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Agrobacterium tumefaciens supervirulent strain A281 in-
duces a progressive necrotic response, rather than tumor
formation, when inoculated on stems of several grape cul-
tivars. The Ti plasmid, and specifically its T-DNA, is re-
quired for the process. In the present study, 40 T-DNA
insertion mutants of A281 were generated via transposon
mutagenesis and tested for their necrosis-inducing ability
on grape stems in vitro. Ten mutants were attenuated in
inducing necrogenesis. Restriction mapping and DNA
sequencing revealed that at least two genes, fms1 and 6b,
whose gene products are involved in the synthesis and
activity modulation of auxin, are responsible for inducing
necrogenesis. Double mutants of ms1 and 6b were totally
non-necrogenic. The orientation of grapevine stem ex-
plants showed strong effects on the occurrence and prog-
ress of necrogenesis. Inoculation of Agrobacterium on
physiological basal ends resulted in the greatest degree of
necrogenesis. In addition, gene 5 of T-DNA, which modu-
lates auxin responses in plants by the autoregulated syn-
thesis of an auxin antagonist, was found to be separated
from other TL-DNA genes by a novel insertion sequence,
IS1312. Since a T-DNA borderlike sequence occurs in
IS1312, gene 5 might not always be transferred into
plants. Based on the accumulated data, we propose that
the necrogenesis induced by Agrobacterium results from
the sensitivity of grapevine cells to elevated levels of auxin
or a precursor of auxin.

Additional keywords: pTiBo542, Vitis, host-pathogen interac-
tion, host range.

Agrobacterium tumefaciens can induce crown gall tumors
on a wide variety of plant species. It accomplishes this by
transferring a piece of DNA, the T-DNA, located on its tumor-
inducing (Ti) plasmid into the plant cell through a process
analogous to bacterial conjugation (for reviews see: Kado
1991; Zambryski 1992; Lessl and Lanka 1994). The process-
ing and transfer of T-DNA to the plant cell nucleus requires
the action of the virulence (vir) genes, which are also located
on the Ti plasmid. The expression of these genes is induced
by compounds released from wounded plant cells. The T-
DNA, which encodes functions for the biosynthesis and

Corresponding author: Eugene W. Nester;
E-mail: gnester @u.washington.edu

538 / Molecular Plant-Microbe Interactions

modulation of activity of two plant growth regulators, auxin
and cytokinin, is integrated into the plant nuclear genome and
expressed, leading to tumor formation.

The roles of several T-DNA genes in tumorigenesis and the
functions of their encoded proteins have been demonstrated
(for reviews see: Thomashow et al. 1986; Kado 1991; Winans
1992). The pathway of auxin biosynthesis encoded by the T-
DNA is a two-step process; the tms1 and tms2 genes act se-
quentially to convert tryptophan first to indole-3-acetamide
(IAM) and then to indole-3-acetic acid (IAA, auxin)
(Schréder et al. 1984; Thomashow et al. 1984; Thomashow et
al. 1986). The tmr gene is responsible for cytokinin synthesis
(Akiyoshi et al. 1984; Barry et al. 1984; Buchmann et al.
1985). While these genes are involved in the biosynthesis of
auxin and cytokinin, two other T-DNA genes, 5 and 6b,
modulate the activities of auxin and/or cytokinin. Gene 5
modulates auxin responses in plants by the autoregulated
synthesis of an auxin antagonist (Korber et al. 1991). Gene 6b
is an onc gene (Hooykaas et al. 1988), but its exact biochemi-
cal function remains unknown. It can affect the activity of
auxin as well as cytokinin genes. Some studies have sug-
gested that it has an auxinlike effect (Tinland et al. 1989,
1990), whereas other studies have indicated that it reduces
cytokinin activity (Spanier et al. 1989). Both results on the
function of the 6b gene are consistent, since it is widely ac-
cepted that auxins antagonize cytokinins in many plant sys-
tems.

Although the molecular mechanism of tumor induction has
been studied in considerable detail, little is known about the
response of the plant cell to infection by A. tumefaciens and
to the expression of T-DNA genes. It is well documented that
a great number of dicotyledonous plants, especially fruit trees
and grapevines, can be affected by the crown gall disease, but
some plants fail to respond to the inoculation of A. tumefaci-
ens, giving rise to a null phenotype (DeCleene and DeLey
1976). Earlier studies demonstrated that the host range of A.
tumefaciens is determined by the Ti plasmid (Loper and Kado
1979; Thomashow et al. 1980; Knauf et al. 1982) and that
genes in the T-region as well as in the vir region are involved
(Hoekema et al. 1984; Yanofsky et al. 1985a; Leroux et al.
1987; Turk et al. 1993). The observation that different plant
species, or even different cultivars of the same species, re-
spond differently to the same Agrobacterium strain (Anderson
and Moore 1979) strongly suggests that the host range of any
A. tumefaciens strain is determined by both bacterial and
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Fig. 1. Responses of Viris cultivars, Catawba and Chancellor, to inoculations of various Agrobacterium tumefaciens strains. Bacteria were inoculated on
the basal surfaces of grapevine explants except when indicated otherwise. Pictures were taken 2 weeks after inoculation. See Table 3 for relevant charac-
teristics of the strains. A, Grape isolate, biovar 1 strain FACH (left) and Ti-plasmidless strain A136 (right) on cultivar Catawba. B, EHAI01, a T-DNA
deletion mutant of A281, on Catawba. C, A281 on Catawba with inoculations on the basal (left) or apical (right) surfaces of the explants. D, A281 on
cultivar Chancellor. E, rms! and 6b double mutant of A281 on Catawba. F, rms1 and 6b double mutant of A281 on Chancellor.
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plant factors. It also suggests that plant responses to infection
by Agrobacterium and subsequent T-DNA integration and
expression may play a significant role in determining the out-
come of the plant-Agrobacterium interaction. In the case of
grapevine (Vitis)-Agrobacterium interactions, some A. tume-
Jfaciens strains induce a necrotic response on some Vitis culti-
vars, while they induce tumor formation on other plants or
even different cultivars of Vitis (Yanofsky et al. 1985a, 1985b;
Lowe and Krul 1991; Pu and Goodman 1992). Therefore the
response of a plant to infection by a specific strain of A. rume-
faciens can be tumor formation, resistance, or necrosis, de-
pending on the properties of the Agrobacterium strain and the
particular plant species infected.

The necrotic response induced by wide-host-range (WHR)
strains of A. tumefaciens on grapevines was defined as plant
cell death at the site of Agrobacterium inoculation (Yanofsky
et al. 1985b). It is an Agrobacterium strain- and Vitis cultivar-
specific process (Yanofsky et al. 1985b; Lowe and Krul 1991;
Pu and Goodman 1992). Earlier studies demonstrated that
although both the T-DNA and the vir region are required, the
T-DNA is directly responsible for inducing the response
(Yanofsky et al. 1985b; Pu and Goodman 1992). Mutations
within the virC locus of a WHR strain prevent the necrotic
response and allow the formation of tumors by the strain,
implying that high T-DNA transfer efficiency is important for
inducing the necrotic response (Yanofsky et al. 1985b; Toro et
al. 1989). Previous attempts to identify the T-DNA genes of
A348, a WHR strain, responsible for inducing necrogenesis
were inconclusive (Lowe and Krul 1991).

A. tumefaciens A281, having the pTiBo542 of strain Bo542
in the chromosomal background of strain C58, is highly
virulent (Hood et al. 1986b; Jin et al. 1987). While it induces
large, fast-appearing tumors and infects more plant species
than many Agrobacterium strains (Hood et al. 1986b; Jin et
al. 1987), it consistently induces necrosis on several cultivars
of Vitis (Lowe and Krul 1991; Pu and Goodman 1992). Other
WHR strains are not nearly as efficient in inducing the ne-
crotic response on these cultivars. It has been shown that
A281-induced necrogenesis follows T-DNA transformation
and expression (Pu and Goodman 1992).

The characterization of the T-DNA genes involved in induc-
ing necrogenesis should contribute to a better understanding
of how Agrobacterium and plants interact and how plant cells
respond to the integration and expression of T-DNA genes. In

Table. 1. Responses of Vitis cultivars, Catawba and Chancellor, to vari-
ous Agrobacterium tumefaciens strains®

Percentage of explants with

Catawba Chancellor
Strain® Necrosis Tumor Necrosis Tumor
A281 100 0 100 0
Al36 0 0 0 0
EHA101 0 0 0 0
A348 0 100 0 100
FACH 0 100 0 100
EHAI01(pTVK25) 20 80 30 70

* Data are averages of three independent experiments. For each treat-
ment, eight to 10 stem explants were inoculated at their basal surfaces
with each strain. The responses were recorded 2 weeks after inocula-
tion.

® For relevant characteristics of the strains, see Table 3.
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this paper, we report the identification of the T-DNA genes of
A281 responsible for inducing necrogenesis and their role in
the process. In addition, we provide a detailed TL-DNA gene
map for pTiBo542, a succinamopine-type Ti plasmid (Hood
et al. 1986a).

RESULTS

A281 induces a necrotic response on grape
cultivars Catawba and Chancellor.

Supervirulent Agrobacterium strain A281 induced a pro-
gressive necrotic response on Vitis cultivars Catawba and
Chancellor, whereas strain FACH, a biovar 1 strain isolated
from grapevine, caused tumors (Figs. 1A, 1C and 1D). A281
induced necrogenesis with high efficiency on the two grape
cultivars, while another WHR strain A348 was not effective
in this respect (Table 1). The degree of necrosis induced by
A281 on different explants can vary (Fig. 1C), probably due
to variations in the physiological state of the explants. Ne-
crosis was usually visible at the inoculated surface 1 week
after inoculation, and it progressed down the axes of the ex-
plants. It has been reported that A281 induces tumors on
many grape cultivars including Belandais and Chardonnay,
although the tumors incited are small (Pu and Goodman
1992). These results suggest that the necrotic response is both
Agrobacterium strain and Vitis cultivar specific. When A281
was cured of its Ti plasmid or its T-DNA deleted, it could
induce neither necrosis nor tumors (Figs. 1A and B; Table 1).
This indicates that T-DNA is required for both reactions and
is directly responsible for inducing the necrotic response. It
further suggests that T-DNA transfer into grape cells precedes
necrogenesis, in agreement with other reports on necrosis
induced by A281 or other WHR strains (Yanofsky et al.
1985b; Lowe and Krul 1991; Pu and Goodman 1992).

We were interested in identifying the specific T-DNA genes
responsible for inducing the necrotic response. Previous
studies suggested that plant growth regulators mediate its
induction (Lowe and Krul 1991; Pu and Goodman 1992). The
T-DNA region of pTiBo542 is composed of two regions,
namely TL-DNA and TR-DNA, very similar to that of oc-
topine strains (Hood et al. 1986a). The oncogenic genes are
located in the TL-DNA, whereas the opine synthetic loci are
present in the TR-DNA (Hood et al. 1986a; Komari et al.
1986). It was known that the T-DNA genes related to hor-
mone biosynthesis and modulation are located in the TL-
region (Komari et al. 1986; Strabala et al. 1989). Since A281
T-DNA mutants were unavailable and the T-DNA genes of
pTiBo542 had not been mapped, we decided to mutate the
TL-DNA region of pTiBo542 to identify the T-DNA genes
responsible for inducing necrogenesis.

Plasmid pTVK2S5, a cosmid clone which contains most of
the TL-DNA of pTiBo542 and sufficient information for tu-
morigenesis (Komari et al. 1986), was introduced into
EHAI101, a disarmed strain of A281, to determine whether
the resultant composite strain could induce necrosis on
grapevines. As shown in Table 1, the bipartite strain did not
mimic the necrosis-inducing ability of A281., We later showed
that pTVK25 lacks the left part of pTiBo542 TL-DNA be-
yond the insertion sequence IS1312, including the left border
region (See Fig. 2 and following sections; Komari et al. 1986;
Hood et al. 1986a). It is therefore possible that the part of TL-



DNA missing in pTVK2S5 is also involved in inducing necro-
sis, or contributes to the T-DNA transfer process, thus affect-
ing the necrosis-inducing ability of the bipartite strain. It is
also conceivable that a bipartite system works less efficiently
than the original Ti plasmid which carries both the vir region
and the T-DNA region on the same plasmid. This can be es-
pecially true in the case of strain EHA101(pTVK25) since
pTVK25 does not contain the left border region of the TL-
DNA. This was supported by our observation that tumors
induced by the bipartite strain on Kalanchoe daigremontiana
were smaller than those induced by A281 (data not shown).
The same phenomenon was also noticed by Hood and asso-
ciates in their tumor induction assay using EHA101-based
binary vector systems (Hood et al. 1986b).

The reason we first tested pTVK25 was that it would be
much easier and more convenient to mutate the TL-DNA and
screen for mutations which affect the necrosis inducing abil-
ity in a binary system than in A281, because we could avoid
the labor-intensive process of marker-exchanging all the mu-
tations back into the A281 background (Ruvkun and Ausubel
1981; Garfinkel et al. 1981; Stachel et al. 1985). However, the
bipartite strain EHA101(pTVK25) did not work as well as
A281 in inducing the necrotic response on grapevines. To
bypass the problems mentioned above, we randomly
mutagenized pTVKI12 and pTVK25, two cosmid clones
which would surely cover all of the TL-DNA region of
pTiBo542 (Fig. 2; Hood et al. 1986a; Komari et al. 1986),
with transposon Tn3HoHo1l. Those insertion mutations in the
TL-DNA region were mapped with restriction enzymes. They
were then reintroduced into A281 via the marker exchange
(homologous recombination) technique (Ruvkun and Ausubel
1981; Garfinkel et al. 1981; Stachel et al. 1985), and screened
for necrogenesis-inducing activity.

Some A281 T-DNA mutants induce an
attenuated necrotic response.

A total of 40 T-DNA mutants were tested on grape stems
using a method described by Pu and Goodman (1992). The

locations of the mutations are shown in Figure 2. Ten of the
mutants induced necrogenesis only weakly, with the fre-
quency of necrogenesis ranging from 20 to 55% of that of
A281 (Table 2 and Fig. 2). However, none were completely
non-necrogenic. This suggests that more than one locus is
responsible for inducing necrosis and that these loci may have
additive or synergistic effects on necrogenesis. We then tested
the tumor-inducing ability of these 10 mutants. When inocu-
lated onto either leaves or stems of Kalanchoe plants, all mu-
tants still caused tumors, although in many cases tumor for-
mation was delayed (Table 2; data not shown).

Identification of T-DNA genes responsible
for the induction of necrogenesis.

The ten Tn3HoHo1-generated mutations which attenuated
necrogenesis were mapped with restriction enzymes. They
formed two clusters (Fig. 2). To identify the T-DNA genes
mutated, we subcloned and partially sequenced the junction
fragments between the Tn3HoHol1 transposon and the T-DNA
in the 10 mutants. Our identification of the mutated T-DNA
genes was facilitated by the facts that several T-DNA regions
of other Ti plasmids have been sequenced and that T-DNA
genes from different Ti plasmids share high homology
(Barker et al. 1983; Gielen et al. 1984; Klee et al. 1984),

Homology searches in the database and DNA sequence
analysis (Fig. 2 and data not shown) revealed that: i) Five
Tn3HoHol insertions were located in gene tms1 with inser-
tions 150, 153, and 179 in the 5 and insertions 99 and 120 in
the 3” end of its coding region; ii) Two insertions mapped to
gene 6b with insertion 41 in the middle of its coding region
and insertion 71 in the TATA box of its promoter; iii) Three
insertions, 46, 82, and 213, did not map to any known T-DNA
genes, but were very close to the region where the right bor-
der sequence of TL-DNA is located (Hood et al. 1986a),
where they might interfere with the function of the right bor-
der sequence, thus reducing T-DNA transfer. As shown in
Figure 2 and below, insertions in tms2, tmr, and genes 5 and 7
did not affect A281's ability to induce necrosis.

TL-DNA Te-DNA
5 7 tms2 tmsl tmr 6b
T-DNA Genes — - -—— — = — - -
. IS1312 1S1313
Sall | 14b (4.2 kb) 12a (4.6 kb) |?.3h (2.8kb) nsl 15¢ (4.1 kb) lm.{:.l kb]l 13b (4.5 kb)
| T T T ] ] |
Tn3HoHol |, ! HBA 186 5 % W6 | 2 1 113 B
Insertions 159 | 162 150 203 T 213 [ 1y
129146 185 234 8 120 L 52 59 i}
186 ::L; 21 191 bl 46 82
pTVKIZ ---
pTVK2S

Fig. 2. TL-DNA gene map of pTiBo542 and localization of Tn3HoHo1-generated mutations. The TL-DNA region is presented as the Sall restriction map
described by Komari et al. (1986) and modified by us based on our sequencing data (data not shown). Putative TL-DNA genes were localize by us and
by others (Komari et al. 1986; Strabala et al. 1989) by sequencing and by hybridization with known TL-DNA gene probes from pTiA6 and pTiAch5.
Locations of the 40 Tn3HoHol insertions in the TL-DNA region were determined by using restriction enzymes Sall, EcoR1, BamHI, and HindIII. These
insertions were first generated in cosmid clones pTVK12 and pTVK25 (Komari et al. 1986), and then marker-exchanged back into pTiBo542 in A281
(Ruvkun and Ausubel 1981). Insertions causing attenuation in A281 in inducing necrosis are marked with closed circles (also see Table 2). Those un-
marked insertions did not affect the induction of necrosis by A281. Two copies of a novel insertion sequence, 1S1312, were found in the T-region, with
the copy in the TC-region disrupted by another putative insertion element 1S1313 (Deng et al. 1995). The two copies of 151312, represented as solid
boxes, are arranged as inverted repeats. 151313 is indicated as a cross-hatched box. Their positions were determined by DNA hybridization and sequenc-
ing. Sizes of restriction fragments are indicated in kilobases (kb).
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Genetic Map of TL-DNA of pTiBo542.

A detailed gene map for the TL-DNA of pTiBo542 is pre-
sented in Fig. 2. Strabala et al. (1989) have sequenced the rmr
gene in the Ti plasmid. By using Southern hybridization and
DNA sequencing techniques, we identified and characterized
the other TL-DNA genes. Genes tms1, tms2, 7, and 6b were
identified by DNA sequencing, but only gene 6b was se-
quenced in both strands. Its DNA sequence is available under
GenBank accession number U19150. The presence of gene 5
in pTiBo542 was detected by using pTiAch5 gene 5 as a
probe (see Fig. 3 and the following sections). Its putative
direction of transcription was determined by partial DNA
sequencing (data not shown). All of these genes were highly
homologous to the T-DNA genes of other Ti plasmids. No
homolog of gene 6a or opine synthase genes was found in the
TL-DNA region. This was expected since Hood et al. (1986a)
showed that the opine synthetic loci in pTiBo542 are located
in the TR-DNA. In addition, two novel putative insertion se-
quences, IS1312 and IS1313, were identified by DNA se-
quencing in the T-region of pTiBo542 (Deng et al. 1995). The
right border region, as determined by Hood et al. (1986a and
1986b), was also sequenced, but we could not find the right
border sequence by comparing the DNA sequence to the 25
bp border sequences of octopine- and nopaline-type Ti plas-
mids (for a review see: Kado 1991). However, a sequence in
the putative insertion sequence IS1313 (GenBank accession
number U19149) showed similarity to the octopine T-DNA
border sequence (data not shown). As shown in Fig. 2, the
gene organization of the pTiBo542 TL-DNA is very similar to
that of the TL-DNA of octopine-type Ti plasmids and the T-
DNA of nopaline-type Ti plasmids (for reviews see: Winans
1992; Otten et al. 1992).

Double mutants of fms1 and 6b are non-necrogenic.
Our genetic studies indicate that tms1 and 6b genes of the
T-DNA are necessary for A281 to fully induce necrosis on

Table 2. Plant responses to Agrobacterium tumefaciens A281 and its T-
DNA mutants

Necrotic
response on Tumor induction on

Strain® Catawba (%)® Kalanchoe plants®
A281 (parent) 100 +
EHA101 0 -

Single mutants
A281mx41 55 +4
A281mx46 35 +
A281mx71 35 +4
A281mx82 30 +
A281mx99 50 +4
A281mx120 55 44
A281mx150 20 44
A281mx153 20 +4
A281mx179 20 4
A281mx213 45 +

Double mutants

A281mms1::TnphoA 6b::Tn3HoHol 0 -

* For relevant characteristics of the strains, see Table 3.

® Percentage of explants with necrosis. The necrotic response was as-
sayed as described in detail in the legend to Table 1. The data are aver-
ages of three indepenent experiments.

¢ Stems and leaves of greenhouse-grown Kalanchoe plants were inocu-
lated with each strain and tumor formation was scored 3 weeks later. +,
tumor; —, no tumor.

4 Delayed tumor formation.
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grapevines and that both genes are partially responsible. In
order to test whether tmsl and 6b are the only two T-DNA
genes responsible for inducing necrosis on grapevines, double
mutants of tmsl and 6b in A281 (A281 tmsl::TnphoA
6b::Tn3HoHo1) were created. When tested on grapevines, the
mutants were non-necrogenic on both Catawba and Chancel-
lor (Figs. 1E and 1F; Table 2). These double mutants were
non-tumorigenic on Catawba explants and Kalanchoe plants,
but induced small tumors on Chancellor (Fig. 1F and Table
2). This supports previous observations that Chancellor is
more sensitive than Catawba to tumor induction by a variety
of A. tumefaciens strains tested (Haque 1990; Pu and Good-
man 1992). These results indicate that tms1 and 6b are the
only two T-DNA genes of A281 responsible for inducing the
necrotic response on grapevines.

Stem polarity strongly affects necrogenesis

Explant polarity has been shown to be very important in
Agrobacterium-induced tumorigenesis (Ryder et al. 1985;
Haque 1990), probably because of the unidirectional move-
ment of auxin (from shoot tip to root tip) in plants (Goldsmith
1977). Since earlier studies and our current work suggested
that plant growth regulators mediate the induction of necrosis
by A. tumefaciens (Lowe and Krul 1991; Pu and Goodman
1992; Fig. 2), we tested whether orientation of the explant
affects necrogenesis. Strain A281 induced necrosis in 100%
of the stems inoculated when grape stem explants were cul-
tured apical ends down and bacteria were inoculated onto
their physiological basal ends, where auxin accumulates.
However, when the stem explants were cultured in their natu-
ral position and their apical ends inoculated, necrosis was

Hindlll Sall
123 456 7 8

1.2

Fig. 3. Hybridization of total Agrobacterium DNA using gene 5 of Ach5
as a probe. The DNAs in lanes 1 to 6 were digested with HindlIIl; the
DNAs in lanes 7 and 8 were digested with Sall. See Table 3 for relevant
characteristics of the strains. Lane 1, A136; lanes 2 and 7; Bo542; lanes
3 and 8, A281; lane 4, C58; lane 5, A6; lane 6, A. vitis strain Ag57. The
positive hybridization band in lane 8 (A281) is Sa/l fragment 14b shown
by screening the Sall clone bank of pTiBo542 (Komari et al. 1986) with
the same probe (data not shown). The numbers on the right side repre-
sent the sizes of fragments in kilobase pairs.



reduced to 20% of the inoculated explants. Furthermore, even
in those explants showing a response, necrosis was greatly
delayed and attenuated (Fig. 1C).

Gene 5 of pTiBo542 in A281 is likely not
transferred into grapevine cells.

Gene 5 of T-DNA encodes a protein which antagonizes
auxin activity (Korber et al. 1991). We mapped gene 5 in the
TL-DNA region of pTiBo542. By using the coding region of
gene 5 from A. tumefaciens Ach5 as a probe, we found a ho-
molog in the Sall fragment 14b of pTiBo542 (Fig. 3; Komari
et al. 1986). DNA sequencing and restriction mapping
showed that gene 5 of pTiBo542 was separated from the other
TL-DNA genes by a novel insertion sequence, IS1312
(GenBank accession number U19148; Figs. 2 and 3).
Whether this A281 homolog of gene 5 is functional or not
remains to be demonstrated. No sequence similar to gene 5
was found in A. vitis strain Ag57, confirming a previous re-
port (Paulus et al. 1991), whereas similar sequences were
present in A348 and C58 (Fig. 3).

Hood et al. (1986a) have shown that in A281 the portion of
the T-DNA beyond the insertion sequence is transferred into
some plants (e.g. alfalfa) but not others (e.g. soybean). Inter-
estingly, the right inverted terminal repeat of IS1312, which
separates gene 5 from other TL-DNA genes, contains a se-
quence which shows high homology to the 25 base-pair T-
DNA border sequences (data not shown; Deng et al. 1995).
The similarity is even greater in the consensus nick sequence
shared between T-DNA borders of Agrobacterium and the
transfer origins of IncP, IncQ, and Ti plasmids, all of which
are similar (Waters et al. 1991; Cook and Farrand 1992).
Therefore, it is likely that gene 5 of pTiBo542 is not trans-
ferred into plants as part of the TL-DNA if this pseudo-border
sequence is processed by the VirD2 endonuclease.

DISCUSSION

Agrobacterium can affect plants in a variety of ways. Al-
though some plant species are recalcitrant or even resistant to
tumor formation, many dicot plants and gymnosperms, as
well as a few monocot plants, are susceptible to infection by
A. tumefaciens (DeCleene and DeLey 1976). While the for-
mation of a gall is the outcome for most plant-A. tumefaciens
interactions, some Agrobacterium strains cause other kinds of
diseases or symptoms on specific plants. For example, A. vitis
strains, which specifically infect grapevines, not only cause
galls but also root decay specifically on grape plants (Burr et
al. 1988). The virulence factor responsible for the root decay
is polygalacturonase, a pectic enzyme that is chromosomally
encoded and is not present in A. tumefaciens strains (Rod-
riguez-Palenzuela et al. 1991). Thus, root decay is totally
different from the necrotic response induced by WHR strains
of A. tumefaciens on grapevines, which is Ti plasmid-related
(Yanofsky et al. 1985a, 1985b; Lowe and Krul 1991; Pu and
Goodman 1992).

It has been known for some time that different plants re-
spond differently to the same A. tumefaciens strain and that
tumorigenesis is a plant species- and A. tumefaciens strain-
specific process (DeCleene and DeLey 1976; Anderson and
Moore 1979). The formation of a crown gall results from the
active production of plant growth factors, auxin and cytoki-

nin, encoded by T-DNA genes (Schroder et al. 1984; Tho-
mashow et al. 1984; Thomashow et al. 1986). Auxin and cy-
tokinin must be at appropriate levels and ratios to each other
for A. tumefaciens to induce tumors on its host plant, since
accumulation of the growth factors at high levels could cause
cell death. Because tumor formation is the desired end result
for A. tumefaciens, its WHR strains have evolved mechanisms
to balance hormone production in transformed plant cells.
Their T-DNA consists of not only oncogenes responsible for
the biosynthesis of auxin and cytokinin, but also genes,
namely genes 5 and 6b, that either regulate the hormone lev-
els or influence the effects of the hormones (for reviews see:
Kado 1991; Winans 1992). The lack of genes for hormone
biosynthesis or genes responsible for regulating hormone
levels and/or effects likely contributes to the host range of A.
vitis strains and some LHR strains of A. tumefaciens
(Hoekema et al. 1984; Yanofsky et al. 1985a; for a review see:
Otten et al. 1992).

Although the gene organization in the T-DNA of WHR
strains is geared to ensure tumorigenesis, these strains do not
induce tumors on all plants either. The apparent resistance of
certain plants to tumor induction by A. tumefaciens can be
explained in a number of ways. The specific A. tumefaciens
strain may not be able to transform the specific plant because
any one of the steps leading to tumorigenesis is blocked or
the plant may fail to respond to the levels of growth regula-
tors resulting from T-DNA gene expression. In the latter case,
the sensitivity of a plant to changes in hormone levels result-
ing from T-DNA gene expression is critical in determining
whether tumors will form. Some plants may have evolved
mechanisms that overcome drastic fluctuations in growth
regulator levels, and thus have become insensitive to tumor
formation. On the other hand, some plants may be extremely
sensitive to such changes and respond to such alterations in a
way other than tumorigenesis.

The necrotic response induced by WHR A. tumefaciens
strains on grapevines might represent such a sensitive system.
Both the virulence and the T-DNA regions in the Ti plasmid
must be present in order for A. tumefaciens to induce the ne-
crotic response (Yanofsky et al. 1985a, 1985b; Lowe and Krul
1991; Pu and Goodman 1992). Our genetic studies indicate
that fms1 and 6b genes of the T-DNA are necessary for A281
to fully induce necrosis on grapevines and that both genes are
partially responsible. Since the #ms1 gene is involved in auxin
biosynthesis (Schréder et al. 1984; Thomashow et al. 1984),
and gene 6b has an auxinlike effect on plants (Tinland et al.
1989; Spanier et al. 1989; Tinland et al. 1990), they are likely
to have additive or synergistic effects on the auxin activity in
transformed plant cells. Synergistic effects have been reported
in tumor induction between the auxin biosynthetic genes and
the 6b gene of the limited-host-range (LHR) A. vitis strain
AB3 (Paulus et al. 1991). This could explain why non-
necrogenic mutants did not result from single insertions. It is
worth noting that no single transposon insertion caused a
complete loss of oncogenicity by WHR A. tumefaciens strains
either (Garfinkel et al. 1981; Ooms et al. 1981). Based on
these genetic studies, we propose that auxin is the inducing
agent for necrosis and that the necrogenesis induced by Agro-
bacterium on grapevines results from auxin toxicity.

Our hypothesis is supported by the following findings.
Gene 5, which modulates auxin responses in plants by au-
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toregulating the synthesis of an auxin antagonist (Korber et
al. 1991), can suppress any possible auxin toxicity conferred
by the auxin biosynthetic genes tms1 and tms2 in the T-DNA.
Interestingly, in strain-A281 this locus is separated from other
TL-DNA genes by a novel insertion sequence (IS1312), part
of which is similar to the T-DNA border sequence (Figs. 2
and 3). It is possible that this locus is not transferred to grape
cells. In addition, A281 has been reported to induce tumors
even on plants like legumes which are extremely difficult to
be transformed by other Agrobacterium strains (Hood et al.
1986b; Jin et al. 1987). The supervirulence and high trans-
formation frequency of A281 has been attributed to its vir
genes (Hood et al. 1986b; Jin et al. 1987). By using the [3-
glucuronidase gene as a reporter, A281 has been shown to
transform grape cultivars Catawba and Chancellor at a higher
frequency than other tumor-inducing Agrobacterium strains
(Pu and Goodman 1992; data not shown). Therefore, the
highly efficient T-DNA transfer system of A281 (Hood et al.
1986b; Jin et al. 1987), in combination with its unique T-
DNA gene organization, apparently results in a high auxin
level following expression of T-DNA genes which the grape
cultivars Catawba and Chancellor cannot tolerate. The result-
ing necrosis at the site of inoculation then blocks uncon-
trolled cell division which would have led to tumor formation.
If auxin is responsible for inducing necrosis on'grapevines,
then the orientation of the explant should affect necrogenesis.
This is indeed the case. Inoculation of Agrobacterium on
physiological basal ends, where auxin accumulates, resulted
in the greatest degree of necrogenesis. Our hypothesis that
auxin is the responsible agent is further supported by the ob-
servation that exogenously added auxin accelerates necro-
genesis by A281, while kinetin and abscisic acid tend to de-
lay the process (Pu and Goodman 1992).

It should be noted that although both #ms1 and tms2 are re-
quired for auxin biosynthesis in T-DNA-transformed plant
cells, mutations in tms2 did not affect the ability of A281 to
induce necrogenesis (data not shown). This raises the possi-
bility that IAM, rather than IAA, is the necrogenic factor.
Although our data do not rule out this possibility, it seems
unlikely for a number of reasons. First, IAM has been shown
to be an inactive compound and does not have any biological
activity ‘when applied to a variety of plants in physiological
concentrations (Wightman 1962; Budar et al. 1986; Klee et al.
1987; Karlin-Neumann et al. 1991). A toxic effect is seen
only when very high concentrations of IAM are used. Second,
the growth of plants transformed with the #ms2 gene, which
converts IAM into IAA, is strongly inhibited by concentra-
tions of IAM that do not significantly affect wild-type plants
(Budar et al. 1986; Klee et al. 1987; Karlin-Neumann et al.
1991). These results all suggest that IAM exerts its biological
effect only after it is converted into IAA. Our observation that
tms?2 mutations did not influence the ability of A281 to in-
duce necrogenesis can be readily explained if Vitis cells can
hydrolyze IAM into IAA. Such IAM hydrolyzing activities
have been reported in plants (Wightman 1962; Klee et al.
1987; Kawaguchi et al. 1991).

Lowe and Krul (1991) studied the effects of a selected
group of mutants of A348 T-DNA on stem necrosis in the
grapevine cultivar Steuben, another cultivar that is highly
sensitive to necrosis. They showed that a mutation in tmsl
reduced necrogenesis slightly, whereas a Tn5 insertion in
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tms?2 resulted in a significant reduction in the necrotic reac-
tion. This observation is also consistent with our conclusion
that auxin is responsible for inducing necrogenesis. However,
it contrasts with our finding that tms1 mutations profoundly
affected necrogenesis induced by A281 on the cultivar
Catawba, while mutations in tms2 had no effect. This discrep-
ancy in the data could be due to differences in the Agrobac-
terium strains and/or Vitis cultivars studied. Since tms2 codes
for the enzyme that carries out the second reaction of the two-
step process of auxin biosynthesis encoded by T-DNA and
plants do not normally contain IAM (Klee et al. 1987), it is
reasonable to expect that #ms1 mutations would have a more
drastic effect on the induction of necrogenesis than #ms2 mu-
tations. Mutations in the tmr locus had no effect on the ne-
crosis either in the A281-Catawba or the A348-Steuben inter-
actions (data not shown; Lowe and Krul 1991). The effect of
mutations in the 6b gene on necrogenesis was not studied by
Lowe and Krul.

A. tumefaciens is not the only bacterium that utilizes auxin
and other plant growth regulators as virulence factors. Other
soil and plant-associated microorganisms, including species
of Pseudomonas, Xanthomonas, Erwinia, and Rhizobium,
also produce auxins (Fett et al. 1987; Clark et al. 1993; Maz-
zola and White 1994; for a review see: Morris 1986). P. sa-
vastanoi induces tumorous overgrowths, known as olive knot
disease, on olive and oleander plants by secreting high levels
of auxin (Comai and Kosuge 1982). The importance of auxin
production in the virulence and pathogenicity of Erwinia
herbicola pv. gypsophilae and Pseudomonas syringae pv.
syringae has been demonstrated recently. While mutations of
the auxin biosynthetic genes in E. herbicola pv. gypsophilae
reduce virulence (Clark et al. 1993), a similar alteration in P.
syringae pv. syringae affects growth of the bacteria in
Phaseolus vulgaris and also syringomycin production
(Mazzola and White 1994). The significance of auxin pro-
duction by Rhizobium species and most plant-pathogenic
pseudomonads and xanthomonads, which do not cause obvi-
ous hypertrophy of host tissues, is not yet understood. It is
conceivable that during interactions with these phytopatho-
genic bacteria, certain plants, like some grapevine cultivars,
may have adopted the necrotic response as a defense mecha-
nism to prevent A. tumefaciens or other bacterial pathogens
from causing even more severe damage to the plant from the
disease they normally cause.

However, it is important to note that the necrotic response
is not the typical hypersensitive response (HR), the well-
known plant defense mechanism which results from an in-
compatible interaction with a plant pathogen. This reaction is
characterized by the rapid, localized death of plant cells at the
site of pathogen invasion (for reviews see: Klement 1982;
Keen 1990; Goodman and Novacky 1994). As Pu and Good-
man (1992) have pointed out, the necrosis induced by A. tu-
mefaciens on grapevines occurs much more slowly than the
HR. In addition, Agrobacterium-induced necrosis develops
progressively beyond the inoculation site (Pu and Goodman
1992). The notion that the necrotic response is different from
the hypersensitive response is further supported by the report
that some A. tumefaciens strains can in fact inhibit the devel-
opment of the HR elicited by Pseudomonas syringae pv.
phaseolicola on tobacco (Robinette and Matthysse 1990).

Although it is quite clear that T-DNA genes related to the



biosynthesis and modulation of activity of auxin are respon-
sible for inducing the necrotic response on grapevines, little is
known about the mechanism by which the response is initi-
ated in plant cells. Since the necrotic response is both A. fu-
mefaciens strain and plant cultivar specific, further studies
should be directed at elucidating the plant chemistry during
the necrotic response and identifying and characterizing the
plant genes involved in this interaction. Such studies will, no
doubt, help us better understand the pathogenesis of Agrobac-
terium and the reaction of a plant cell to the expression of T-
DNA genes.

MATERIALS AND METHODS

Bacterial strains and plasmids.

The strains and plasmids used in this study are listed in
Table 3. Media, use of antibiotics, and growth conditions
were as previously described (Cangelosi et al. 1991; Charles
and Nester 1993).

DNA manipulations.

Standard techniques for DNA cloning and mapping were
conducted according to Sambrook et al. (1989). Total DNA of
Agrobacterium strains was prepared as described by Charles
and Nester (1993). Restriction enzymes and T4 DNA ligase
were purchased from Bethesda Research Laboratories, Inc.
(Gaithersburg, Maryland) or New England Biolabs, Inc.
(Beverly, Mass.) and used according to the supplier's recom-
mendations.

For Southern hybridization, DNA digests were transferred
to nylon membrane (Nytran; Schleicher & Schuell, Keene,

Table 3. Bacterial strains and plasmids used in this study

New Hampshire) by using the vacuum blotting system
(Pharmacia, Uppsala, Sweden). Probe DNA was labeled with
fluorescein. Hybridization and signal detection were carried
out by using the Amersham ECL random prime labeling and
detection system (Amersham Corp., Arlington Heights, II1.)
according to the recommended conditions.

Transposon mutagenesis of the TL-DNA
region of pTiBo542.

Cosmid clones pTVK12 and pTVK25, which cover the TL-
DNA region of pTiBo542 (Komari et al. 1986), were
mutagenized with Tn3HoHol by the method described by
Stachel et al. (1985). Insertions were mapped with restriction
enzymes Sall, EcoRI, BamHI, and HindIIl. When needed, the
precise insertion sites of Tn3HoHol in the T-DNA were de-
termined by sequencing with an oligonucleotide primer
complementary to the fusion-generating end of Tn3HoHol
(5"-CCATTAAAAGAGGCGTCAGAGGCAG-3") after sub-
cloning the junction fragments between the transposon and
the TL-DNA sequences into pTZ18R. The junction sequences
were then compared to similar sequences in the database.
Those cosmids having insertion mutations in the TL-DNA
region, which were defined by Hood et al. (1986a) and Kom-
ari et al. (1986), were introduced individually into A281 by
electroporation (Cangelosi et al. 1991). Double crossover
(homologous recombination) between the mutated cosmids
and pTiBo542 was achieved by using the marker exchange
technique (Ruvkun and Ausubel 1981; Garfinkel et al. 1981).
After colonies were purified, clones resulting from the desired
recombination events were verified by Southern hybridiza-

Strain or plasmid Relevant characteristics

Source or reference

Agrobacterium tumefaciens

Al136 C58 cured of pTiC58

A348 A136(pTiA6NC) (octopine-type)

Cs8 Wild type, nopaline strain

AG6NC Wild type, octopine strain

FACH Wild type, grape isolate

A281 A136(pTiBo542) (succinamopine-type)
Bo542 Wild type, succinamopine strain
EHA101 Disarmed A281 (T-DNA deleted)
A281mx41 A281 6by;::Tn3HoHol

A281mx46 A281 T-regionys::Tn3HoHol
A281mx71 A281 6b;;::Tn3HoHol
A281mx82 A281 T-regiong,::Tn3HoHol
A281mx99 A281 tmslge::Tn3HoHo1
A281mx120 A281 tms1,,y::Tn3HoHol
A281mx150 A281 tms1,5y::Tn3HoHol
A281mx153 A281 tms1,53::Tn3HoHol
A281mx179 A281 tms1,7¢::Tn3HoHo1
A281mx213 A281 T-region,;3::Tn3HoHo1

A281 tms1 6b double mutant
Escherichia coli
C2110 polA rha his

A281 tms1y79::TnphoA 6b,;::Tn3HoHol

Watson et al. 1975
Garfinkel et al. 1981
Laboratory collection
Laboratory collection
Laboratory collection
Sciaky et al. 1978
Sciaky et al. 1978
Hood et al. 1986b
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Prince and Barlam 1985

MT616 MT607(pRK600), mobilizer T. Charles
HB101(pHoHo1, pSShe) Tn3HoHol mutagenesis strain Stachel et al. 1985
HB101(pPH1JI) pPH1JI, IncP plasmid J. Beringer
MT621 pro-82 thi-1 hsdR17 supE44 endAl malF::TnphoA T. Charles
Plasmids
pUC19g5Sall AchS5 gene 5 cloned in pUC19 C. Koncz
pTVK25 Cosmid clone of pTiBo542 T-region Komari et al. 1986
pTVKI12 Cosmid clone of pTiBo542 T-region Komari et al. 1986
pTZ18R Cloning vector, ColE1 oriV U. S. Biochemical Corp.
pSP329 Broad host range cloning vector, IncP S. Porter
pSP329S12a Sall fragment 12a from pTVK2S5 cloned in pSP329 This study
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tion. The T-DNA mutants which resulted from marker ex-
change are designated A281mx followed by the number of
the corresponding Tn3HoHo1 insertion as shown in Fig. 2
and Table 2.

Generation of A281 tms1::TnphoA 6b ::Tn3HoHol
double mutants.

To make a tms1 and 6b double mutant of A281, the Sall
fragment 12a of pTVK25 (Komari et al. 1986), which con-
tains most part of the tms1 gene of pTiBo542, was subcloned
into an IncP broad host range vector pSP329, creating
pSP329S12a. TnphoA insertions in pSP329S12a were gen-
erated by passing the plasmid through the E. coli chromoso-
mal TnphoA strain MT621 as described by Charles and
Nester (1993). Transposition events onto the plasmid were
identified by mobilizing the resulting kanamycin-resistant
plasmids into the E. coli polA strain C2110 using MT616 as a
mobilizer. The position and orientation of TnphoA insertions
in the tms1 region were determined by mapping with restric-
tion enzymes and sequencing with a primer complementary to
part of the phoA sequences (5-ACCCGTTAAA-
CGGCGAGCACCGCCGGG-3"). One plasmid, pSP329S12a
" TnphoA#179, which has a TnphoA insertion in the 5” cod-
ing region of the rms1 gene (126 base pairs away from the
start codon), was introduced into two pPH1JI-cured A281
6b::Tn3HoHol mutants (A281mx41 and A281mx71) by
electroporation. Plasmid pPH1JI was then reintroduced into
the resulting strains and double mutants were selected using
the marker exchange technique (Ruvkun and Ausubel 1981;
Garfinkel et al. 1981; Cangelosi et al. 1991). Putative A281
tms1::TnphoA 6b::Tn3HoHol double mutants were con-
firmed by Southern analysis.

DNA sequencing and analysis.

Double-stranded plasmid DNA was sequenced by the chain
termination method with Sequenase version 2.0 according to
the protocol recommended by the supplier (U.S. Biochemical
Corp., Cleveland, Ohio). When long pieces of DNA needed to
be sequenced, exonuclease III was used to generate nested
sets of deletions according to the standard method (Sambrook
et al. 1989). DNA sequences were analyzed by using Genetics
Computer Group software from the University of Wisconsin,
and similarity searches were conducted at the National Center
for Biotechnology Information (Bethesda, Md.) with the
BLAST network service (Altschul et al. 1990).

Plant assays.

Tests of various A. tumefaciens strains on Vitis cultivars
Catawba and Chancellor were conducted as described before
(Pu and Goodman 1992). Briefly, internodes 3, 4, 5, 6, and 7
from the apex were cut from grape plants grown in the green-
house and surface sterilized in 75% ethanol for 2 min, soaked
in 2.5% sodium hypochlorite for 20 min, and washed three
times in sterile distilled water. The stem pieces were then
trimmed aseptically at both ends and placed apex down, ex-
cept when indicated otherwise as in the polarity tests (see
text), in half-strength BS culture medium without hormones
(Gamborg et al. 1968). Bacteria were grown overnight in
MG/L broth (Cangelosi et al. 1991) supplemented with ap-
propriate antibiotics at 28°C, centrifuged and washed in 0.1
M phosphate-buffered saline (pH7.0). Cell concentration was
adjusted to about 10° cells per milliliter in sterile distilled
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water. Droplets of inocula, 5 pl each, were applied onto grape
stem explants. Eight to 10 internode explants were inoculated
for each treatment per strain, and each treatment consisted of
representatives of all internodes, so that any variation due to
physiological age was minimized. The inoculated explants
were incubated in a growth chamber with a 14-h photoperiod
at 25°C. Each experiment was repeated at least once.

The responses, necrotic or tumorigenic, were evaluated and
recorded 1, 2, and 3 weeks after inoculation. Necrosis was
usually visible 1 week after inoculation, appearing brown on
the inoculated surface of the explants. It developed progres-
sively down the axes of the explants and, 2 weeks after inocu-
lation, the upper part of some necrosed shoots turned black.
The degree of necrosis on different explants can vary, proba-
bly due to variations in the physiological state of the explants.
Therefore, in scoring necrosis, samples were always con-
trasted to negative controls: uninoculated explants and ex-
plants inoculated with buffer only or A. tumefaciens strain
A136 which was already shown not to induce necrosis. The
explants showing more severe browning or blackening than
the negative controls were considered necrosis positive. Since
both tumor and necrosis were fully developed 2 weeks after
inoculation, all the data presented in this paper were collected
at that time.

Oncogenicity tests of Agrobacterium strains on Kalanchoe
daigremontiana leaves or stems were performed as previously
described (Garfinkel et al. 1981).

Insertion sequence numbers and nucleotide sequence ac-
cession numbers.

IS numbers were assigned to the two insertion sequences
mentioned in this study by the Plasmid Reference Center (E.
Lederberg, Plasmid Reference Center, Department of Micro-
biology and Immunology, 5402, Stanford University School
of Medicine, Stanford, CA 94305-2499). The two IS elements
in pTiBo542 are designated IS1312 and IS1313. The DNA
sequences of IS1312, IS1313, and gene 6b of pTiBo542 are
available from GenBank database under accession numbers
U19148, U19149, and U19150, respectively.

ACKNOWLEDGMENTS

We thank C. Koncz for providing plasmid pUC19g5Sall and T. Char-
les for providing bacterial strains. We also thank all of the members of
our group for helpful discussions. We especially acknowledge the help
of S. Jin in the computer analysis of DNA sequences and his critical
reading of the manuscript. This work was supported in part by National
Science Foundation grant DMB8704292 and the Missouri Grape and
Wine Program, Jefferson City. W. Deng was a recipient of a predoctoral
fellowship from the Rockefeller Foundation.

LITERATURE CITED

Akiyoshi, D., Klee, H., Amasino, R., Nester, E., and Gordon, M. 1984.
T-DNA of Agrobacterium tumefaciens encodes an enzyme of cytoki-
nin biosynthesis. Proc. Natl. Acad. Sci. USA 81:5994-5998.

Altschul, S., Gish, W., Miller, W., Myers, E., and Lipman, D. 1990.
Basic local alignment search tool. J. Mol. Biol. 215:403-410.

Anderson, A., and Moore, L. 1979. Host specificity in the genus Agro-
bacterium. Phytopathology 69:320-323.

Barker, R. F, Idler, K. B., Thompson, D. V., and Kemp, J. D. 1983.
Nucleotide sequence of the T-DNA region from Agrobacterium tume-
faciens octopine Ti plasmid pTil5955. Plant Mol. Biol. 2:335-350.

Barry, G., Rogers, S., Fraley, R., and Brand, L. 1984. Identification of a
cloned cytokinin biosynthetic gene. Proc. Natl. Acad. Sci. USA



81:4776-4780.

Buchmann, I, Mamer, F, Schroder, G., Waffenschmidt, S., and
Schroder, J. 1985. Tumor genes in plants: T-DNA encoded cytokinin
biosynthesis. EMBO J. 4:853-859.

Budar, F, DeBoeck, F, Van Montagu, M., and Hernalsteens, J.-P. 1986.
Introduction and expression of the octopine T-DNA oncogenes in to-
bacco plants and their progeny. Plant Sci. 46:195-206.

Burr, T. J,, Bishop, A. L., Katz, B. H., Blanchard, L. M., and Bazzi, C.
1988. A root-specific decay of grapevine caused by Agrobacterium
tumefaciens and A. radiobacter biovar 3. Phytopathology 77:1424-
1427.

Cangelosi, G., Best, E., Martinetti, G., and Nester, E. 1991. Genetic
analysis of Agrobacterium. Methods Enzymol. 204:384-397.

Charles, T., and Nester, E. 1993. A chromosomally encoded two-
component sensory transduction system is required for virulence of
Agrobacterium tumefaciens. J. Bacteriol. 175:6614-6625.

Clark, E., Manulis, S., Ophir, Y., Barash, I., and Gafni, Y. 1993. Cloning
and characterization of iaaM and iaaH from Erwinia herbicola
pathovar gypsophilae. Phytopathology 83:234-240.

Comai, L., and Kosuge, T. 1982. Cloning and characterization of iaaM,
a virulence determinant of Pseudomonas savastanoi. J. Bacteriol.
149:40-46.

Cook, D., and Farrand, S. 1992. The oriT region of Agrobacterium tume-
faciens Ti plasmid pTiC58 shares DNA sequence identity with the
transfer origins of RSF1010 and RK2/RP4 and with T-region borders.
J. Bacteriol. 174:6238-6246.

DeCleene, M., and DeLey, J. 1976. The host range of crown gall. Bot.
Rev. 42:389-466.

Deng, W., Gordon, M. P., and Nester, E. W. 1995. Sequence and distri-
bution of IS1312: Evidence for horizontal DNA transfer from Rhizo-
bium to Agrobacterium. J. Bacteriol. In press.

Fett, W., Osman, S., and Dunn, M. 1987. Auxin production by plant-
pathogenic pseudomonads and xanthomonads. Appl. Environ. Mi-
crobiol. 53:1839-1845.

Gamborg, O., Miller, R., and Ojima, K. 1968. Nutrient requirements of
suspension cultures of soybean root cells. Exp. Cell Res. 50:151-158.

Garfinkel, D. J., Simpson, R. B., Ream, L. W., White, F. F,, Gordon, M.
P., and Nester, E. W. 1981. Genetic analysis of crown gall: fine struc-
ture map of the T-DNA by site-directed mutagenesis. Cell 27:143-153.

Gielen, J., De Beuckeleer, M., Seurinck, J., Deboeck, F., De Greve, H.,
Lemmers, M., Van Montagu, M., and Schell, J. 1984. The complete
nucleotide sequence of the TL-DNA of the Agrobacterium tumefaci-
ens plasmid pTiAchS. EMBO J. 3:835-846.

Goldsmith, M. 1977. The polar transport of auxin. Annu. Rev. Plant
Physiol. 28:439-478.

Goodman, R. N., and Novacky, A. J. 1994. The Hypersensitive Reaction
in Plants to Pathogens: A Resistance Phenomenon. APS Press, St.
Paul, Minnesota.

Haque, I. M. 1990. Sensitivities of grapevines to crown gall disease.
Ph.D. thesis. University of Missouri, Columbia.

Hoekema, A., dePater, B. S., Fellinger, A. J., Hooykaas, P. J. J., and
Schilperoort, R. A. 1984. The limited host range of an Agrobacterium
tumefaciens strain extended by a cytokinin gene from a wide host
range T-region. EMBO J. 3:3043-3047.

Hood, E. E., Chilton, W. S., Chilton, M.-D., and Fraley, R. 1986a. T-
DNA and opine synthetic loci in tumors incited by Agrobacterium tu-
mefaciens A281 on soybean and alfalfa plants. J. Bacteriol. 168:1283-
1290.

Hood, E. E., Helmer, G. L., Fraley, R. T., and Chilton, M.-D. 1986b. The
hypervirulence of Agrobacterium tumefaciens A281 is encoded in a
region of pTiBo542 outside of T-DNA. J. Bacteriol. 168:1291-1301.

Hooykaas, P, den Dulk-Ras, H., and Schilperoort, R. 1988. The Agro-
bacterium tumefaciens T-DNA gene 6b is an onc gene. Plant Mol.
Biol. 11:791-794.

Jin, S., Komari, T., Gordon, M. P., and Nester, E. W. 1987. Genes re-
sponsible for the supervirulence phenotype of Agrobacterium tume-
faciens A281. J. Bacteriol. 169:4417-4425.

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

Karlin-Neumann, G. A,, Brusslan, J. A., and Tobin, E. M. 1991. Phyto-
chrome control of the tms2 gene in transgenic Arabidopsis: A strategy
for selecting mutants in the signal transduction pathway. Plant Cell
3:573-582.

Kawaguchi, M., Kobayashi, M., Sakurai, A., and Syono, K. 1991. The

presence of an enzyme that converts indole-3-acetamide into IAA in
wild and cultivated rice. Plant Cell Physiol. 32:143-149.

Keen, N. T. 1990. Gene-for-gene complementarity in plant-pathogen
interactions. Annu. Rev. Genet. 24:447-463.

Klee, H., Montoya, A., Horodyski, F,, Lichtenstein, C., Garfinkel, D.,
Fuller, S., Flores, C., Peschon, J., Nester, E., and Gordon, M. 1984.
Nucleotide sequence of the tms genes of the pTIA6NC octopine Ti
plasmid: two gene products involved in plant tumorigenesis. Proc.
Natl. Acad. Sci. USA 81:1728-1732.

Klee, H. J,, Horsch, R. B., Hinchee, M. A., Hein, M. B., and Hoffmann,
N. L. 1987. The effects of overproduction of two Agrobacterium tume-
faciens T-DNA auxin biosynthetic gene products in transgenic petunia
plants. Genes Dev. 1:86-96.

Klement, Z. 1982. Hypersensitivity. Pages 150-178 in: Phytopathogenic
Procaryotes. M. S. Mount. G. S. and Lacy, eds. Academic Press, New
York.

Knauf, V. C., Panagopoulos, C. G., and Nester, E. W. 1982. Genetic
factors controlling host range of Agrobacterium tumefaciens. Phytopa-
thology 72:1545-1549.

Komari, T., Halperin, W., and Nester, E. W. 1986. Physical and func-
tional map of supervirulent Agrobacterium tumefaciens tumor-
inducing plasmid pTiB0542. J. Bacteriol. 166:88-94.

Korber, H., Strizhov, N., Staiger, D., Feldwisch, J., Olsson, O., Sand-
berg, G., Palme,K., Schell, J., and Koncz, C. 1991. T-DNA gene 5 of
Agrobacterium modulates auxin response by autoregulated synthesis
of a growth hormone antagonist in plants. EMBO J. 10:3983-3991.

Leroux, B., Yanofsky, M. F, Winans, S. C., Ward, J. E., Ziegler, S. F,,
and Nester, E. W. 1987. Characterization of the virA locus of Agro-
bacterium tumefaciens: A transcriptional regulator and host range de-
terminant. EMBO J. 6:849-856.

Lessl, M., and Lanka, E. 1994. Common mechanisms in bacterial conju-
gation and Ti-mediated T-DNA transfer to plant cells. Cell 77:321-
324.

Loper, J. E., and Kado, C. I. 1979. Host range conferred by the viru-
lence-specifying plasmid of Agrobacterium tumefaciens. J. Bacteriol.
139:591-596.

Lowe, B. A, and Krul, W. R. 1991. Physical, chemical, developmental,
and genetic factors that modulate the Agrobacterium-Vitis interaction.
Plant Physiol. 96:121-129.

Mazzola, M., and White, F. 1994. A mutation in the indole-3-acetic acid
biosynthesis pathway of Pseudomonas syringae pv. syringae affects
growth in Phaseolus vulgaris and syringomycin production. J. Bacte-
riol. 176:1374-1382.

Morris, R. O. 1986. Genes specifying auxin and cytokinin biosynthesis
in phytopathogens. Annu. Rev. Plant Physiol. 37:509-538.

Ooms, G., Hooykaas, P., Moolenaar, G., and Schilperoort, R. 1981.
Crown gall plant tumors of abnormal morphology, induced by Agro-
bacterium tumefaciens carrying mutated octopine Ti-plasmids; analy-
sis of T-DNA functions. Gene 14:33-50.

Otten, L., Canaday, J., Gerard, J.-C., Fournier, P., Crouzet, P., and Pau-
lus, F. 1992. Evolution of agrobacteria and their Ti plasmids—a re-
view. Mol. Plant-Microbe Interact. 5:279-287.

Paulus, F, Huss, B., Tinland, B., Herrmann, A., Canaday, J., and Otten,
L. 1991. Role of T-region borders in Agrobacterium host range. Mol.
Plant-Microbe Interact. 4:163-172.

Prince, A., and Barlam, T. 1985. Isolation of a DNA fragment containing
replication functions from IncP2 megaplasmid pMG2. J. Bacteriol.
161:797-794.

Pu, X.-A,, and Goodman, R. N. 1992. Induction of necrogenesis by
Agrobacterium tumefaciens on grape explants. Physiol. Mol. Plant
Pathol. 41:241-254.

Robinette, D., and Matthysse, A. G. 1990. Inhibition by Agrobacterium
tumefaciens and Pseudomonas savastanoi of development of the hy-
persensitive response elicited by Pseudomonas syringae pv. phaseoli-
cola. J. Bacteriol. 172:5742-5749.

Rodriguez-Palenzuela, P.,, Burr, T. J,, and Collmer, A. 1991. Polygalac-
turonase is a virulence factor in Agrobacterium tumefaciens biovar 3.
J. Bacteriol. 173:6547-6552.

Ruvkun, G. B, and Ausubel, F. M. 1981. A general method for site-
directed mutagenesis in prokaryotes. Nature 289:85-88.

Sambrook, J., Fritsch, E., and Maniatis, T. 1989. Molecular Cloning: A
Laboratory Manual. 2nd ed. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, New York.

Schroder, G., Waffenschmidt, S., Weiler, E., and Schroder, J. 1984. The

Vol. 8, No. 4, 1995 / 547



T-region of Ti plasmids codes for an enzyme synthesizing indole-3-
acetic acid. Eur. J. Biochem. 138:387-391.

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

Spanier, K., Schell, J., and Schreier, P. 1989. A functional analysis of T-
DNA gene 6b: The fine tuning of cytokinin effects on shoot develop-
ment. Mol. Gen. Genet. 219:209-216.

Stachel, S. E., An, G., Flores, C., and Nester, E. W. 1985. A Tn3 lacZ
transposon for the random generation of B-galactosidase gene fusions:
application to the analysis of gene expression in Agrobacterium.
EMBO J. 4:891-898.

Strabala, T. J., Bednarek, S. Y., Bertoni, G., and Amasino, R. M. 1989.
Isolation and characterization of an ipt gene from the Ti plasmid
Bo542. Mol. Gen. Genet. 216:388-394.

Thomashow, L., Reeves, S., and Thomashow, M. 1984. Crown gall on-
cogenesis: Evidence that a T-DNA gene from the Agrobacterium Ti
plasmid pTiA6 encodes an enzyme that catalyzes synthesis of indo-
leacetic acid. Proc. Natl. Acad. Sci. USA 81:5071-5075.

Thomashow, M. F,, Panagopoulos, C. G., Gordon, M. P,, and Nester, E.
W. 1980. Host range of Agrobacterium tumefaciens is determined by
the Ti Plasmid. Nature 283:794-796.

Thomashow, M., Hugly, S., Buchholz, W., and Thomashow, L. 1986.
Molecular basis for the auxin-independent phenotype of crown gall
tumor tissues. Science 231:616-618.

Tinland, B., Huss, B., Paulus, E, Bonnard, G., and Otten, L. 1989. Agro-
bacterium tumefaciens 6b genes are strain-specific and affect the ac-
tivity of auxin as well as cytokinin genes. Mol. Gen. Genet. 219:217-
224.

Tinland, B., Rohfritsch, O., Michler, P., and Otten, L. 1990. Agrobacte-
rium tumefaciens T-DNA gene 6b stimulates rol-induced root forma-

548 / Molecular Plant-Microbe Interactions

tion, permits growth at high auxin concentrations and increases root
size. Mol. Gen. Genet. 223:1-10.

Toro, N., Datta, A., Carmi, O. A., Young, C., Prusti, R. K., and Nester, E.
W. 1989. The Agrobacterium tumefaciens virC1 gene product binds to
overdrive, a T-DNA transfer enhancer. J. Bacteriol. 171:6845-6849.

Turk, S., Nester, E., and Hooykaas, P. 1993. The virA promoter is a host-
range determinant in Agrobacterium tumefaciens. Mol. Microbiol.
7:719-724.

Waters, V., Hirata, K., Pansegrau, W., Lanka, E., and Guiney, D. 1991.
Sequence identity in the nick regions of IncP plasmid transfer origins
and T-DNA borders of Agrobacterium Ti plasmids. Proc. Natl. Acad.
Sci. USA 88:1456-1460.

Watson, B., Currier, T., Gordon, M., and Nester, E. 1975. Plasmid re-
quired for virulence of Agrobacterium tumefaciens. J. Bacteriol.
123:255-264.

Winans, S. C. 1992. Two-way chemical signaling in Agrobacterium-
plant interactions. Microbiol. Rev. 56:12-31.

Wightman, F. 1962. Metabolism and biosynthesis of 3-indole-acetic acid
and related indole compounds in plants. Can. J. Bot. 40:689-718.

Yanofsky, M., Montoya, A., Knauf, V., Lowe, B., Gordon, M., and
Nester, E. 1985a. Limited-host-range plasmid of Agrobacterium tume-
faciens: Molecular and genetic analyses of transferred DNA. J. Bacte-
riol. 163:341-348.

Yanofsky, M., Lowe, B., Montoya, A., Rubin, R., Krul, W., Gordon, M.,
and Nester, E. 1985b. Molecular and genetic analysis of factors con-
trolling host range in Agrobacterium tumefaciens. Mol. Gen. Genet.
201:237-246.

Zambryski, P. C. 1992. Chronicles from the Agrobacterium-plant cell
DNA transfer story. Annu. Rev. Plant Physiol. Plant Mol. Biol.
43:465-490.



