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We show that among ecotypes of Arabidopsis, there is considerable variation in their susceptibility to crown gall dis- 
ease. Differences in susceptibility are heritable and, in one ecotype, segregate as a single major contributing locus. In 
several ecotypes, recalcitrance to tumorigenesis results from decreased binding of Agrobacterium to inoculated root 
explants. The recalcitrance of another ecotype occurs at a late step in T-DNA transfer. Transient expression of a T-DNA- 
encoded p-glucuronidase gusA gene is efficient, but the ecotype is deficient in crown gall tumorigenesis, transforma- 
tion to kanamycin resistance, and stable GUS expression. This ecotype is also more sensitive to y radiation than is a 
susceptible ecotype. DNA gel blot analysis showed that after infection by Agrobacterium, less T-DNA was integrated into 
the genome of the recalcitrant ecotype than was integrated into the genome of a highly susceptible ecotype. 

INTRODUCTION 

Agrobacterium is a soil-borne phytopathogen that induces 
the neoplastic disease crown gall on most dicotyledonous 
plants and on some species of monocots and gymnosperms 
(DeCleene and DeLey, 1976). Although Agrobacterium is one 
of many bacterial plant pathogens, the symptoms induced on 
susceptible plants differ from those induced by other bacte- 
ria1 pathogens, such as most Pseudomonas, Erwinia, and 
Xanthomonas species. lnoculation of wounded plants with 
virulent agrobacteria leads to neoplastic growth of the in- 
fected host cells, although in certain instances tissue necro- 
sis can occur (Pu and Goodman, 1992; Deng et al., 1995). In 
addition, Agrobacterium fails to elicit a typical hypersensi- 
tive response in resistant plants. Despite the lack of tumor- 
ous growth, resistant plants may still show a healing 
response at the infected wound site. 

The basic mechanism of tumorigenesis by Agrobacterium 
involves the transfer of specific T-DNA molecules from the 
bacterial tumor-inducing (Ti) plasmid into the plant cell. Inte- 
gration of T-DNA into the plant genome and the expression 
of T-DNA-encoded genes result in the overproduction of 
auxins and cytokinins, which are plant growth-regulating 
hormones. Crown gall tumors subsequently develop at in- 
fection sites where unregulated plant cell division occurs (re- 
viewed in Binns and Thomashow, 1988; Ream, 1989; Gelvin, 
1990,1992; Hooykaas and Beijersbergen, 1994; Zupan and 
Zambryski, 1995). 
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For several decades, scientists have studied intensively 
the mechanisms by which Agrobacterium transfers T-DNA 
to the plant cell and induces neoplastic cell growth. By using 
a large number of Agrobacterium strains and mutants, we 
now understand reasonably well many of the early events in 
crown gall tumorigenesis, including induction of the viru- 
lence (vir) genes (Winans, 1992), processing of the T-DNA 
from the Ti plasmid (Stachel et al., 1986; Filichkin and 
Gelvin, 1993), and formation of bacterial channels for ex- 
porting the T-DNA (Thompson et al., 1988; Ward et al., 
1988; Kuldau et al., 1990), possibly as a DNA-protein com- 
plex (known as the T-complex; Howard and Citovsky, 1990). 
In contrast, little is known about plant host factors involved 
in crown gall tumorigenesis. There are at least three obsta- 
cles that Agrobacterium must overcome to transform a plant 
cell. First of all, Agrobacterium must transfer T-DNA into the 
cytoplasm of plant cells after the DNA has crossed the plant 
cell wall and plasma membrane. We now know that T-DNA 
enters the plant as a single-stranded DNA molecule (Tinland 
et al., 1994; Yusibov et al., 1994). Before genes encoded by 
the T-DNA can be expressed, however, the T-DNA must 
reach the plant nucleus. These events may be aided by nu- 
clear localization signals found in VirD2 and VirE2 proteins 
that may accompany the T-DNA into the plant cell (Herrera- 
Estrella et al., 1990; Citovsky et al., 1992, 1994; Howard et 
al., 1992; Shurvinton et al., 1992; Tinland et al., 1992; 
Koukolikova-Nicola et al., 1993; Rossi et al., 1993). Finally, 
the T-DNA must become stabilized by integration into \he 
plant genome. T-DNA integration may occur by illegitimate 
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recombination (Matsumoto et al., 1990; Gheysen et al., 1991; 
Mayerhofer et al., 1991; Ohba et al., 1995). Should any of 
these steps in the infection cascade fail, the result would be 
an abortive infection. Currently, however, we know little 
about whether or what kind of specific plant genes are in- 
volved in these processes. 

Severa1 studies have identified naturally occurring varia- 
tions in susceptibility to crown gall disease in a number of 
plant species, including cucurbits (Smarrelli et al., 1986), 
pea (Robbs et al., 1991), soybean (Owens and Cress, 1984; 
Bailey et al., 1994; Mauro et al., 1995), and grapevine 
(Szegedi and Kozma, 1984). The basic mechanism for varia- 
tion in these species is still not known; however, the resistant 
phenotype is transmitted to progeny in self-crossing or in re- 
ciprocal crosses, confirming that this character is a heritable 
trait. In grapevine, resistance seems to be inherited as a sin- 
gle dominant gene, but in other species, resistance is reces- 
sive and is not inherited in a simple fashion. In soybean, for 
example, susceptibility is a dominant quantitative trait (Bailey 
et al., 1994; Mauro et al., 1995). 

Researchers in a number of laboratories have used differ- 
ent ecotypes of Arabidopsis to investigate differential host 
responses to various strains or races of bacteria (Simpson 
and Johnson, 1990; Davis et al., 1991; Debener et al., 1991; 
Dong et al., 1991; Tsuji et al., 1991; Whalen et al., 1991; 
Bent et al., 1992; Dangl et al., 1992; Yu et al., 1993; Aufsatz 
and Grimm, 1994), fungi (Koch and Slusarenko, 1990; Holub 
et al., 1995; Fuchs and Sacristan, 1996), and viruses 
(Leisner and Howell, 1992; Simon et al., 1992; Leisner et al., 
1993; Lee et al., 1994). Our goal was to determine whether 
differences also exist among Arabidopsis ecotypes with re- 
gard to tumorigenesis caused by Agrobacterium and what 
the biochemical and genetic bases of these differences are. 
Therefore, we developed an in vitro root inoculation assay 
and screened Arabidopsis ecotypes for susceptibility or re- 
sistance to crown gall disease. We have identified severa1 
ecotypes that are hypersusceptible to crown gall tumorigen- 
esis as well as other ecotypes that are recalcitrant (less sus- 
ceptible) to tumorigenesis. We describe here a number of 
assays to identify steps in the tumorigenesis process that 
may be deficient in the recalcitrant ecotypes. Interestingly, 
we have identified one ecotype that appears to permit T-DNA 
transfer and nuclear transport but is deficient in T- DNA 
integration. 

RESULTS 

Response of Arabidopsis Ecotypes to Different 
Agrobacterium Strains 

We initially characterized the response of 11 Arabidopsis 
ecotypes to four different Agrobacterium strains by using an 
in vitro root segment infection tumorigenesis assay. These 
ecotypes are Aua/Rhon (Aa-O), Bensheim/Bergstrasse (Be-O), 

Columbia (Col-O), C-24, Landsberg erecta (Ler), Lipowiec/ 
Chrzanow (Lip), Nossen (No-O), Oy-O, RLD, and two uniden- 
tified ecotypes (UE), UE-1 and UE-2. 

We preincubated sterile root explants from Arabidopsis 
plants on callus-inducing medium (CIM) for 1 day before 
cutting them into segments and infecting them with Agro- 
bacterium. In general, preincubation on CIM is a critical step 
for the efficient transformation of Arabidopsis when this as- 
say is used, presumably because in root explants, compe- 
tent cells are present in the dedifferentiating pericycle that is 
produced after phytohormone treatment (Sangwan et al., 
1992). We tested four Agrobacterium strains that all had the 
same C58 chromosomal background. Agrobacterium strain 
A136 lacks a Ti plasmid and is therefore avirulent, whereas 
the virulent strains Agrobacterium A348, A208, and A281 
contain the octopine-type Ti plasmid pTiA6, the nopaline- 
type Ti plasmid pTiT37, or the agropine-type supervirulent Ti 
plasmid pTiBo542, respectively. We chose Agrobacterium 
A208 as the best strain for further study. 

From among the 11 Arabidopsis ecotypes studied, UE-1 
appeared recalcitrant to tumorigenesis caused by Agrobacte- 
rium strain A208. Usually, UE-1 did not respond to inocula- 
tion. Occasionally, a few small yellow tumorous calli lacking 
teratomas developed. In contrast, infected root segments of 
ecotype Aa-O consistently developed large green tumors 
with teratomas (Figure 1A) when this assay was used. In ad- 
dition, ecotype UE-1 exhibited a greatly reduced tumorigen- 
esis response, relative to ecotype Aa-O, when we inoculated 
bacteria onto a wounded flower stalk (Figure 1 B). Therefore, 
we concentrated our initial analyses on these two ecotypes. 

Comparison of Metabolic Activity between Arabidopsis 
Ecotypes Aa-O and UE-1 

We investigated various aspects of plant metabolism to de- 
termine whether the differences in susceptibility to crown 
gall disease between ecotypes Aa-O and UE-1 reflected dif- 
ferences in basic metabolic processes. We compared the 
rates of 14C-amino acid and 3H-thymidine incorporation into 
macromolecules, the ability of root segments from the two 
ecotypes to produce and secrete compounds that could in- 
duce Agrobacterium vir genes, and the response of root 
segments from the two ecotypes to different concentrations 
of various auxins and cytokinins. We did not observe any 
major differences for any of these processes between the 
two ecotypes (data not shown). 

Efficiency of T-DNA Transfer to Cells of the Arabidopsis 
Ecotypes Aa-O and UE-1 

To investigate whether the difference in tumorigenesis be- 
tween Arabidopsis ecotypes Aa-O and UE-1 results from a 
deficiency in T-DNA transfer from Agrobacterium to UE-1 
cells, we investigated the transient T-DNA-mediated trans- 
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Aa-0 UE-1 Aa-0 x UE-1

Aa-l UE-1
Figure 1. Tumorigenesis of Agrobacterium Strain A208 on Root Explants and Flower Bolts of Arabidopsis Ecotypes Aa-0 and UE-1.

(A) Sterile root segments of Arabidopsis ecotypes UE-1, Aa-0, and the F, progeny of a cross between these two ecotypes were cocultivated with
Agrobacterium strain A208 for 2 days and then transferred to Murashige and Skoog (MS) basal medium containing timentin. The plates were
photographed after 4 weeks.
(B) Flower bolts of Arabidopsis ecotypes UE-1 and Aa-0 were inoculated with Agrobacterium strain A208, and the plants were photographed af-
ter 4 weeks. Arrowheads indicate the sites of inoculation.

fer to and expression of a p-glucuronidase gusA gene in the
cells of these two ecotypes. We characterized GUS expres-
sion in Arabidopsis cells by using both a qualitative his-
tochemical staining assay and a quantitative fluorometric
assay. We introduced the binary T-DNA vector pCNL65 (Liu
et al., 1992) into Agrobacterium strain A208. This vector con-
tains a gusA gene harboring an intron. gusA is under the con-
trol of the cauliflower mosaic virus (CaMV) 35S promoter.
The intron in the gusA gene permits expression of GUS ac-
tivity only in plant cells but not in the bacteria (Liu et al.,
1992). Figure 2 shows that root explants of ecotypes Aa-0
and UE-1 showed approximately equal numbers and intensity
of blue spots after infection by Agrobacterium A208(pCNL65)
for 7 days and histochemical staining with X-gluc. In this in-

fection protocol, cocultivation was performed for 2 days, fol-
lowed by an additional 5 days of incubation in the presence
of antibiotics to kill the bacteria.

Stained cells were preferentially localized at the cut ter-
mini of root explants because these cells were preferentially
activated by wounding and accessible for T-DNA transfer. In
addition, we quantitated GUS activity in these infected roots
by using a fluorometric 4-methylumbelliferyl p-D-galactoside
(MUG) assay. Both ecotypes displayed a similar level of
GUS expression (1100 to 1500 GUS units) when we used
this assay. GUS activity detected early after infection most
probably represents transient expression of T-DNA that is
not yet integrated into the plant genome (Janssen and
Gardner, 1989; Liu et al., 1992; Narasimhulu et al., 1996).
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Figure 2. Histochemical Staining of Transient GUS Expression in
Arabidopsis Root Segments.

(Top) Sterile root segments of Arabidopsis ecotype Aa-0 were infected
with Agrobacterium strain A208 harboring the plasmid pCNL65.
(Bottom) Sterile root segments of Arabidopsis ecotype UE-1 were in-
fected with Agrobacterium strain A208 harboring the plasmid pCNL65
After 2 days, the roots were transferred to MS basal medium con-
taining timentin. After an additional 5 days, the root segments were
stained with X-gluc, as described in Methods.

These data indicate that the efficiency of T-DNA transfer to
and expression in the plant nucleus is similar for ecotypes
Aa-0 and UE-1. Therefore, we conclude that the difference
in tumorigenesis between these ecotypes does not result
from a deficiency of T-DNA transfer or nuclear targeting in
the ecotype UE-1.

Stable GUS Expression and Kanamycin Resistance in
Infected Aa-0 and UE-1 Cells

The finding that ecotypes Aa-0 and UE-1 showed an ap-
proximately equal amount of transient GUS expression but
exhibited a different tumorigenesis response to Agrobacte-
rium infection suggested to us that ecotype UE-1 may be
deficient in some step of tumorigenesis that involves the

stabilization of T-DNA and/or its expression in infected plant
cells. To test this hypothesis, we examined two additional
transformation events that require stable integration and ex-
pression of T-DNA in the plant cells: stable GUS expression
and kanamycin-resistant growth of calli derived from in-
fected Arabidopsis root segments.

We cocultivated root segments of the ecotypes Aa-0 and
UE-1 for 2 days with A208(pCNL65) and then transferred the
root segments to CIM to induce calli without selection or to
CIM containing kanamycin to select stable transformants.
Figure 3 shows that only root segments from ecotype Aa-0
(Figure 3B) but not from ecotype UE-1 (Figure 3D) efficiently
developed calli on CIM containing kanamycin, although root
segments of both ecotypes generated calli on CIM lacking
kanamycin (Figures 3A and 3C). A few kanamycin-resistant
calli developed later in ecotype UE-1 (data not shown). In
addition, we investigated stable GUS expression by X-gluc
staining of calli derived from root segments grown on CIM
without kanamycin selection. Figure 4 shows that calli from

Figure 3. Selection of Kanamycin-Resistant Calli of Different Arabi-
dopsis Ecotypes.

(A) and (B) Sterile root segments of Arabidopsis ecotype Aa-0 were
infected with Agrobacterium strain A208 harboring the plasmid
pCNL65.
(C) and (D) Sterile root segments of Arabidopsis ecotype UE-1 were
infected with Agrobacterium strain A208 harboring the plasmid
pCNL65.
After 2 days, the roots were transferred to CIM either lacking ([A]
and [C]) or containing ([B] and [D]) kanamycin, and the plates were
incubated for 4 weeks, as described in Methods.
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Figure 4. Histochemical Staining of Stable GUS Expression in Calli
Derived from Infected Arabidopsis Root Segments.

(Top) Sterile root segments of Arabidopsis ecotype Aa-0 were in-
fected with Agrobacterium strain A208 harboring the plasmid
pCNL65.
(Bottom) Sterile root segments of Arabidopsis ecotype UE-1 were
infected with Agrobacterium strain A208 harboring the plasmid
pCNL65.
After 2 days, the roots were transferred to CIM containing timentin.
After an additional 4 weeks, calli derived from the root segments
were stained with X-gluc, as described in Methods.

ecotype UE-1 showed considerably fewer and smaller blue
spots than did calli from ecotype Aa-0. Although the quanti-
tation of GUS activity by counting the number of blue stain-
ing areas of tissue is problematic, the representative stained
tissues in Figure 4 show an approximately sixfold difference
between ecotypes Aa-0 (19 stained areas) and UE-1 (three
stained areas).

To investigate more thoroughly the kinetics of GUS ex-
pression in Arabidopsis ecotypes Aa-0 and UE-1, we inocu-
lated root segments with the nontumorigenic nopaline-type
Agrobacterium strain GV3101 containing the T-DNA binary
vector pBISNL pBISNI (Narasimhulu et al., 1996) is based
on pBI101, but the expression of the intron-containing gusA
gene within the T-DNA is directed by a "super promoter" (a
chimeric promoter composed of three octopine synthase-

activating elements and the mannopine synthase 2' activa-
tor plus promoter; Ni et al., 1995). This plasmid permitted us
to detect GUS activity in the termini of infected root seg-
ments after only 2 days of cocultivation. By using a non-
tumorigenic Agrobacterium strain and growing calli under
nonselective conditions, we avoided the possibility of stably
transformed tumorous cells outgrowing transiently trans-
formed nontumorous cells.

Figure 5 shows that root segments of both ecotypes Aa-0
and UE-1 first expressed detectable GUS activity 2 days af-
ter the start of cocultivation. For both ecotypes, GUS activity
increased greatly 3 days after infection, after which there
was a decline in GUS activity. In several repetitions of this
experiment, roots of ecotype UE-1 repeatedly expressed
approximately twice as much GUS activity as did roots of
ecotype Aa-0. GUS activity in the roots of UE-1 continued to
decrease during the course of this experiment and other
repetitions of this experiment. However, in ecotype Aa-0,
GUS activity increased 25 to 30 days after the start of cocul-
tivation. The increase in GUS activity in the roots of ecotype
Aa-0 most likely results from expression of integrated copies
of the gusA gene (Janssen and Gardner, 1989; Narasimhulu
et al., 1996). The length of time for ecotype UE-1 to lose
GUS activity most likely reflects the stability of the GUS en-
zyme (Jefferson et al., 1987). These results, taken together
with the tumorigenesis, kanamycin resistance, and transient
GUS expression results, strongly suggest that the main
cause of the difference in tumorigenesis between Aa-0 and
UE-1 is a difference in T-DNA integration into the plant ge-
nome and/or its stable expression.

O
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Figure 5. Kinetics of GUS Expression in Arabidopsis Root Seg-
ments.

Root segments of Arabidopsis ecotypes Aa-0 (O) and UE-1 (•) were
infected with Agrobacterium strain GV3101 containing the plasmid
pBISNL After 2 days, the tissue was transferred to CIM containing
timentin. After various periods of time, samples were assayed for
GUS activity by using a quantitative MUG fluorometic assay. The
times indicate days after initial infection.
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Efficiency of T-DNA Integration into the Genomes of
Ecotypes Aa-0 and UE-1

The results presented above suggest that the basis for the
recalcitrance of UE-1 to tumorigenesis could be a deficiency
of T-DNA integration into the plant genome. To investigate
this possibility, we infected root segments of ecotypes Aa-0
and UE-1 with A208(pCNL65) and grew calli on CIM without
selection. These calli were used to initiate cell suspensions
grown in liquid CIM. The suspensions were composed of a
mixture of transformed and nontransformed cells. Figure 6A
shows that when first hybridized with a gusA gene probe,
high molecular weight DMA from cell lines of infected
ecotype Aa-0 showed a much stronger signal than did DMA
from ecotype UE-1. Densitometric analysis of the autoradio-

B I

Figure 6. Integration of T-DNA into the Genomes of Different Arabi-
dopsis Ecotypes.
Root segments of Arabidopsis ecotypes Aa-0 and UE-1 were either
incubated on CIM for 1 day before infection or infected directly with
Agrobacterium strain A208 containing the plasmid pCNL65. After 2
days, the roots were transferred to CIM containing timentin, and calli
were grown for 4 weeks. Calli were transferred to liquid CIM contain-
ing various antibiotics to kill the bacteria. After ~4 additional weeks,
high molecular weight plant DMA was isolated and subjected to DNA
gel blot analysis, as described in Methods.
(A) gusA gene probe. The upper arrow indicates the position of mi-
gration of plant high molecular weight DNA. The lower arrow indi-
cates the position of migration of bacterial chromosomal DNA.
(B) Probe from the T-DNA binary vector replicon.
(C) Phenylalanine ammonia-lyase gene probe.

gram indicated that this difference was approximately five-
fold (data not shown). This result demonstrates that the ex-
tent to which the T-DNA integrated into the DNA of ecotypes
Aa-0 and UE-1 differed.

Even though we killed Agrobacterium cells with a combi-
nation of antibiotics before DNA isolation, it was important to
show that the different signal intensities did not result from
bacterial pCNL65 DNA contamination of the isolated Arabi-
dopsis DNA. Therefore, we washed the gusA gene probe
from the membrane and rehybridized the membrane with a
2.3-kb Notl-Bglll DNA fragment located outside of the left
T-DNA border (Frisch et al., 1995). We did not detect a hy-
bridization signal in any Arabidopsis DNA lane (Figure 6B).
This result indicates that the hybridization that we observed
using the gusA gene probe did not result from contaminating
bacterial DNA. Finally, we washed the 2.3-kb hybridization
probe from the membrane and rehybridized the membrane
with a phenylalanine ammonia-lyase gene probe to show
that we had transferred equal amounts of Arabidopsis DNA
to each lane of the membrane. Figure 6C shows that each
lane contained an approximately equal amount of DNA.

Sensitivity of Ecotypes Aa-0 and UE-1 to Ionizing
Radiation

DNA-damaging agents, especially ionizing radiation, can cause
double-strand or single-strand breaks in plant chromosomes.
Chromosome breaks can be repaired imprecisely in plants
when a nonhomologous recombination mechanism is used.
Because T-DNA is suspected to be integrated into the
plant genome through an illegitimate recombination process
(Matsumoto et al., 1990; Gheysen et al., 1991; Mayerhofer
et al., 1991; Ohba et al., 1995), we investigated the sensitiv-
ity of ecotypes Aa-0 and UE-1 to 7 radiation. Our rationale
for this experiment was that this sensitivity may reflect the
ability of the plant to integrate T-DNA into the plant genome.

We determined the sensitivity of the two ecotypes to 7 ra-
diation by using two assays. Initially, we exposed 4-day-old
Aa-0 and UE-1 seedlings, which had only two expanded
cotyledons, to different amounts of -y radiation, after which
we incubated the plants for an additional 12 days (Davies et
al., 1994). Figure 7 A shows that increasing doses of -y radia-
tion inhibited the formation of the first and second rosette
leaves. At 5 krad, both ecotypes produced first and second
rosette leaves, but these leaves were much smaller than
those in unexposed plants. At 10 krad, 100% of the Aa-0
seedlings still produced two small rosette leaves, whereas
more than half of the UE-1 seedlings were so severely dam-
aged that no true leaves developed. At 30 krad, neither
ecotype produced true leaves. By using this test, ecotype
UE-1 plants were found to be at least two to four times more
sensitive to -y radiation than were Aa-0 plants.

Using another test (modified from Harlow et al., 1994), we
first irradiated imbibed seeds of the two ecotypes, germinated
them on solidified medium, and determined the percentage of
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Figure 7. Sensitivity of Arabidopsis Seedlings to y Radiation. 

(A) Four-day-old sterile seedlings of Arabidopsis ecotypes Aa-O and 
UE-1 were exposed to various amounts of y radiation. After 12 days 
the percentage of plants that developed rosette leaves was 
determined. 
(6) lmbibed seeds of Arabidopsis ecotypes Aa-O and UE-1 were ex- 
posed to various amounts of y radiation. After 2 days of cold treat- 
ment, the seeds were moved to an incubator. After an additional 12 
days, the percentage of plants that developed first and second true 
leaves and roots was determined. 

plants that produced two true leaves as well as roots. Figure 
76 shows that when this assay was used, seeds of ecotype 
UE-$ plants were three to five times more sensitive to y radi- 
ation than were seeds of ecotype Aa-O plants. 

Genetic Basis for Differences in Susceptibility to Crown 
Gall Tumorigenesis and Other Stable Transformation 
Phenotypes 

To determine whether susceptibility to tumorigenesis is a 
heritable trait in Arabidopsis, we crossed ecotypes Aa-O and 
UE-1 and determined the pattern of susceptibility to tumori- 
genesis in subsequent generations. Figure 1A shows that 
susceptibility of inoculated root segments to tumorigenesis 
in the F, generation is a dominant characteristic. These re- 
sults were verified by using a flower bolt inoculation assay 
(data not shown). We next determined the pattern of segrega- 
tion of susceptibility to tumorigenesis in the F2 generation. To 
do this, we used a semiquantitative flower bolt inoculation as- 
say in which we measured the weight of bolt segments sur- 
rounding the inoculation site 30 days after infection. As shown 
in Figures 18 and 8, inoculation of flower bolts of ecotype 
Aa-O plants usually resulted in the development of tumors. 
Most of these tumors were large, weighing >31 mg. Inocula- 
tion of flower bolts of ecotype UE-1 plants generally resulted 
in a wound response with small tumors, with most tissue 
segments weighing 4 5  to 20 mg. Figure 8A shows the re- 
sults of testing individual F, progeny (examples of small, in- 
termediate, and large tumors are shown in Figure 86). 
Among the Fz segregants, approximately one-quarter of the 
tumors were small(37 of 120 [30.8%] of the tumors weighed 
< i0  mg); approximately one-quarter of the tumors were 
large (27 of 120 [22.5%] of the tumors weighed >31 mg); 
and approximately one-half of the tumors (56 of 120 
[46.7%]) were of intermediate size. This approximate 1 :2:1 
segregation ratio (x2 = 3.82; P > 0.1) suggests that suscep- 
tibility to tumorigenesis is a semidominant trait and appar- 
ently contradicts the root segment inoculation assay results 
(Figure 1A) that indicate that susceptibility is completely 
dominant. Using this stem inoculation assay, we ascribe this 
incomplete dominance to physiological and/or environmen- 
tal effects upon tumorigenesis. Alternatively, the results 
could indicate segregation of multiple loci that may modify 
the phenotype that we monitored. 

In an attempt to distinguish between these possibilities, 
we used a different assay to determine the heritability of an- 
other stable phenotype, kanamycin resistance. We inoculated 
a large number of root bundle segments from individual 
plants with Agrobacterium strain GV3101 (pBISN1) and se- 
lected stable transformants on CIM containing kanamycin. 
We then calculated the percentage of root bundles from each 
plant that generated kanamycin-resistant calli. This percent- 
age was 21 to 40% for the recalcitrant ecotype UE-1 and 
>81% for the susceptible ecotype Aa-O (data not shown). 
More than 81% of the bundles of root segments of the F1 
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Figure 8. Segregation of the Tumorigenesis Susceptibility Phenotype among the F2 Progeny of a Cross between Aa-0 and UE-1.

F2 progeny of a cross between Arabidopsis ecotypes Aa-0 and UE-1 were inoculated on the flower bolt with Agrobacterium strain A208. After 4
weeks, the tumors were excised and their weights were determined.
(A) Distribution of tumor weights.
(B) Small, medium, and large tumors are shown.

progeny were kanamycin resistant, indicating that the inher-
itance of this trait is completely dominant (data not shown).
Among the 63 F2 progeny analyzed, 45 plants (71.4%) had
root bundles that were highly kanamycin resistant (>51 % of
the root bundles from each plant were kanamycin resistant),
whereas 18 plants (28.6%) had root bundles that were
mostly kanamycin susceptible (<40% of the root bundles
from each plant were kanamycin resistant). Thus, the ability
to be transformed to kanamycin resistance segregates ~3:1
(X

2 = 0.34; P > 0.5).
Taken together, these data indicate that susceptibility to

crown gall tumorigenesis and the ability to be transformed
to kanamycin resistance are heritable traits. The data further
suggest that a single major contributing locus determines
the inheritance of these traits. Based on the quantitative na-
ture of this trait, however, we cannot rule out the possible in-
fluence of other loci on these phenotypes.

Screening of Additional Arabidopsis Ecotypes by Using
a Different Tumorigenesis Assay

The amenability to genetic analysis of Agrobacterium-
induced tumorigenesis suggests that it may be possible ge-
netically to dissect this complex phenomenon to its distinct
genetic components. Furthermore, our initial screening indi-
cated that there was considerable ecotype variability in re-
sponse to Agrobacterium-induced tumorigenesis. To explore
this variability to a greater extent, we examined the tumori-
genesis response of a total of 36 different Arabidopsis
ecotypes, including Aa-0 and UE-1, using a new in vitro root
bundle tumorigenesis assay. We infected sterile root seg-
ments with Agrobacterium without preincubation of the
roots on CIM. After cocultivation for 2 days, we transferred
small bundles of roots, rather than spreading individual root
segments, to Murashige and Skoog (MS; Murashige and
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Skoog, 1962) basal medium containing timentin. We found 
that this protocol was more effective for testing a large num- 
ber of samples and avoided potential preincubation hormone 
effects upon subsequent tumorigenesis. We classified the re- 
sponse of these ecotypes into four categories: hyper- 
susceptible, intermediate, recalcitrant, and no response. 
Table 1 shows that a wide variation in ecotype susceptibility 
to Agrobacterium exists. Ecotypes Aa-O, Be-O, Moskau 
(Ms-O), Weiningen (Wei-O), and Wassilewskija (WS) showed 
a very strong response to Agrobacterium strain A208; tu- 
mors from these ecotypes developed large green teratomas. 
Most of the ecotypes examined showed an intermediate 
response. We scored ecotypes Antwerpen (An-1), Angleur 
(Ang-O), Bologna (Bl-l), Blanes/Gerona (Bla-2), Calver (Cal-O), 
Dijon-G, Estland (Est), Petergof, and M7323S as recalcitrant 
to tumorigenesis because these ecotypes showed almost 
no tumorigenesis response to Agrobacterium strain A208. 
Ecotype UE-1 still showed small yellow tumors lacking 
teratomas. 

Using this new inoculation assay, we infected roots of 
some of the more recalcitrant ecotypes and ecotype Aa-O 
with Agrobacterium GV3101 (pBISN1). Figure 9A shows the 
results of transient GUS activity assays conducted with root 
segments 2 days after infection of various Arabidopsis 
ecotypes by Agrobacterium harboring pBISN1. Ecotypes 
Aa-O, Est, and UE-1 showed a high level of GUS activity, 
whereas ecotypes 61-1 and Petergof showed only a low level. 

Figure 96  shows the results of GUS activity assays con- 
ducted with calli (not selected for kanamycin resistance or 
tumorigenesis) derived from these same inoculated Arabi- 
dopsis ecotypes. Ecotype Aa-0 showed a high level of sta- 
ble GUS expression. Ecotype Est showed a lower level of 
stable GUS activity. Ecotypes 61-1, Cal-O, Dijon-G, and UE-1, 
however, showed a very low level of stable GUS activity. 

T 

Table 1.  Tumorigenesis of Arabidopsis Root Segments lnoculated 
with Agrobacterium Strain A208 

Tumorigenesis Phenotypea Ecotypes 

+++ 
++ 

Aa-O, Be-O, Ms-O, Wei-O, Ws, and 

Bla-6, Bla-1 O, Ber, Co-1 , '20-2, 
M7884Sb 

Col, Col-O, C24, Cvi-O, 
Enkheim-D, Enkheim-T, Hodja, 
Ler, Li-o, Lip, No-O, Oy-O, RLD, 
and Shahdara 

+ Ag-O and UE-1 
+/- 

- 

a +++, large green teratomas; ++, medium yellow calli without ter- 
atomas; +, small yellow calli; -, no response. lnfection of all 
ecotypes with the Ti-plasmidless Agrobacterium strain A1 36 re- 
sulted in no tumor formation. 
bShootina resDonse rather than formation of teratomas. 

An-I, BI-I, Est, Petergof, and 

Ang-O, Bla-2, Cal-O, and Dijon-G 
M7323S 
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Figure 9. Quantitative Determination of Transient and Stable GUS 
Expression in Arabidopsis Root Segments. 

Sterile root bundles of Arabidopsis ecotypes Aa-O, An-I, BI-1, Cal-O, 
Dijon-G, Est, M7323S, Petergof, and UE-1 were infected with Agro- 
bacterium strain GV3101 harboring the plasmid pBISN1. 
(A) GUS activity was determined in the root segments after 2 days 
by using a quantitative MUG fluorometric assay, as described in 
Methods. 
(E) GUS activity was determined in calli derived from root segments 
grown on CIM for 4 weeks by using a quantitative MUG fluorometric 
assay, as described in Methods. 

The relative abilities of these ecotypes to display stable GUS 
activity were reflected by their kanamycin resistance after 
transformation. Both ecotypes Aa-O and Est generated kana- 
mycin-resistant calli, whereas ecotypes 61-1, Cal-O, Dijon-G, 
and UE-1 did not (data not shown). 
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The finding that ecotypes BI-1, Cal-0, and Dijon-G could
demonstrate neither transient nor stable GUS activity sug-
gests that for these ecotypes, the transformation process is
blocked at an early stage of T-DNA transfer or expression.

Binding of Agrobacterium to Roots of Susceptible and
Recalcitrant Arabidopsis Ecotypes

Because a deficiency in tumorigenesis at an early stage of
T-DNA transfer could result from lack of bacterial binding to
plant cells, we investigated the ability of Agrobacterium to
attach to root segments from several susceptible and recal-
citrant Arabidopsis ecotypes. Figures 10A and 10B, respec-
tively, show that when we examined the surface of infected
roots of ecotypes Aa-0 and WS (two susceptible ecotypes) 2
days after infection, we could detect large numbers of bac-
teria adhering to the surface of the root along the epidermis,
the root hairs, and the mucigel layer surrounding the root. In
many places, the bacteria formed a layer completely cover-
ing the surface of the root. We also observed large aggre-
gates of bacteria on the cut ends of the root segments (data

not shown). However, when we incubated root segments of
ecotypes BI-1 and Petergof (two recalcitrant ecotypes) with
Agrobacterium, we observed only a few bacteria adhering to
the root epidermis (Figures 10C and 10D, respectively). We
detected some bacteria attached to the cut end of the seg-
ments, but they were sparsely distributed compared with
the bacteria found on the wounded ends of root segments
of ecotypes Aa-0 and WS (data not shown). When we incu-
bated root segments of any of these four ecotypes with a non-
attaching mutant of Agrobacterium (C58::B123; Matthysse,
1994), we did not observe binding to the epidermis or to the
cut ends of the root segments (data not shown).

The reduced bacterial binding to ecotypes BI-1 and Petergof
could result from a lack of sites on the plant surface to
which the bacteria could bind or to the failure of the plant to
induce bacterial cellulose synthesis. Thus, it was important
to examine the ability of the wounded plants to induce bac-
terial cellulose synthesis. When we incubated wild-type
Agrobacterium C58 separately in MS medium in a flask out-
side of dialysis tubing containing cut plants of each of the
four ecotypes, the bacteria of all four ecotypes formed
strings or threads visible to the unaided eye (data not

WS

rv.- .

Figure 10. Adhesion of Agrobacterium Strain C58 to Roots of Arabidopsis Ecotypes.

Agrobacteria were incubated with roots of various Arabidopsis ecotypes, as described in Methods, and visualized using a light microscope.
(A) Ecotype Aa-0.
(B) Ecotype WS.
(C) Ecotype Petergof (P).
(D) Ecotype BI-1.
Note the large number of bacteria covering the epidermis of Aa-0 and WS in (A) and (B). Very few bacteria can be seen on the surface of roots
of ecotypes Petergof and BI-1 in (C) and (D). An occasional cluster of a few bacteria was observed on the roots of BI-1 (arrow in [D]).
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shown). These threads could be digested by cellulase but 
not by pronase (data not shown). A cellulose-minus mutant 
of C58 (C58::l; Matthysse et al., 1995) did not produce visi- 
ble threads when incubated under these conditions with the 
ecotype Petergof (data not shown). Thus, we cannot at- 
tribute the lack of attachment of wild-type bacteria to the 
roots of ecotypes 61-1 and Petergof to a failure of the 
wounded plants to induce cellulose synthesis. 

DISCUSSION 

In this article, we show that there is considerable variation in 
susceptibility to crown gall tumorigenesis among a large 
number of Arabidopsis ecotypes. We further show that sus- 
ceptibility is a heritable trait. Recalcitrance to tumorigenesis 
may result from a number of causes, including defects in 
binding of Agrobacterium to plant cells and deficiencies in 
integration of T-DNA into the plant genome. 

To determine the extent of variability in susceptibility to 
crown gall tumorigenesis, we initially inoculated root seg- 
ments of 11 Arabidopsis ecotypes with four Agrobacterium 
strains. Among the three tumorigenic strains tested, inocula- 
tion with Agrobacterium strain A208 (containing the nopaline- 
type Ti plasmid pTiT37) resulted in the highest percentage of 
individual root segments developing tumors. These tumors 
eventually developed into teratomas that produced nopaline 
(data not shown). Agrobacterium strain A348 (harboring the 
octopine-type Ti plasmid pTiA6) also incited tumors on a high 
percentage of root segments; however, these unorganized 
tumors were often difficult to distinguish from callus growth 
resulting from the inoculation of root segments with the avir- 
ulent Agrobacterium strain A I  36. Somewhat surprisingly, in- 
oculation of Arabidopsis root segments with Agrobacterium 
strain A281 (harboring the supervirulent Ti plasmid pTiBo542) 
did not result in efficient tumorigenesis. Although Agrobacte- 
rium strains harboring pTiBo542 may be highly tumorigenic 
on some plant species, they are not necessarily supervirulent 
on all species (Hood et al., 1987). Arabidopsis is apparently a 
species not easily transformed by Agrobacterium strain A281. 

From among the 11 Arabidopsis ecotypes initially screened, 
we selected the ecotype Aa-O as the most susceptible and the 
ecotype UE-1 as the most recalcitrant to crown gall tumori- 
genesis. Using this root inoculation assay, however, re- 
quired a hormone preincubation of the root segments of all 
ecotypes, including Aa-O, for tumor formation. We deter- 
mined that the optimum preincubation condition was 1 day 
on CIM. lncubation for longer periods resulted in nontumor- 
ous callus growth on the roots of most ecotypes. These calli 
were difficult to distinguish from unorganized tumors incited 
by Agrobacterium A348. We did not encounter these prob- 
lems, however, when scoring tumorigenesis by the ter- 
atoma-inducing strain Agrobacterium A208. Others have 
also determined that preincubation of explants on hormone- 
containing medium is important for efficient transformation 

of Arabidopsis to generate transgenic plants (Lloyd et al., 
1986; Schmidt and Willmitzer, 1988; Valvekens et al., 1988; 
Chaudhury and Signer, 1989; Sangwan et al., 1991, 1992; 
Akama et al., 1992; Clarke et al., 1992; Manda1 et al., 1993). 

In our later studies, we used a modified root inoculation as- 
say. In this assay, we inoculated bundles of -10 root seg- 
ments; we did not spread individual root segments on the 
agar. This assay is easier to perform than was our previous 
assay and does not require preincubation of root segments 
on CIM before inoculation with Agrobacterium. The assay is 
also more sensitive, perhaps because it measures the cu- 
mulative effect of tumorigenesis upon many infected explants 
simultaneously rather than tumorigenesis on each individual 
root segment. We used this modified assay to screen 36 Arabi- 
dopsis ecotypes. Among these, five ecotypes (Be-O, Ms-O, 
Wei-O, WS, and M7884S) gave responses as strong as did 
ecotype Aa-O, and 10 ecotypes (Ag-O, An-1, Ang-O, 61-1, 
Bla-2, Cal-O, Dijon-G, Est, Petergof, and M7323S) gave re- 
sponses at least as weak or weaker than did ecotype UE-1 
(Table 1). 

To determine specific causes for recalcitrance to crown 
gall tumorigenesis, we examined ecotypes Aa-O and UE-1 in 
detail. Recalcitrance (or a total lack of response to infection) 
could result from a number of causes. These include defects 
in the ability of plant extracts to induce Agrobacterium vir 
genes, defects in the ability of the bacteria to bind to the 
plant cell, deficiencies in the ability of the bacteria to transfer 
T-DNA to the plant cell, defects in T-DNA nuclear targeting 
or integration into the plant genome, a lack of ability to ex- 
press T-DNA-encoded genes, or the plant’s lack of re- 
sponse to the phytohormones whose synthesis is directed 
by T-DNA-encoded genes. 

Hormone-activated and dividing cells are more prone to 
transformation than are nondividing cells (Bergmann and 
Stomp, 1992; Sangwan et al., 1992), and metabolically ac- 
tive plant cells may produce molecules that induce the Ti 
plasmid-encoded vir genes (Stachel et al., 1985). Therefore, 
we first investigated whether any gross differences existed 
between ecotypes Aa-O and UE-1 with regard to the biosyn- 
thesis of severa1 classes of macromolecules or their ability 
to produce chemicals that could induce vir genes. We saw 
little difference between these two ecotypes in the rates of 
DNA and protein biosynthesis as measured by 3H-thymidine 
and I4C-amino acid incorporation into macromolecules, re- 
spectively. In addition, there was little difference in the abil- 
ity of exudates from roots of either of these ecotypes to 
induce a virH::/acZ fusion gene in Agrobacterium strain At41. 
Because crown gall tumorigenesis results from a plant’s re- 
sponse to auxins and cytokinins whose biosynthetic genes 
are encoded by the T-DNA (Gelvin, 1990), we examined the 
response of ecotypes Aa-O and UE-1 to these hormones by 
using a primary root growth inhibition assay. The similarity in 
sensitivity of these two ecotypes to externally applied hor- 
mones suggests that the differences in their susceptibility to 
crown gall tumorigenesis do not result from differences in 
their responses to these phytohormones. Therefore, we 
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conclude that the difference in susceptibility to tumorigene- 
sis does not result from major metabolic differences be- 
tween these two ecotypes. 

To determine whether the recalcitrance of ecotype UE-1 
to crown gall tumorigenesis resulted from the inability of the 
T-DNA to transfer to the plant nucleus (either because of a 
deficiency in bacterial binding to the plant cell o r a  defect in 
T-DNA transfer to the plant or T-DNA nuclear transport), we 
conducted "transient transformation" assays by monitoring 
the expression of a T-DNA-localized gusA-intron gene in 
inoculated Arabidopsis root segments. We initially utilized a 
gusA-intron gene under the.-control of a CaMV 35s pro- 
moter (Figure 2), although in later experiments we used a 
more sensitive assay in which the gusA-intron gene was 
regulated by a stronger super promoter (Ni et al., 1995). Us- 
ing this latter assay, we could detect GUS activity as early 
as 2 or 3 days after infection, and infection of ecotype UE-1 
resulted in approximately twice the GUS activity as infection 
of ecotype Aa-O (Figures 5 and 9A). Thus, the ecotype UE-1 
is at least as competent as is the ecotype Aa-O in its ability 
to transfer T-DNA to the nucleus and convert the single- 
stranded T-strand to a double-stranded transcription com- 
petent form. GUS expression in ecotype UE-1 was highly 
transient, however, whereas stable GUS expression was de- 
tected in ecotype Aa-O (Figures 4, 5, and 9B). The inefficient 
transformation of ecotype UE-1 to kanamycin resistance 
(Figure 3) further reflects the difficulty in stabilizing T-DNA- 
encoded traits in this ecotype. 

The ability to transform ecotype UE-1 transiently but not 
stably suggested that in this ecotype, T-DNA integration 
may be deficient. We tested this hypothesis directly by in- 
vestigating the efficiency of T-DNA integration into the ge- 
nomes of ecotypes Aa-O and UE-1. We found that in 
unselected tissue derived from Agrobacterium-infected 
roots, approximately five times more T-DNA was integrated 
per microgram of high molecular weight plant DNA in 
ecotype Aa-O than in ecotype UE-1 (Figure 6A). Control ex- 
periments (Figure 66) indicated that the T-DNA signal that 
we detected on DNA blots did not derive from contaminat- 
ing Agrobacterium cells. This is the definitive demonstration 
of natural variability in Agrobacterium-mediated plant trans- 
formation resulting from a deficiency in T-DNA integration. 
Experiments in our laboratory have suggested that the diffi- 
culty in transforming maize by using Agrobacterium results 
from a deficiency in T-DNA integration in but not T-DNA 
transfer to this species (Narasimhulu et al., 1996). 

In accordance with the deficiency in T-DNA integration in 
ecotype UE-I, we found that this ecotype is two to five 
times more sensitive to y radiation than is ecotype Aa-O 
(Figure 7). This radiation sensitivity may reflect a defect in 
single- and/or double-strand DNA break repair. Interest- 
ingly, such repair processes may play a role in T-DNA inte- 
gration via illegitimate recombination (Matsumoto et al., 
1990; Gheysen et al., 1991; Mayerhofer et al., 1991; Ohba et 
al., 1995). Recently, Sonti et al. (1 995) reported that two Ara- 
bidopsis mutants, uvbl (UV hypersensitive) and rad5 (y radi- 

ation hypersensitive), can both be transformed transiently 
(transient GUS expression) but not stably to kanamycin re- 
sistance or to tumors. The authors concluded that these 
Arabidopsis mutants were deficient in T-DNA integration. 
We have since repeated these experiments using the same 
mutants but with our Agrobacterium strains and assays. We 
have found that the uvhl mutant can easily be transformed 
to yield crown gall tumors and that the efficiency of T-DNA 
integration per microgram of plant DNA is approximately the 
same in the mutant as in the wild-type plant. In addition, we 
determined that the rad5 mutant is deficient in its ability to be 
transformed to crown gall tumors and to integrate T-DNA. 
This mutant, however, is equally deficient in its ability to ex- 
press GUS activity transiently. Thus, the block to stable 
transformation in the mutant rad5 must occur at some step 
before T-DNA integration (J. Nam and S.B. Gelvin, manu- 
script in preparation). 

Genetic analysis of crosses between ecotypes Aa-O and 
UE-1 indicated that in the F, generation, susceptibility to 
crown gall tumorigenesis is a dominant trait (Figure IA). 
Analysis of the F, progeny suggested, however, that this sus- 
ceptibility may be semidominant: the ability to be transformed 
to small, medium, and large tumors segregated 1:2:1 (Figure 
8A). However, when we examined the ability of the F, and F, 
progeny to be transformed to kanamycin resistance, this 
trait segregated as though it were attributable to one major 
dominant locus. We suggest that the incomplete dominance 
regarding susceptibility to tumorigenesis results from physio- 
logical and/or environmental factors that affected the plants 
during the tumor growth period. We cannot, however, rule out 
the possibility that there are additional segregating loci that 
contribute to tumorigenesis. Bailey et al. (1994) and Mauro 
et al. (1995) showed that susceptibility to crown gall tumori- 
genesis among soybean cultivars is also a quantitative trait. 

After we had conducted extensive analyses on ecotypes 
Aa-O and UE-1, we rescreened a larger collection of Arabi- 
dopsis ecotypes by using the more rapid and sensitive root 
bundle tumorigenesis assay. We identified a large number of 
ecotypes that were highly recalcitrant to crown gall tumori- 
genesis (Table 1). Severa1 of these ecotypes, including An-1, 
61-1, Cal-O, Dijon-G, and Petergof, were recalcitrant to tran- 
sient as well as stable transformation, as determined by 
quantitative GUS assays (Figure 9). These ecotypes were 
thus likely to be blocked in an early step in the tumorigenesis 
process. Therefore, we examined the ability of Agrobacterium 
to bind to root segments of two of these recalcitrant 
ecotypes, 61-1 and Petergof. Binding of bacterial cells to root 
surfaces was highly attenuated compared with binding to the 
surfaces of the susceptible ecotypes Aa-O and WS (Figure 
1 O). Binding of Agrobacterium to host cells is believed to be 
required for the transfer of T-DNA and subsequent tumor 
formation. All nonattaching mutants of the bacteria that have 
been isolated are avirulent (Douglas et al., 1982; Cangelosi 
et al., 1987; Matthysse, 1987; Thomashow et al., 1987). The 
identity of the receptor on the plant surface to which the 
bacteria bind is not known. Experiments in which the plant 
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surface was treated with various enzymes before bacterial 
attachment and the ability of various enzymes and extracts 
to inhibit bacterial attachment suggest that a protein on the 
plant surface is required for bacterial binding (Neff and 
Binns, 1985; Gurliltz et al., 1987). 

Because recalcitrance to crown gall tumorigenesis in the 
ecotype UE-1 appeared to segregate as a single major con- 
tributing locus, we initiated more sophisticated genetic analy- 
ses in an attempt to isolate genes involved in transformation 
using a positional cloning approach. Concurrently, we have ex- 
plored the possibilities of using a T-DNA-tagged Arabidopsis 
library (Feldmann and Marks, 1987; Feldmann, 1991) to iden- 
tify mutants that are recalcitrant to tumorigenesis. We have 
identified 1 O to 15 such mutants that are likely blocked in dif- 
ferent stages of the tumorigenesis process (J. Nam, M. Knue, 
and S.B. Gelvin, unpublished data). We are currently analyzing 
these tagged genes to determine the nature of plant-encoded 
proteins that are necessary for crown gall tumorigenesis. 

METHODS 

Plant Growth Conditions 

Seeds of various Arabidopsis thaliana ecotypes were kind gifts of S. 
Leisner and E. Ashworth (originally from the Arabidopsis Stock Centre, 
Nottingham, UK, and the Arabidopsis Biological Resource Center, 
Ohio State University, Columbus, respectively). Seeds were surface 
sterilized with a solution composed of 50% commercial bleach and 
0.1% SDS for 10 min and then rinsed five times with sterile distilled 
water. The seeds were germinated in Petri dishes containing Gamborg’s 
65 medium (GIBCO) solidified with 0.75% bactoagar (Difco). The 
plates were incubated initially at 4°C for 2 days and then for 7 days 
under a 16-hr-lighV8-hr-dark photoperiod at 25°C. Seedlings were 
individually transferred into baby food jars containing solidified 85 
medium and grown for 7 to 10 days for root culture. Alternatively, the 
seedlings were transferred into soil for bolt inoculation. 

Growth of Agrobacterium tumefaciens 

All Agrobacterium strains were grown in YEP medium (Lichtenstein 
and Draper, 1986) supplemented with the appropriate antibiotics 
(rifampicin, 10 kg/mL; kanamycin, 100 pg/mL) at 30°C. Overnight bac- 
teria1 cultures were washed with 0.9% NaCl and resuspended in 0.9% 
NaCl at 2 x 109 colony-forming units per mL for in vitro root inocula- 
tion or at 2 x l0 l1 colony-forming units per mL for bolt inoculation. 

In Vitro Root lnoculation and Transformation Assays 

Roots grown on the agar surface were excised, cut into small seg- 
ments ( ~ 0 . 5  cm) in a small amount of sterile water, and blotted onto 
sterile filter paper to remove excess water. For some experiments, 
we preincubated excised roots on callus-inducing medium (CIM; 
4.32 g/L Murashige and Skoog [MS] minimal salts [GIBCO], 0.5 g/L 
Mes, pH 5.7, 1 mL/L vitamin stock solution [ O 5  mg/mL nicotinicacid, 
0.5 mg/mL pyridoxine, and 0.5 mg/mL thyamine-HCI], 100 mg/L myo- 
inositol, 20 g/L glucose, 0.5 mg/L 2,4-dichlorophenoxyacetic acid, 

0.3 mg/L kinetin, 5 mg/L indoleacetic acid, and 0.75% bactoagar) for 
1 day before cutting them into segments. Dried bundles of root seg- 
ments were transferred to MS basal medium (4.32 g/L MS minimal 
salts, 0.5 g/L Mes, pH 5.7, 1 mL/L vitamin stock solution, 100 mg/L 
myoinositol, 10 g/L sucrose, and 0.75% bactoagar), and 2 or 3 drops 
of the bacterial suspension were placed on them. After 10 min, most 
of the bacterial solution was removed, and the bacteria and root seg- 
ments were cocultivated at 25°C for 2 days. 

For transient transformation assays, the root bundles were in- 
fected with Agrobacterium strain A208 (Sciaky et al., 1978) contain- 
ing the binary vector pCNL65 (Liu et al., 1992). Alternatively, we used 
Agrobacterium strain GV31 O1 (Koncz and Schell, 1986) containing 
the binary vector pBlSNl (Narasimhulu et al., 1996). After various pe- 
riods of time, the roots were rinsed with water, blotted on filter paper, 
and stained with X-gluc staining solution (50 mM NaH,PO,, 10 mM 
Na, . EDTA, 300 mM mannitol, and 2 mM X-gluc, pH 7.0) for 1 day at 
37°C. For quantitative measurements of p-glucuronidase (GUS) ac- 
tivity, the roots were ground in a microcentrifuge tube containing 
GUS extraction buffer (50 mM Na,HPO,, 5 mM DTT, 1 mM Na, . 
EDTA, 0.1 % sarcosyl, and 0.1% Triton X-100, pH 7.0), and GUS spe- 
cific activity was measured according to Jefferson et al. (1987). 

To quantitate tumorigenesis, root bundles were infected with wild- 
type Agrobacterium strains. After 2 days, the root bundles were 
rubbed on the agar surface to remove excess bacteria and then 
washed with sterile water containing timentin (1 O0 kg/mL). Individual 
root segments (initial assay) or small root bundles (5 to 10 root seg- 
ments; modified assay) were transferred onto MS basal medium 
lacking hormones but containing timentin (100 kg/mL) and incu- 
bated for 4 weeks at 25°C. 

For transformation of root segments to kanamycin resistance, root 
bundles were inoculated with Agrobacterium strain A208 containing 
pCNL65 or Agrobacterium strain GV3101 containing pBISN1. After 2 
days, small root bundles (or individual root segments) were trans- 
ferred onto CIM containing timentin (100 pg/mL) and kanamycin (50 
pg/mL). Kanamycin-resistant calli were scored after 4 weeks of incu- 
bation at 25°C. 

To determine stable GUS expression, we inoculated roots as given 
above and transferred the root segments after 2 days to CIM con- 
taining timentin (100 pg/mL) without any selection. After 4 weeks, 
GUS activity was assayed either by staining with X-gluc or by mea- 
suring GUS specific activity by using a 4-methylumbelliferyl p-D- 
galactoside (MUG) fluorometric assay, as described above. 

To determine the kinetics of GUS expression, we infected root 
bundles, transferred the root segments after 2 days to CIM contain- 
ing timentin (100 kg/mL), and grew calli on CIM without selection. 
Root bundles were assayed at various times, using a MUG fluoro- 
metric assay as described above, to measure GUS specific activity. 

Metabolic Rate Analysis 

Sterile roots were cut into 0.5-cm segments (either without preincu- 
bation or after preincubation of the roots on CIM for 1 day) and incu- 
bated in 5 mL of liquid MS basal medium containing I4C-amino acids 
(2 pCi/mL; Amersham) or 3H-thymidine (2 pCi/mL; Amersham) at 
25°C. Five root segments were collected each hour and ground in a 
microcentrifuge tube containing hot (90°C) extraction solution (1 0% 
trichloroacetic acid FCA] plus 1 % casamino acids for 14C-amino 
acid incorporation or 10% TCA plus 1% yeast extract for 3H-thymi- 
dine incorporation). The solution was filtered through a glass fiber fil- 
ter (Whatman), washed twice with 20 mL of cold 10% TCA solution, 

. .  
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and air dried. The amount of incorporated isotope was determined 
by scintillation counting. 

Analysis of vir Gene lnduction 

To test for vir gene induction, we incubated Agrobacterium strain 
At41 (containing a virH::lacZ fusion; strain mx219 of Stachel and 
Nester [1986]) in a small Petri dish containing 5 mL of MS basal me- 
dium and 25 cut root segments. After 24 hr of cocultivation at 25°C 
with gentle shaking, the bacterial cells were harvested and washed in 
Z- buffer (Miller, 1972), and virH gene activity was determined by 
monitoring p-galactosidase activity according to Miller (1972). 

Hormone Sensitivity Assays 

Sterilized seeds of each Arabidopsis ecotype were germinated on 
agar plates containing Gamborg’s E35 medium. One-week-old seed- 
lings were transferred to new Gamborg’s 85 medium agar plates 
containing various concentrations of hormones, and the initial pri- 
mary root length was marked. The plates were sealed with Parafilm 
(American National Can, Neenah, WI) and placed in a vertical posi- 
tion in a growth chamber at 25°C. After 2 days, we measured addi- 
tional primary root growth. 

Bolt lnoculation Assay 

The primary inflorescence shoot of Arabidopsis plants grown in soil 
at 25°C was wounded by stabbing with a needle when the bolt had 
reached a height of 4 to 5 cm. The plant exudate from the wound was 
removed by briefly touching the sites with an AccuWipe (Fort 
Howard, Green Bay, WI). We then inoculated 3 pL of a highly con- 
centrated bacterial suspension (2 x 10” colony-forming units per mL) 
into the wound. The plants were covered with a plastic bag for 3 days 
to keep the humidity high and to allow efficient infiltration of the bac- 
teria1 suspension. After 4 weeks, the response was scored by weigh- 
ing the tumors. 

Sensitivity to lonizing Radiation 

We exposed 4-day-old sterile Arabidopsis seedlings (grown in solidi- 
fied Gamborg’s 85 medium, 40 plants per plate) to different amounts 
of y radiation (60Co, 3522 rad/min; Nordion y-Cell 220; Kanata, On- 
tario, Canada) and then incubated them for 12 days in a growth cham- 
ber (16 hr of light and 8 hr of dark at 25°C). Symptoms of severe 
radiation damage were scored by determining the percentage of 
plants that developed first and second true leaves. Alternatively, im- 
bibed sterile seeds were exposed as described above and immedi- 
ately sowed on solidified Gamborg’s E35 medium (rather than in soil; 
Harlow et al., 1994). By germinating the seeds in an agar medium, we 
observed the exact germination frequency and root development. 
After cold treatment of the plates for 2 days at 4”C, we incubated the 
plates at 25°C for an additional 12 days. Because ionizing radiation 
inhibited root as well as leaf development, we scored symptoms of 
severe radiation damage by determing the percentage of plants that 
developed the first and second true leaves as well as roots. 

Genomic DNA Blot Analysis 

Sterile root bundles were inoculated with Agrobacterium strain 
A208(pCNL65), and after 2 days cocultivation, calli were grown for 
~4 weeks on CIM containing 100 pg/mL timentin. The calli were 
transferred to liquid CIM, and a cell suspension was generated. This 
suspension was maintained for -4 weeks, during which time we ro- 
tated through the medium severa1 different antibiotics (timentin, l O0 
pg/mL; carbenicillin, 500 p,g/mL; vancomycin, 500 pg/mL; and cefo- 
taxime, 500 pg/mL) to prevent bacterial growth. High molecular 
weight DNA was isolated by the method of Dellaporta (1984), the un- 
digested DNA was subjected to electrophoresis through a 0.6% aga- 
rose gel, and after denaturation and neutralization, the DNA was 
transferred to a nylon membrane (Nitran; Schleicher & Schuell). Hy- 
bridization probes were labeled with 3zP-dCTP by using an Amer- 
sham Multiprime DNA labeling system. Hybridization was performed 
in a solution containing 360 mM NaCI, 20 mM Tris-HCI, pH 7.0,2 mM 
Na, . EDTA, 1.0% SDS, 0.5% skim milk, and 100 pg/mL denatured 
sperm DNA for 16 hr at 65°C. The membrane was washed in 2 X 

SSC (1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate) and 1.0% 
SDS for 30 min at 65°C and in 1 x SSC and 1 .O% SDS for 30 min at 
65°C. The radioactive signal was detected using a Molecular Dynam- 
ics (Sunnyvale, CA) Phosphorlmager. 

Bacterial Adhesion to Arabidopsis Roots 

Agrobacterium strain C58 was grown to early stationary phase in Luria 
broth. Arabidopsis seeds were surface sterilized, vernalized at 4°C for 
2 days, and then germinated and grown aseptically on MS agar plates 
for 1 to 2 weeks. The plants were gently pulled from the agar, and the 
roots were chopped with a scalpel in 2 mL of MS medium in a sterile 
45-mm Petri dish. We next added 0.05 mL of the bacterial culture and 
incubated the chopped roots and bacteria together at room temper- 
ature for 24 to 48 hr. To examine the roots for bacterial attachment, 
we removed root pieces from the medium by draping them over a 
dissecting needle. The segments were suspended in a drop of water 
and examined and photographed using a Zeiss photoscope 2 
(Oberkochen, West Germany) with Nomarski optics. 

lnduction of Cellulose Synthesis by Cut Arabidopsis Plants 

We grew Arabidopsis plants for 2 to 4 weeks and chopped them in MS 
medium as described above. Cut pieces of the plants, including leaves 
and roots, were placed in dialysis tubing along with the MS medium in 
which the plants were chopped. The outside of the tubing was washed 
with sterile water and placed in 10 mL of MS medium in a sterile 125- 
mL flask. To the flask was added 0.05 mL of a culture of Agrobacte- 
rium strain C58 grown overnight in Luria broth, and the flask was incu- 
bated at room temperature for 2 days. We poured the liquid 
surrounding the dialysis bag into a small Petri dish, examined the bac- 
teria in the light microscope, and photographed the cellulose fibrils. 
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