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E.A. MOMOL, T.J. BURR, C.L. REID, M.T. MOMOL, S.H. HSEU AND L. OTTEN. 1998. Sixty-nine strains
of Agrobacterium vitis, the causal agent of grape crown gall, originating from different
geographical regions of the USA and Europe, were characterized by fingerprint analysis of
the 5?-end of the 23S rRNA gene and by Random Amplified Polymorphic DNA (RAPD)
markers. For 5?-end 23S fingerprinting, amplicons were digested with TaqI, RsaI, AvaI, CfoI
and AluI. For RAPD analysis, three 10-mer primers were used to generate PCR products.
There was a high degree of correlation between strain groupings generated by the two
methods. However, more diversity was identified when groupings were based on RAPDs.
For example, 28 of 29 strains having nopaline type Ti plasmids generated identical 5?-end
23S patterns but formed two distinct RAPD groups that separated strains originating from
the USA and Hungary. Similarly by RAPDs, one cluster of strains carrying vitopine-type Ti
plasmids could be separated into those originating in the USA and Europe. The composition
of strain groups generated by 5?-end 23S and RAPDs were highly correlated with a previous
fingerprint analysis of the intergenic spacer region (located between the 16S and 23S rRNA
genes) and with RFLP analysis for characterizing Ti plasmids. These findings show that
among Ag. vitis strains there is a high level of correlation between two regions of the rRNA
operon, total genomic DNA (as determined by RAPDs) and the type of Ti plasmid they
carry.

INTRODUCTION

Crown gall caused by Agrobacterium vitis (Ophel and Kerr
1990) is a serious disease of grapes worldwide, particularly
on cultivars of Vitis vinifera. The bacterium survives sys-
temically in vines and in addition to tumours, it causes tissue
necrosis that is associated with production of a chro-
mosomally-encoded polygalacturonase (McGuire et al. 1991;
Rodriguez-Palenzuela et al. 1991; Herlache et al. 1997).
Tumours usually develop on the lower trunks of vines near
graft unions. Grapevines carrying Ag. vitis systemically may
form galls when chemical signals from wounded plants induce
the infection process by the pathogen (Burr et al. 1987).
Tumorigenic and non-tumorigenic strains of Ag. vitis coexist
in galls and symptomless tissues and may be disseminated in
propagation material (Burr and Katz 1983, 1984).
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Tumorigenic strains of Ag. vitis have been previously char-
acterized based on the types of opine synthesis and catabolic
genes they carry on their Ti plasmids. Important charac-
teristics of Ti plasmids are the genetic make-up of the T-
DNA that is transferred and expressed in plants, the virulence
genes that are responsible for packaging and transport of T-
DNA, and the genes coding for opine synthesis and catab-
olism. Ti plasmids differ structurally and are generally div-
ided into those that encode the synthesis of nopaline (contain
a single T-DNA region), octopine/cucumopine (contain TA
and TB T-DNA regions) or vitopine (contain three T-
DNAs). The octopine/cucumopine plasmids are further div-
ided into those that have a large (OL) or small (OS) TA
region. Strain characterization has been done by hybridizing
EcoRV digests of genomic DNA either with probes for spec-
ific insertion sequences (IS elements) or probes specific to
regions of the different Ti plasmids (Paulus et al. 1989a,b;
Otten et al. 1996a).
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Ribosomal RNA genes and intergenic spacer regions in the
rRNA operon have been primary targets for generation of
DNA markers that can be used to measure genetic diversity
between and within species of micro-organisms (Barry et al.
1991). Characterization of Ag. vitis strains based on ribo-
fingerprinting of the IGS region demonstrated a high level
of correlation between the IGS fingerprint groups and the Ti
plasmid types carried by the strains. Consequently, Otten et
al. (1996a) proposed the use of IGS fingerprints as a way of
characterizing strains of Ag. vitis.

Some regions of the rRNA operon, such as the 16S and
23S genes, are not usually suitable for generating unique
molecular markers because within closely related species they
are mostly invariant. However, a highly variable region has
been found at the 5?-end of the 23S gene in members of
Rhizobiaceae (Raue et al. 1990; Gray and Schnare 1990).
Rhizobium, Bradyrhizobium and Agrobacterium strains pro-
duce a short rRNA of about 130 bp that hybridizes with a
probe covering 130 bp from the 5?-end of the 23S gene. This
insertion was not observed in Escherichia coli (Hackenberg-
Evguenieva and Pobell-Selenska 1995). The complete
sequence of the rRNA operon of the Ag. vitis type strain
NCPPB 3554 (K309) (having an OL type Ti plasmid) was
compared with that of Ag. vitis strain S4 (having a vitopine
Ti). The 5?-end of the 23S gene and the IGS regions were
found to be variable in size and nucleotide sequences (Otten
and de Ruffray 1996; and Otten et al. 1996b).

Another rapid and convenient approach for measuring
genetic diversity in micro-organisms is by analysis of Random
Amplified Polymorphic DNA (RAPD). This method gen-
erates a fingerprint of PCR products that allows identification
of polymorphic DNA fragments for strain comparisons. In
bacteria, RAPDs provide evidence of intra- and interspecific
differences between groups of strains (Welsh and McClelland
1990). Irelan and Meredith (1996) used RAPDs to measure
genetic diversity among 20 strains including Ag. tumefaciens
biovars 1 and 2 and Ag. vitis. A high level of intra- and
interspecific variation was detected. However, only eight Ag.
vitis strains, all from California, were included in the study.
In this paper, the genetic diversity of 69 Ag. vitis strains was
determined by fingerprinting of 5?-end 23S and by RAPD
analysis. The results are compared with the characterization
of the same strains performed by analysis of the IGS and Ti
plasmids (Otten et al. 1996a).

MATERIALS AND METHODS

Bacterial strains

The bacteria used are given in Table 1. All but one were
identified as tumorigenic strains of Ag. vitis by traditional
microbiological (Burr and Katz 1983; Paulus et al. 1989a) and
molecular methods (Otten et al. 1996a).
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DNA isolation

Bacterial growth and DNA isolation methods were done
according to Otten et al. (1996a).

Fingerprint of 5 ?-end of the 23S gene

PCR amplifications were carried out in 100ml volumes con-
taining 100 ng DNA, 2·5mmol l−1 MgCl2, 5 pmole of each
primer, 5?-GGT CGG TAG TTC AAG TC-3? (forward)
and 5?-CTG TCA CCC ACT ATG GC-3? (reverse), and
0·1mmol l−1 (each) deoxynucleoside triphosphate (dNTP),
2·5U Taq DNA polymerase (Promega) and reaction buffer
(10mmol l−1 Tris-HCl, 50mmol l−1 KCl and 0·1% Triton
X-100). The reaction mixture was covered with 60ml mineral
oil. The amplification reaction was performed in a PTC-100
programmable Thermal Controller (MJ Research, Inc., San
Francisco, USA) which was programmed for one cycle of
2min at 94 °C followed by 35–40 cycles of 1min at 94 °C,
1min at 52 C (IGS), 1min at 72 °C, and a final extension
interval of 5min at 72 °C (Burr et al. 1995). A 5ml sample of
the reaction mixture was analysed by agarose gel elec-
trophoresis (1·5%), the gels were stained in 0·5mg ml−1

ethidium bromide and photographed under a u.v. source.
Amplification products were purified using Millipore regen-
erated cellulose columns, amplicons were digested with TaqI,
RsaI, AvaI, CfoI and AluI (Promega) and the digests analysed
by 3% agarose gel electrophoresis in TBE (Tris-borate-
EDTA) buffer.

RAPD assays

PCR amplification was carried out in the same way as above
except that 50 pmole of each 10 bp random oligonucleotides
R13 (5?-GGACGACAAG-3?) A10 (5?-GTGATCGCAG-3?)
A9 (5?-GGGTAACGCC-3?) and 38 °C annealing tem-
perature were used. To verify the reproducibility of the
RAPD patterns, at least two PCR runs were made for each
strain. To detect contamination resulting from template-
independent amplifications, control tubes containing all PCR
reaction ingredients except the template DNA were included
with every PCR run.

Cluster analysis

Similarities between strains were computed based on the
presence or absence of restriction fragments (5?-end 23S
amplicons) or of RAPD markers using the method of Nei
and Li (1979). For a pair of strains, the Nei-Li similarity
coefficient is the number of fragments shared by the two
strains divided by the average number of fragments present
in each strain. To determine relationships between strains,
the similarity coefficients are used in the unweighted pair
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Table 1 Summary of Agrobacterium vitis strain characterization
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Ti IGS 5?23S and
Strains* type† group§ RAPD group**
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
CG47 (NY), CG49 (NY), CG60 (NY), CG94 (NY), CG109 (NY), CG110 No A1a N
(NY), CG112 (NY), CG213 (NY), CG218 (NY), CG486 (NY), CG406
(NY), CG407 (NY), CG424 (NY), CG447 (NY), CG439 (WA), CG470
(WA), CG471 (WA), CG455 (NY), CG441 (WA), CG442 (WA), CG443
(WA), CG485 (NY), CG453 (NY), EK2 (H), AB4 (H), IS1.1(H), AT1 (H),
CG440 (WA)
CG111 (NY) none A1a N
CG78 (NY), CG88 (NY), CG113 (NY), CG114 (NY), NW113 (G), NW121 Vi A1b V1
(G), NW161 (G), Sz2 (H)
CG81 (MI), CG450 (NY), 2681 (F), CG448 (NY) Vi B1a V2
CG98 (VA), CG101 (VA), CG229 (NY), CG230 (NY), CG228 (NY), CG231 Vi B1b V3
(NY)
CG106 (MS), CG435 (VA), CG437 (VA), 2641 (F), NCPPB 3554 [K309(A)], B2a O/C
CG412 (NY), CG413 (NY), 2686 (F), 2949 (F), CG107 (MS), CG102
(VA), OL
CG475 (NM), CG477 (NM), CG478 (NM), CG479 (NM) OS B2a O/C
2607 (F), 2612 (F), 2614 (F), AB3 (H) OS B2c O/C
CG415 (NY) OS B2b O/C
CG56 (MI) No B1a V3 and V
CG474 (NM) On¶ B1a V3 and V
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

*CG series: strains are from culture collection at Cornell University, the others are reference strains described by Paulus et al. 1989a, b.
For the CG series, the first two letters represents the abbreviation for the state in which the sample was collected. For the other strains A, F,
G and H denote Australia, France, Germany and Hungary, respectively.
†Ti type: No, Nopaline; Vi, vitopine; OS, ocyopine/cucumopine small TA and OL, large TA.
§IGS (intergenic spacer) region of rRNA fingerprinting group designation (Otten et al. 1996a).
¶Unusual octopine-type plasmid (Otten et al. 1996a).
**Group designation based on this study.

group method using arithmetic means (UPGMA) cluster
analysis procedure (Sneath and Sokal 1973), which is an
option of the computer program NTSYS-pc (Rohlf 1988).

RESULTS

Fingerprint of 5 ?-end of the 23S gene

PCR products obtained from amplification of 5?-end 23S
were purified and digested with AluI, AvaI, CfoI, RsaI and
TaqI. Eight major fingerprint patterns were generated for 69
strains of Ag. vitis, as shown in Fig. 1.

For each pair of strains, Nei-Li similarity coefficients were
used with UPGMA cluster analysis to construct the phen-
ograms. Analysis of the 5?-end 23S fingerprints revealed two
major strain clusters that were divided into five groups of strains
(s³ 0·65) (Fig. 3). In the first cluster, group N consists of 28
of the 29 strains that carry nopaline Ti plasmids (only nopaline
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strain CG56 is not in this group). Strain CG111, the only non-
tumorigenic strain examined, does not carry a Ti plasmid but
generated a 5?-end 23S pattern identical to that of most nopaline
strains. Groups V1 and V2 comprise 12 of the 18 vitopine
strains. They are more closely related to N group strains than
to any other groups in the phenogram.

The second major cluster consists of groups V3 and O/C;
V3 contains the remaining six vitopine strains, together with
nopaline strain CG56, and strain CG474 that carries an
unusual octopine-type Ti plasmid (Otten et al. 1996a) and
stands alone.

Group O/C comprises all the strains that carry OS and OL
Ti plasmids. Except for strain CG415, the O/C group is divided
into two closely related subgroups, one consisting of only OL
strains (10 of the 11 OL strains studied) and one with mainly
OS strains (seven of the eight OS strains and one OL strain).
CG415, an OS strain, stands alone but is still closely related to
the rest of the octopine/cucumopine strains (Fig. 3).
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(a)

M 1 2 3 4 5 6 7 8 M 10 11 12 13 14 15 16 17 M

(b)

M 1 2 3 4 5 6 7 8 M 10 11 12 13 14 15 16 17 M

(c)

M 1 2 3 4 5 6 7 8

Fig. 1 DNA fingerprinting patterns of PCR-amplified 5?-end of
23S rRNA gene from Agrobacterium vitis strains digested with
different enzymes. (a) Lanes 1–8 digested with AvaI, lanes 10–
17 with AluI; (b) lanes 1–8 digested with CfoI, lanes 10–17 with
RsaI; (c) lanes 1–8 digested with TaqI. Strains represented in
the lanes are: 1 and 10, CG47; 2 and 11, CG78; 3 and 12,
CG81; 4 and 13, CG98; 5 and 14, CG474; 6 and 15, CG102; 7
and 16. CG475; 8 and 17, CG415. In each gel, M represents
the 100-bp DNA ladder

RAPD analysis

Analysis of 294 amplicons resulted in the identification of 30
RAPD patterns. The 18 most different patterns produced
using the primers R13, A9 and A10 are shown in Fig. 2.
Cluster analysis of the RAPD fragments revealed three major
groups designated N, O/C and V, each containing strains

© 1998 The Society for Applied Microbiology, Journal of Applied Microbiology 85, 685–692

(a)

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 M18

(b)

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 M

(c)
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18

18

Fig. 2 RAPD fragment patterns generated using the primers A9
(a), A10 (b), and RE13 (c). Strains represented in the different
lanes are: 1 � CG47, 2 � AB4, 3 � IS1·1, 4 � CG78,
5 � CG81, 6 � CG56, 7 � CG98, 8 � CG229, 9 � CG474,
10 � 2641, 11 � K309 (NCPPB 3554), 12 � CG106,
13 � CG415, 14 � CG475, 15 � 2612, 16 � Sz2, 17 � 2681,
18 � NW113. In each gel, M represents the 100 bp DNA ladder

that have similar Ti plasmids. Group N (same strain com-
position as generated by 5?-end 23S fingerprinting) contains
all the strains with nopaline type Ti plasmids which are
further divided into two subgroups, one containing strains
from the USA and the other, strains from Hungary. The
O/C group is further divided into subgroups containing
only the OL and OS strains. The only strain that carries an
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Fig. 3 Phenogram from UPGMA analysis of strains based on Nei-Li similarity coefficients that were determined from the DNA
fingerprints of the 5?-end of the 23S rRNA gene (strain designations given in Table 1)

octopine-type Ti plasmid but is not found in group O/C is
the unusual strain CG474.

Major group V consists of all of the vitopine strains which

© 1998 The Society for Applied Microbiology, Journal of Applied Microbiology 85, 685–692

separate into three groups (V1, V2 and V3). Group V also
contains unusual strains CG474 and CG56, as described
above.
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DISCUSSION

Fingerprinting the 5?-end of the 23S gene and RAPD analysis
of total genomic DNA were found to be effective methods
for measuring genetic diversity in Ag. vitis. The composition
of strain groupings (N,V1,V2,V3 and O/C) that were gen-
erated by 5?-end 23S or RAPD groups were highly correlated
with groupings generated by IGS fingerprinting (Table 1).
RAPDs generally identified more diversity within strain
groups and yielded three main groups, N, O/C and V
(s³ 0·25), that represent strains having nopaline, octopine/
cucumopine and vitopine Ti plasmids, respectively. An inter-
esting and significant finding is that there is a strong cor-
relation between the chromosomal background (as measured
by fingerprints of IGS and 5?-end 23S, and by RAPDs) of
Ag. vitis strains and the type of Ti plasmids they carry.
Therefore, our findings suggest that in nature, Ti plasmids
are not indiscriminately transferred between Ag. vitis stains
but are closely associated with their chromosomal back-
ground. It is well known that non-tumorigenic strains of Ag.
vitis are often detected in association with crown galls, roots
and systemically in grape tissues (Burr et al. 1987). In
addition, when V. riparia vines growing in the wild were
sampled, only non-tumorigenic Ag. vitis strains were detected
(Reid and Burr 1994). It may be that Ti plasmid transfer
to non-tumorigenic strains occurs rarely in nature or that
chromosomal factors, which have yet to be identified, play a
role in the specificity of Ti plasmids carried by the host strain.

All but one of the strains carrying nopaline Ti plasmids
generated identical 5?-end 23S fingerprints and as shown
previously, identical IGS fingerprints (Otten et al. 1996a).
Although more variation between strains was identified by
RAPDs, patterns were similar (s× 0·90) for 22 nopaline
strains from the USA and these clustered separately
(s× 0·75) from the four strains from Hungary. In view of
the high degree of homogeneity among nopaline strains it is
suggested that this group is likely to be of recent clonal origin
(Otten et al. 1996a). The only exception is strain CG56
where the nopaline Ti plasmid is carried in a chromosomal
background similar to that found in vitopine strains. In this
case it may be that a rare transfer of a nopaline Ti plasmid to
a strain with a chromosome similar to that carried by vitopine
strains occurred.

V strains also formed almost identical strain groups (V1,
V2 and V3) by 5?-end 23S and IGS analysis and these were
highly correlated with the groupings obtained by RAPDs.
Although the strain composition of groups was identical by
5?-end 23S and IGS methods the relatedness of the groups
to each other differed. In the 5?-end 23S fingerprint analysis,
groups V1 and V2 were more closely related (s× 0·65) than
they were by IGS fingerprinting. However, the V2 group was
more similar to the V3 group on the basis of IGS fingerprint
analysis.
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The relatedness of strain groups also differed when ana-
lysed by RAPD (Fig. 4). In this case, vitopine strains were
more distantly related to nopaline strains than when analysed
by 5?-end 23S or IGS fingerprinting. Therefore, the methods
used here provide reliable strain characterization based on
chromosomal markers and accurately predict the type of Ti
plasmid carried by the strains. However, they are not reliable
for determining phylogenetic relationships. Additional chro-
mosomal regions would have to be analysed, and ideally
sequenced, to determine such relationships accurately.

Octopine/cucumopine strains analysed by 5?-end 23S
fingerprints formed strain groupings almost identical to those
generated by IGS fingerprints. However, there was less het-
erogeneity detected by the 5?-end 23S fingerprints. Ten of
the 11 OL strains formed one subgroup and seven of the eight
OS formed another. These subgroups were highly similar
(s× 0·90) (Fig. 3). Grouping of OL and OS strains based on
UPGMA analysis of RAPDs showed much more heterogeneity
(Fig. 4).

Knowledge of the genetic diversity of Ag. vitis will facilitate
research on pathogen biology and aid the development of
crown gall control strategies. Fingerprinting of 5?-end 23S
and RAPDs offer efficient, highly reproducible methods for
strain characterization and are correlated with the type of Ti
plasmid carried. The identification of specific DNA markers
in strain groups will allow the development of probes and
PCR primer sets for studying pathogen biology and for index-
ing plants for Ag. vitis. The association of markers with the
geographical origin of strains will facilitate the prediction of
pathogen spread in viticultural regions of the world. Finally,
specific markers that are found to be associated with specific
traits, such as plasmids, tumorigenicity on different Vitis
cultivars or biological control activity, may be further exam-
ined to identify genetic determinants that are associated with
the traits.

By knowing the diversity of Ag. vitis it is now possible to
select representative strains that can be used to determine the
effectiveness of disease control strategies. For example, the
effectiveness of biological controls can be determined for a
diverse group of strains that are representative of the different
genetic groups. Vitis germplasms including transgenic lines
with potential crown gall resistance can also be screened
against such a diverse group of Ag. vitis strains.
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Fig. 4 Phenogram from UPGMA analysis of strains based on Nei-Li similarity coefficients that were determined from RAPDs (strain
designations given in Table 1)
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