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ABSTRACT

Argun, N., Momol, M. T., Madez, S., Momol, E. A, Reid, C. L., Celik, H., and Burr, T. J. 2002.
Characterization of Agrobacterium vitis strains isolated from Turkish grape cultivars in the Cen-
tral Anatolia Region. Plant Dis. 86:162-166.

Crown gall was detected in several vineyards in the Central Anatolia region of Turkey. Vine-
yards were planted to cultivars of grape that originated in Turkey and that were not grafted. The
predominant species isolated from galls consisted of tumorigenic strains of Agrobacterium vitis.
They were identified based on reactions to standard biochemical and physiological tests, by
polymerase chain reaction amplification of specific Ti plasmid and chromosomal sequenccs,
and by reaction to a species-specific monoclonal antibody. All strains utilized octopine,
suggesting that they may carry similar types of Ti plasmids. Some of the strains exhibited a
differential host range compared with others and were less virulent based on the numbers of
galls that they induced on grape. When grapevines were treated with nontumorigenic A. vifis
strain F2/5 prior to inoculation with the Turkish A. viris strains, crown gall was effectively
controlled. The genetic diversity of strains was evaluated by comparing DNA fingerprints that
were generated by restriction enzyme digestion of the intergenic spacer region that lies between
16S and 23S rRNA genes. They segregated into two main groups, one that is similar to
previously identified A. vitis strains carrying octopine type Ti plasmids and one that was more
similar to strains carrying nopaline and vitopine Ti plasmids. The strains of A. vitis from Turkey
may represent ancestral forms of the pathogen that will provide insight into the evolution of the

bacterium.

Additional keywords: Agrobacterium tumefaciens, evolution, phylogeny

Crown gall is one of the most impor-
tant bacterial diseases of grapevines
worldwide and is especially debilitating
on cultivars of Vizis vinifera (3). Agro-
bacterium vitis is the predominant species
that causes the disease, although A. tume-
faciens is occasionally isolated from in-
fected vines. Typically, infections are
initiated at wound sites on trunks and
canes that are caused by freezing tem-
peratures. Wounds release various chemi-
cal signals that are perceived by the
bacterium and result in the induction of
virulence (vir) genes on the Ti plasmid.
Products of vir genes are responsible for
the packaging and transport of another
part of the plasmid, the T-DNA, from the
bacterium to the plant cell where it is
integrated into the plant genome and ex-
pressed. Infections occur following expres-
sion of various T-DNA genes which result
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in production of plant hormones that
stimulate growth of gall tissue (25).

Four major T-DNA structures have been
characterized in strains of A. vitis. They
differ by their numbers of T-DNAs (deline-
ated by characteristic border sequences)
and by gene composition (6). Strains arc
often referred to by the type of opine syn-
thase gene or genes they carry on their Ti
plasmids (i.c., mopaline [N], vitopine [V],
or octopine and cuccumopine [OC]). The
OC strains are further grouped depending
on whether their T-DNA TA region is large
(OL) or small (OS). Phylogenetic models
of A. vitis Ti plasmids have been developed
by Otten and coworkers that are based on
T-DNA structures, homology of oncogenes
to thosc on other Ti plasmids, and the
pattern of insertion by various insertion
sequence (IS) elements (21).

It was discovered that the type of Ti
plasmid that is carried by an A. vitis strain
is highly comrelated with the restriction
fragment fingerprints derived from its
intergenic spacer region (ITS) that lies
between the 16s and 23s TIRNA genes (22).
Similar correlation was shown between Ti
plasmid type and restriction fragment fin-
gerprints generated from the 5 region of
the 23s gene (14).

In this article, we characterized a group
of Agrobacterium strains that were isolated
from crown gall-infected grapevines in
Turkey. Samples were collected from vine-
yards in the Central Anatolia region that
were planted to cultivars of V. vinifera that
originated in Turkey. High incidences of
crown gall were found in several vine-
yards. Because Turkey is considered an
origin of V. vinifera (18), strains of A. vitis
that were isolated from the region may
provide clues as to the ancestral origin of
this bacterium.

MATERIAL AND METHODS
Isolation of A. vitis. Samples were col-
lected from vineyards located in the prov-
inces of Nevsehir, Ankara, and Kinkkale in
the Central Anatolia region of Turkey in
November and December 1999. Vineyards
were generally less than 1 ha in size and
consisted of V. vinifera cultivars that origi-
nated in Turkey, including Eregli Cavusu,
Dimrit, Emir, Hasandede, Kalecik, Karasi,
and Narince. Trunks and canes with typical
crown galls were collected, placed in plas-
tic bags, and transported to the laboratory.
To isolate Agrobacierium spp., surfaces of
the galls were removed with a scalpei and
sections of live gall tissue were triturated
in 1 to 2 ml of sterile distilled water
(SDW). Loopfuls of the gall suspensions
were streaked on a semiselective medium
for A. vitis (RS; 5). After 5 to 6 days at
28°C, colonies typical of A. vitis (smooth,
translucent with red-pigmented centers)
were streaked on potato dextrose agar
(PDA). Isolates still resembling A. viris
were saved for further characterization. All
isolates were maintained on PDA.
Characterization of strains. Isolates
that produced typical colony types on RS
and PDA were evaluated for their reaction
to an A. vitis-specific monoclonal antibody
(2). Tumorigenicity was determined on
tobacco, tomato, and sunflower plants by
puncturing stems with a needle that was
dipped in a 48 h-old PDA culture. Rooted
grape cuttings of V. vinifera cv. Chardon-
nay also were inoculated as previously
described (7). Strains that reacted with the
antibody and produced galls on any of the
indicator plants were further compared
with a standard set of biochemical and
physiological tests that differentiate tumor-
igenic Agrobacterium spp. (16). These
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include evaluation of 3-ketolactose produc-
tion, alkali in litmus milk, growth on 2 and
4% NaCl, growth at 37°C, acid from
erythritol, acid from melezitose, alkali
from malonic acid, and alkali from L-
tartaric acid. Strains were also evaluated
for production of polygalacturonase (23)
and endoglucanase (20) and for their abil-
ity to utilize octopine and nopaline (11).
Reactions of A. vitis strain CG49, A. tume-
faciens strain CG632, and A. rhizogenes
strain K84 were compared with those of
strains recovered in this study. All experi-
ments were repeated at least once.

The ability of strains to cause necrosis
(4) was determined on grape shoot ex-
plants. Actively growing shoots from pot-
ted vines in the greenhouse were harvested,
then surface disinfected by submersion in
10% bleach for 10 min followed by rinsing
thoroughly with sterile distilled water.
Internodal sections (about 7 mm in length)
were cut and supported vertically in 1%
water agar in petri dishes. The exposed
ends of the explants were inoculated with 2
ul of aqueous bacterial suspensions made
to optical density (OD)gy = 0.1 (about 10%
CFU/ml). The appearance of necrosis was
recorded after 72 h. Assays were repeated
at least once.

Comparison of strains by polymerase
chain reaction. Bacterial growth, DNA
isolation, and polymerase chain reaction

(PCR) procedures were done as previously
reported (10) with annealing temperature
for all reactions of 60°C. PCR was con-
ducted with three different primer pairs
that amplify characteristic fragment sizes
from genes from A. vitis. Primers derived
from A. vitis pehA (a chromosomal gene)
amplify a 199-bp product from all tumori-
genic and nontumorigenic A. vitis strains
but not from A. tumefaciens. Primers de-
rived from the virA gene of A. tumefaciens
(denotes presence of a Ti plasmid) amplify
a 480-bp product from A. vitis and A.
tumefaciens strains. The virE2 primers,
derived from A. tumefaciens strain C58,
were used because they amplify a product
of about 1-kb from A. viris strains carrying
V type Ti plasmids but not from those
carrying N or O type Ti plasmids (15).
Sequences of pehA and virA primers (10)
have also been published.

Sensitivity of strains to biological con-
trol. Nontumorigenic A. vitis strain F2/5
inhibits crown gall infection by an un-
known mechanism that is specific to grape
(9). F2/5 is generally most effective when
applied to the grape wounds prior to inocu-
lating with the tumorigenic strain. We
wished to determine whether F2/5 is effec-
tive for preventing infection by the isolates
from Turkey. Inoculations on potted grape-
vines (cv. Chardonnay) were done as
previously described (7). The woody stems

Table 1. Bacterial strains of Agrobacterium spp. used in this study

Strain Origin (reference) Identity/Ti type®
Trl, Tr2, Tr3, Tr4, Tr6, Tr7 Turkey, Nevsehir A. vitis/ O

TrS, TrlS Turkey, Ankara A.vitis1 O

Tr8 Turkey, Ankara A. tumefaciens

CG49 United States, NY (22) A. vitis IN

CG470 United States, WA (22) A. vitis IN

CG78 United States, NY (22) A. vitis IV

CG450 United States, NY (22) A vitis IV

CG475 United States, NM (22) A. vitis 1 OS

K309 Australia (19) A. vitis  OL

CG632 United States, NY A. tumefaciens

K84 Australia (12) A. rhizogenes nontumorigenic

® Strains of A. vitis carry Ti plasmids with genes for utilization of octopine (O), nopaline (N), or vi-
topine (V). OL and OS = octopine type Ti plasmids with large and small TA regions, respectively.

of rooted cuttings were inoculated by drill-
ing holes and then applying 50 pl of bacte-
rial suspensions adjusted to ODgy = 0.1.
F2/5 was applied to the wounds at the
same time that tumorigenic strains were
applied in one experiment and 24 h prior to
the pathogens in another. Water was ap-
plied as a negative control. Tumorigenic
strain CG49 (known to be sensitive to
F2/5) was compared to the Turkish strains.
Three inoculations were made per vine and
three vines were used per strain. The ex-
periments were repeated once.

Analysis of restriction fragments from
the ITS between 16S and 23S rRNA
genes. The DNA sequence of the A. viris
ITS region that lies between the 16S and
23S rRNA genes is highly variable and
therefore suitable for measuring diversity
among bacterial strains (1). We previousty
grouped A. vitis strains based on ITS
fingerprints and determined that the finger-
print of a strain correlated positively with
the type of Ti plasmid it carried (22).
Groups identified by fingerprinting the 5’
region of the 23S rRNA gene were almost
identical to those identified by ITS finger-
prints, strengthening the concept that these
methods are reliable for identifying genetic
groups of the bacterium (14). For analysis
of the Turkish strains, bacterial culture,
DNA isolation, and restriction analysis of
PCR-amplified ITS regions were done as
reported previously (22). PCR amplifica-
tions were carried out in 100-ul volumes
and amplification products were purified
with Millipore regenerated cellulose col-
umns. Amplicons were digested with Rsal,
Tagl, Cfol, Haelll, and Aval (Promega
Corp., Madison, WI) and the digests were
analyzed by 2% agarose gel electrophore-
sis in Tris-borate-EDTA buffer. Gels were
stained with ethidium bromide at 0.5
pg/ml.

Similarities between strains were com-
puted based on the presence or absence of
restriction fragments employing previously
described methods (22). To determine the
relationships between strains, calculated
similarity coefficients were used in an

Table 2. Characterization of strains from Turkey as compared to known strains of Agrobacterium vitis, A. tumefaciens, and A. rhizogenes®
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unweighted pair group method using an
arithmetic means cluster analysis proce-
dure (24) that is an option of the software
program NTSYS-pc (17).

RESULTS AND DISCUSSION
Isolation and characterization. Crown
gall was observed in the majority of the
vineyards examined in the Central Anatolia
region. We generally sampled from small
vineyards on the outskirts of villages.
Vines sampled in Nevsehir were not
grafted or trellised and were pruned to
have several fruiting canes. Tumorigenic
strains of A. vitis were isolated from crown
galls collected in both the provinces of
Nevsehir and Ankara (Table 1). The strains
produced typical colonies on RS medium,
reacted positively with the A. viris anti-
body, produced polygalacturonase and
endoglucanase, and induced necrosis on
grape explants. They also conformed
closely to the established set of biochemi-
cal and physiological tests that are used to
differentiate A. vitis from other Agrobacte-
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Fig. 1. Analysis of Turkish strains by poly-
merase chain reaction. A, Primers derived from
pehA of Agrobacterium vitis amplify a 200-bp
product from all strains; B, virA primers am-
plify a 480-bp product from all strains; C,
virE2 primers amplify a product of about ! kb
from strains CG78 and CG450, both of which
carry V type Ti plasmids. Lane numbers
correspond to the following strains: 1, Trl; 2.
Tr2; 3, Tr6. 4. Tr4; 5, Tr3: 6, Tr7. 7. TrS; 8,
CG450: 9. CG470; 10, CG475: 11, CG78; 12,
K309: 13, K84: 14, H.O. Bands in size-marker
lanes represent increments of 100 bp.

rium spp. (Table 2). The Turkish strains all
utilized octopine, indicating that they may
barbor similar types of Ti plasmids (22).

In PCR reactions, all of the Turkish
strains amplified a product of appropriate
200 bp with pehA primers, thus supporting
further their identity as A. vitis (Fig. 1A).
They all also yielded a characteristic 480-bp
product from the virA primers, indicating
that they carry Ti plasmids (Fig. 1B). In this
case, the V strains, CG78 and CG450,
produced a weaker signal than the other
strains, which supports our previous findings
that V strains produce a weak or no signal
with virA primers depending on annealing
temperature (T. J. Burr, unpublished daia).
The virE2 primers gave a strong product of
about 1 kb from V strains CG450 and CG78
but no product of the same size from any of
the other strains (Fig. 1C). This also
supports previous findings (15) and indicates
that Turkish strains probably do not carry V
type Ti plasmids.

All of the strains except Trl5 were
found to be tumorigenic on grape, tobacco,
and sunflower. All except Tr2 ,Tr5, Tr7,
and Tr15 produced galls on tomato (Table
3). This difference in host range is interest-
ing and is one indication of the diversity
among the strains. Host range differences
between A. vitis strains have been previ-
ously reported and are known to be associ-
ated with Ti plasmid structures. For exam-
ple, strains carrying the OS type of Ti
plasmid (with small TA region) have a
limited host range compared with those
with large TA regions (13). Further charac-
terization of the Ti plasmids from the
Turkish strains is needed to determine
whether Ti structure among these strains is
associated with host range differences.

Eight A. tumefaciens strains also were
isolated from grape galls as determined by
colony type on RS and PDA (colonies are
more mucoid that A. vitis), a positive reac-
tion for 3-keto-lactose production and a
negative response to the A. vitis-specific
antibody (data not shown). One of these
strains caused gall formation when inocu-
lated to tobacco, utilized octopine, and did
not produce polygalacturonase. This again
suggests that A. tumefaciens may be
associated with grape crown galls but is
less predominant than A. vitis.

Table 3. Tumorigenicity and necrosis determinations for Agrobacterium vitis strains®

Sensitivity of strains to biological con-
trol. The Turkish strains varied with regard
to the severity of crown gall that they
caused on grape (Table 3). For example,
Trl produced fewer and smaller galls that
Tr2. Such findings are common when
evaluating groups of A. vitis (T. J. Burr,
unpublished data) and may be related to
differences in oncogene or vir gene
makeup or to any of the several processes
that are known to play a role in the infec-
tion process (25). When F2/5 and patho-
gens were applied to grape plants simulta-
neously, galling was only suppressed for
strains Trl, Tr4, and Tr6, strains that were
less virulent than the other Turkish strains
(Table 4). As reported previously, gall
induction by strain CG49 is also signifi-
cantly reduced when it is inoculated simul-
taneously with F2/5 (7). When F2/5 was
applied 24 h prior to pathogenic strains.
disease was prevented or strongly inhibited
for all of the Turkish strains. It is encour-
aging that Turkish strains respond to F2/5
in a fashion similar to strains from other
regions of the world; therefore. F2/5 may
provide an effective means of disease con-
trol in Turkey.

The mechanism by which F2/5 inhibits
grape crown gall is still unknown. We have
demonstrated that it is probably not associ-
ated with antibiotic -production or with
competition for binding sites on grape cells
(9). One of the most interesting findings is
that the biological control response is spe-
cific to grape (i.e., F2/5 does not inhibit
galling by A. vitis on several plant indica-
tor hosts). Although other nontumorigenic
A. vitis strains have been shown to have
some biological control activity against A.
vitis on grape (8), none of them (including
nontumorigenic Turkish strains) have been
found to be as effective as F2/5 when
evaluated against a range of strains carry-
ing different types of Ti plasmids (T. J.
Burr, unpublished daia).

Restriction analysis of ITS region. The
restriction fragment fingerprint patterns of
the 1TS regions that were generated by the
Turkish strains are shown in Figure 2.
Analysis of the fingerprints revealed two
main groups (Fig. 3). Strains Trl, Trd4, Tr6,
and Tr7 compose one group that is closest
in similarity to A. vitis reference strains

Strain
Test, host Tr1 Tr2 Tr? Tré Tr4 Tr3 TS Tr15 CG49
Gall formation
Grape + + + + + + + NT +
Tobacco + + + + + + + + +
Tomato + - - + + + - - +
Sunflower + + + + + + + - +
Grape necrosis
Vitis vinifera + + + + + + + + +
V. riparia + + + + + + + + +
V. labrusca + + + + + + + + +

* Tests for gall formation and for induction of grape necrosis were done as described in the text. Galls were visible on tobacco (Nicotiana glauca), tomato,
and sunflower within 10 to 14 days. The presence of necrosis on grape explants was recorded after 72 h. NT = not tested.
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CG78 and CG470, which carry V and N
type Ti plasmids, respectively (22). The
second group (less than 0.50 similarity to
group one) is made up of Tr2, Tr3, and TrS.
Tr3 is most similar to reference strains
K309 and CG475, which carry OL and OS
type Ti plasmids, respectively. These re-
sults further demonstrate the diversity

Table 4. Effectiveness of F2/5 for inhibiting
grape crown gall caused by Turkish strains®

F2/5,
Without F2/5, 24h
Strain® F2/5  co-inoculatec  priord
Trl 3(1.3) 4(2.3) 0
Tr2 9(3) 9(3) 0
Tr3 9(3) 9(3) 0
Tr4 7 (1.6) 1(1) 1(1)
TrS 9 (3) 8(2.1) 2()
Tré6 7(1.7) 3(2) 0
Tr7 9(3) 9(2) 0
CG49  9(29) 4(1.3) 0

* Number of inoculation sites that developed
galls and average gall size rating. Ratings are
based on gall diameter: | > 0.5¢cm, 2=0.5t0
0.99cm,and 32 1.0cm.

® Vines were inoculated at nine wound sites
with the different strains as described in the
text.

¢ Equal concentrations of F2/5 and pathogenic
strain were applied simultaneously to the
grape wounds.

¢ F2/5 was applied 1o the grape wound 24 h
prior to the pathogenic strain. It was deter-
mined that wounds made 24 h prior to
inoculation are as sensitive to infection as are
fresh wounds (data not shown).
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Fig. 2. Restriction fragment patterns generated
from A. vitis strains. Fragments were generated
as described in text. Genomic DNA was cut
with A, Rsal, B, Cfol, C, Aval, and D, Tagl as
described in text. Banding patterns from diges-
tion with Haelll are not shown. Lane numbers
correspond to the following strains: 1, Trl; 2,
Tr2; 3, Tr3; 4, Tr4; 5, TrS; 6, Tr6; 7, Tr7; 8,
CG78; 9, CG470: 10, CG450; 11, K309; 12,
CG475.

among the Turkish strains and raise inter-
esting questions regarding their position in
the phylogeny of this bacterium.

It was previously found that finger-
prints generated from ITS restriction
fragments of A. vitis strains are highly
correlated with the type of Ti plasmid
they carry (22). For example, all but one
of 31 strains with N type Ti plasmids that
were collected from the United States and
Europe had identical ITS fingerprints.
The strains with O Ti plasmids clustered
independently of N and V strains and
were divided into subgroups based on
whether they carried an OL or OS type T-
DNA. Ti plasmids, therefore, appear to
have preferable chromosomal hosts and
do not transfer randomly between A. vitis
in nature. All of the Turkish strains util-
ized octopine; therefore, we predicted
that their fingerprints would be similar to
the previousiy studied OL or OS strains.
However, our results did not support this

Similarity

0.4 0.6
l l

prediction and further analysis of T-
DNAs from these strains is warranted.
The research of Otten and coworkers has
provided a wealth of information con-
cerning A. vitis T-DNA structure, oncogene
function, and phylogenetic relationships
(21). A. vitis OL and OS Ti plasmids have
TA and TB T-DNAs and the composition
of oncogenes found in their TA regions
differ. In OL strains, the TA region is com-
posed of oncogenes iaaH (which is dis-
rupted by insertion element 1S866), iaaM,
ipt, and 6b, whereas the TA region of OS
strains is missing iaaH and iaaM. The TB
regions of both types carry another func-
tional set of iaaH and iaaM genes.
Phylogenetic studies revealed that the T-
DNAs of A. vitis are composed of regions
of DNA that share a high degree of se-
quence homology with T-DNAs found in
A. tumefaciens. Such findings provide
strong evidence that T-DNAs in A. vitis
have evolved through horizontal transfer of
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Fig. 3. Phenogram from unweighted pzir group method using an arithmetic means cluster analysis of
strains based on Nei-Li similarity coefficients that were determined from the DNA fingerprints of the

intergenic spacer region.
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relatively large DNA fragments. T-DNAs
and other regions of Ti plasmids have
further diverged through disruption of
genes by IS elements. Within the OL and
OS strains, for example, insertions have
created different structural groups, al-
though nucleotide sequence homology
outside of the IS elements is greater than
90% (22). Factors such as the introduction
of vine grafting and the worldwide dis-
semination of high-quality scion clones are
also likely to have impacted the evolution
of A. vitis.

To date, the phylogenetic development
in A. vitis has been based on strains from
Europe and the United States. Analysis of
collections of these strains show that they
are made up of strains carrying identical
categories of Ti plasmids and, therefore,
provide limited insight as to how ancestral
strains of the bacterium may appear. It was
hypothesized that wild Viris spp. may har-
bor ancestral A. viris strains. We recently
characterized a group of strains that were
isolated from wild-growing V. riparia (8).
Al] of the strains were nontumorigenic and
" generated ITS patterns that were distinct
from any of the tumorigenic strains that
had been previously studied. Further stud-
ies with these strains may provide clues as
to the evolution of the A. vizis chromo-
some.

The Turkish strains are especially in-
triguing because they may represent ances-
tral tumorigenic strains of A. vitis. Turkey
is known as an origin for V. vinifera; there-
fore, the bacterium may have evolved there
in close relation to its host. Also, the
cultivars that we examined originated in
Turkey. Together with the fact that culti-
vars in Nevsehir were not grafted, this
precludes the possibility that A. vitis was
spread to the vineyards on propagation
material from Europe. All of the strains
utilize octopine and, by ITS fingerprinting,
only one group appears related to OS or
OL strains; therefore, it may be that their
T-DNAs are different from those previ-
ously studied. Further molecular character-
ization of the strains will be necessary to
clarify this point.

Continued exploration of cultivated and
wild Viris spp. in Turkey could provide
benefits such as the preservation of micro-
bial germplasm that could be lost in the
future if wild plants are eradicated. Re-
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search with such germplasm may provide
key insights into how microorganisms
evolve and how evolutionary events impact
bacteria~plant interactions. By examining
additional strains, we can also determine if
strains that carry Ti plasmids encoding the
utilization of opines other than octopine
also exist in the region. Although, to date,
the nontumorigenic strains of A. vitis from
Turkey are not superior to F2/5 as crown
gall biological controls, further analysis of
strains from the area should be done.
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