their bacterial “hosts” on more than one oc-
casion. Group Bla also contains CG474 with a novel type of
Ti plasmid (see below) and CG56 with an N plasmid. The
latter strain may result from the transfer of an N plasmid from
an A to a B1 background. The B2 group carries OL or OS
plasmids but no V or N plasmids. CG108 is the only isolate
outside group B2 with an OL plasmid and like CG56, may
result from a Ti plasmid transfer event. The I1S869 and 1S867
patterns provide a means to distinguish between closely re-
lated strains which cannot be separated by IGS analysis.

1t is clear from our studies that the different Ti plasmids are
strongly associated with particular chromosomal “hosts,” al-

though exceptions do occur. Our studies provide for the first
time information about the genetic relatedness between the A.
vitis subgroups. If the close association between Ti plasmid
types and chromosomes is further confirmed, it will become
possible to analyze the evolutionary history of the different Ti
plasmid-chromosome associations. These studies may be fur-
ther refined by sequencing the IGS regions of selected strains,
or even their complete rrn operons; the sequences of an rrn
operon of strain S4 (which contains a V plasmid, Otten et al.
1996) and of strain K309 (the A. vitis type strain with an OL
plasmid, Otten and de Ruffray 1996) have been obtained re-
cently. For initial screening of large numbers of isolates, IGS
ribo-fingerprinting is however more convenient.

CG474 represents a special case, although its chromosome
belongs to group Bla, its T-DNA hybridization pattern is
completely different from published T-DNA maps. Partial se-
quencing (L. Otten, unpublished data) shows that it is related
to the octopine TL and TA-DNAs. Interestingly, pTiCG474
lacks the TB region and the IS867 elements characteristic for
the A. vitis o/c Ti plasmids. Further studies are required to es-
tablish its evolutionary origin.

MATERIALS AND METHODS

Bacterial strains and plasmids.

Various A. vitis wild-type strains are listed in Table 1. All
were shown to be A. vitis strains by classical microbiological
tests (Paulus et al. 1989a; T. Burr, unpublished).

Bacterial growth and DNA isolation.

Strains were grown overnight in liquid LBMG medium
(Lichtenstein and Draper 1986). Total DNA was prepared
from 1.5-ml cultures according to Paulus et al. (1989a) and
separated on 0.5 to 0.7% agarose gels in TAE buffer.

Virulence assays.

Kalanchoe tubiflora reacts to different Agrobacterium vitis
strains with the formation of undifferentiated tumors, shooty
or rooty tumors (Paulus et al. 1989a). Stems were punctured
and inoculated with bacterial suspensions (10® bacteria/ml,
Paulus et al. 1989a). Results were scored after 4 weeks.

PCR amplification and ribo-fingerprinting.

PCR amplifications were carried out in 100-ul volumes, the
reaction mixture contained 50 ng of DNA, 2.5 mM MgCl, 5
pmole of each primer (Burr et al. 1995), 0.1 mM (each) of
dNTP, 2.5 U Taq polymerase (Promega, Madison, WI), reac-
tion buffer (10 mM Tris-HCl, 50 mM KCl, 0.1% Triton-X100)
under 3 drops of mineral oil. Amplification was done in a
PTC-100 programmable thermal controller (MJ Research,
Inc., San Francisco) programmed for 2 min at 94°C, followed
by 35 cycles of 1 min at 94°C, 1 min at 52°C, 2 min at 72°C,
and a final extension for 5 min at 72°C. Amplification prod-
ucts were purified using Millipore regenerated cellulose col-
umns (Millipore Corp., Bedford, MA). Amplicons were di-
gested with Tagl, Aval, Rsal, Cfol, and Haelll purchased from
Promega, and digests were analyzed by 3% agarose gel elec-
trophoresis in TBE buffer. Gels were stained with 0.5 pg/ml
of EtBr and photographed under a UV source.

Cluster analysis.
Similarities between strains were computed from the pres-
ence or absence of restriction fragments of amplicons by the
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method of Nei and Li (1979). For each pair of strains, the Nei-
Li coefficient is the number of fragments present in both
strains divided by the average number of fragments present in
both strains. To determine relationships between strains, these
similarities were used in the unweighted pair group method
using arithmetic means (UPGMA) cluster analysis procedure
(Sneath and Sokal 1973), an option of the computer program
NTSYS-pc (Rohif 1988).
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