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1-AGROBACTERIUM TRANSFORMATION PROCESS:

1-1 Tumour induction by Agrobacterium

IIgro!Juc!cr;II/Il species are Gr.un-ncgauvc soil bacteria within the family Rhizobiaccac.
First described by Smith and lownscnd (I ()07), they <Ire ubiquitously distributed within
temperate climutcs. !\ wound site is necessary for infection to'OCCUl'. Because they arc soil
bacteria, infection in nature usually occurs at the base. or crown. or the plant: hence, the name
"crown gall" disease has been attributed 10 the tumors caused by the 1110st extensively studied
member or this group, /lgm!Jacf<'l'ill/ll tumcfacicns, Depending upon the strain or
.igroboctcrinn, tumcfocicns used to induce tumors and to the species or plan: infected, turners

appears either as amorphous masses or tissue crnanatinj; from the infection wound site (these
iumors are termed "unorganized") or as partially organized tumors with stern and lifelike
structures (these distorted tissues are called "teratomas")(Gclvin, 1(84). !\.!IIII1C!UC;l..'n.I can
infect numerous families or dicots; only a very lcw monocotylcdonous plants in thc families

l.iliaccae and Amaryllidaccuc helve been reported to be weakly susceptible to crown gall
induction ([)eCleene and lJc l.cy, 1(76).

Strains or /lgmh<lclcrillll1 rhizogcncs induce hairy root disease onto a wide variety or
dicotylodonous plants (Tcplcr and Cassc-Dclbart. I{)X7).Large masses of roots emanate from
the wound site which tile bacrcria have infected. Sonic strains or A. rhizogcncs can produce
unorganized tumors on (1 Iimited variety or plant species.

Two additional species or Agrobacterium have been described: !\:rubi produces turners on
a number of canc raspberries as well as kw other plants; Agrobacterium radiobacter, strains
are avirulent.

Once initiated by /1. Tumcfacicns or A. rhizogcnes, tumorous growth can continue in the
absence of bacteria and tumour tissue can grow axcnically in tissue culture in media lacking
exogenous supplies or auxins and cytok inins, which arc normally required to promote growth
01' plant tissues in vitro (Braun, 195X). This observation led to postulate that some substance,
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initially called the "tumor inducing princip le", was transferred from the bacterium to the plant
during initial stages oftumorigenesis.

A second feature of;he tumor tissues is that they synthetize and excrete novel amino acid
and sugar derivatives khown collectively as opines (Tempe and Goldman, 1982). One of the
tirst such compounds that was characterized was octopine, a product formed by condensation
of arginine with pyruvic acid. The type of opine synthesized in the tumour(nopaline, octopine,
agrocinopine, mannopine and agropine) is dependent on the strain of Agrohacterium that
initiated tumour formation (Bomhoff et al., 1976). Thus Agrobacterium strains can be
classitied according to the typical opines present in tumours. The Agrobacterium responsible
for tumor formation selectively catabolizes the opine whose biosynthesis it has induccd, using
it as a source of carbon and nitrogen.

1-2 Ti plasmids of Agrobacterium tumefaciens

In 1974, large plasmids with sizes ranging from 150 to 250 kilobases were discovered in
virulent strains of Agrobacterium tumefaciens (Zaenen et al., 1974). Further experiments in
which plasmids have been cured from or transferred into different Agrohacterium strains
demonstrated that tumorigenesis was associated with these large plasmids which were callcd
tumor-inducing plasmids or Ti plasmids (Larebeke et al., 1975). With the development of
Southemblot hybridizations, it appeared that a specifie segment of the Ti plasmid, the
"transferred ONA" or T-DNA, was integrated into the genome of the transformed plant cell
and was responsible for the tumorous phenotype (Chi Iton et al., 1977).

\
Unlike transposable elements. the l'-D'NA is stable within the plant genome and does not

encode the products that mediate its transfer. The T-DNA found in the plant cell is colinear
with the T-DNA present in the Ti plasmid, indicating that no major rearrangement of the
sequence takes place during the transformation process. One or more copies of the T-DNA can
be integrated in the plant genome and the site of integration of the T-DNA into plant DNA is
apparently random.

Regions homologous to the T-DNA are found on different Ti plasmids (Reviewed in
Bevan and Chilton, 1982; Kahl and Schell, 1982; Walden,1989a; Hooykaas and Schilpcroort,
1992). In common nopaline strains of Tumefaciens, the T-DNA region consists of a single
fragment of around 24 kb (Figure 1B). ln sorne octopine strains, the T-DNA is divided into
two parts, TR and TL, which can be integrated separately into the plant DNA (Figure 1A). The
TL DNA is a fragment of 14 kb and is present in ail transformed cell lines; it is functionally
equivalent to the T-DNA found in nopaline strains. The TR DNA (7 kb) is not always present
in tumor tissue; when it is, it may not be contiguous with TLfragment and its copy number can
differ.

The borders of the T-DNA in the plant genome are delimited by a nearly perfcct direct
. repeat sequence of 25 base pairs which also flanks the T-DNA in both nopaline and octopine
Ti plasmids (Yadav et al., 1982)The consensus sequence of the T-DNA border is

70 International Foundation for Science, ,c..,'weJen



Genetic Engineering and Crop Improvement

GGCAGGATATTC/GA/GGT/GTCTAAA/TT/C. The right border rer'eat is required for the
efficient transfer of DNA to the plant cell whereas the left border repeat is not. To the right of
the right T-DNA border of the octopineTi plasmids is a 24 bp sequence cal1ed "overdrive";'
this sequence is required for optimal T-DNA transfer. The other genes encoded by the T-DNA
are not required for the transfer of the T-DNA to the plant cell, nor its stable maintenance in
the plant genome.

Within the plant cells, the T-DNA is transcribed to produce a number of polyadenylated
mRNAs (reviewed in Hooykaas and Schilperoort, 1992). The level of the T-DNA transcripts is
relatively low compared with other plant mRNAs and the relative abundance of each differs.
The organization of the T-DNA genes and their flanking regions are similar to those found in
eucaryotic genomes, except that they do not contain introns. Genetic studies have shown that
the T-DNA encodes enzymes responsible for the synthesis and secretion Qf opines by the plant
cell as well as enzymes involved in the biosynthesis of hormones which play a màjor role in
the establishment and maintenance of the tumor phenotype. A map of a nopaline and an
octopine T region is shown in Figure 2. The genes for nopaline synthase (nos) or octopine
synthase (oes) reside near the right border sequence whereas the gene for agrocinopine
synthase (aes) is almost in the middle of the nopaline T-DNA. The secretion of nopaline or
octopine is encoded by the gene 6a. The tmr locus encodes an enzyme involved in the
synthesis of cytokinin, and mutations result in root proliferation (rooty mutant). The tms 1 and
tms2 loci are involved with the unregulated synthesis of auxins, and mutations in either of
these genes result in shoot proliferation (shooty mutants). The gene 6b is involved in the
control of the size of the tumor on certain host species because mutations in this gene result in
the formation of large tumors. The genes that are responsible for the tumour phenotype are
considered to be the oncogenes, and are often referred to one genes.

DNA-DNA hybridizations and heterodupleix mapping of different Ti plasmids have led to
the identification of three additional regions of homology besides the T-DNA (Figure
1)(reviewed in I-Iooykaas and Schilperoort, 1992; Citovsky et al., 1992):

- the ORI region encodes replication functions and the origin ofreplication of the Ti plasmid.

- the CON region carries the functions for conjugative transfer in Agrobaeterium; deletion of
this region does not necessarily lead to avirulence indicating that the genes are not responsible
for the transfer to the plant DNA.

- the virulence region or vir region is highly homologous among octopine and nopaline Ti
plasmids. The vir region is 30 ta 40 kb and organized into seven comp\ementation groups,
virA, virB, virC,virD,virE,virG and virH. The virA and vir G loci encode a positive regulatory
system that directs vif' gene expression. The products of the virD and virC loci are involved in
the generation and processing of the T-DNA copy, and the products of the virB and virE loci
are involved in forming most of the structural components that facilitate T-DNA movement.
The virH locus is generally not essential for virulence and virH mutants show attenuated
pathogenicity on specifie dicotyledonous plant hasts. VirA, B, Gand D are absolutely essential
for tumour formation, whereas VirC, E and Fare not.
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1·3 Ri p/asmids ofAgrobacterium rhizogenes

Virulent strains of A. rhi:::oRenes contain a large plasmid, the "root inducing" or Ri
plasmid, which has a vir region homologous to the vir region of the Ti plasmid and also
transfers T-DNA to the plant genome (Chilton et al., 1982; Tepfer and Casse-Delbart, 1987).
The agropinetype Ri plasmids transfer two separate T-DNA regions, TR and TL, to the plant
genome whereas the mannopine and cucumopine Ri plasmids appear to have a single T-DNA
region. Although basic studies are not as developed fol' A. rhi:::ogenes than for A. Tumcfuciens,
the mechanism oftransfer of the T-DNA from the Ri plasmid to the plant cell appears to be the
same as that employed by the Ti plasmid.

1·4 Mo/ecu/ar bi%gy of the transformation process

Transfer of DNA from Agrohacterium to the plant cell involves a cascade of events
requiring the active participation ~nd interaction of both the plant cell and the bacterium.
AIthough considerable progress as been made in the knowledge of the initial steps of the
transfer within the bacterium, many other steps, particularly those involved with the passage of
the DNA into the plant cell and its integration into the nuclear DN/\ reinain unknown. The
mechanism of tumor induction can be divided into a number of steps (sec Figure 3) which <Ire
describéd below and are reviewed in the following papers: Stachel and Zambrisky, 1986~

Binns and Thomashow, 1988; Hooykaas and Schilperoort, 1992; Zambryski, 1992.

Chemotaxis and attachment to wounded plant cells:

The interaction of Agrohacterium with the plant cells occurs at a wound site. Woundcd
plant tissues release several phenolic derivatives into the rhizosphere, the 1110st potent being
acetosyringone, which act at Jow concentrations as a chemical attractant to AgrohacteriunI.
Several bacterial chromosomal loci are involved in the plant-bacterial interaction and
mutations in these genes result in the bacteria being unable to attach to the plant ccII wall. The
chvB gene codes for a 235kDa protein involved in the formation of a cyclic P-I,2 glucan,
whiJe there is evidence that the chvA gene determines a transport protein located in the
bacterial inller membrane necessary for the transport of the p-I ,2 glucan into the periplaslll.
These chv genes are constitutively expressed in AgrohLlcterium. .

Induction of the virulence genes

Except virA and virG which are constitutively expressed at significant levels in the
hactcria; the other vir genes are not transcribed during normal vegetative growth of
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Axrohacterium; they become induced by certain plant phenolic factors such as acetosyringone,
o-hydroxyacetosyringone, or lignin-precursors including coniferyl alcohol and sinapinic acid.
The virA product specifies an inner membrane protein that recognizes and responds to the
presence of plant phenolic compounds. VirA transduces this information, most likely by a
mechanism involving protein phosphorylation, to the product of virG. VirG then acts as a
transcriptional activator of itself and the other vir loci. Analysis of the sequences upstream
from the VirG-induced vir genes has shown that there are regions of conserved sequences at
which the virG gene product binds.

Generation of T-DNA intermediates

Following induction of vir gene expression, molecular reactions occur on the T-DNA
element of the Ti plasmid to generate a transferable T-DNA copy. The first events are the
single-strandcd endonucleolytic cleavages between the third and the fourth bases of the bottom
stand of the 25-bp border repeats. These nicks are then used as initiation and termination sites
for the displacement of a linear ss copy of the bottom strand of the T-DNA region, designated
the 'l'-strand. The T-strand is produced at about one copy per bacterium. Two vir-specific
products, VirDI (16 kDa) and VirD2 (47 kDa) have been shown to be essential for T-strand
synthesis. VirD 1 exhibit topoisomerase activity and may relax the Ti plasmid in the vicinity of
the 25 bp border sequences. VirD2 is a site specifie endonuclease that acts at the 25 bp repeats.
Two other polypeptides, VirC 1 (23 kDa) and virC2 (26 kDa) have been shown to enhance T
DNA border nicking in Agrohacterium

Formation of the T-strand protein complex

Following its formation, the T-strand must traverse the bacterial cell membrane, the
bacterial cell wall, the plant cell wall, and the plant cell and nuclear membranes, and
consequently avoid degradation by endonucleases. The T-strand likely exists as a DNA protcin
complex, the T-complex, which protects it and mediate its travel. To date, at least two
proteins, VirE2 and VirD2 are candidate components of the T-complex. VirE2 (60.5 kDa) is a
tenacious ssDNA binding protein (SSB) that can bind any ssDNA in a nonscquence specifie
fashion. VirE2 renders ssDNA completely resistant to 3' and 5' exonucleases, as weil as to
endonuclcases. This protein is the most abundant protein produced in vir-induced
Agrohacterium cells. The VirD2 protcin has been shown to be tightly linked to the 5' end of
the 'l'-strand and may contribute to the polar transfer of the T-strand.

Transfer of the T-complex to the plant cell

The first step in T-strand transfer is the passage through the bacterial membrane.
Sequencing of the octopine and nopaline virB locu shas shown that it contains a complex
operon consisring of J 1 gcnes. Most of the proteins predicted for the virB operon are located
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in the agrobacterial membrane and could therefore form a structure through which the T-DNA
could be delivered into the plant cciI. The virBl1 gene has an ATPase activity and may be
involved in delivering energy required for T-DNA is transferred to the plant cell is not known.
T-DNA transfer is proposed to be analogous to bacterial conjugation where the plant ccII is the
recipient instead of a reJated bacterial cell.

Integration of the T.,.DNA within the plant nucleus

The next step in transformation process is the move of the T-complex into the plant-ccii
nucleus. The most obvious way for T-complex nuclear uptake would be via its associated
VirD2 and VirE2 proteins. In animal cells, most proteins that function in the nucleus contain
amino acid sequences that act as signais mediating specifie uptake through nuclear pores.
Similar sequences have been found both inVirE2 and VirD2 suggesting an active role of these
proteins in the plant cel 1.

The last event is the integration of the T-DNA copy into plant-cell DNA. Single T-DNA
copies are frequent, but on average three copies of the T-DNA are found incorporated into the
genomes of various dicotyledonous plant species; occasionally, 20-50 copies have been
observed. The mechanism by which the integration of the T-DNA takes place is unknown and
at present the only way to investigate this is byanalyzing the T-DNA in the transformed plant
cell and the plant target DNA. In general, T-DNA insertions can occllr into any chromosome.
and transcriptionally active regions are preferred. DNA region's undcrgoing transcription arc
presumably more accessible to invading exogenous DNA. T-DN/\ integration does not lIsually
cause large rearrangements of plant DNA; however, most insertions induce slllail deletions, up
to 79 nucleotides at the target sites. Comparison of dilTerent T-DN/\ insertions also show no
significant sequence requirement at the plant target sites. Nevertheless, short stretches of
homology (5-10 bases)between the T-DNA ends and the plant target sites Illay play a role in
integration.

Once intcgrated into the plant gen.ome, the enzymes encoded by the T-DN/\ start to be
expressed. These enzymes synthetize auxin cytolinin which disrupt the hormonal balance or
the cell and initiate disorganized growth and the synthesis and secretion of opines. Methylation
of the DNA in transformed tissue can seriously effect its expression. and although the T-DNA
is stably integrated. it might not always be expressed.

2.-AGROBACTERIUM AS A TOOL FOR PLANT
TRANSFORMATION

2.,.1 Agrobacterium plasmid vectors
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/\ plant vector can be defined as a system for the transfer of genetic information into a
plant. Several features are necessary for any plant vector system (Gardner and 1Jouck, 1984;
(iruher and Crosby,1993): it must be capable of transferring foreign DNA into a plant cell and
Illaintaining the transferred DNA through the cellular replication and division process, and the
introduced DNA must be correctly expressed in the cell in order to affect the cell's phenotype.
The natural ability of Agrohacterium to transfer sequences of DNA into the plant genome has
been exploited in the development of a variety of plant transformation vectors (For reviews,
see Bevan, 1984; Armitage et a., 1988; Draper et a/., 1988b; Walden, J 989b).

2-2-1 Plant transformation vectors based on the Ti plasmid
The vectors based on the Te plasmid do not contain any oncogenic sequences and hence

normal plant growth can be obtained following the transfer of DNA into the nucleus of the
plant cel 1. Non-oncogenic vectors that are currently used can be divided into two types, cis or
trans, depending on whcther the T-DN/\ regions, flanked by the 2S bp direct repeat sequences,
are carried on the same replicon as the vir genes or on a separate plasmid. The cis vectors are
often referred to as cointegrative vectors, whist the lrans vectors are commonly called binary
vectors.

Cis vectors: there is a homologous regiOJl between the Ti plasmid and a vector plasmid
containing the genes to be transferred (Figure 4/\).This homologous region allows the vector
to cointegrate into the Ti plasmid. Usually, the onc genes on the Ti plasmid are removed and
replaced with a pBR322 sequence. Any plasmid which contains pBR322 sequences can be
cointegrated into the disarmed Ti plasmid. The cointegration places the new sequences within
the T-DNA borders, and therefore subject to transfcr to the plant cciI.

Trans vcctors: they are based on plasmids that can replicate in both 1::. coli and
Agrohacterium and whiçh contain the T-DNA border sequences (Figure 4B). These can be
designed so that the border sequences tlank multiple cloning sites which allow insertion of
foreign DNA, and markers that allow direct selection oftransforllled plant cells. The plasmids
can be manipulated in E. coli and transferred via conjugation to Agrohacterium strains which
contain a Ti plasmid which bears a vir region, but lacks T-DNA and 2S bp repeat sequences.
Transfer of the foreign DNA on the cloning vector to the pl.?nt cciI is mediated by the activity
of the vir region function ing in trans. '

2-2-2 Plant transformation vectors utilizing A. rhizogèlles

Disarmed vectors derived frolll A Tume(aciens may be introduced into A. rhi::ogenes
strains and will replicate stably, as long as selection is maintained. Subsequent infection of the
plant by A. rhi::ogenes carrying a binary vector causes transfer of the T-DNA of the binary
yector, in addition to the T-DNA of A rÏ1i::ogenes, into the plant genollle (Simpson et (//.,
1986), The genes to be transferred to the plant are located between the binary vector T-DNA
border sequences which operate in trans aner induction of the t'ir region of the resident wild-
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type Ri plasmid. This is possible due to the large degree of homology, at the DNA level,
between the virulence regions of A. 11iJnejuciens and A.rhi::ogenes.

2-2 Transformation techniques based on Agrobacterium

There are a variety of methods that can be used to produce trllnsgenic pl,lIlts using Ti of Ri
plasmid-derived vectors (Reviewed in Draper el a/., 1988: Weising el ([1., 1988).

Co-cultivation of disarmcd A. lume/aCÎem' strains with plant protoplasts

This method involves isolating protoplasts from sterile Ieaf tissue and incubating them in
culture medium for 2-3 days so that, although they do not divide, they begin to initiate cdl
wall formation. The eclls are then incubated with a fresh culture of Agro!JacleriliJn for 1
2days. Following co-cultivation, the protoplasts arc collected and cultured in the presence of
antibiotics to rem ove any remaining bacteria. The protoplasts can be cultured to produce callus
which can in turn be induced to form shoots (Wullens el a/., 1981). If the DNA contains a

. selectable marker, transformed tissue can be selected at the callus stage. The advantage of this
technique is that a large number of transformants can be obtained. The major drawback is that
very few economically important plant species can be regenerated l'rom protoplasts-derived

'" tissues.

Expiant inoculation by disarmcd strains of A. 11111U!faciell.\"

Expiant inoculation is possibly the most convenient way of producing transgenic matcrial
but depends on two factors: first, the wounded cells must bc able to interact with
Agro!JacleriliJn and second, the cells that have been transfonned must be able to divide and
regenerate into plants. A wide variety of tissue explants can be used in this'sort ofexperimenl: .
leaves, stems, hypocotyls, roots and tubers(Horsch el ([1, J 985). The method involves cutting
sterile explants from plants and incubating them for 1-3 days with a fresh clltlture or
A.llIl11ejàciens on agar plates. The explants arc then transferrcd to a media containing
antibiotics to eliminate Agro!Jaclerilll11 and select transformed cells, and growth reglliators to
induce callus formation and shoot regeneration.

Inoculation of germinating sccds with disarmcd A.ll1l1u'./l,ciem· strains

This procedure has been developed for Aruhido{Jsis l/wlial1([ (Feldmann and Marks, 1(87).

The seeds are imbibed for 12 h and then incllbated with ,1 rresh culture or :lgrohuCIL'I'il1ll7

containing a disarmed plasmid vector with a kanamycin resistallce gene. Transrormants arc
selected in the progeny of Fo plants. The advantage or this Illclhod is that it does not require
lissue cullure techniques, but il is still limÎled lo "ruhid;Jp,üs and the erticiency of
transformation is low.

Transformation using wild-typc Agrohllc1eriIl111111111e./àciem· strains
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This method is based on the co-inoculation of the plant with an Agrobacterium suspension
containing two strains of A. tume/aciens (Brasileiro et al., 1(91): an oncogenic strain which
has the property to induce tumors which spontaneously develop normal shoots, and a disarmed
strain that provides the suitable marker genes in a tran.\' vector. Transformed shoots exhibiting
a normal morphology areselected for antibiotic resistance. This method which has been
developed for the transformation of poplar has the following advantages: it does not require a
regeneration procedure (the optimal hormone balance required for shoot regeneration is
supplied by the oncogenic strain) and transgenic shoots can be recovered two Illonths after
plant inoculation by the Agro!JacteriUI11 suspension.

Induction of 'wiry roots hy A. rltizo!:elleJ

Ilairy roots can be induced on a varicty of plants simply by the inoculation of wounded
stem tissue (Tepfer, 1984; Tepler and Casse-Delbart, 1987). Genera lIy, seedl ings are grown
aseptically and a freshcuture of A. rhi::ogenes. is applied to cut stem sections. Within 2-3
weeks, hairy roots proliferate at the site of inoculation and these can be excised and cultured
further on media which promote the regeneration of whole plants. ft should be noted that these
plants onen exhibit an aberrant phenotype which is the result of the oncogenic T-DNA insert:
wrinkled leaves and reduccd apical dom inancc. Segregation of the oncogenic T-DNA of a
disarmed binary vector is usually achieved in the FI generation and allows the rccovery of
fully non-oncogenic transforl11ed plants.

2-3 Transgenic plants obtained via Agrobacterium mediated
transformation

The /ïrst transgenic plant has bccn reported in 1983 (Fraley et 01, 1983, lIerrera-Estrclla
el (/1, 19X3) and tiuring the past ten ycars, we have witncssed a rapid progress in plant genetic
engineering. Stable integration and expression of foreign genes has been obtaincd in many
dicotylcdonous and kw l1lonocotyledonous plants (Fraley el 01.. 1986: Klee et al.. 1987;
Weising cl 01.. 198K). A list of transgenic plants obtained after transformation with A.
tllll1l!jàciclIS and :1. rhi:::o,l!.L'ncs is provided in Table 1.

It should he noted that delïnitive proof of stable transformation of a plant includes several
tesls (Potrykus. 19(1). First it is important to assess whether the foreign DNA is expressed in
the putative transformed tissue; this involves enzyme assays of the genetic markers which have
been transferred. The organization of the foreign DNA in the plant genome should be studied
by Southern blot analysis; evidcnce for the absence of any contaminating sequences has to he
delllonstrated. In cases of sced-propagated crops. analysis of the transm issioll of the introduced
gcnes shou Id aIso he performed in the progeny.

2-4 Limitations of Agrobacterium transformation

1

1
\
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AlthO:Hlgh the introduction of new traits into plants via Awohaclerium is now a common
practice, there are still important limitations to the system (Potrykus, 1990; 199 J; Christou,
1993).

The first is that it seems sometimes difficult to transform the cells which arc able to
regenerate. It might be that these cells are in layers too deep to be reached by AgrohacICriuJ11.
or simply these are not targets for T-DNA transfer. Another difficulty, when using disarmed
strains of A. Twnefàciens, is that regeneration from tissue culture is a prerequisite, and
sOlnoclonal v~riation resulting from tissue-culture-induced mutations needs to be considered in
any A}.;rohaclerium-based transformation system. The long time required to regenerate
transformed cells to plant is another disadvantage of the method.

The host range of Agrohaclerium is another major limitation. Wide host range strains of
Agrohaclerium infect most dicotyledonous plants, but do not cause galls on monocots. This is
a serious limitation since many important crop plants are monocots. It is suggested that the
plants which are recalcitrant to Agrohaclerium do not have the proper "wound response";
wounding results in the accumulation of phenols and leads to the death of the wound-adjacent
cells. Therefore, even though Agrohaclerium can transfer its T-DNA into cereal cells,
integration of this T-DNA can not lead to transgenic clones because the receptor cells die.
Problems arising from the limited host range of Agrohaclerium have led to the dcvelopment or
several alternative strategies including direct gene transfer to plant cells (elcctroporation, high
velocity microprojectiles, ... )(Reviewed in Potrykus, J991).

3-TRANSFORMATION OF CASUARINA TREES USING
AGROBACTERIUM RHIZOGENES AND
AGROBACTERIUM TUMEFACIENS

3-1 Introduction

Gene transfer into trees provides a means of genetic analysis that can bypass scxual
barriers and, to sOllle extent, circumvent the limitatrons of the long breeding cycles ortrccs. In
woody plants, considerable effort has been made to establish genetic transformation systems
with many species, but the number of successful transformations has been limited to few
species (Reviewed in Hanover and Keathley, 1988;Schuerman and Dandekar, 1991).

Our Jaboratory is currently developing genetic transformation systems for Casuarina tl'ces.
The Casuarinaceae family includes about 90 species of shrubs and trees which arc primarily
native to the southern hemisphere, mostly to Australia. Due to their symbiotic association with
the nitrogen-fixing actinomycete Frankia, Casuarina trees are pioncer species, able to colonize
severely disturbed sites, and are thought to contribute to the rehabilitation in these sites by
stabilizing the soil and building its nitrogen content (National Research Council, 1984; Diem
and Dommergues, 1990). Genetic transformation of Casuarina is a valuable technology to
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accelerate trcc irnprovement prograrns and ta study the expression of plant symbiotic genes in
transgenic plants.

We rresent the work conccrning the transformation of two Cosuarina trees, Allocasuarina

ver/ icillata and Casuari!1a gluuca, us ing cit her A. rhi::ogcnes or ;\ lumefàciens.

3-2 Use of A. rhizogenes for the transformation of A110casuarina
verticillata

Thrce strains or A rhi::ogencs were used in preliminary experilllents of inoculation of A.
,'cr/ici/ill/U an agropine strain, ;\4 (Moore et al, 1979), a cucumopine strain, 2659 (Davioud et

u/., 1988), anu a mannop Îne stra in, 8 196 (Koplow CI ul., 1984), Two month-old asept ic
scedlings 01' ..1 "Cr/iCi/luta were inoculated with these strains by wounding the hypocotyls with
a nccule dippeu in the agrobacterial culture, 7 to 10 days alter inoculation, about 50% of the
inoculatcd hypocotyls developed roots showing a typical Iwiry root phenotype (high growth
r,He, extensive lateral branclling, and lack of geotropisl11 ).Prcsence of opines was detected in
the mot extracts.

The mots Iransforl11ed by the strain 2659 \Vere llIen excised and grown on nutntlve
honnone-frcc medium. Shoot regeneration occllrred spontaneously on 90% of the roots and
transgenic moted plants \Vere obtaineu within live months following plant inoculation (Phelep
e/ a/., 1()() 1). The transformation \Vas demonstrated by Southern blot an3lysis. Transgenic
/1 Iloc(/'\'1/(II'ùlc { plants have retained the ability to henodulated hy Frankia and they still fix
nitmgen. Nevertheless, they cxhibit an alteration of their phenotype which is characterized by
an extensive lateral branching and a Jack of geotropism duc to the expression of the vol genes
of Il. rlti::.ogcllcs.

3-3 Use of Agrobacterium tumefaciens

Transrcr or roreign ~enes in Aiiocas//urinu ,'er/ici/lu/u and in Casl/(/rinu glauca using the
disarmeu strain C58C 1(BIN 19-GUSINT)(Vancanneyt CI u/., 1990) was stlluied. The plasmid
vector carries fhe nIJ/II genc conferring resistance to kanamycin and a derivative of the p
glllcuronidase reporter gcne expresscd only upon transfcr to the plant cells and not in
.-lgrohllClcrillll7. I~xplants excised from one to two month old seedlings of A. ver/ici/Ill/li and
('. glllltclI were co-cultivatcd \Vith a t'resh culturc or A. /ltlJ7(:!ùcic!1s, and transfcrred onto
callus induction Illediulll containg antibiotics. Calli el11erging l'rom the wound edges of the
exrlants \Vere observed threc weeks artcr transformat ion. 80 to 90% of the kanamycin rcsistant
calli expressed the rep0l1er geneat different Icvels. PCR analysis demonstrated the presence of
the ~-gILlcuronidase gcne.

Several paramcters influencing the transformation efficiency wcre studied with C glauco:

lise of acetosyringone duing the co-cultivation, time of co-cultivation, pretreatment of the
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explants with high velocity microprojectiles, age of the explants, and pH of co-cultivation
Optimal transformatÎon was achievcd with explants which were excised l'rom one month old
seed/ings and co-cultivated for three days with A Illmelaciel1.\' in presence of 25 ~IM of
acetosyringone, at pH 5.6.

Transgenic plants of A. verlicillala have been obtaincd, whereas a range of hormone
conditions are currently invesiigated to obtain regcneration of shoots from transgenic calli of
C. g!ulIca

4. CONCLUSION

Over the past years, remarkable progress has been made in delopingan understanding of
the Agro!JacleriulJ1 infection and transformation process. This knowledge has already provided
several clues for improving gene transfer by Agrohacleriun1, specially to dicotylodonous
plants. As more details of the biology of T-DNA transfer to plant cclls arc revcalcd. new
opportunities for manipulating the host-range may be realized. In the meantime, host/vector
systems which optimize the expression of essential factors required for T-DNA translCr and
integration to plant chromosomes may contribute further to the ortimization and the l~lCilily of
this natural system.
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Table 1: Transgenic plants obtained via Agrohllcterium-rnediated transformation

DICOTS
Solanaccae
/_yco/Jerscol1 C:'sc /1/e/1 IUII1

/_yco/u.:rs icol1 perllv ionU

Nicol ia/1a elever/andi i

Nicol i(//1O edwarsol1ii

Nicol ial1a g/auca

Nicoliana lihacllfl1

/'('/unia /~l'hrida

,')'o/al1ulI1 me!ol1ge/la

So/al1ulI1 nigrulI1

So/allUII7 luhcrosulI7

Legllmillosae
(;(l'ciIlC callcscCI1S

(i /l'C i I1C II1UX

rolus cOlllicl//allis

Medicugo .w/l1'a

'\!edicago \'(Iria

/'isul11 salivaul11

Sly/osal1lhes spp

TrifiJ/iulI1 repens

Crllciferae
ilrahidopsis Ihaliana

I3russicaj I/ncea

Brassicu l1apus

IJrass Ica o/cracca

U nllll1 usilal iss inUII1

Other llico.\'
ilpiulIJ gra\'co/cns

Arl11/'(/e ia o/apolhi(o!ia

il IrofJa hel!adona

IJL'la \'u/gori.\·

( 'alharal1lhus

( '()In'o/vu/us

('lIcul11is f/1e/o

('UCl/fI1I/S salivas

Doueus carola

F'ragariaxamll1assa

(;os.\ypitlf/1 hirsulull1

lIe!ianl/ms al111l1US

!\aoanehoe /acil1iala

Lacll/ca saI iva

Ill/o::!long /lgrieI/I11Ira{ {.'niversi il'. ('Illno

METHOD

il, lumelàciens & rhi::ogenes

A.rhi::ogenes

A, Illmelaciens

A. rhi::ogenes

A.lull1elàciens

A. IUll1efàciel1s

il. lumcfaciens

A. 111117efac icns

A. rhi::ogel1s

A. Illmelaciens

A. rhi::ogenes

A. Illmelaciens

A. rhi::ogel1es

il. 111l17clàeiel1s

il. lumelàciens

A. IUl11elLic iel1s

//. IUll1elàciells

A. IUll1elaciel1s

il. IlIlI1elàciel1s

A. IUIIle/àciens

A. IUlI1elàciens & A. rhi::ogenes

A. rhi::ogenes

/1. II/II/elliciens

A. 1III1/e/lIC ims

il. rhi::ogene

il. lumelllciel1s

/1. Iumelùciens

li. rhi::ogens

A, rhi:ogcl1s

/1. Illme/àciens

li. rhi:ogenes & A. 11II11elàciens

li. rh i:ogel1e....·

A. Illmelàciens

li. lume/aciens

A, IlIlI7efàeiens

A. Illmelàciens

li. IlIlIIelàciel1s

loiS



Ribes nigrum

MONOCOTS
Asparagus officinalis

TREES
Allocasuarina veerlicillata
Agadirachta indica
Juglans regia
Malus pumila
Popuous spp
Vitis rupestris
Liquidambar styraciflua
Robinia pseudoacacia
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A. tumefaciens

A. tumefaciens

A. rhizogenes
A. tumefaciens
A. tumefàciens
A. tumefacièns
A. tumefàciens
A. tumefaciens
A. tumefaciens
A. rhizogenes
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"ï~lIn' 1 (;t'IH.'Iir map of an (It'\()lline (A) and a nopalilU.' (B) Ti Plasmid

A

ConJugal'V!!
IransllH

Op",p
calaoohsm

OrIQIf1 ot
repllcal10n

/,.11IIII;••
/' TL

/

OClopine TI p1umld

B
l-UNA

Nopal,ne
cillaoohsm

ConJLJgallve

transler

Nopallne TI plaSmld

These maps show the relative positions of lhe major funcllonal reglons in
Tiplasmlds of Anrnbac'""rium tumefaciens,
TL and TR are tne l"eg1urrs containlng the T (Transferred)-DNA
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Figue 2 Maps of a nopaline and octopine T-..e~ion

Nopal ine T-region (24 kb)
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L..--__.L....-__~_

tms 1 tmr 686b nos-.--
____.....JI

L..--__.---.. . .~___II .--
Octoplne T-regÎon

tms2 tms T [mr 6a 6b oes

TL(14kb)

agr

TR (7 kb)
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_ Major functlonal region

_ Region of homoJogy

Products of transcription whlch have been identified are:
- nos: nopaline synthase
- oes: octopine synthase
- tms T: tryptophan mono-oxygenase
- tms2: indole-3-acetamide hydrolase
- tmr: DMA transferase
- agr: transcr Ipts required for agropine synthesls
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Figure 3 Schelllatic diagraRl of hte transformation of ~I plant cali by Abrobacterium
tumefaciens

Agrobar.terium tllfT]efaciens

chromosome

chv
A,S

~. • VirD2
VirE~

T-complex
L ,

t
3cetosyringone

opines

3

Wounded plant cel!

chvA,B are cnromosomal genes involved in the plant-bacterial interaction.
The products of v;rJ\ and virQ genes recognize acetosyringone, a signal molecule
derived from the wounded plant cell and trigger the activation of the other vi r loci.
Vir products are involved in the formation and the transfer of the T-strand.
which is protected as a DNA-protein complex called the "T-eomplex". The T-DNA
is then integrated in the plant nucleus and the genes encoded by the T-DNA starts
ta be expressed.
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Figure 4 Schematic diagram of co-integrative (A) and binary (8) vectors

A VIR
Mes

B

VIR

+

Mes

RB

90

VIR: Virulence region; RB,lB: right and left border; HOM: homologous
regions within which recombination may occur for co-integration;
MeS: multiple cloning site; PTM: plant transformation marker.
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