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constructs for VirE 1-mediated crown gall resistance. The other resistance strategy
examined in this work is gene silencing of the A. tumefaciens oncogenes iaaM and ipt.

These oncogenes are part of the T-DNA and once in the cells express auxin and
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Preventing Crown Gall Disease using Oncogene Silencing or
VirE 1-expressing Transgenics
GENERAL INTRODUCTION

Crown gall disease
Crown gall disease is an economically significant problem in fruit and nut

orchards, vineyards, and nurseries worldwide (1). Tumors result from excessive
production of the phytohormones auxin and cytokinin in plant cells genetically
transformed by Agrobacterium tumefaciens, an ubiquitous soil bacterium (2,3).
Agrobacterium tumefaciens infections result in crown gall disease in most

dicotyledonous plant species (Fig. 1-1) (1). A gall is an unorganized mass of plant
cells that results from A. tumefaciens oncogenes transferred into the plant genome

from the tumor-inducing (Ti) plasmid (Fig. 1-2). The portion of the Ti plasmid
integrated into the plant genome is known as transferred DNA (T-DNA) (Fig. 1-3) (4).
The T-DNA oncogenes tryptophan monooxygenase (iaaM) and indoleacetamide
hydrolase (iaaH) encode enzymes that convert tryptophan (Fig. 1-4) into indole-3-

acetic acid (auxin) (5). Another oncogene, isopentenyl transferase (ipt), encodes an
enzyme that converts adenosine monophosphate (Fig. 1-4) into isopentenyladenosine
monophosphate (cytokinin) (6).

Figure 1-1. One of 14,000 fruit trees
destroyed by a single crown gall outbreak
in an Oregon nursery.
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Figure 1-4. Plant hormone biosynthesis.

Crown gall can only be combated by preventing infection by A. tumefaciens.

The only commercial method currently available is application of biocontrol strains

Agrobacterium radiobacter K84 or K1026 (7,8). These strains produce agrocin 84, a
bacteriocin that kills pathogenic A. tumefaciens that have acc genes (9-11). The acc
genes are needed to transport agrocin 84 across the bacterial membranes (12).
Biocontrol with the A. radiobacter K84 and Ki 026 is not 100% effective and requires

application to the roots of plants. Transgenic plants that are resistant to crown gall not
only would be more effective, but require less cost and time to the grower.
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Figure 1-5. Plant cell transformation by A. tumefaciens. Bacterial cell is on the left
and the plant cell is on the right. The shaded tube between the bacterial and plant cell
represents the VirD4IB type IV secretion pore. (Adapted from reference (13))
Plant transformation by Agrobacterium tumefaciens
The genes responsible for plant transformation are contained on the tumorinducing (Ti) plasmid of A. tumefaciens (Fig. 1-2). The T-DNA region contains the

DNA that produces the single-stranded T-strand, with the help ofVirDl and VirD2,
which gets transferred into the plant cell (Fig. 1-3) (14). The other critical regions of
the Ti plasmid for pathogenesis are the vir genes (Fig. 1-2). VirA and VirG are
members of a two-component regulatory system that activates the transcription of the

remaining vir genes (15,16). The vir genes are activated when VirA binds phenolics

from wounded plant cells, which in turn activates VirG (Fig. 1-5) (17). VirDl and
VirD2 cleave the T-strand from the T-DNA region (18-20). VirD2 is covalently

attached to the 5' end of the single-stranded T-strand (21-25). Once in the plant cell
the nuclear localization signal on VirD2 helps guide the T-strand to the nucleus (26).
VirD4 and the 11 VirB proteins make up the type IV secretion pore that

transfers the T-strand and other Vir proteins into the plant cell (27,28). One of the
exported proteins, VirE2, is a single-stranded DNA binding protein that binds the Tstrand in plant cells and may protect the T-strand from host nuclease degradation (29-

34). VirE2 also has nuclear localization signals that assist VirD2 in targeting the
newly formed T-complex to the nucleus (26,35-37).
Recently, plant proteins that associate with the T-complex and other factors

involved in Agrobacterium transformation have been found (38). VIP1 is a protein
from Arabidopsis thaliana that interacts with VirE2 and is required for nuclear import
of VirE2 and tumorigenesis (39-4 1). AtKAPa binds VirD2 and is needed for nuclear
transport of VirD2 in plants (42).

VirEl- VirE2 interaction

VirE 1 is a chaperone of VirE2. VirE 1 has similar properties to type III

secretion chaperones in that it has an acidic p1 and is small in size (43). VirEl
specifically interacts with the single-stranded DNA binding protein VirE2 and
prevents VirE2 from aggregating and binding the T-strand while in the bacterial cell,

keeping VirE2 in a transport competent state. VirE 1 is an effective chaperone of
VirE2 because the regions of VirE2 needed to bind VirEl overlap the VirE2 regions

needed for self-interaction and binding the T-strand (44,45). The VirEl-VirE2

interaction is strong. During in vitro studies, the VirE 1 -VirE2 interaction exhibited no

interference from added ssDNA and VirE2 molecules (43). Using yeast two-hybrid
interaction assay with a lacZ reporter Deng et al (43) determined that the interaction
between VirE 1 -VirE2 is about six times stronger than VirE2 self-interaction.

VirE2 is exported into plant cells separately from the T-strand and is essential

in plant cells for tumorigenesis (29,46,47). The role in plants was demonstrated by the
infection of transgenic tobacco that expressed VirE2 with non-pathogenic virE2
mutant A. tumefaciens and showed restored tumorigenesis (48) (Fig. 1-6).

Figure 1-6. Role of VirE2 in A. tumefaciens transformation. A.) Wild-type A.
tumefaciens. VirE2 is exported into plant cell during infection. B.) A VirE2 mutant
A. tumefaciens which is non-pathogenic on nonnal plant cells can be complemented
by plant cells that express VirE2.
Mixed infection assays have been performed to determine if virE2 mutants
could have virulence restored on non-transgenic plants (29,47). Alone, A. tumefaciens
mutants that lacked VirE 1 but made VirE2 (Fig. 1 -7A), or lacked VirE 1 and VirE2

(Fig. 1 -7B), and had intact VirD2/T-strands were non-pathogenic. Only when the
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mutants were co-inoculated with a strain carrying an intact virE region, and no
VirD2/T-strand, did virulence occur (Fig. 1-7) (29,47).
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Figure 1-7. Mixed infections with A. tumefaciens mutants. A.) Top: virEF. Bottom:
virD2, T-strand. B.) Top: virEF, virE2. Bottom: virD2, T-strand.
Can VirEl expressed in the plant disrupt crown gall formation ?

If VirEl is expressed in plant cells, will the affinity VirEl has for VirE2
prevent VirE2 binding of the incoming T-strand? If this occurs, tumorigenesis would
be prevented due to T-strand degradation and lack of integration. Figure 1-8 shows
the possible resistance mechanism of plants expressing VirE 1. The incoming VirE2 is

bound by the plant expressed VirEl before it can bind the VirD2/T-strand resulting in
prevention of tumor formation.
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Figure 1-8. Disruption of T-DNA transmission
by plant expressed VirE 1. VirE 1 expressed in
the plant cell is hypothesized to bind the
imported VirE2, leaving the T-strand
susceptible to nuclease degradation.

Chapters 2 and 3 deal with the question of whether VirE 1-mediated resistance

is feasible as a control method for crown gall. Chapter 2 shows the data for one
VirE 1-expressing A. thaliana line that demonstrated a reduced level of tumorigenesis

when infected with A. tumefaciens. Chapter 3 examines the interaction of VirE 1 with
VirE2 and defines amino acid residues that are necessary for VirE 1 interaction with

VirE2. This data could be used to construct a "super-interacting" VirE 1 for use in
transgenic plants.

Post-transcriptional gene silencing of transgenes
Gene silencing, or the sequence specific degradation of target mRNA, is called
post-transcriptional gene silencing (PTGS) in plants, quelling in fungi, and in animals

it is called RNA interference (RNAi) (49-51). This phenomenon originally was used
in eukaryotic cells as a fonn of defense against viruses and transposons, but recently
has been exploited to "silence" genes for elucidating host gene functions (52).
Transgenes are either stably or transiently transformed into cells, and silence mRNAs
with sufficient sequence identity (53,54).

Transgene structure also dictates whether silencing is triggered. Double
stranded RNA has been found to induce gene silencing most effectively in plants, and

other eukaryotes such as Drosophila, nematodes, trypanosomes, and Neurospora
(49,55-62). For plants, the most effective double-stranded RNA is from intron
containing hairpin constructs (56).

Figure 1-9 shows the transgene PTGS pathway in Arabidopsis. The pathway
is initiated with transgene dsRNA. The dsRNA is then cleaved into 21-26 nucleotide
short interfering RNAs (siRNAs) by Dicer-like 3 (DCL3) which is an RNaseIII-like

protein (63). The siRNAs are then incorporated into the RNA-induced silencing
complex (RISC) as a template to bind target mRNA. ARGONAUTE1 (AGO 1) is part

of the RISC complex and binds the siRNAs (64). The siRNA bound RISC then binds
mRNA with identity to the siRNA and cleaves it, once the mRNA has been cleaved it

is degraded by the cell. In Chapter 4, transgenic apples that make dsRNA of the
oncogenes iaaM and ipt (Fig. 1-4) demonstrate that transgene silencing can be used to
create crown gall resistant plants.
dsRNA
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Figure 1-9. Transgene PTGS in
Arabidopsis.
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ABSTRACT
Crown gall disease, caused by Agrobacterium tumefaciens, remains a serious
agricultural problem despite current biocontrol methods. A. tumefaciens transfers
single-stranded DNA (T-strands) into plant cells along with several virulence proteins,

including a single-stranded DNA-binding protein (VirE2). In plant cells, T-strands are
protected from nucleases and targeted to the nucleus by VirE2, which is essential for
efficient transmission (transfer and integration) of T-strands. VirE 1 is the secretory
chaperone for VirE2; it prevents VirE2 from forming aggregates and from binding the

T-strands in bacterial cells. Therefore, we hypothesized that sufficient quantities of
VirEl expressed in plant cells might block T-DNA transmission by preventing VirE2

from binding 1-strands. Here we show that root explants from Arabidopsis thaliana
plants that expressed virEl formed 3.5-fold fewer tumors than roots from plants

without virEl. Also, this resistance was specific for VirE2-mediated Agrobacterium
transformation. Plants that have been genetically altered to resist crown gall may
prove more effective than biological control.
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INTRODUCTION

Agrobacterium tumefaciens transfers the T-DNA portion of its tumor-inducing

(Ti) plasmid into plant cells where it integrates into the plant genome. The T-DNA
contains three oncogenes that encode synthesis of auxin (iaaM, iaal-I) and cytokinin
(ipt), which causes undifferentiated proliferation of plant cells (14). A. tumefaciens
secretes both the single-stranded DNA-binding protein VirE2 and T-strands into plant
cells via a type IV secretion system consisting of VirB 1 -VirB 11 and VirD4 (46).

Although VirE2 and T-strands are both exported through the VirBID4 pore, VirE2 is

exported into plant cells separately from T-strands (46). VirE2 produced directly in
transgenic plant cells can replace bacterially encoded VirE2, indicating that VirE2 is
only needed in plant cells (48).

VirE 1 is a chaperone required for VirE2 stability and secretion (65). In

bacterial cells, VirEl binds VirE2 domains involved in ssDNA binding and self
association (44). This prevents VirE2 from aggregating and prematurely binding Tstrands, maintaining VirE2 in a transport competent state. The interaction between
VirE 1 and VirE2 is stronger than VirE2 self-interaction (43). Because VirE 1 can

prevent VirE2 from binding T-strand DNA (43), we predicted that expression of large

amounts of VirEl in plant cells might reduce or block T-DNA transmission. To test
this hypothesis, we fused the virEl coding sequence to the figwort mosaic virus
(FMV) promoter and introduced this transgene into Arabidopsis thaliana. Among 19
virEl-transgenic lines tested, one was significantly less susceptible to tumorigenesis
than control plants.
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While this study was in progress, Szegedi et al. observed reduced susceptibility
to A.

vitis

AB3 in transgenic tobacco that expressed virEl (66). However these lines

remained fully susceptible to A.

tumefaciens

which the virEl transgene originated (66).

A348, a strongly pathogenic strain from
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MATERIALS AND METHODS

Plasmid construction
We constructed a plant transformation vector containing virEl in two steps.
First, we fused the virEl coding sequence to a figwort mosaic virus (FMV) promoter
and a pea rbcS polyadenylation signal, which are contained in a ColE 1-based plasmid

derived from pCGN8O63 (67). Next, we inserted this gene fusion into a plant

transformation vector (pCGN5927) adjacent to a gene fusion (Pnos-nptll-nos3') that
confers kanamycin resistance to plant cells (67).

The virEl gene was amplified by polymerase chain reaction (PCR) from a
pUC18 derivative (pGR1) that contains the virE operon from A. tumefaciens octopine-

type Ti plasmid pTiA6 (68). pGR1 DNA (200 ng) was linearized by cleavage with
BamHI and used as template for PCR. The 50 p.L PCR reaction contained 10 mM
Tris, pH 8.3, 50 mM KC1, 2.5 mM MgCl2, deoxynucleoside triphosphates (0.2 mM

each), primer oligonucleotides (0.3 tM each), and 2.5 units of Taq DNA polymerase
(Perkin Elmer). The mixture was heated to 94°C for 1 minute and then subjected to
30 cycles of 94°C for 30 seconds, 55°C for 1 minute, and 72°C for 2 minutes. At the

conclusion of cycling, the reaction was held at 68°C for 5 minutes. The 5' primer (5'CGCGGA TCCGCCGCCACCATGGCCATCATCAAGCCGCATGCG-3') added a
BamHI site (bold italic) and Kozac sequence to the start of virEl (bold underline) and

the 3' primer (5'-CCGGGTACCTCACTCCTTCTGACCAGCAAGATTG-3') added a
KpnI site (bold italic) to the end. This 225-bp amplicon was cut with BamHI and KpnI

and ligated to BglII and KpnI sites downstream of the FMV promoter in plasmid
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pHA, which we derived from pCGN8O63 (67). The resulting plasmid was designated

pHAE1, and the sequence of the virEl transgene was confirmed. pHA was created by
inserting a 20-bp self-complementary oligonucleotide (5'-AGCTGGCGCGCCGGC
GCGCC-3') with Hindlil-compatible ends and two internal AscI sites into the Hindlil
site of pCGN8O63. The virEl gene fusion was excised from pHAE1 as an 2025-bp
AscI-NotI fragment and ligated into the binary vector pCGN5927 (67), which was also
cut with AscI and NotI. The resulting plasmid (pBVE 1) contains the virEl gene fusion

along with nptll between T-DNA borders (Fig. 2-1). The pBVE1 and pCGN5927
plasmids were each transformed into A. tumefaciens EHA1O1 (69,70).

Nod (249)

RB (1)

9 3

KpnI (934)

(2274) AscI Kpnl (2289)

virEl HSP7OL

Bcfl (4146)

LB (4337)

Figure 2-1. Structure of the virEl T-DNA. The T-DNA is 4337 bp long. RB=right
border, FMVpro= Figwort mosaic virus promoter, HSP7OL=Petunia HSP7O leader
sequence, virElvirEl gene from A. tumefaciens A348, E9 3'=3' end of pea rbcS E9
gene, nos 3'-nptll-nos 5'=kanamycin resistance, LB=left border. Numbers in
parentheses refer to base pair coordinates. The first base of the right border is
coordinate 1, and the last base of the left border is coordinate 4337.
Plant transformation and selection
Arabidopsis thaliana ecotype Columbia were transformed by the floral dip
method described by Clough and Bent (71). Plants were transformed with A.
tumefaciens EHA1O1 containing either pBVE1 or pCGN5927. The seeds were
harvested and plated on Murashige Skoog (MS) (72) agar supplemented with 50
tg/mL kanamycin, vernalized at 4°C for 2 days, and then incubated at 24°C with a
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daily 16 hour light cycle. Kanamycin-resistant plants (TO generation) were transferred

to soil and allowed to self-pollinate. Ti seed was germinated on MS agar containing
kanamycin, and these plants were allowed to self-pollinate to produce T2 seed. T3
and T4 generations were produced by additional seif-pollinations; seeds were
germinated on MS agar containing kanamycin.

Susceptibility to crown gall
Root explants from the T3 and T4 generations of 5927A (vector only) and
BYE 1/H (virEl transgenic) and untransformed plants were tested for susceptibility to

crown gall tumorigenesis as described (73). Roots were excised from aseptically
grown plants and infected with A. tumefaciens strains: A348 (wild-type) (74),

MX358(pVK100) (virE2::Tn3-lacZ358 with cosmid pVK100) (75), or
MX358(pLH338) (virE2::Tn3-lacZ358 with pVK100 containing the GALLS gene

from A. rhizogenes 1724) (75) for two days on hormone-free MS agar. Root explants
were then rinsed in 100 pg/mL timentin solution and transferred to hormone-free MS

agar containing 100 ig/mL timentin. Root explants were incubated under the same
conditions as the plants. After 3 weeks, root pieces that had at least one tumor were
counted as positive. Root explants with tumors larger than 3 mm were counted as
large tumors, and tumors smaller than 3 mm were counted as small tumors.
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Northern and Southern blot analysis
Total RNA was extracted as described (76) from whole plants (T2 and T3
generation) cultured on MS agar after initial selection on MS agar containing
kanamycin. Samples containing 5 p.g of total RNA were subjected to electrophoresis
through a 2% formaldehyde-agarose gel and transferred to GeneScreen Plus nylon

membrane (New England Nuclear). Blots were hybridized with a virEl probe first,
and then re-probed with an ubiquitin probe. Probes were labeled with [u-32P] dCTP
(3000 Ci/mmol, MP Biomedicals) using a Random Primers DNA Labeling System

(Invitrogen). Templates for probe synthesis were the 225-bp virEl amplicon and a
plasmid with five copies of the A. thaliana ubiquitin gene (pTB 112 (77)), which was
linearized with AatII.

DNA was extracted with urea (78) from 1 gram of eight-day-old A. thaliana

plantlets (T4 generation) cultured in liquid MS (25 mL) with 50 tg/mL kanamycin.
DNA (5-10 p.g) was incubated with either BclI, KpnI, or XbaI and then precipitated

with ethanol. The samples were separated by electrophoresis through a 0.8% agarose
gel and transferred to GeneScreen Plus nylon membrane. The blots were probed with
a 794-bp amplicon containing nptll sequences or a 1355-bp amplicon corresponding to

a KpnI fragment from pBVE1 (Fig. 2-1). The nptll probe was amplified from
pCGN5927 (67) using primers 5'-ATGATTGAACAAGATGGATTGCACG-3' and

5'-TCAGAAGAACTCGTCAAGAAGGCGATAGAAGGC-3'. The KpnI probe was
amplified from pBVE1 using primers 5'-CTCACTCCTTCTGACCAGCAAGATTG

EI1

TCTC-3' and 5'-CGTACCTA GGCGCGCCAGCTT-3'. The probes were labeled by
random prime synthesis.

Western blot analysis

Tissue (100 mg) from whole A. thaliana plants was frozen in liquid nitrogen,
ground to a fine powder, and proteins were extracted with 0.5 mL of extraction buffer
(20 mM sodium phosphate, pH 7, 100 mM NaC1 , 5 mM EDTA, 0.05% Tween 20, 1

mM phenylmethylsulfonyl fluoride, 25 mM sodium ascorbate) on ice for 3 0-60

minutes. Insoluble material was removed by centrifugation in a microcentrifuge for
15 minutes at 4°C. Protein concentrations in the supernatant solutions were

determined by Bradford assays (79), and samples (460-960 tg) were analyzed by

SDS-PAGE. His-tagged VirEl was isolated from Escherichia coli BL21 (Invitrogen)
containing virEl fused to a histidine tag in vector pPROEX-1 (Invitrogen) using NiNTA resin (Qiagen) according to the manufacturer's instructions.
SDS-polyacrylamide gel electrophoresis and blotting onto Hybond-P nylon

membrane were done as outlined in Ream and Field (76). Protein extracts and Histagged VirE 1 (10 ng- 100 jig) were subjected to electrophoresis through a 15%

polyacrylamide gel. A WesternBreeze kit (Invitrogen) was used with VirE 1
antibodies (65) for chemiluminescent detection of VirE 1. The antibodies were used at
a 1:1000 dilution.
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RESULTS

Arabidopsis lines transformed with virEl
A. thaliana plants (ecotype Columbia) were transformed with a T-DNA

containing virEl fused to the FMV promoter (Fig. 2-i). The Ti seed were plated on
MS plates containing kanamycin to obtain segregation ratios. Transgene mRNA
levels in the T2 plants were assessed, and 19 lines producing virEl mRNA were
screened for susceptibility to tumor formation. All plant lines exhibited nonnal
growth and development. One line (BVE1IH), which showed significant resistance to
crown gall, was chosen for further study along with one line (5927A) containing only

vector sequences. The Ti segregation ratios for these lines were 60
(2.3:1) for 5927A and 73

Kanr:29

KanS

Kanr:26

Kans

(2.5:1) for BVE1/H. The lack of 3:1

segregation for line 5927A indicates that this line contained T-DNA at more than one
locus, but the segregation ratio for line BVE 1/H indicates that the transgenes may

occupy one locus. These conclusions were confirmed by Southern blot analysis of TDNA copy number and structure.

Transgene structure and copy number
Plant DNA was digested with KpnI to assess T-DNA structure and to

determine the number of T-DNA loci. Plant DNA was cut with KpnI and probed with
a radiolabeled KpnI fragment containing virEl from the pBVE1 T-DNA (Fig. 2-1); an

intact copy of the T-DNA should yield a 1355-bp fragment. DNA from line BVEI/H
produced a single band at 7700 bp indicating a rearranged T-DNA structure (Fig. 2-
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2A, lane 2). No bands were observed for DNA from line 5927A because the
pCGN5927 T-DNA lacks homology with this probe (Fig. 2-2A, lane 1). KpnIdigested plant DNA was probed with a nptll-specific probe to assess transgene copy
number. KpnI cuts the T-DNA upstream of the nptll gene and in plant DNA flanking
the T-DNA. KpnI-digested DNA from line BVE1/H produced bands of 17 kb and 5.9
kb when probed with nptll sequences. The signal present in the 5.9 kb band was
twofold greater than the signal in the 17 kb band, suggesting that the 5.9 kb band may

contain two copies of nptllon a single KpnI fragment. Alternatively, the 5.9 kb band
may represent two different KpnI fragments that comigrate. Thus, BVE1/H has three
copies of virEl (Fig. 2-2B, lane 2). KpnI-digested DNA from line 5927A produced
two bands, indicating that this line contains two copies of the T-DNA (Fig. 2-2B, lane

1). The top band appears to contain a large (>20 kb) KpnI fragment and some
partially cut DNA.

DNA from lines BVE1/H and 5927A was also digested with XbaI or Bc!! and
analyzed by Southern hybridization. XbaI does not cut within the T-DNA, so each
XbaI

fragment that contains T-DNA sequences represents a separate locus. Line

5927A contained two loci (Fig. 2-2C, lane 1) and BYE 1/H had three loci (Fig. 2-2C,

lane 2), confirming the copy numbers observed with KpnI-digested DNA.

Bc!!

cuts

4146 bp downstream of the T-DNA right border (Fig. 2-1). Plant DNA cut with BclI
should yield fragments of varying length with one cut site within the T-DNA and

another in the flanking plant DNA. DNA from line 5927A, probed with nptll
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sequences produced two bands of 5400 bp and 4500 bp (data not shown); DNA from
line BVE1/H yielded one intense band at 2900 bp (Fig. 2-2C, lane 3).
1
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6.6 kb4.4 kb-

9.4 kb-
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2

123

C
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9.4 kb6.6 kb4.4 kb2.3 kb2.0 kb-

4.4 kb-

2.3 kb2.0 kb2.3 kb2.0 kb-

0.56 kb-

Figure 2-2. T-DNA copy number in transgenic Arabidopsis. DNA (5-10 pg) from
the plant lines 5927A (lanes Al, Bi, Cl) and BVE1/H (lanes A2, B2, C2-3) was cut
with KpnI (panels A, B), XbaI (lanes C 1-2) or BclT (lane C3). The blot was probed
with a virEl-specific KpnI fragment (panel A) or nptll sequences (panel B, C).
virEl expression

Northern blots were performed with three individual RNA preparations from

whole plants to measure the virEl mRNA levels. The blots were probed with virEland ubiquitin-specific probes. The virE] mRNA is about 450 nt and ubiquitin mRNA

is about 950 nt. BVE1/H plants accumulated high levels of virEl mRNA, and the
vector-only line (5927A) produced no signal with this probe, as expected (Fig. 2-3).

Both lines accumulated similar levels of ubiquitin mRNA (Fig. 2-3). The high levels
of virEl mRNA in BVE1/H plants suggested that it may produce sufficient VirEl
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protein to interfere with T-DNA transmission by binding VirE2 transferred from A.

tumefaciens. We extracted proteins from plant lines BVE1/H and 5927A and
subjected soluble proteins to SDS-PAGE. To monitor detection sensitivity we loaded

purified VirEl (10 ng-100 tg) into separate lanes. Proteins were transferred to a
nylon filter by electroblotting, and we probed the blot with antibodies raised against

VirEl (65). We did not detect VirEl among the proteins extracted from any plant
line, however the detection limit for purified VirEl was 10 p.g (data not shown).

virEl probe

Figure 2-3. Accumulation of virEl mRNA
in transgenic plants. Each lane contains 5 tg
of RNA. The blot was probed with virEl
(top) or ubiquitin (bottom) sequences.

1.35 kb ubiquitin

probe

0.24 kb -

Susceptibility to crown gall tumorigenesis
Roots of transgenic lines 5927A and BVE 1/H were tested for susceptibility to

crown gall tumorigenesis. A. tumefaciens A348 (74) was used as the wild-type strain.
Since the Columbia ecotype is less susceptible to crown gall than some other ecotypes
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of Arabidopsis (73), the non-transformed plants and control line 5927A (Fig. 2-4, 2-5)

did not have 100% tumorigenesis with A348. BVE1/H (Fig. 2-4, 2-5) exhibited
significant resistance to A348 when compared to 5927A (Student's I test = 0.005).

The majority of the tumors (90%) on BVE1/H were small (3 mm). In contrast, 44%
of the tumors on line 5927A were large (>3 mm). When challenged with nonpathogenic A. tumefaciens WR3 095 (80), no tumors were observed on any plant line
(data not shown).

Figure 2-4. Tumor

formation on A. thaliana
root explants of virEltransgenic and vectoronly plants with VirE2and GALLS-dependent
crown gall tumorigenesis.
A, Vector-only (5927A)
inoculated with wild-type
A. tumefaciens A348. B,
Line BVE1/H inoculated

with A348. C,5927A

inoculated with GALLS
virE2 A. tumefaciens

MX358 (pLH338). D,
BVE1/H inoculated with
MX358 (pLH338).

Because tumors on BVE1/H were significantly smaller than on 5927A, tumors
resulting from infection with A348 were cultured on hormone-free MS agar for 11

months. Tumors from 5927A root segments were divided at least once, and each sub-
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tumor formed unorganized callus 4-6 cm in diameter. Tumors from line H did not
grow well enough to be divided (most did not survive) and were only about 2 cm in

diameter (Fig. 2-6). In contrast to the unorganized tumors that formed on 5927A
tissue, roots grew from the callus derived from tumors on line BVE1/H. This
indicates that the T-DNA may be truncated in BVE1/H tumors (34).
60

Large

EIi1__

tumors

I

Small
tumors

I
01

BVEIIH

5927A
A348

5927A

BVEI/H

MX358(pLH338)

5927A

BVEIIH

MX358(pVKI 00)

Figure 2-5. Percent of root explants with tumors. A348= wild-type A. tumefaciens
A348. MX358(pLH338)= GALLS virE2 A. tumefaciens. MX358(pVK100)= virE2
A. tumefaciens. Black bars indicate tumors that were 3 mm and the lined bars
represent tumors >3 mm.
Reduced tumor incidence on BVE 1/H may result from production of sufficient

VirE 1 protein to interfere with normal T-DNA transmission. Alternatively, one of the

T-DNAs may have disrupted a host gene required for tumorigenesis, creating a rat

mutant, which is resistant to 4grobacterium transformation (81,82). To distinguish
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between these possibilities, the plant lines were challenged with a strain that does not

require VirE2 for pathogenesis. A virE2 mutant (MX358) is non-pathogenic, but
virulence is restored by a plasmid (pLH338) that encodes a protein called GALLS,

which substitutes for VirE2 (75). GALLS is not homologous to VirE2, but like VirE2,
it contains a putative nuclear localization signal and a C-terminal signal for secretion
to plant cells (L. Hodges, A. Vergunst, P. Hooykaas, W. Ream, unpublished data).
Because GALLS and VirE2 do not resemble each other, we did not expect VirE 1 to

interfere with the function of GALLS. pVK100, the parent plasmid ofpLH338, lacks
GALLS and does not restore pathogenesis. If BVE1/H is a rat mutant, we expected it
to be resistant to GALLS-dependent transformation. If the crown gall resistance of
BVE1/H is indeed VirEl-mediated, GALLS-dependent tumorigenesis levels should be
similar to those observed with A348. Both lines BVE1/H and 5927A had similar
tumorigenesis levels (Student's t test = 0.652) when infected with MX358(pLH338)

(Fig. 2-4, 2-5). Therefore, the gall-resistant phenotype of line BVE1/H likely results
from high levels of virEl expression. Alternatively, high levels of VirE 1 may
interfere with a host protein required for VirE2-mediated tumorigenesis, or one of the
T-DNAs may prevent expression of such a host protein.

B

b

Figure 2-6. Tumors cultured
from BVE1/H and 5927A. A,
Subculture of tumor tissue from
vector-only line (5927A). B,
Primary tumor from line

BVE1/H.

DISCUSSION

Arabidopsis lines that express VirEl were constructed to test the model that
VirE2 binds the T-strand inside plant cells. Our hypothesis was that the VirE 1
expressed in the plant cells would bind incoming VirE2 and prevent it from binding T-

strands. This would leave the T-strands susceptible to nuclease attack and ultimately
prevent T-DNA integration and tumorigenesis.
Several experiments indicate that VirE2 binds the T-strands only after they are

exported to plant cells. Plant cells that express VirE2 can complement virE2-mutant
A. tumefaciens, indicating that VirE2 is needed in plant cells but not in bacteria (48).

VirE2 and T-strands can come from different bacterial cells in mixed infection
experiments, in which two non-pathogenic strains (one lacking VirE2, another lacking

T-DNA) can "complement" each other. VirEl is needed for VirE2 secretion, but not
for VirD2-T-strand export (68). Finally, T-strands do not associate with VirE2 in
bacterial cells (46).

Reduced tumor incidence and size on line BVE1/H is consistent with our

hypothesis. The poor growth and aberrant morphology of the tumors that formed on
BVE1/H suggest that the T-DNA in these tumors is abnormal. Rossi et al (34)
observed truncated T-DNAs in rare tumors induced by virE2-mutant A. tumefaciens.

The unusual properties of tumors induced on BVE1/H indicate that they too may
contain truncated T-DNAs, possibly due to inadequate protection by VirE2 caused by

the presence of VirEl in plant cells. Another possibility is that VirEl expressed in
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plant cells interferes with the normal function of a plant protein needed in
pathogenesis.

Currently, the only defense against crown gall disease is prevention.
Commercially, plant roots or seed are inoculated with non-pathogenic biocontrol

strains such as Agrobacterium radiobacter K84 (7,83) or K1026 (8,84,85) at planting.
A. radiobacter K84 and K1026 produce agrocin 84 (9,10), a bacteriocin that kills
pathogenic A. tumefaciens that contain agrocinopine catabolism (acc) genes (86).
However, many pathogenic A. tumefaciens are resistant to agrocin 84 because they

lack the acc-encoded permease, which mediates agrocin 84 uptake. Spontaneous
mutations in A. tumefaciens can also confer resistance to agrocin 84 (87).

Recently, gene silencing has been used to prevent gall formation, but gall-

resistant crops are not commercially available (88-91). Gene silencing prevents TDNA oncogene expression by degrading oncogene mRNAs. Double-stranded RNA
elicits sequence specific destruction (silencing) of mRNA with sufficient sequence

identity. Escobar et al. (90,91) observed resistance to tumor formation on roots and
stems of tomato, A. thaliana, and walnut by silencing both iaaM and ipt, and we

produced transgenic apple rootstocks that are resistant to crown gall by silencing iaaM
(88,89). Extensive testing of the effectiveness of these oncogene-silencing
constructions on different A. tumefaciens has not been done yet, but they are not
effective on certain A. vitis strains (E. Szegedi, J. Pitrak, W. Ream, unpublished data).

This may be due to lack of sufficient identity between the silencing construction and

iaaM in these A. vitis strains, or these strains may lack iaaM altogether. A transgene

that blocks transmission of T-DNA into the plant genome, such as VirEl, may
enhance the resistance of plants to crown gall.

The VirEl -mediated reduction in susceptibility to crown gall demonstrated in

line BVE1/H was promising but not complete. However, it may be possible to modify

the transgene to increase its effectiveness. First, the virEl gene we used contains four
codons that are rarely used in A. thaliana. Translation of virEl mRNA in A. thaliana
might increase significantly if these codons were replaced with synonymous codons

that are frequently used in A. thaliana. Second, the "ideal" sequence context for
optimum translation of mRNAs in plants (AAA A/CAA AUG GCU) (92) differs from
the Kozak consensus sequence (GCC GCC AIGCC AUG G) (93,94) we used; it may

be possible to improve translation of virE] mRNA by changing the sequence
immediately upstream of the start codon (AUG). Third, it maybe possible to increase
transcription of virEl in the specific root cells types that are susceptible to crown gall.
Although the enhanced viral promoter we used gave high levels of transcription in
whole plants, the level of expression in specific root cell types remains unknown.

Strong root-specific promoters may provide better expression of virEl mRNA in root
tissues, where crown gall is a problem. VirEl -mediated control of crown gall in
species such as grape and raspberry, where aerial tumors are common, may require
strong cambium-specific promoters.

Separately, none of the control methods for crown gall are 100% effective, but

by combining and refining these methods, more reliable control may result. For
instance, if the VirE 1-mediated and oncogene-silencing methods were combined in a
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single transgenic line, the protection may broaden. Similarly, if VirE 1 transgenics
were used in conjunction with biocontrol strains, VirE 1-mediated resistance might
reduce damage caused by agrocin-84 resistant A.

tumefaciens

pathogens.
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Agrobacterium tumefaciens chaperone protein VirE 1 requires specific residues for
interaction with VirE2
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AB S TRACT

Agrobacterium tumefaciens transfers DNA (T-strands) and virulence proteins

into plant cells via a type IV secretion pore. Once in the plant, the T-strands are
integrated into the plant genome. One of the exported proteins is VirE2, a singlestranded DNA binding protein that binds T-strands inside the plant cell. The secretory
chaperone of VirE2, VirE 1, is the only known chaperone of exported Vir proteins.
VirE 1 binds the regions of VirE2 needed for self-interaction and T-strand binding thus

maintaining VirE2 in a transport competent state. The region of VirE I needed for
interaction with VirE2 has not been characterized. We have found that amino acid

residues 25-56 make up the minimum portion ofVirEl needed for interaction with
VirE2, and mutation of certain residues reduce or abolish activity.
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INTRODUCTION

Agrobacterium tumefaciens transfers a portion of its tumor inducing (Ti)
plasmid into plant cells, along with virulence proteins, using a type IV secretion

system (14). VirE2 is a single-stranded DNA binding protein that is exported into
plant cells and binds the T-strand to protect it from degradation and help it localize to
the nucleus (34,35).

Before VirE2 is exported into plant cells, interaction with VirEl, the secretory

chaperone of VirE2, occurs in the bacterial cell (46). VirEl binds VirE2 to prevent
aggregation and premature binding of the T-strand (43). Chaperones for the other
exported Vir proteins have not been found.
VirE 1 has similar physical characteristics to type III secretion chaperones such

as SycE, SycH, and SycD of Yersiniapseudotuberculosis and IpgC of Shigella
flexneri (95,96). Type III chaperones are small proteins (MW 14,000-17,000) and
have an acidic p1(4.4-4.9). However, type III chaperones do not share sequence
similarity between them. They are also cytoplasmic, specific for a single secreted
protein, and do not target the secreted protein to the export machinery (97). VirE 1 has
a molecular weight of 7132, which is about half the size of type III chaperones, and

VirEl has a p1 of 5.0 (43). VirEl is very similar in function to type III chaperones in
that it is specific for VirE2 and does not interact with the VirB/D4 secretion apparatus
(98).

The VirE2 residues necessary for interaction with VirE 1 overlap regions

needed for VirE2 self-aggregation and binding to T-strands (44,45). However,
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nothing is known about how VirEl and VirE2 separate before export or which VirEl
residues are needed for interaction with VirE2. In this work we defined the region of
VirE 1 that is needed for interaction with VirE2.
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RESULTS

VirEl proteins have highly conserved residues

A ClustaiW alignment (www.ebi.ac.uk) was performed on four VirEl proteins
from Genbank (Accession# P07543, P08063, Q9RPO4, Q8VT83) (Fig. 3-1).

Seventeen residues were conserved, most of those were between amino acid residues

37-62. There were also eight residues conserved for size and hydropathy in that
region. The high conservation indicates that the region between residues 37 and 62
may be critical for VirEl function.
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HAl IKPHANK NRTTSPIERP ESLIEEMSG SNPPIGFTSL DLAMIELEDF VHRCPLPGD NLAGQKE
MVIIKLNANK NMPVLAVEKP QEIRKEELOD HHQSNGFTSL DLEMIELENF VLHCPLPEE NLAG
MAIIKLNANI< TRPVSLPEEP REIHTEAFSI NHRSNGFTSL DLEMIELENF VLRCPLPEE NLAGRI
pTIAB2/73 MAIK}cLLTLT SRNSPNAEN EVAQEQPY SDPVSTFSPM DLKLIELEDF LLNSPVPKNE QLIDKESNHG PECNNALRE
pTiA6
pTiC58
R. etli

Figure 3-1. ClustaiW alignment of VirEl protein sequences. pTiA6= A. tumefaciens
A6, pTiC58= A. tumefaciens C58, R. etli= Rhizobium etli, pTiAB2/73= A. tumefaciens
AB2/73. Consensus line key: *entirely conserved, :=residues are about the same size
and hydropathy, .=size or hydropathy has been preserved.
Truncations of VirEl delineate minimal region needed for VirE2 interaction
To see determine if residues 37-62 were critical for VirE 1 interaction with

VirE2, truncations ofVirEl were constructed and tested for VirE2 binding using the
yeast two-hybrid assay (Fig. 3-2A) (99). VirE2 was fused to LexA in the bait vector
pEG2O2 and VirEl was fused to a transcriptional activation domain in the prey vector

pJG4-5 (99). When VirEl and VirE2 interact, 3-galactosidase is expressed and the
yeast are able to grow in the absence of leucine (99). Full-length VirEl (pJG-E1)
interacted with VirE2 strongly (Fig. 3-2B, C). While residues 25-65 (pCD5xl) had
4.7-fold less -galactosidase activity and residues 35-62 (pJH23) had 2.8-fold less 13-

36

galactosidase activity. Residues 35-50 (pJH21) had no 3-galactosidase activity. Only
residues 21-56 (pJH26) and residues 25-56 (pJH27) had similar J3-galactosidase

activity to full length VirE 1. However, the 21-56 and 25-56 truncations had much

higher variability in the -galactosidase assay, this may indicate that the interaction is
less stable. The variation in -galactosidase expression was also observed on the galactosidase plates (Fig. 3-2C) for truncations 2 1-56 and 25-56, while the 25-65

truncation was more consistent. The above data indicated that the minimal region of
VirE 1 needed for interaction with VirE2 is residues 25-56.
A

pJG-E1
pCO5x

pJH21
pJH23
pJH26
pJH27

B Prey plasmid
pJG4-5
pJG-E1

pCD5xl
pJH21
pJN23
pJH26
pJH27
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Figure 3-2. Yeast two-hybrid analysis ofVirEl truncations. A. Amino acid

sequences of V1rE 1 truncations. B. f3-galactosidase activity in liquid culture.
Student's t-test were done to determine whether there was a significant difference
between full-length VirE 1 and the truncations. C. Plates with X-gal, galactose, and
raffinose. Right plate contains leucine and left plate lacks leucine. VirEl prey
clockwise from top: pJG4-5, pJG-El, pCD5xl, pJH2l, pJH23, pJH26, pJH27. pJH21,
pJH23, pJH26, and pJH27 have 54 additional amino acids from pJG4-5 on the Cterminus (LEKLWTSSPEVWSSLQSRLSACLPCQKFTKRWKRVKSLVDTLLTL
LNKRISYDL).
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Random mutants offull-length VirEl localized mostly to amino acids 25-56
Mutagenic polymerase chain reaction (PCR) was used to generate random

mutants of virEl (see experimental procedures) which were screened for loss of ability

to interact with VirE2. Two separate PCR reactions were screened and amplicons
with a mutation that changed the conserved leucine at codon 46 to proline (pJH33)

were found in both (Fig. 3-3A). Conversion of the serine codon at position 15 to
proline (pJH34) also abolished the interaction ofVirEl with VirE2 (Fig. 3-3). A third
amplicon had three amino acid substitutions (pJH35) at conserved residues: glycine
for aspartic acid at residue 40 and a glutamic acid at residue 47 and valine for

isoleucine at amino acid 44 (Fig. 3-3A). The four conserved residue mutations (L46P,
D4OG, 144V, E47G) all localized to residues 25-56, the minimal region needed for
VirE 1 -VirE2 interaction.
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Figure 3-3. Yeast two-hybrid analysis of VirE 1 mutants. A. Amino acid sequences
of wild-type VirEl and VirEl mutants. B. 3-gaIactosidase activity in liquid culture.
Student's t-test was done to determine the significance. C. Plates with X-gal,
galactose, and raffinose. Right plate contains leucine and left plate lacks leucine.
VirEl prey clockwise from top: pJG4-5, pJG-E1, pJH33, pJH34, pJH3S.

Directed VirEl mutants determine critical residues
In order to further study the affect the random mutations had on the VirElVirE2 interaction, some specific mutants were constructed using pJH27 (Fig. 3-2A).
Since pJH35 had three individual mutations, we wanted to determine if all three

mutations were needed for loss of interaction. Three mutants were made that
contained individual mutations observed in the triple mutant (Fig. 3-4A). The 144V
(pJH29) mutation had 3-galactosidase levels similar to the pJH27, while E47G
(pJH3 1) had 2-fold less activity and D4OG (pJH32) had no activity when compared to

pJH27 (Fig. 3-4B, C). The 144V mutation is a conserved amino acid change because
isoleucine and valine are both non-polar, so it is logical that this mutation would not

affect the structure ofVirEl significantly. The D4OG and E47G mutations convert
acidic amino acids to uncharged glycine. The change in amino acid charge would
therefore affect the structure of VirEl at residues 40 and 47.
To further assess the mutation of leucine 46 to proline, the leucine at position
46 was changed to alanine (pJH3O). Proline is a cyclic amino acid that is very

inflexible, this leads to steric hindrance in protein folding. As a result, the L46P
mutation may lead to a structurally different VirE 1 protein. In order to determine if it
was the substitution of proline at position 46 that was reducing VirE 1 -VirE2

interaction, we replaced the leucine with an alanine. Alanine is a neutral, nonpolar
amino acid that is often used in protein mutagenesis (100). The L46A mutant had
moderate 3-galactosidase activity, but it was 1.4-fold lower than pJH27.
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Stability of mutant and truncated VirEl proteins

Western blot analysis of the VirEl mutants and truncations in yeast was done
to measure protein stability. Antibodies for the hemagglutinin epitope tag from the
prey plasmid fusion (99) were used to probe proteins extracted from the transformed

yeast used in two-hybrid analysis. All constructions expressed stable proteins (Fig. 35). Yeast containing the empty prey vector (pJG4-5) had a very faint band
corresponding to the hemagglutinin-tagged transcriptional activator protein (MW
18,396). All of the prey vectors with VirE 1 expressed stable proteins, but the smaller

truncations (pJH21, 23, 26-27, 29-32) produced proteins larger (MW 19,964-22,153)
than frill-length VirE 1 (pJG-E 1, MW 18,973) because they do not have stop codons

40

within the virE] sequence and use an in-frame stop codon 54 codons downstream in
pJG4-5. This should not affect the ability of the proteins to interact since interaction
was not observed with the empty prey plasmid (pJG4-5). pJH33-35 also expressed

full-length VirEl.
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Figure 3-5. Western blot analysis of VirEl truncations and mutants. Proteins were
extracted from transformed yeast and separated by SDS-PAGE. Blot was probed with
HA antibodies.
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DISCUSSION
The aim of this study was to identify the residues of VirE 1 that are needed for

interaction with VirE2. VirE 1 is the specific chaperone of VirE2 and shares some
similarities with type-Ill secretory chaperones in that it is small and acidic (43,95,96).
Previous research has shown that VirE2 binds VirE 1 in the same regions that VirE2

uses for self-interaction and ssDNA binding, but the VirEl residues required have
been unidentified (43-45).

Residues 25-56 are the minimal region of VirEl needed for interaction with
VirE2 (Fig. 3-2). In this region of VirE 1 there are 11 invariant residues, 6 residues
with conserved hydropathy and size, and 5 residues with either hydropathy or size

conserved (Fig. 3-1). Four of the five random non-interacting mutations that were
observed occurred in entirely conserved residues in the 25-56 residue region (Fig. 3-

3). This indicates that those residues are needed for interaction.
There were several amino acid changes examined in this study. The SI 5P
(pJH34) mutation was not in a conserved residue, but still abolished 3-galactosidase
activity and growth on leucine deficient media in yeast two-hybrid analysis (Fig. 3-3).
The loss of interaction may be due to structural changes of VirE 1 caused by the

presence of proline in place of serine. The mutations in conserved residues were L46P
(pJH33) and a triple mutant of D4OG, 144V, and E47G (pJH35). These mutants had

minimal -galactosidase activity meaning that the VirE 1 -VirE2 interaction was
severely reduced (Fig. 3-3).

Since pJH35 had three mutations, each mutation was reconstructed

individually to assess the effect each mutation had on interaction with VirE2. The
144V mutant had 3-galactosidase activity equal to the positive control (Fig. 3-4). This
mutation was a conservative change so the effect on VirE 1 -VirE2 interaction was

minimal. However, the D40G and E47G mutations had a larger effect on VirEl VirE2 interaction since charged amino acids were replaced by uncharged glycine.

D4OG had no -galactosidase activity and E47G had 2-fold less activity than the
control (Fig. 3-4). These data show that acidic residues are needed at positions 40 and
47.

The leucine at position 46 had previously been replaced by proline (Fig. 3-3)
resulting in significant reduction of f3-galactosidase activity. Since proline is a
structurally rigid amino acid, we wanted to see if substitution of alanine would have a
similar effect. The L46A mutant (pJH3O) had 1.4-fold reduction of f3-galactosidase

activity (Fig. 3-4). These results indicate that having proline at position 46 changes
the structure of VirE 1 enough to severely reduce VirE 1 -VirE2 interaction. Alanine

substitution at residue 46 also reduces interaction, but not as much. Leucine is the
preferred residue at position 46 for VirE 1 -VirE2 interaction.
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Table 1. Sequences of PCR primers and oligonucleotides.
Primer name

Primer sequence (5' to 3)a

virEl -5'

CCGGAATrCATGGCCATCATCAAGCCGCAT

virEl -3'

CCGCTCGAGCTCGAGTCACTCCTTCTGACCAGCAAG

5E 1 E25

ACGCGTCTCGAAUCGAGGAM.TGAGTGGCAGT

5'virEl -Yl

CCAGATTATGCCTCTCCCGAATrC

3'virEl -Yl

CGAAGAAGTCCAAAGCUCTCGAG

Oligo. Name

Oliqonucleotide sequence (5' to 3)bc

5' El 35-50

AAUCGGT1TrACAAGTCTGGATCTCGCTATGATCGAGCTGGAGGACTUGTCC

3'E 135-50

TCGAGGACAAAGTCCTCCAGCTCGATCATAGCGAGATCCAGACTTGTAAAACCG

5'El 35-62

MTTCGGT1TTACAAGTCTGGATCTCGCTATGATCGAGCTGGAGGACTTTGTCC
ATCGGTGCCCGCTC CCAGGAGACAATCTTGCTGGTC

3'El 35-62

TCGAGACCAGCAAGATTGTCTCCTGGGAGCGGGCACCGATGGACAMGTCCTC
CAGCTCGATCATAG CGAGATCCAGACTrGTAMACCG

5'El 21 -56A

MTrCGAGTCTCTCATAGAGGAAATGAGTGGCAGTAATCCGCCGATTGG1TrrACA

3'El 21 -56A

P-CAGACTTGTAAAACCAATCGGCGGATrACTGCCACTCAmCCTCTATGAGAGACTCG

5'El 21 -56B P-AGTCTGGATCTCGCTATGATCGAGCTGGAGGACTTTGTCCATCGGTGCCCGCTCCCAC
3'E 121 -56B

TCGAGTGGGAGCGGGCACCGATGGACAAAGTCCTCCAGCTCGATCATAGCGAGATC

5'El 25-56A

AATTCGAGGAAATGAGTGGCAGTAATCCGCCGATrGG1TrrACA

3'E 1 25-56A

P-CAGACTTGTAAAACCAATCGGCGGA1TACTGCCACTCA1TrCCTCG

5'E 1 144V

P-AGTcToGATcTcGcTAToTcGAGcToGAGGAcmGTccATcGGTocccGcTcccAc

3'E 1 144V

TcGAGTGGGAGcGGGcAccGATGGAcWGTccTccAGcTcGAccATcGAGAGATc

5'E 1

L46A

P-AGTCTGGATCTCGCTATGATCGAGGCGGAGGACTTTGTCCATCGGTGCCCGCTCCCAC

3'E 1 L46A

TCGAGTGGGAGCGGGCACCGATGGACWGTCCTCCCCCTCGATCATCGAGAGATC

5'E 1 E47G

P-AGTCTGGATCTCGCTATGATCGAGCTGGGGACTYrGTCCATCGGTGCCCGCTCCCAC

3' El E47G

TCGAGTGGGAGCGGGCACCGATGGACAAAGTCCQCCAGCTCGATCATCGAGAGATC

5'E 1 D4OG

P-AGTcTGGGTcTcGcTATGATcGAGcTGGAGGAcmGTccATcGGTGcccGCTcccAc

3' El D4OG

TCGAGTGGGAGCGGGCACCGATGGACAAAGTCCTCCAGCTCGATCATCGAGAGAQC

a.

Underlined portions of primers indicate restriction sites mentioned in experimental
procedures

b.

Underlines in oligonucleotides indicate mutated nucleotides

c.

(P-) at beginning of oligonucleotides indicates a phosphate
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EXPERIMENTAL PROCEDURES

Plasmid construction
Vectors for yeast two-hybrid protein interaction assays were supplied by Brent
and colleagues (99). The bait vector, pEG2O2, expresses the LexA DNA-binding
domain from the ADH promoter (99). The virE2 coding sequence was fused in frame
to lexA using the BamHI and NcoI sites of pEG2O2. virE2 was inserted into pEG2O2

so the last codon was directly adjacent to the NcoI site, and the start codon was

mutated to leucine and directly adjacent to the BamHI site. The resulting plasmid,
pEG-E2, was transformed into Escherichia

coli

SK1592 (101).

Prey plasmids for yeast two-hybrid interaction were derived from pJG4-5 (99).
pJG4-5 expresses a transcriptional activation domain fused to a nuclear localization

signal and HA epitope tag from a GAL] promoter. virEl sequences were inserted
between the EcoRI and XhoI sites of pJG4-5. To ensure complete cutting of the
EcoRI and AlioI sites in pJG4-5, a 1751 bp EcoRIIXhoI fragment from phage lambda

was inserted, resulting in pJG4-5X. Tables 1 and 2 list the prey plasmids constructed

and the primers or oligonucleotides used for each. Prey plasmid constructions were
transformed into E. coli DH5, DH5a, or TOP 10 (102,103).

Plasmids containing mutant virEl amplicons (pJH33-35) (Table 2) were
generated by using Taq polymerase, pJG-E1 as template (Table 2), and limiting dNTP

concentrations during PCR. The primers used to amplify virEl flank the virE]
sequence from pJG-E 1 in order to assure mutagenesis of the entire gene. The primers
also added EcoRI and A72o1 restriction sites to the 5'- and 3'-end respectively (Table
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1). One dNTP was limited (2 nmol/reaction) while the rest were used at a normal
level (20 nmol/reaction) in four separate PCR cocktails, each with a different dNTP
limited. The PCR products were cut with EcoRI and )iilzol and inserted into pJG4-5?.

cut with the same enzymes. The ligated DNAs were transformed into E. co/i TOP 10

(103) cells and plated on LB containing 100 uglmL ampicillin. Transformants were

screened by colony hybridization to ensure the presence of virEl. Positive colonies
were pooled, and plasmid DNA was prepared for yeast transformation by CsC1 density

gradient centrifugation (76). Negative interactors from the yeast two-hybrid screen
were sequenced to determine the location of the mutation.

Table 2. Prey plasmids.
Plasm id

VirE 1 Residues

Primers/Oligonucleotides

pJG-E1

1-65

virEl-5', virEl-3'

pCD5xl

25-65

5'El E25, virEl-3'

pJH21

35-50

5'El 35-50, 3'El 35-50

pJH23

35-62

5'El 35-62, 3'El 35-62

pJH26

21-56

5'El 21-65A, 3'El 21-56A, 5'El 21-56B, 3'El 21-56B

pJH27

25-56

5'El 25-56A, 3'El 25-56A, 5'El 21-56B, 3'El 21-56B

pJH29

25-56 (144V)

5'El 25-56A, 3'El 25-56A, 5E1 144V, 3'El 144V

pJH3O

25-56 (L46A)

5'El 25-56A, 3'El 25-56A, 5'El L46A, 3'El L46A

pJH31

25-56 (E47G)

5'El 25-56A, 3'El 25-56A, 5'El E47G, 3'El E47G

pJH32

25-56 (D4OG)

5'El 25-56A, 3'El 25-56A, 5'El D4OG, 3'El D4OG

pJH33

1-65 (L46P)

5'virEl-Y1, 3'virEl-Y1

pJH34

1-65 (SI5P)

5'virEl-Y1, 3'virEl-Y1

pJH35

1-65 (D4OG,144V,E47G)

S'virEl-Yl, 3'virEl-Yl
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The virEl truncations (pJH2 1, 23, 26, 27) and directed mutants (pJH29-32)
were constructed using annealed oligonucleotides with EcoRI and XhoI compatible

ends (Tables 1 and 2). The annealed oligonucleotides were inserted into pJG4-5 and
screened for the presence of the insert by restriction analysis with PfiFI, which cuts

within the virEl sequence. The positive transformants were sequenced, and plasmid
DNA was prepared for yeast transformation using a Qiagen Plasmid Midi Kit.

Yeast transformation

ug of prey plasmid (TRPJ) DNA and 2 ug of pEG-E2 (HIS3) DNA were cotransformed into LHY1O1. LHY1O1 is Saccharomyces cerevisae EGY48 (MATa,

trpl, his3, ura3, LexAop-LEU2) with the lacZ reporter plasmid pSH18-34 (URA3,

lacZ with GALl promoter and 4 LexA operators) (99). The transformants were plated
on complete minimal (CM) medium dropout plates (lacking uracil, histidine,
tryptophan) containing 2% glucose (99).

Ji-galactosidase assays
The yeast transformants were screened for VirE2-VirE 1 interaction by

measuring 3-galactosidase activity two different ways. The transformants were
initially screened for interaction by replica plating 20 colonies of each on CM dropout
plates (with or without leucine) supplemented with 20 ug/mL X-gal and 2% galactose
and 1% raffinose (99). Yeast transformants that do not have VirE 1 -VirE2 interaction
can not grow in the absence of leucine. Expression of lacZ also requires VirE 1 -VirE2
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interaction, but lacZ is only expressed when galactose is present (99). The 13-

galactosidase activity was also quantified (104) in CM dropout liquid cultures (lacking
uracil, histidine, tryptophan) supplemented with 2% galactose and 1% raffinose (99).
Fifteen colonies of each transformant were started individually and then pooled in
groups of five. From each group of five, three f3-galactosidase activity readings were
taken.

Western blot

Proteins were extracted from yeast strains (105) used in yeast two-hybrid
interaction assay grown in CM dropout liquid cultures (lacking uracil, histidine, and

tryptophan) supplemented with 2% galactose and 1% raffinose (99). One microliter of
extract was subjected to SDS-PAGE and electroblotted onto Hybond-P nylon
membrane (Amersham Biosciences) as outlined in Ream and Field (76). HA. 11
monoclonal antibody (Covance) was used as the primary antibody (diluted 1:1000)
and anti-mouse IgG (H+L) HRP conjugate (Promega) was the secondary antibody
(diluted 1:2500) used to probe the blot in conjunction with the ECL Plus Western
Blotting Detection System (Amersham Biosciences).
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ABSTRACT

Crown gall disease is an economically significant problem in fruit and nut

orchards, vineyards, and nurseries worldwide. Tumors on stems and leaves result
from excessive production of the phytohormones auxin and cytokinin in plant cells

genetically transformed by Agrobacterium tumefaciens. High phytohormone levels
result from expression of three oncogenes transferred stably into the plant genome

from A. tumefaciens: iaaM, iaaH, and ipt. The iaaM and iaaH oncogenes direct auxin
biosynthesis, and the ipt oncogene causes cytokinin production. In contrast to other
tissues, roots do not respond to high cytokinin levels, and auxin overproduction is

sufficient to cause tumor growth on roots. Inactivation of iaaM abolished gall
formation on apple tree roots. Transgenes designed to express double-stranded RNA
from iaaM and ipt sequences prevented crown gall disease on roots of transgenic apple
trees.
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INTRODUCTION

Crown gall is a significant agricultural problem worldwide. Agrobacterium
tumefaciens, a ubiquitous soil bacterium (3), causes this disease in a wide variety of
plants including fruit and nut trees, grapevines, cane berries, chrysanthemum, rose,
and other nursery crops (1,106) A. tumefaciens genetically transforms plant cells to

grow as tumors; therefore, after a few hours of infection the disease will progress even

if the tumor-inducing bacteria are killed with antibiotics. Thus, prevention is the only
effective way to control crown gall.
Crown gall tumors result from overproduction of two plant growth hormones,
auxin and cytokinin, in plant cells transformed by A. tumefaciens (2,107). These
abnormally high phytohormone levels result from expression of three genes
transferred stably into plant cells from the A. tumefaciens tumor-inducing (Ti)

plasmid: iaaM (tryptophan monooxygenase), iaaH (indole-3-acetamide hydrolase),
and ipt (AMP isopentenyl transferase) (74,108). IaaM converts tryptophan into
indole-3-acetamide, which IaaH converts into indole-3-acetic acid (auxin) (5,109-

112). Loss of either enzyme prevents auxin production and tumorigenesis on plant
roots (108). Ipt converts adenosine monophosphate into isopentenyl adenosine
monophosphate, a cytokinin (6,113,114). Inactivation of zpt and either one of the two
auxin biosynthesis genes will abolish crown gall formation on any plant tissue (108).
Adequate means do not exist to prevent crown gall disease in non-transgenic

plants. Inoculation of plants with Agrobacterium radiobacter K84 affords some
protection against specific strains of A. tumefaciens (8,115-118); however, crown gall
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disease remains a serious problem (106). A. radiobacter K84 produces a toxin called
agrocin 84 (119-121). Agrocin 84 enters A. tumefaciens via the active transport

system that mediates uptake of the agrocinopine class of opines (120,122). Because
only agrocinopine-type A. tumefaciens have the permease that confers sensitivity to

agrocin 84, A. radiobacter K84 offers limited protection against crown gall.
Arabidopsis thaliana plants resistant to crown gall were produced by screening
for mutations that affect host genes necessary for A. tumefaciens infection or transfer

and integration of bacterial oncogenes (73,81). Testing tens of thousands of potential
mutants is feasible in A. thaliana. However, this strategy is not applicable to woody
plants in which crown gall is a commercial problem because generating and testing
large numbers of mutants is impractical in woody species.

Our strategy to produce crown gall resistant plants was based on the
phenomenon called post-transcriptional gene silencing (PTGS) or RNA interference

(RNAi) (123-126) for reviews see (52,126-128). Transgenes that elicit PTGS trigger
sequence-specific destruction of transgene-encoded messenger RNA (mRNA) and

other mRNAs that have sufficient sequence identity (53,54). A number of transgene
constructions can trigger PTGS. Early observations implicated high levels of sensestrand transcription across an untranslatable (or wild-type) transgene as an elicitor of
PTGS; silencing often correlated with multiple-copy transgenes (125,126,129).

Transgenes in an inverted repeat configuration also elicit PTGS (130-132). Recent
work in plants (55-58,90,133), nematodes (51,59,61,134), neurospora (49,135), insects
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(136), and trypanosomes (60) demonstrated that double-stranded RNA (dsRNA)
molecules induce systemic, sequence-specific PTGS.

We have produced Nicotiana tabacum (tobacco) plants resistant to crown gall
by introducing transgenes that silenced the iaaM and ipt oncogenes (88). Escobar et
al. used this approach to produce transgenic A. t/ialiana, Lycopersicon esculentum

(tomato), and Juglans regia (walnut) that are resistant to crown gall (90,91). The goal
of our present research was to provide a new, effective method to produce fruit and

nut trees, grapevines, and other crop plants resistant to crown gall disease. Using a
gene silencing strategy we produced six transgenic apple lines that were completely
resistant to crown gall.
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MATERIALS AND METHODS
Onco gene silencing constructions

Figure 4-1 shows the T-DNA regions of two plant transformation plasmids
used to generate transgenic apple lines that target the A.

tumefaciens

iaaM and ipt

oncogenes for silencing. Although blocking iaaM expression prevented gall formation
on apple roots (Fig. 4-2), we also hoped to silence ipt in order to prevent tumor growth
on stems (108). Both plasmids @JP17 and pJP2O) are based on pCGN5927, which
contains pRi and ColE 1 origins of replication, a bacterially expressed gentamicin

resistance gene, and T-DNA border sequences flanking multiple cloning sites and a
neomycin phosphotransferase gene (nptll) fused to the nopaline synthase (nos)
promoter (67). The transgenes in pJP 17 and pJP2O were designed to produce

complementary sense and antisense RNAs corresponding to the first 1797 base pairs

(bp) of iaaM and the entire ipt coding sequence. The third codon of each gene was
converted to a stop codon by polymerase chain reaction (PCR) using primers

containing the desired mutations. In addition to the nonsense codon, a frameshift
mutation was introduced into each transgene. Sense-strand RNAs that contain
premature stop codons elicit gene silencing if they can initiate translation from a start
codon downstream of the premature stop (D. C. Baulcombe, personal communication)

(50,137). The ipt-stop construction lacked alternative translation start sequences, but
iaaM-stop contained an obvious in-frame start at codon 18. This codon is surrounded
by excellent sequence context for efficient translation, including A at -3 and G at +4:

CçA ACC AAA AUG G. Nucleotides that match the consensus sequence for "ideal"

pJPI 7
'nos npw

FMV

T promoter
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Figure 4-1. Oncogene-silencing constructions. The T-DNA (transferred DNA)
portions of plasmids pJP 17 and pJP2O are shown. Black boxes at the ends of each
map represent the right and left T-DNA border sequences. Arrows above promoter
sequences indicate the direction of transcription, and those above oncogenes show the
orientation of the coding sequences. "Pnos," "FMV," and "CaMV" are the nopaline
synthase, figwort mosaic virus, and cauliflower mosaic virus promoters, respectively.
Shaded boxes labeled "T" indicate the nopaline synthase 3' untranslated region (3'UTR) and polyadenylation signal from pCGN8O59 (McBride and Summerfelt 1990);
these 3'-UTR sequences are oriented so that they can terminate sense-strand oncogene
RNAs expressed from the CaMV promoter. "iaaM' and "ipt" indicate sequences from
the tryptophan monooxygenase and AMP-isopentenyl transferase genes. "nptlT' is the
neomycin phosphotransferase II gene, which was used to select apple cells containing
the transgenes; a nopaline synthase 3 '-UTR (not shown) is located at the 3' end of the
nptll gene. Black triangles labeled "N" show the location of NotI sites, and those
labeled "A" mark the position of the AvrII site. Lines labeled "4575 bp" and "3878
bp" show the size and location of the NotI restriction fragments. Black bars labeled
'*"indicate the iaaM sequences used as a radiolabeled probe for Southern and
northern blots.
translational context (GCC GCC AIGCC AUG G) (93,94) are underlined; the start
codon and critical nucleotides at -3 and +4 are bold. In pJP 17, iaaM and ipt were
fused and situated between the cauliflower mosaic virus (CaMV) 35S and figwort

mosaic virus (FMV) promoters. Plasmid pJP2O contained separate copies of iaaM and
ipt, each flanked by opposing CaMV and FMV promoters (Fig. 4-1). The following
paragraphs describe the construction ofpJPl7 and pJP2O.

Root response to mutant and wild-type A. tumefaciens

Score
of soft

callus

None

A136

A328

A335

A348

Strains

Figure 4-2. Apple root response to mutant and wild-type A. tumefaciens. Nontransgenic apple roots were inoculated with wild-type (A348), iaaM-mutant (A328),
zpt-mutant (A3 38), and Ti-plasmidless (A 136) strains. The amount of soft callus
formed on inoculated roots was scored on a scale from 0 (no response) to 3.5
(extensive callus growth).
To build a plasmid with two strong plant promoters, an enhanced FMV
promoter was inserted into pCGN8O59, which contains the CaMV promoter (67). An
amplicon that contained the FMV promoter was produced using pCGN8O63 (67) as

template. The primer oligonucleotides (shown 5' to 3') (GCCGAGATCTAGCTT
CTGCAGGTCCTGCTC and AATAATTCTAGAAGGCCTGAATTCGAGCTCGG
TACCGGATCCGTGTC CTTCAAATGGGAATG) generated a 1067-bp amplicon
with a B gill site upstream and BamHI, KpnI, Sad, EcoRI, Stul, and XbaI sites
downstream of the promoter. This PCR product was digested with BglII and XbaI and
inserted into the BamHI and XbaI sites of pCGN8O59. In the resulting plasmid, pJP8,
the CaMV and FMV promoters are positioned such that they drive transcription in
opposite directions through a region with multiple cloning sites.
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We amplified iaaM and ipt from template sequences derived from an octopinetype Ti plasmid (pTiA6NC) (74); these templates were harbored in pUC 119-based

plasmids. Reaction mixtures (50

tl)

contained 1.5 mM MgCl2, 50 mM KC1, 10 mM

Tris-HC1, pH 8.3, 0.001% gelatin, deoxynucleoside triphosphates at 0.25 mM each, 2
units of Tfl DNA polymerase (Epicenter), primer oligonucleotides at 1 p.M each, and

400 ng of template DNA. Reactions were incubated in a Perkin Elmer 480 thermal
cycler at 94°C for 1 mm followed by 30 cycles of 94°C for 1 mm, 48°C for 1 mm, and

72°C for 2 mm. Upon conclusion of thermal cycling, reactions were cooled to 15°C.
The upstream primer used to amplify iaaM-stop (CGGGATCCA TGTCATGAACCT

CTCCTTGATAAC) contained a BamHI site (GGATCC) upstream of the first iaaM
codon (bold italicized ATG). This primer contained a stop codon (bold TGA) in place
of the third codon (GCT) of iaaM, and it lacked the first two bases (TC) of the fourth

codon. The downstream primer used to produce iaaM-stop (CGGGATCCTGCGA

CTCATAGT) included the BamHI site within the iaaM gene (138) and an XbaI site
(TCTAGA) at the 5' end. The upstream primer used to amplify ipt-stop (GAAGA

TCTGATCATGGACTGAATCTAA1TFTCGGTCC) contained anXbal site upstream
of the ipt start codon (italicized). Two mutations in this primer, deletion of the first
base (C) of the third codon and conversion of the first base (C) of the fourth codon to
A,

created a TGA nonsense codon (bold type) and a frameshift mutation. The

downstream primer (GAAGATCTGATCACTAATACATTCCGAACGG) contained
the complement of the ipt termination codon (bold CTA) and a BclI site (TGATCA) at

the 5' end. All PCR products were inserted into pCR2. 1 -TOPO (Invitrogen, Carlsbad,

CA) via topoisomerase-mediated recombination and sequenced.
To place ipt-stop between opposing CaMV and FMV promoters, this amplicon
was digested with XbaI and Bc!! and inserted into pJP8 cleaved with XbaI and BamHI

to produce pJP12. Next the iaaM-stop amplicon was fused to ipt-stop in pJP12; the
iaaM-stop amplicon was digested with XbaI and BamH! and ligated to pJP 12 cleaved
with XbaI and BglII to form pJP 15, which contains the fused iaaM-stop and ipt-stop

sequences flanked by opposing CaMV and FMV promoters. This region ofpJPl5 was
excised as a 4585-bp Not! fragment and inserted into the NotI site of the plant
transformation vector pCGN5927 to form pJP17 (Fig. 4-1).
Plasmid pJP2O was constructed so that separate pairs of CaMV and FMV

promoters flank the iaaM and

ipt

sequences. To place iaaM-stop between the CaMV

and FMV promoters, the iaaM-stop amplicon was cleaved with XbaI and BamH! and
inserted into pJP8 digested with XbaI and BglII to form pJP 14. In separate steps, the
ipt-stop and iaaM-stop sequences and the flanking CaMV and FMV promoters were
excised from pJP12 and pJP14 and inserted into the pCGN5927 plant transformation
plasmid (67). First, ipt-stop was excised from pJP 12 by cleavage with
Hindill

Not!

and

and ligated into pCGN5927 cut with the same restriction enzymes; the

resulting plasmid was called pJP18. Next, iaaM-stop was removed from pJP14 as a
3883-bp Nod fragment and inserted into the Not! site ofpJPl8 to form pJP2O (Fig. 41).
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Apple transformation and regeneration
Apple tissues were cocultivated with disarmed A. tumefaciens EHA 101(69)
harboring either pJP 17 or pJP2O. Prior to inoculation, the bacteria were cultured

overnight at 25°C with aeration in 523 medium (139) containing 20 tg/mL of
gentamicin. The bacteria were harvested by centrifugation, suspended in 4 volumes of
MS 20 medium (139), and incubated at 25°C with aeration for 4 to 5 h until the optical
density at 600 nm reached 0.5.

Jonagold bud cultures were grown at 25°C for three weeks on propagation
medium (4.33 gIL Murashige-Skoog [MS] salts, pH 5.6, 30 gIL sucrose, 6.8 g/L agar,
1 mgIL 6-benzylaminopurine {BAPJ, 0.1 mg/L indole-3-butyric acid [IBA]) with 16 h

of daily illumination. Elongated shoots were cut and placed on root induction medium
(4.33 g/L MS salts, pH 5.5, 30 g/L sucrose, 6.8 g/L agar, 3 mg/L IBA) and incubated

in the dark at 25°C for three days. Shoots were then transferred to root expression
medium (2.15 g/L MS salts, pH 5.6, 30 g/L sucrose, 7 g/L agar) and incubated at 25°C

under 16 h daily illumination. Newly expanded leaves 0.5-1 cm in length were used
for transformation experiments.

Leaf tissue was cut into 3-4 mm strips (perpendicular to the midvein) and

incubated in the bacterial suspension for 10-15 mm. Explants were blotted on sterile
filter paper, placed abaxial side up on cocultivation medium, and incubated in the dark

24°C for 72 h. Explants were transferred to stage 1 selection medium (4.33 g/L MS
salts, pH 5.6, 40 g/L sorbitol, 2.5 g/L Geirite, 3 mg/L BAP, 0.5 mg/L anapthalenenacetic acid, 2 mg/L zeatin, 50 mg/L kanamycin, 300 mg/L cefotaxime)

and incubated in the dark. Explants were transferred to fresh stage 1 selection medium
after 25 days. Fifty days after cocultivation the explants were moved to stage 2
selection medium (4.33 g/L MS salts, pH 5.6, 30 g/L sucrose, 6.8 g/L agar, 5 mg/L
BAP, 0.5 mg/L IBA, 50 mg/L kanamycin, 300 mg/L cefotaxime) and incubated in the

light. Green shoots were excised from leaf explants and placed on propagation
medium containing 25 mg/L kanamycin and 100 mg/L cefotaxime. Elongated shoots
were rooted as described previously (139), and root explants were challenged with
wild-type A. tumefaciens A348.

Tumorigenesis assays
Axenic apple root explants were infected with wild-type A. tumefaciens A348,
the octopine-type strain (74) that was the source of the oncogene sequences in pJP 17

and pJP2O. The nucleotide sequence of iaaM from an octopine-type Ti plasmid (138)
(accession AF242881) is 95% identical to iaaM from nopaline-type pTiC58 (140)
(accession AF 126446) and 90% identical to iaaM from pTiTm4, which resides in

biovar III Agrobacterium vitis (141) (accession X56 185). Because PTGS requires at
least 23 consecutive nucleotides of sequence identity between the target gene and the
transgene used to elicit gene silencing (142), we expected the constructions in pJP 17

and pJP2O to silence iaaM genes from many strains of A. tumefaciens. The bacteria
were cultured at 23°C in 523 medium (139) to a titer of 3 x 108 cells/mL and diluted 5
fold in Murashige-Skoog (MS) medium (pH 5.8) supplemented with 0.8% sucrose, 1

mM proline, and 0.1 mM acetosyringone. Root explants were immersed in 25 mL of
diluted A. tumefaciens culture for 15 mm and transferred to MS agar (pH 5.8)
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containing 3% sucrose, 1 mM proline, 0.1 mM acetosyringone, and 2.7 gIL Phytagel

agar. Inoculated roots were incubated at 23°C with a 16-hour photoperiod. Root
explants were transferred to maintenance medium (MS, pH 5.6, containing 7 gIL
Phytagel agar and 300 mg/mL cefotaxime) two days post inoculation and monthly for
three months until roots were scored for tumor formation.

RNA extraction and real-time reverse transcriptase-PCR (RT-PCR)
RNA was extracted from 0.2 g of shoot or root tissue using a Qiagen RNeasy
mini kit (Qiagen, Valencia, CA) as modified by Shevchenko and Brunner

(www.fsl.orst.edultgerc/pubs/PoplarRNAextraction.pdf). Shoot tips were harvested
from trees growing in soil, whereas root tissue was taken from axenic trees propagated

on Gamborg's B-5 medium (Sigma, St. Louis, MO) in Magenta boxes. Plant tissue
was frozen in liquid nitrogen and ground to a fine powder with a mortar and pestle.

One mL of RLT buffer (Qiagen, Valencia, CA) containing 0.01 g of
polyvinylpyrrolidone (PVP-40) (Sigma, St. Louis, MO) was added to the ground

tissue and shaken for one mm. The tissue was then homogenized for 30 s at maximum
speed with a Virtis tissue homogenizer. After homogenization, the sample was mixed
with 0.4 volumes of 5 M potassium acetate, incubated on ice for 15 mm, and then

centrifuged for 15 mm at 12,000 rpm in a microcentrifuge. The supernatant solution
was mixed with 0.5 volume of 100% ethanol and transferred to an RNeasy spin

column (Qiagen, Valencia, CA). RNA was purified according to the manufacturer's
instructions.
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Real-time RT-PCR was performed using an ABI Prism 7700 Sequence
Detector with version 1.7 software (Applied Biosystems, Foster City, CA) and a

Quantitect SYBR Green RT-PCR kit (Qiagen, Valencia CA). Three RNAs were

examined: lpt, iaaM, and 5.8S rRNA. PCR primers were designed to amplify
products of 100, 150, and 165 base pairs, respectively. PCR primers for iaaM and ipt
amplified regions near the 3' ends of RNAs encoded by these transgenes. The primers
used to amplify iaaM sequences were: GAACCAAGCGGTTGATAACAGCC (sense
strand) and CTGCGACTCATAGTCCAGGAATAC (antisense strand). The primers
used to amplify ipt RNAs were: CCATGCGCGCCAACAGGA (sense strand) and
GAAGATCTGATCACTAATACATTCCGAAC (antisense strand). The entire 5.8S
rRNA was amplified using primers corresponding to the 5' (GACTCTCGGCAA

CGGATATCTC) and 3' (GGGGCAACGGCGTGTG) ends. A standard curve was
constructed for each primer set with template RNA transcribed in vitro from plasmid

templates using a Riboprobe kit (Promega, Madison, WI). Eight reactions used to
generate each standard curve contained template RNA ranging from 10-1280 pg in

twofold increments. To produce iaaM and ipt RNA templates for standard curves,
plasmids that contained 1aaMQHL183) or ipt (pJH3) inserted in pCR2.1 (Invitrogen)
were linearized with Sad and transcribed in vitro. Apple 5.8S rRNA was amplified
by standard RT-PCR and inserted into pCR4-TOPO (Invitrogen) to form pJH13,
which was linearized with PstI and transcribed in vitro to generate template RNA for

real-time RT-PCR standard curves. RNA levels for iaaM, and ipt were normalized to
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5.8S rRNA levels. Real-time RT-PCR products were examined by electrophoresis
through 2% agarose gels.
DNA andRNA extraction

DNA and RNA was extracted from leaves of transgenic apple using
SDS/phenol followed by LiC1 precipitation as described previously (76) or by using a

Qiagen DNeasy plant maxi kit (Qiagen, Valencia, CA). Leaves (1.0 g) were frozen
and ground to a fine powder in liquid nitrogen. Nucleic acids were extracted by
mixing the ground tissue vigorously with 10 mL extraction buffer (100 mM LiCl, 1%
SDS {w/vJ, 10mM EDTA, 100 mM Tris, pH 9) and 10 mL phenol:chloroform (24:1).
After centrifugation, the aqueous phase was recovered, mixed with an equal volume of
4 M LiC1, and incubated overnight at -20°C to precipitate total RNA, which was

collected by centrifugation. The supernatant solution, which contained genomic DNA,
was mixed with 2 volumes of ethanol and incubated at 4°C to precipitate the DNA.
The RNA and DNA pellets were dissolved in 200 j.tL of water or DNA buffer (10 mM

Tris, pH 7.5, 0.1 mM EDTA), precipitated again with 3 volumes of ethanol and 0.5

volume of ammonium acetate, and washed with 70% ethanol. The pellets were

dissolved in 1.0 mL of water, and the absorbance at 260 nm was measured. DNA
samples prepared by SDS/phenol extraction and by the Qiagen method were pooled
and further purified by CsCl-ethidium bromide density gradient centrifugation as
described (76).

Southern and northern blot analysis
Samples containing 2.5 to 10 tg of genomic DNA were digested with either
NotI or AvrII. The restriction fragments were separated by agarose gel electrophoresis
and transferred to Gene Screen Plus nylon membranes (Perkin Elmer, Boston, MA).

Procedures for capillary blotting and hybridization were as described (76). DNA
probes were generated using a random primer DNA labeling system (Invitrogen,
Carlsbad, CA) to incorporate a-32P-labeled dCTP (3000 Ci/mmole; ICN

Pharmaceuticals, Irvine CA). Samples containing 12 tg of total RNA were subjected
to formaldehyde-agarose gel electrophoresis and transferred to Hybond XL nylon

membranes (Amersham Pharmacia, Little Chalfont, UK). Strand-specific RNA
probes were created by inserting an iaaM-stop PCR amplicon into pCR-TOPO
topoisomerase-bound plasmid DNA (Invitrogen, Carlsbad, CA) as directed by the

manufacturer. An in vitro transcription system (Promega, Madison, WI) was used to
produce iaaM-stop RNA containing a-32P-labeled UTP (3000 Ci/mmole). Specific
activity of the probes varied from 1

to 1

8

cpm per pg. Signals were detected on

Kodak XAR film and on a Molecular Dynamics storage phosphor screen. We used a
Molecular Dynamics phosphorimager with ImageQuant software (version 5.2) to
measure the intensity of each 3 ,878-bp NotI band. Uniform rectangles were placed
around each band in the image, and the integrated intensity of all pixels in each

enclosed area was reported in arbitrary units. A rectangle located in an empty lane
was used to measure background signal, which was subtracted from the signal in each
band.
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RESULTS AND DISCUSSION

Blocking auxin overproduction conferred crown gall resistance to apple roots
Mutations in the A. tumefaciens iaaM oncogene abolish gall formation on roots

and tubers of several non-woody plant species (108). Non-transgenic apple roots were
challenged with iaaM- and ipt-mutant A. tumefaciens strains to see whether this was

also true on apple roots. Non-transgenic roots readily formed unorganized galls when
inoculated with wild-type A. tumefaciens A348 (an octopine-type strain) or an zpt-

mutant (A338) (74), whereas an iaaM-mutant (A328) and a Ti-plasmidless strain did

not produce a significant response (Fig. 4-2). Thus, blocking iaaM expression
prevented gall formation on apple roots, the area most affected by crown gall disease
in the field.

Roots of transgenic apple lines that silenced iaaM were resistant to crown gall
Fifty transgenic apple lines were generated that contained the oncogenesilencing constructions from pJP 17 and pJP2O shown in Figure 4-1. After initial tests

for gall resistance, fourteen clones were selected for further testing, and parental

nontransgenic lines were used as controls. For each line, at least 180 root explants
were inoculated with wild-type A. tumefaciens A348. Root explants from six of the

fourteen lines were completely resistant to crown gall (Fig. 4-3 & 4-4). Three of the
resistant lines (330-1, 426-14, 426-15) contained T-DNA from pJP17, in which iaaMstop and ipt-stop are fused and situated between opposing CaMV and FMV promoters.
The other three gall-resistant lines (705-3, 705-4, 705-5) were transformed with
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Figure 4-3. Crown-gall-resistant apple roots. Transgenic (left) and non-transgenic
(right) apple roots infected with wild-type A. tumefaciens A348. Tumorigenesis was
scored three months after inoculation. Large tumors were present on all nontransgenic roots, but no galls formed on transgenic roots.

Crown gall susceptibility of transgenic apple roots

% of
soft callus
formation

-

Lines

Figure 4-4. Crown gall susceptibility of roots from 14 transgenic apple lines infected
with wild-type A. tumefaciens A348. Four kanamycin-resistant lines (330-1, 330-7,
426-14, and 426-15) were transformed with the T-DNA from pJP 17; the remaining ten
kanamycin-resistant lines contained the pJP2O T-DNA. "% soft callus formation"
indicates the fraction of root explants that developed visible tumors within 3 months
after inoculation with A. tumefaciens A348. A score of 100% indicates that all
inoculated root explants developed at least one tumor; a score of 0% means that none
of the explants developed a tumor.
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pJP2O, in which iaaM-stop and ipt-stop are separate, and each is flanked by opposing

CaMV and FMV promoters (Fig. 4-1). Thus, both constructions were capable of
silencing the wild-type iaaM oncogene.

Transgene copy number and structure

We performed Southern blot analyses on three gall-resistant apple lines, two

sensitive lines, and one line transformed with vector sequences only. Each DNA
sample was digested with NotI, which produced a 3,878-bp fragment from intact
copies of the pJP2O T-DNA; the pJP17 T-DNA contained a 4,575-bp NotI fragment

(Fig. 4-1). The blot was probed with radiolabeled iaaM sequences (Fig. 4-1). All
gall-resistant lines examined (705-3, 705-4, 705-5) contained intact copies of the
pJP2O T-DNA, as did one sensitive line (620-10) (Fig. 4-5A). Another sensitive line
(330-7) did not contain an intact copy of the pJP17 T-DNA (Fig. 4-5A).
The T-DNAs each contained a single AvrII site located near the left border,
between the nptll gene and the FMV promoter (Fig. 4-1). Each integrated copy of the
T-DNA, when digested with AvrII, produced a restriction fragment extending from
this AvrII site through the right T-DNA border to the nearest AvrII site in the plant

genome. The resulting fragments contained unknown lengths of plant DNA. Thus,
the number ofAvrll fragments indicated the minimum transgene copy number. Gallresistant line 705-3 yielded four AvrII fragments: 6.8 kb, 7.9 kb, 10 kb, and 14 kb
(Fig. 4-SB). The dark bands at 6.8 kb and 10 kb presumably represent the intact T-
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Figure 4-5. Southern blot analysis of transgene structure and copy number. The
transgenic apple lines from which genomic DNA was isolated are indicated above
each lane. Numbers and lines on the left edge of each panel indicate the positions and
sizes (in base pairs) of restriction fragments produced by digestion of phage lambda
DNA with Hindill. Arrowheads and italicized numbers indicate the positions and
estimated sizes (in base pairs) of NotI (panel A) or AvrII (panel B) restriction
fragments that hybridized to radiolabeled iaaM sequences. Each lane contained 2.5 to

lOj.tgofgenomicDNA: 330-7(l0tg),4l2-1 (10g),620-l0(l0.tg),705-3(2.5

tg), 705-4 (6 tg), 705-5 (3 rig). The blot of NotI-digested DNA (panel A) was
exposed to a Molecular Dynamics phorphorimager screen. Band intensities (for each
3,878-bp NotI fragment) were expressed in arbitrary units using ImageQuant software:
620-10 (99 units), 705-3 (47 units), 705-4 (55 units), 705-5 (27 units).
DNA copies detected by NotI digestion. Restriction fragments (in a particular lane)
that contained all of the sequences in the probe should produce bands with the same

signal intensity. The light bands at 7.9 kb and 14 kb may represent partially deleted TDNAs that lack some of the iaaM sequences present in the radiolabeled probe. Gallsensitive line 330-7 contained two partially deleted T-DNAs represented by light AvrII

fragments of 10 kb and 14 kb (Fig. 4-SB). The weak signal, despite the large amount
of DNA (10 tg) loaded in this lane, indicates that these fragments had very little

overlap with the probe. Although lane 330-7 contained fourfold more DNA, lane 7053 had much stronger bands (Fig. 4-SB). Line 4 12-1 was transformed with vector

sequences only, and its DNA did not hybridize with the iaaM probe (Fig. 4-5B). This
line was fully sensitive to crown gall tumorigenesis, as expected (data not shown).
Analysis with NotI showed that four lines (620-10,705-3, 705-4, and 705-5)
contained at least one intact copy of the pJP2O T-DNA (Fig. 4-5A). Fragments
produced by AvrII indicated that line 7 05-3 contained two intact copies of the pJP2O

T-DNA (Fig. 4-SB). We measured the signal intensity in each NotI band in Figure 4-

5A. These signals were normalized to the amount of DNA loaded in each lane. The
signal per j.tg of DNA in sample 705-3 was approximately twice that detected in the

other three samples. Thus, line 705-3 had two intact copies of the T-DNA whereas
lines 620-10, 705-4, and 705-5 each contained only one intact T-DNA.

Gall-resistant apple lines accumulated more ipt transgene RNA than iaaM or iaaM-ipt
RNA

In general, post-transcriptional gene silencing significantly reduces, but does
not eliminate, accumulation of the target and transgene RNAs (56,5 8). Therefore, we

expected apple lines with gall-resistant roots (due to silencing of the wild-type iaaM
oncogene) to accumulate low levels of iaaM-stop transgene RNA in uninfected

tissues. None of the transgenic apple lines silenced the wild-type ipt oncogene in
shoots or leaves (data not shown), and so we expected ipt-stop transgene RNA to
accumulate to higher levels than iaaM-stop transgene RNA in these uninfected plants.
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To avoid the problem of distinguishing transgene RNA from wild-type oncogene
messenger RNA (mRNA), we measured transgene RNA levels in uninfected tissue.
We used the presence or absence of tumorous growth to assess levels of wild-

type iaaM oncogene mRNA in infected root explants. This assay is extremely
sensitive, and it clearly indicates whether a useful level of silencing occurred. In
cultured crown gall tumor cells, mRNA encoded by the wild-type iaaM oncogene is
present in very low concentrations, and it is difficult to detect by northern blot analysis

(143,144). Therefore, we expected that full-length iaaM oncogene mRNA would be
impossible to detect by northern blot analysis of small amounts of infected root tissue.
In gall-resistant roots that silence the iaaM oncogene, most (or all) of the oncogeneencoded iaaM RNA will be partially or fully degraded and unable to form a discrete

band during gel electrophoresis. Thus, degraded RNAs are difficult to detect by
northern blot analysis. Although RT-PCR is extremely sensitive, this method cannot
distinguish full-length iaaM mRNA from degraded mRNA, transgene-encoded RNA,

or mRNA expressed by bacteria present in infected tissue. For these reasons, we used
auxin-promoted tumor growth to assess iaaM oncogene silencing.
Transgene RNA accumulation was measured by RT-PCR in uninfected roots
(and shoots) of three gall-resistant apple lines, two gall-sensitive transgenic lines, and

one sensitive line transformed with vector sequences only. The apple lines examined
contained very little iaaM-stop or iaaM-ipt-stop transgene-encoded RNA. These
RNAs were not detectable by northern blot analysis, despite several attempts;
however, ribosomal RNAs in these preparations formed discrete bands indicating that
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they were not degraded (data not shown). Therefore, we used a more sensitive
method, real-time RT-PCR, to measure small quantities of transgene-encoded RNA.
Transgene RNA levels were normalized to the levels of 5.8S ribosomal RNA, which
were also determined by real-time RT-PCR. Gall-resistant lines derived from pJP2O
(705-3, 705-4, and 705-5) contained iaaM and ipt sequences as separate transgenes,
each transcribed in both directions from the same strong viral promoters (Fig. 4-1).
Although RNA levels produced by each transgene could vary independently because
they were not fused into a single transcript, high RNA levels would be expected from
both transgenes unless transcriptional or post-transcriptional gene silencing affected

one (or both) transgenes. As predicted (based on their ability to silence the wild-type
iaaM oncogene), transgene-encoded iaaM-stop RNA accumulated to very low levels

(10-30 fg of iaaMRNA per pg of 5.8S rRNA) in these three gall-resistant lines (Fig.
4-6). In contrast, ipt-stop RNA was tenfold more abundant (100-250 fg/pg 5.8S
rRNA; Fig. 4-6), suggesting that the ipt-stop transgene was not subject to gene

silencing in these apple lines. Nevertheless, the roots of these plants were resistant to
gall formation because iaaM, which (together with iaal-I) causes tumors on apple
roots, was silenced enough to prevent tumorigenesis.
A fourth apple line (620-10) contained similar levels of transgene RNA (Fig.
4-6) and exhibited reduced susceptibility to gall formation on root explants (Fig. 4-4).
In this line, iaaM-stop RNA levels were only fivefold lower than ipt-stop RNA levels,
suggesting that silencing of iaaM may have occurred to a lesser extent in line 620-10
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Figure 4-6. T-DNA-encoded RNA accumulation in gall-resistant and gall-sensitive
transgenic apple lines. Transgene-encoded RNA in apple shoots was measured by
real-time RT-PCR. RNA levels were normalized to the amount of 5.8S ribosomal
RNA present and expressed as pg of transgene RNA!pg of 5.8S rRNA. Black and
white bars depict the amount of RNA detected with PCR primers specific for iaaM
and ipt, respectively. "R" indicates apple lines that were completely resistant to gall
formation; "S" indicates lines that were partially (620-10) or fully (330-7 and 42 1-1)
sensitive to tumorigenesis.
than in the lines (705-3, 705-4, and 705-5) in which tumorigenesis was blocked
completely.

RNAs produced by the fused iaaM-zpt-stop transgene were present at low
levels in roots excised from two gall-resistant lines derived from pJP 17. Similar
amounts of iaaM-ipt-stop RNA were detected with PCR primers specific for iaaM or
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ipt sequences: line 330-1 contained 0.25-0.46 fg iaaM-zpt RNA/pg 5.8S rRNA and
line 426-14 contained 0.04-0.09 fg iaaM-ipt RNA/pg 5.8S rRNA (data not shown).
Root explants from these lines were resistant to gall formation (Fig. 4-4), indicating
that the iaaM-zpt-stop transgene triggered silencing of the wild-type iaaM oncogene.

Gall-sensitive apple lines contained trace amounts of transgene RNA
Transgene-encoded RNA levels were lowest in the five gall-sensitive lines we

examined. Line 330-7 (transformed with pJP17) accumulated only 0.013-0.03 fg
iaaM-ipt RNA!pg 5.8S rRNA (Fig. 4-6). The other lines (620-7, 809-1, 809-3, and
809-9) were transformed with pJP2O. In roots from these lines, transgene-encoded
iaaM-stop RNA levels ranged from <0.005 to 0.1 fg/pg 5.8S rRNA, and ipt-stop
transgene-encoded RNA accumulation ranged from <0.000 1 to 0.3 fg/pg 5.8S rRNA

(data not shown). These gall-sensitive lines did not accumulate appreciable levels of
iaaM-stop, zpt-stop, or iaaM-ipt-stop RNA, and they failed to silence the wild-type
iaaM oncogene.

Several circumstances may lead to extremely low transgene RNA

accumulation in the absence of PTGS. The transgenes in these gall-sensitive apple
lines may have been weakly transcribed due to chromosomal location, or the presence
of multiple viral promoters may have triggered transcriptional gene silencing (145).
Alternatively, gene rearrangements may have removed promoters or transgene

sequences from the integrated T-DNAs. This was the case for line 330-7, which did
not contain an intact copy of the pJP17 T-DNA (Fig. 4-5A). Instead, this line
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contained two partially deleted T-DNA copies that lacked some of the iaaM-stop

sequences (Fig. 4-5B). Thus, insufficient iaaM-stop transgene RNA correlated with
failure to silence the wild-type iaaM oncogene in all gall-sensitive lines examined.

Translatable RNA elicits gene silencing better than untranslatable RNA
Sense-strand RNAs that contain premature stop codons elicit gene silencing if
they can initiate translation from a start codon downstream of the premature stop (D.

C. Baulcombe, personal communication) (50,137). In such cases, low molecular
weight transgene RNA from silenced plant tissue is bound to polyribosomes in the

cytoplasm, where transgene RNA degradation appears to occur (137). At the
suggestion of Dr. Baulcombe, we searched the sequences of the iaaM-stop and iptstop constructions for start codons downstream of the stop/frameshift mutations we

had introduced at the third codon. We sought AUG codons surrounded by sequences
that promote efficient translation. We also considered the length of the coding
sequence between an AUG and the closest in-frame stop codon downstream. The zptstop transgene lacked alternative translation start sequences, but iaaM-stop contained
an obvious in-frame start at codon 18 surrounded by excellent sequence context for

efficient translation (CCA ACC AAA AUG G). Nucleotides that match the consensus
sequence for "ideal" translational context (GCC GCC AIGCC AUG G) (93,94) are

underlined; the start codon and critical nucleotides at -3 and +4 are bold. Codon 18

maybe the true initiation codon of the iaaM gene. The presumed initiation codon is
the first AUG in the open reading frame. However, it lies in a less favorable context
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for translation initiation: UUU CUA ACA AUG U. Predicted IaaM protein
sequences from A.

tumefaciens, A. rhizogenes,

and A. vitis are closely related (58-64%

identical), except for the first 17 amino acids, which are not conserved; compare
accession numbers NP_536 129, AAD30493, AAC77909, and Q09 109. Both wild-

type and iaaM-stop mRNAs may initiate translation at codon 18 (in the customary
predicted coding sequence).

High levels of ipt-stop transgene RNA in iaaM-silencing lines, which
contained little iaaM-stop transgene RNA, suggest that both transgenes were

expressed strongly. In these lines, the iaaM-stop RNA apparently triggered gene

silencing (and its own degradation) whereas the itt-stop RNA did not. In an earlier
study (88), we showed that iaaM-stop RNA triggers gene silencing efficiently because
this RNA is translatable, due to an alternative translation start downstream of the

nonsense mutation we introduced at the third codon. In contrast, ipt-stop RNA is
untranslatable and elicits gene silencing poorly. To examine sequence requirements
for silencing iaaM, we deleted 189 bp from the 5' end of iaaM-stop in pJPl7,
removing the alternative translation initiation site. This untranslatable RNA contained
90% of the iaaM sequences present in the translatable RNA encoded by pJP17. The
translatable RNA encoded by pJP 17 was highly effective at silencing the iaaM
oncogene (Fig. 4-4), but the untranslatable RNA was unable to silence iaaM (88).
Levels of transgene RNA in iaaM-silencing and nonsilencing lines support our
conclusion that translatable iaaM-stop sense-strand RNA elicited gene silencing very

effectively whereas untranslatable ipt-stop RNA did not. If a transgene-encoded RNA
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was a potent elicitor of gene silencing, we expected it to silence the target gene in any

transgenic line that strongly expressed this RNA. In addition, we predicted weak (or
no) transgene expression in lines that failed to silence the target gene. This is exactly
what we observed with the translatable iaaM-stop construction: all nonsilencing lines
expressed very little or no transgene RNA, but all iaaM-silencing lines contained low

but detectable amounts of iaaM-stop RNA. Conversely, we reasoned that the
untranslatable ipt-stop RNA, which was unable to silence ipt, might be present at high

levels in many lines. This was the case in all lines we examined, except one (330-7) in
which the integrated T-DNAs had suffered deletions. This supports our conclusion

that the untranslatable it-stop RNA was unable to trigger PTGS, in contrast to
translatable iaaM-stop RNA, which was highly effective in transgenic lines that
expressed this RNA.

Gall formation on apple root explants was prevented by blocking
overproduction of auxin that normally results from infection by A. tumefaciens. Six
apple lines that contained a transgene designed to produce double-stranded RNA from

a portion of the iaaM oncogene triggered effective silencing of this target gene. Root
explants from these apple lines exhibited complete resistance to A. tumefaciens-

induced gall development, presumably due to post-transcriptional silencing of the

iaaM oncogene. As expected, tissues from these apple lines accumulated iaaM
transgene RNA at low levels. Thus, silencing the A. tumefaciens iaaM oncogene
provides a simple and effective means to prevent crown gall disease in crop plants
such as apple trees.
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iI3

GENERAL CONCLUSION
In this work, two different strategies to make crown gall resistant transgenic

plants were tested. The first was to utilize post-transcriptional gene silencing (PTGS).
We generated transgenic apple trees that expressed double-stranded RNA of A.

tumefaciens oncogenes, iaaM and ipt, to test crown gall resistance using PTGS. Six
lines exhibited complete resistance to crown gall on roots. However, we were only
able to silence iaaM and not ipt. Degradation of iaaM mRNA, not ipt mRNA, was
observed in the resistant apple lines. Crown gall resistance still occurred because
apple roots remained tumor free when infected by an iaaM-mutant strain of A.

tumefaciens. Tumors did form when apple roots were infected with an ipt-mutant
strain. Mutations in iaaM have also resulted in no gall formation on roots and tubers
from other plant species (108). Roots, where crown gall usually occurs, only respond
to auxin, thus silencing iaaM is sufficient to prevent tumor formation.

We believe ipt was not silenced because the RNA was untranslatable. Both
iaaM and ipt were designed with stop codons early in the genes to produce

untranslatable RNA. Initially untranslatable RNA was believed to be a good initiator
of PTGS, later translatable RNA was found to induce silencing (50,125,126,129,137).
Even though iaaM had the third codon mutated to a stop codon, and a frameshift

mutation, an in-frame start codon remained at position 18. The ipt transgene lacked a
start codon after the premature stop. We believe that the in-frame start at codon 18 of
the iaaM transgene is why iaaM was silenced and ipt was not.
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Extensive testing to see if this strategy is effective against multiple pathogenic
Agrobacterium strains has not been done, but preliminary data indicates that the
current silencing constructs are not effective against some Agrobacterium vitis strains

(E. Szegedi, J. Pitrak, W. Ream, unpublished data). For gene silencing to be effective
there must be at least 23 consecutive nucleotides of sequence identity between the

eliciting transgene and the target sequence (142). Resistant A. vitis iaaM genes do not
share enough sequence identity with A. tumefaciens iaaMto have mRNA degradation
with PTGS. Further sequence analysis of iaaM genes from various Agrobacterium
strains may provide a conserved region that could be used to make a transgene that has
broader resistance.

The second crown gall resistance strategy tested used transgenic Arabidopsis

thaliana that expressed VirEl. VirEl is the secretory chaperone of VirE2, a single
stranded DNA-binding protein that is exported into plant cells (43). VirE2 binds the
single stranded T-strand that is exported from Agrobacterium into the plant cell
(34,35). VirE 1 interacts with VirE2 prior to export into the plant cell (46). VirE 1

maintains VirE2 in a transport competent state by binding VirE2 in regions that
overlap the regions required for VirE2 to bind other VirE2 molecules and the T-strand

(44,45). The hypothesis was that ifVirEl is expressed in the plant, it would prevent
VirE2 from binding the T-strand. If the T-strand is not bound by VirE2, pathogenesis

is severely reduced. One transgenic Arabidopsis line that had 3.5-fold fewer tumors
than wild-type plants was found. This resistance strategy was not as effective as
silencing the oncogenes, but further research could produce a better result. The T-

DNA construction used in this study could be improved a few ways. First, a Kozac
sequence was used to ensure good translation, but the "ideal" sequence for translation

in plants is different (92-94). VirEl may be expressed at a higher level if the sequence
for plants was used instead of a Kozac sequence. Another improvement could be

made to the virEl coding sequence. There are four codons in virEl that are rarely
used in A. thaliana. If the sequence was modified to eliminate the codon bias,
translation may improve. The last change would be to use a root-specific promoter.
Strong VirE 1 expression in the roots would be beneficial since roots are the main plant

tissue affected by crown gall.

The interaction of VirEl and VirE2 was also studied in this work and the
residues of VirE 1 that interact with VirE2 were identified. Residues 25-56 are

essential for VirEl interaction with VirE2, and are conserved in VirEl proteins from
different strains of Agrobacterium. In the region of residues 25-56, 11 residues are
completely conserved, 6 are conserved for size and charge, and 5 are conserved for

size or charge. Mutations of conserved VirE I residues reduced interaction with
VirE2. It is possible that different mutations of the conserved residues may increase
the strength of the VirE 1 -VirE2 interaction. A stronger interacting VirE 1 may provide

better crown gall resistance if expressed in plants.
Overall, the use of transgenic crown gall resistant crops would be beneficial.
The oncogene silencing strategy is more effective than the VirE 1-mediated strategy,

but some pathogenic Agrobacterium strains are resistant to the silencing method. The
VirE 1-mediated strategy has not been tested with other Agrobacterium strains, but

since VirE 1 genes have high conservation in the region where VirE 1 interacts with

VirE2 the transgene should work against other strains. Perhaps combining the two
strategies in one transgenic line would be the most effective, but further refinement of
both should be done first to ensure the best result.
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