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Agrobacteriumtumefaciens, a plant pathogen, is characterizedby the unique feature

of interkingdomDNA transfer. This soil bacterium is able to transfer a fragment of its

DNA, called T-DNA (transferred DNA), to the plant cell where T-DNA is integrated

into the plant genome leading to �genetic colonization�of the host. The fate of T-DNA,

its processing, transfer and integration, resembles the journey of Odysseus, although

our hero returns from its long trip in a slightly modified form.

The soil bacterium, Agrobacterium tume-

faciens, is a plant pathogen responsible for tu-

mor induction on dicotyledonous plants due

to its ability to transfer DNA to the plant cell

(reviewed in: de la Cruz & Lanka, 1998;

Gelvin, 2000; Hansen & Chilton, 1999; Lartey

& Citovsky, 1997; Rossi et al., 1998; Zupan &

Zambryski, 1997). In biotechnology this abil-

ity is widely used for plant transformation.

During tumor induction Agrobacterium atta-

ches to plant cells and then transfers part of

its DNA to some of these cells. The trans-

ferred DNA (T-DNA) which resides on a large

Ti (tumor inducing) plasmid, is processed

within the bacterium and is exported to the

plant where it becomes integrated into the

plant genome (reviewed in: Sheng & Citovsky,

1996; Tinland & Hohn, 1995; Tinland, 1996).

Proteins encoded by the virulence (vir) region

of the Ti plasmid regulate T-DNA processing

and transfer. Phenolic compounds derived

from a wounded plant cell wall induce expres-
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sion of the vir region genes. Virulence pro-

teins recognize 25 bp imperfect direct repeats

(border sequences) that define the T-DNA. In

the presence of VirD1 protein, VirD2 cleaves

the border sequence in a site- and strand-spe-

cific manner and subsequently becomes cova-

lently attached to the 5� end of the nicked

DNA. The nicked DNA is then displaced from

the plasmid producing single-stranded

T-DNA. The T-DNA–VirD2 complex and the

VirE2 protein are believed to be transferred to

the plant through a pilus-like structure con-

taining VirB and VirD4 proteins. In the plant

cell, T-DNA becomes coated with the sin-

gle-stranded DNA-binding protein, VirE2. The

T-DNA-protein complex is imported into the

nucleus where the T-DNA is integrated into

the nuclear genome. Expression of genes lo-

cated on T-DNA leads to the formation of pro-

teins involved in the production of auxins and

cytokinins. These plant hormones cause the

tumorous phenotype that is characterized by

the ability of the plant cells to proliferate lim-

itlessly and autonomously even in the ab-

sence of added phytohormones. Crown gall

tumors are characterized by the production

of opines (amino-acid derivatives). The

biosynthesis of opines is catalyzed by opine

synthases, which are encoded by the T-DNA.

Opines formed in the tumors can be metabo-

lized by the tumorigenic agrobacteria, but

not by most of the other soil organisms.

Thus, Agrobacterium creates for itself a favor-

able niche by genetic modification of plant

cells, a process called “genetic colonization”.

All stages of this colonization, including

chemotaxis, attachment, induction of viru-

lence region, processing of T-DNA, T-DNA

transfer, T-DNA integration, expression of

T-DNA genes and changes in the plant pheno-

type, will be discussed in the following chap-

ters. This will be an odyssey of T-DNA that

leaves the Agrobacterium cell in the form of

nucleic acid and returns from its journey in

the form of opines, derivatives of amino ac-

ids (Fig. 1).
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PART I � PREPARATION FOR

JOURNEY

Chemotaxis

Some phenolic compounds act as chemo-

tactic agents that attract Agrobacterium cells

to the wound site in a plant (Ashby et al., 1988;

Parke et al., 1987). Experiments with differ-

ent Agrobacterium strains showed that a

highly motile strain exhibited marked,

pTi-dependent chemotaxis toward phenolic

compounds that strongly induce the vir genes,

for example acetosyringone, whereas a poorly

motile strain did not move toward

acetosyringone. This pTi-dependent chemo-

taxis requires virulence genes, virA and virG

(Shaw et al., 1988). Sugars and amino acids

also attract Agrobacterium (Hawes et al.,

1988).

Attachment

An early step in the process of tumor induc-

tion is the attachment of agrobacteria to the

plant cells at the wound site. This step occurs

prior to or concomitantly with induction of

virulence region (see below). Genes involved

in the attachment are located in the Agro-

bacterium chromosome, and include chvA,

chvB, pscA (or exoC) and att. Mutations in

these loci lead to a loss of virulence towards

many plant species.

A group of non-attaching mutants, att
�, in-

cludes both mutants blocked in steps prior to

adhesion and mutants which lack the bacte-

rial adhesin (Reuhs et al., 1997). Some of

them, AttA1-H deletion mutants, may be de-

fective in sensing the plant signal (see above)

or in responding to it. Interestingly, the

attA1-H genes show homology to the

ATP-binding cassette (ABC) present in trans-

port system genes (Matthysse et al., 1996).

AttJ� and AttR� mutants may lack the bacte-

rial binding site (Matthysse et al., 1996; Reuhs

et al., 1997), most likely an acetylated capsu-

lar polysaccharide present on the bacterial

surface. The attR gene shows homology to

transacetylases (Reuhs et al., 1997).

Mutations in chvA and chvB genes cause

non-specific alterations in the bacterial sur-

face and result in lack of �1,2-glucans in the

bacterial membrane, increased production of

extracellular polysaccharides, reduced motil-

ity and failure to bind to plant cells. The chvA

gene codes for an inner membrane protein im-

portant for transport of �1,2-glucans to the

periplasm (Cangelosi et al., 1989) while the

chvB gene codes for an inner membrane pro-

tein that is involved in �1,2-glucan synthesis

(Zorreguieta et al., 1988). Neither the chvA
�

nor chvB
� mutant does produce active

rhicadhesin, the 14-kDa Ca2+-dependent pro-

tein that mediates the first step in attachment

(Swart et al., 1993). The exoC
� mutants lack

glucose phosphate isomerase and are there-

fore defective in the production of extra-

cellular polysaccharides (Uttaro et al., 1990).

Mutants in the Agrobacterium chromosomal

cel genes (celABCDE) are defective in cellu-

lose synthesis and aggregate formation

(Matthysse, 1983), thus these mutants bind

but loosely to plant wound sites.

In addition to bacterial adhesins and other

adhesion factors, several plant factors (plant

adhesins) are essential for attachment of

agrobacteria to plant cells. These include pec-

tin acceptors, and vitronectin-like and germin-

like proteins (Matthysse & Kijne, 1998).

Virulence region induction

Virulence functions are transcriptionally

regulated by a two-component gene-re-

gulatory system belonging to a large family of

bacterial chemosensors that respond to the

chemical environment (Das, 1994). Optimal

vir gene induction occurs at acidic pH and in

the presence of phenolic inducers, such as

acetosyringone (AS), that are released by

wounded plant cells (Stachel et al., 1985). The

vir gene regulatory system operates through

two monocistronic virulence genes: virA and

virG (Hooykaas & Schilperoort, 1992). The
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constitutively expressed virA gene produces a

protein located in the inner membrane, that

responds to plant wound metabolites. VirA is

a membrane-spanning protein with an

N-terminal periplasmic “sensor” domain

(senses AS and related phenolics), a “linker”

domain (responds to pH and interacts with

ChvE, a sugar-binding protein), a “kinase” do-

main and a “receiver” domain. Because of its

complex structure, VirA can respond to subtle

changes in the environment. At suboptimal

AS concentrations, VirA can be further stimu-

lated by sugars, crown gall opines or amino ac-

ids. The resulting autophosphorylation of

VirA protein leads to activation of the

intracellular VirG, which is phosphorylated at

aspartic acid residue 52 by autophos-

phorylated VirA (Jin et al., 1990) and becomes

the transcriptional activator for all vir genes

including its own. Promoters of vir genes pos-

sess one or more 12 bp long “vir box” se-

quences (Winans et al., 1987). Phos-

phorylated VirG protein binds to “vir boxes”

and activates transcription of virBCDEFGH

genes. With the exception of virH gene, all

other vir genes are essential for the Agro-

bacterium virulence, since they are involved in

T-DNA processing, transport and integration.

PART II � JOURNEY

Processing of T-DNA

After induction of their vir genes Agro-

bacterium cells generate a linear sin-

gle-stranded DNA, called T-DNA or T-strand,

that is the bottom (coding) strand of the

T-DNA region of the Ti plasmid (Stachel et al.,

1986). This region is flanked by two 25 bp long

imperfect direct repeats, termed border se-

quences. T-DNA borders are recognized and

cleaved by two proteins from the virD operon:

VirD1 and VirD2 (Yanofsky et al., 1986,

Stachel et al., 1986; Filichkin & Gelvin, 1993).

VirD2 is a cleaving-joining enzyme that cuts

the lower strand of the border sequences in a

site-specific manner (Yanofsky et al., 1986) at

the position between the 3rd and 4th base pair

of the 25 bp left and right border repeats (LB

and RB). Upon cleavage of the right border,

VirD2 becomes covalently attached to the 5�
end of the T-DNA via tyrosine residue 29

(phosphothyrosine bond). After this cleavage,

the excised T-DNA strand is removed, and the

resulting single-stranded gap is repaired,

most likely by replacement DNA strand syn-

thesis. The replacement reaction presumably

removes the VirD2 molecule attached to the 5�
end of the left border, restoring the circular

DNA molecule of the Ti plasmid.

Purified VirD2 protein cleaves sin-

gle-stranded oligonucleotides containing bor-

der sequences (Pansegrau et al., 1993). How-

ever, for cleavage of the same sequence in dou-

ble-stranded plasmid DNA VirD1 protein is re-

quired in addition (Scheiffele et al. 1995). Ini-

tially, VirD1 protein was suggested to func-

tion as topoisomerase I (Ghai & Das, 1989),

but more recent studies do not support this

hypothesis (Scheiffele et al., 1995). Two addi-

tional vir gene products were also suggested

to be involved in T-DNA processing: VirC1

and VirC2. VirC1 has been shown to bind to

the “overdrive” site, which lies adjacent to the

right border (Toro et al., 1989), and thus to en-

hance T-DNA border nicking. Other authors

suppose that VirC1 and VirC2 are not re-

quired for T-DNA processing but rather for ef-

ficient T-DNA transfer into most host plants,

suggesting that they play a role in T-DNA ex-

port (Zhu et al., 2000).

T-DNA transfer

The T-DNA transfer apparatus is encoded by

the virB operon, which contains 11 genes

(Christie, 1997). Each of them, except virB1,

is essential for tumorigenesis (Berger & Chris-

tie, 1994). All 10 essential proteins have been

localized to the inner or outer membrane, and

most appear either to be integral membrane

proteins or to be exported from the cytoplasm.

Two VirB proteins, VirB4 and VirB11, are pe-
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ripherally bound to the others and located pri-

marily in the cytoplasm, although a small part

of VirB4 may span the inner membrane.

These proteins show ATPase activity and are

thought to provide the energy required for ex-

port of other protein subunits, for T-DNA

transport, or both. VirB proteins were

thought to form pore for T-DNA export. Re-

cently, VirB proteins have been shown to form

pili that resemble conjugative pili (Fullner et

al., 1996), VirB2 being the major subunit of

these pili. VirB7 may help to anchor pilus to

the bacterial cell, as it is an outer membrane

lipoprotein that forms disulfide bonds with

the periplasmically localized VirB9. The VirB

mating bridge is probably coupled to the

T-DNA complex by the VirD4 protein, which is

located in the inner membrane and is abso-

lutely required for transfer. The VirB/VirD4

apparatus delivers the T-DNA–VirD2 complex

and VirE2 protein to the plant cell cytoplasm.

Once they are within the plant cell, a final

T-DNA complex is formed by coating T-DNA

with the single-stranded DNA binding protein

VirE2. VirE2 binds to T-DNA cooperatively

and protects it against nucleolytic degrada-

tion by plant nucleases (Rossi et al., 1996). In

addition, VirE2 has been shown recently to

function as a transmembrane DNA trans-

porter, which suggests that it may form a

channel in the plant cellular membrane for

transport of the T-DNA–VirD2 complex into

the plant cell (Dumas et al., 2001). In the plant

cell cytoplasm additional steps are required to

transport T-DNA to the plant cell nucleus and

to integrate it into the host genome.

Nuclear import of T-DNA

The T-DNA complex in the plant cell consists

of single-stranded T-DNA and the bacterial

proteins: VirD2 and VirE2, and forms a tele-

phone cord-like helical structure as revealed

by electron microscopy analysis (Citovsky et

al., 1997). Since the T-DNA presumably does

not itself carry targeting signals (Sheng &

Citovsky, 1996), its nuclear import is most

likely mediated by the agrobacterial proteins

accompanying it to the plant cell: VirD2 and

VirE2. In eukaryotic cells, active import of

proteins and nucleoprotein complexes re-

quires a specific nuclear localization signals

(NLS) that are recognized by nuclear import

cytosolic factors such as importins. Both,

VirD2 and VirE2 contain NLSs that are func-

tional in importing proteins to the plant cell

nuclei, and a plant importin that mediates nu-

clear import of VirD2 has been identified

(Ballas & Citovsky, 1997). For nuclear import

of the T-DNA complex, the C-terminal NLS of

VirD2 has been shown to be the necessary sig-

nal both in vivo and in vitro (Rossi et al., 1993;

Ziemienowicz et al., 2001). The potential in-

volvement of the NLSs of the VirE2 protein is

less obvious. The nuclear accumulation of

ssDNA microinjected into the stamen hairs of

Tradescantia virginiana or into Drosophila and

Xenopus embryonic cells was found to depend

on binding of VirE2 to the ssDNA (Zupan et

al., 1996; Guralnick et al., 1996). On the other

hand, nuclear import of ssDNA tested in

permeabilized tobacco protoplasts or HeLa

cells showed strict requirement for both the

VirD2 and VirE2 proteins (Ziemienowicz et

al., 1999; 2001). This discrepancy may be due

to the employment of different techniques for

providing the nucleoprotein complexes to the

cell and/or due to the use of the VirE2 pro-

teins originating from different Agrobac-

terium strains, which differ in the sequence of

their NLSs. It is likely that the VirE2 function

in nuclear import of T-DNA is exerted not by

its NLSs but rather by imposing a specific

structure onto the otherwise unstructured but

charged ssDNA, thereby allowing its trans-

location through the channel of the nuclear

pore.

In addition, in vitro studies of nuclear import

of the T-DNA complexes showed its depend-

ence on cytosolic import factors such as

importin � and Ran protein, thus indicating

that this process follows the so-called classi-

cal, importin-dependent import pathway, ex-

tensively described for nuclear import of
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NLS-carrying proteins (Nakielny & Dreyfuss,

1999).

T-DNA integration

In the plant cell nucleus T-DNA is integrated

into the plant genome by illegitimate recombi-

nation, a mechanism that joins two DNA mole-

cules that do not share extensive homology. In

higher eukaryotic organisms such as plants, il-

legitimate recombination is the predominant

mechanism of DNA integration (Offringa et

al., 1990; Paszkowski et al., 1988). Illegitimate

recombination of T-DNA in the plant genome

has been described a decade ago (Gheysen et

al., 1991; Matsumoto et al., 1990; Mayerhofer

et al., 1991), but little is known about factors

involved in this process.

Some information on T-DNA integration

stems from the sequence analysis of several

T-DNA insertions and their respective

pre-integration sites (Mayerhofer et al., 1991;

Tinland et al., 1995). These findings not only

provided new details of the mechanism of

T-DNA integration, but also suggested a possi-

ble role of VirD2 and involvement of other

(plant) factors in this process. Based on these

findings a modified model for T-DNA integra-

tion has been proposed (Tinland et al., 1995).

According to this model, first the 3� end of

T-DNA finds some homologies to the plant

DNA and anneals. Both, the displaced plant

DNA strand and the 3� overhang of T-DNA,

are digested away by nuclease(s). Then, the

nucleotide attached to VirD2 finds “micro-

homology” in the plant DNA and anneals. This

annealing brings the electrophilic phos-

photyrosine bond of the 5� end of T-DNA into

the proximity of the nucleophilic 3�-OH end of

the digested plant DNA. The ends are ligated,

the upper strand of plant DNA is degraded

and the plant repair machinery synthesizes

the upper strand of the T-DNA leading to the

completion of the T-DNA integration.

Very little is known about proteins involved

in T-DNA integration into the plant cell ge-

nome. The VirD2 protein from Agrobacterium

was suggested to function in T-DNA integra-

tion, as it is covalently attached to the 5� end

of T-DNA, pilots T-DNA to the plant nucleus

and probably stays attached to T-DNA up to

the integration step. Two hypotheses of possi-

ble function of VirD2 in T-DNA integration

have been proposed: (i) VirD2 acts as an

integrase, and (ii) VirD2 acts as a ligase. Anal-

ysis of the amino-acid sequence of VirD2 re-

vealed the presence of an H-R-Y motif typical

for bacteriophage � integrase and other

site-specific recombinases. An R to G muta-

tion introduced into the H-R-Y motif of the

VirD2 protein resulted in a loss of precision of

T-DNA integration without any change in its

efficiency (Tinland et al., 1995). The un-

changed efficiency argues against a function

of VirD2 as an integrase, whereas loss of pre-

cision of integration (defined as lack of con-

servation of the 5�-end nucleotide attached to

VirD2 in the integrated T-DNA) suggests the

importance of VirD2 for the T-DNA integra-

tion process. The second hypothesis was

based on results of in vitro studies of

VirD2-mediated cleavage of the right border

sequence. VirD2 was found to be able not only

to cleave ssDNA at the border sequence but

also to ligate the cleaved ssDNA to the 3� pre-

formed end of another ssDNA molecule

(Pansegrau et al., 1993), suggesting a ligase

function of VirD2 in T-DNA integration. How-

ever, both cleavage and joining reactions were

sequence specific while in vivo T-DNA integra-

tion shows limited requirements for sequence

homology. Nevertheless, this hypothesis was

widely accepted and, therefore, required ex-

tensive examination. The potential function

of VirD2 in ligation of 5� end of T-DNA to the

3� end of plant DNA has been analyzed in vitro

(Ziemienowicz et al., 2000) and VirD2 was

found not to be able to perform T-DNA liga-

tion. This result suggested that other factors,

most probably from plants, are involved in

T-DNA ligation/integration. Indeed, such ac-

tivity was found in plant extracts from to-

bacco BY-2 cells and pea axes (Ziemienowicz

et al., 2000).
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Although VirD2 was shown not to act as a

ligase for T-DNA, this does not exclude the po-

tential function of VirD2 in other steps of

T-DNA integration, for example by recruiting

plant enzymes involved in DNA repair or re-

combination to the site of the integration

and/or by interaction with some structural

chromatin proteins. Recently, a novel test for

identification of plant factors involved in inte-

gration of T-DNA has been introduced. It is

based on laborious screening of T-DNA tagged

Arabidopsis thaliana lines to find mutants that

are resistant to Agrobacterium-mediated

transformation (rat mutants). This method al-

lowed identification of the first plant factor in-

volved in T-DNA integration, namely histone

H2A (Mysore et al., 2000), thus confirming in-

volvement of structural proteins in this pro-

cess.

PART III � RETURN (WAY HOME)

Expression and functions of transferred

genes

T-DNA encodes several proteins that are ex-

pressed in the transformed plant cells leading

to great changes in the plant phenotype.

T-DNA genes can be expressed in the plant

cells since they mimic eukaryotic genes. The

nontranscribed regions of each transferred

gene possess many of the features of plant

genes, including typical eukaryotic TATA and

CAAT boxes, transcriptional enhancers, and

poly(A) addition sites (Binns & Costantino,

1998).

One group of T-DNA genes directs the pro-

duction of plant growth hormones that are re-

sponsible for the proliferation of the trans-

formed plant cells (Binns & Costantino,

1998). The iaaM and iaaH products direct con-

version of tryptophan via indolacetamide to

indolacetic acid (auxin). The ipt product con-

densates isopentenyl pyrophosphate and

AMP (Binns & Costantino, 1998), and host en-

zymes are presumed to convert the resulting

isopentenyl-AMP into the cytokinin zeatin by

removal of the phosphoribosyl group and

hydroxylation of one methyl group of the

isopentenyl moiety. Two other T-DNA genes

are thought to play ancillary roles in

tumorigenesis. The gene 5 product directs the

synthesis of indole-3-lactate, an antagonistic

auxin homologue (Korber et al., 1991), while

tml (also designated gene 6b) increases the

sensitivity of plant cells to phytohormones by

a mechanism that remains to be elucidated

(Tinland et al., 1992). The latter gene can pro-

voke formation of tumors in certain host

plants in the absence of other oncogenes

(Hooykaas et al., 1988).

A second set of transferred genes directs the

production of bacterial nutrients, called

opines, formed by condensation of an amino

acid and a keto acid or a sugar (Dessaux et al.,

1998). Transformed cells synthesize and se-

crete significant quantities of particular

opines, and the inducing bacteria typically

carry genes (outside the T-DNA region and

usually on the virulence plasmid) required to

catabolize the same opines synthesized by the

induced tumor (Guyon et al., 1980; Petit et al.,

1983; Petit & Tempé, 1985). Based on the kind

of opines produced in the tumors, agro-

bacteria are classified as octopine, nopaline,

succinamopine, and leucinopine strains.

There exist at least twenty different opines,

and each strain induces and catabolizes a spe-

cific set of opines (Petit & Tempé, 1985). For

example, octopine-type Ti plasmids direct

their hosts to synthesize at least eight opines.

The ocs gene encodes octopine synthase,

which reductively condenses pyruvate with ei-

ther arginine, lysine, histidine, or ornithine to

produce octopine, lysopine, histopine, or

octopinic acid, respectively, all of which can

be detected in crown gall tumors (Dessaux et

al., 1998). The mas2¢ product is thought to

condense glutamine or glutamic acid with glu-

cose (although this has not been experimen-

tally demonstrated), while the mas1¢ gene

product reduces these intermediates, forming

mannopine and mannopinic acid, respec-
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tively. The ags product catalyzes the

lactonization of mannopine to form agropine.

Mannopine and agropine also can spontane-

ously lactamize to form agropinic acid

(Dessaux et al., 1998). Thus, the tumors in-

duced by strains harboring octopine-type Ti

plasmids can produce four members of the

octopine family and four members of the

mannityl opine family.

Uptake and catabolism of opines

Opines produced in tumors induced by the

Agrobacterium infection are then assimilated

by the bacteria due to the function of the

genes encoded in the opine catabolism region

of the Ti plasmid. As an example, the octopine

catabolism region of the octopine type Ti

plasmid is described below. The octopine cata-

bolic determinants are clustered in two sepa-

rately transcribed regulons (Schröder et al.,

1990). The first contains the regulatory gene

occR, a member of the lysR gene family, which

also regulates the conjugal transfer of the

plasmid. The OccR negatively regulates its

own transcription (independently of the pres-

ence or absence of octopine) and positively

regulates the transcription of the catabolic

genes clustered in the second operon in the

presence of octopine (Von Lintig et al., 1994).

These genes determine an octopine transport

system (occQ, occM, occJ/T, occP) (Zanker et

al., 1992). OccJ/T is probably the octopine-

binding periplasmic protein while the three

others appear to be membrane-associated

transport proteins. These occ genes show sim-

ilarity to other genes encoding various compo-

nents of the basic amino acid transport sys-

tem (HisQ, HisM, HisJ, ArgT and HisP)

(Zanker et al., 1992). Interestingly, transport

genes of another opine catabolism region of

the octopine-type Ti plasmid, accABCDE, en-

code an ABC-type, ATP-driven, periplasmic

binding protein-dependent transport system

(Dessaux et al., 1998). Downstream of the

genes determining the transport system are

two genes required for octopine catabolism,

ooxB and ooxA, which encode the two sub-

units of the octopine hydrolase that cleaves

octopine to arginine (Zanker et al., 1992).

Arginine is degraded to ornithine and this lat-

ter molecule is converted to proline by orni-

thine cyclodeaminase (OCDase) encoded by

the last gene of this operon, osd (Schrindler et

al., 1989). The other opine degradative re-

gions are closely related to the octopine cata-

bolic region but are organized differently

(Dessaux et al., 1998).

In general, each Agrobacterium strain

catabolizes only opines synthesized by the tu-

mors it induces. In addition, some opines in-

duce conjugal transfer of self-transmissible Ti

plasmids between strains of Agrobacterium

and thereby confer on other strains the ability

to catabolize extant opines. Conceivably,

Agrobacterium strains can create an environ-

mental niche (crown gall tumor synthesizing

particular opines) specifically favorable for

their growth (Petit & Tempé, 1985). However,

although opines probably stimulate growth of

the inducing Agrobacterium within a crown

gall, they apparently do not play a crucial role

in their survival (Bouzar & Moore, 1987).

Recently, Kim & Farrand (1998) have shown

that Agrobacterium strains can be chemo-

attracted by opines. Chemotaxis is dependent

upon plasmids that encode functions required

for the catabolism of opine(s). For example,

strains with nopalin/agrocinopine-type Ti

plasmids are attracted to nopaline and

agrocinopines but not to octopine, while

strains with octopine-type Ti plasmids are at-

tracted to octopine but not to nopaline or

agrocinopines. Not surprisingly, genetic and

molecular analyses have localized determi-

nants (e.g. Mcp-like protein genes) to the

opine catabolic loci of the Ti plasmids.

Opine-mediated chemotaxis could play several

roles. First, it could provide a mechanism

whereby opine-catabolizing agrobacteria that

wander or are swept away from the vicinity of

the tumor, can make their way back to the nu-

trient-rich environment. Second, it may serve

to attract Agrobacterium strains with some-
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what different Ti plasmids. These may then

recombine with the Ti plasmids resident in

the tumor inducing strain to produce new Ti

plasmid types.

CLOSING REMARKS

The ability of Agrobacterium to transfer a

fragment of its DNA to the plant cell provides

a powerful tool for plant biotechnology, and

therefore Agrobacterium-mediated DNA trans-

fer is one of the most commonly used tech-

niques of plant transformation. In early days

this method was restricted only to the

dicotyledonous plants, since it was believed

that Agrobacterium could infect dicots solely.

This was due to the use of tumor formation

tests as indication of bacterial infection.

Later, it came out that although Agro-

bacterium indeed induced tumors only on

dicotyledonous plants, it was able to infect

monocotyledonous plants as well, but without

tumor formation. The host range of Agro-

bacterium is not restricted to plants only.

Agrobacterium is able to transfer DNA also to

other bacterial species from the same family,

Rhizobiaceae: Rhizobium sp., and from an-

other bacterial family, Enterobacteriaceae:

Escherichia coli, as well as to other microor-

ganisms, like yeasts Saccharomyces cerevisiae

(Bundock & Hooykaas, 1996), filamentous

fungi or cultivated mushrooms (de Groot et

al., 1998). Most recently, transfer of DNA

from Agrobacterium to human cells has been

documented (Kunik et al., 2001), indicating

that although the T-DNA odyssey always

starts from and ends at the same point (the

Agrobacterium cell) it may reach on its way dif-

ferent targets (bacterial, yeast, plant or hu-

man cells).

R E F E R E N C E S

Ashby, A.M., Watson, M.D., Loake, G.J. & Shaw,

C.H. (1988) Ti plasmid-specified chemotaxis of

Agrobacterium tumefaciens C58 toward vir-in-

ducing phenolic compounds and soluble fac-

tors from monocotyledonous and dicotyle-

donous plants. J. Bacteriol. 170, 4181�4187.

Ballas, N. & Citovsky, V. (1997) Nuclear localiza-

tion signal binding protein from Arabidopsis

mediates nuclear import of Agrobacterium

VirD2 protein. Proc. Natl. Acad. Sci. U.S.A.

94, 10723�10728.

Berger, B.R. & Christie, P.J. (1994) Genetic com-

plementation analysis of the Agrobacterium

thumefaciens virB operon: virB2 through

virB11 are essential virulence proteins. J.

Bacteriol. 176, 3646�3660.

Binns, A.N. & Costantino, P. (1998) The Agro-

bacterium oncogenes; in The Rhizobiaceae

(Spaink, H.P., Kondorosi, A. & Hooykaas,

P.J.J., eds.) pp. 251�266, Kluwer Academic

Publishers, Dordrecht, The Netherlands.

Bouzar, H. & Moore, L.W. (1987) Isolation of dif-

ferent Agrobacterium biovars from a natural

oak savanna and tallgrass prairie. Appl. Envi-

ron. Microbiol. 53, 717�721.

Bundock, P. & Hooykaas, P.J. (1996) Integration

of Agrobacterium tumefaciens T-DNA in the

Saccharomyces cerevisiae genome by illegiti-

mate recombination. Proc. Natl. Acad. Sci.

U.S.A. 93, 15272�15275.

Cangelosi, G.A., Martinetti, G., Leigh, J.A., Lee,

C.C., Theines, C. & Nester, E.W. (1989) Role of

Agrobacterium tumefaciens ChvA protein in ex-

port of b-1,2-glucan. J. Bacteriol. 171, 1609�
1615.

Christie, P.J. (1997) Agrobacterium tumefaciens

T-complex transport apparatus: A paradigm

for a new family of multifunctional transport-

ers in eubacteria. J. Bacteriol. 179, 3085�

3094.

Citovsky, V., Guralnick, B., Simon, M.N. & Wall,

J.S. (1997) The molecular structure of

Agrobacterium VirE2-single-stranded DNA

complexes involved in nuclear import. J. Mol.

Biol. 271, 718�727.

de la Cruz, F. & Lanka, E. (1998) Function of the

Ti-plasmid Vir proteins:T-complex formation

and transfer to the plant cell; in The

Rhizobiaceae (Spaink, H.P., Kondorosi, A. &

Vol. 48 Agrobacterium T-DNA 631



Hooykaas, P.J.J., eds.) pp. 281�301, Kluwer

Academic Publishers, Dordrecht, The Nether-

lands.

Das, A. (1994) Regulation of Agrobacterium

tumefaciens virulence gene expression; in:Mo-

lecular Mechanisms of Bacterial Virulence

(Kado, C.I. & Crosa, J.H., eds.) pp. 477�489,

Kluwer Academic Publishers, Dordrecht, The

Netherlands.

Dessaux, Y., Petit, A., Farrand, S.K. & Murphy,

P.J. (1998) Opines and opine-like molecules in-

volved in plant-Rhizobiaceae interactions; in

The Rhizobiaceae (Spaink, H.P., Kondorosi, A.

& Hooykaas, P.J.J., eds.) pp. 173�197, Kluwer

Academic Publishers, Dordrecht, The Nether-

lands.

Dumas, F., Duckely, M., Pelczar, P., Van Gelder, P.

& Hohn, B. (2001) An Agrobacterium VirE2

channel for transferred-DNA transport into

plant cells. Proc. Natl. Acad. Sci. U.S.A. 98,

485�490.

Filichkin, S.A. & Gelvin, S.B. (1993) Formation of

a putative relaxation intermediate during

T-DNA processing directed by the Agrobac-

terium tumefaciens VirD1, D2 endonuclease.

Mol. Microbiol. 8, 915�926.

Fullner, K.J., Lara, C.J. & Nester, E.W. (1996)

Pilus assembly by Agrobacterium T-DNA trans-

fer genes. Science 273, 1107�1109.

Gelvin, S.B. (2000)Agrobacterium and plant genes

involved in T-DNA transfer and integration.

Annu. Rev. Plant Physiol. Plant Mol. Biol. 51,

223�256.

Ghai, J. & Das, A. (1989) The virD operon of

Agrobacterium Ti plasmid encodes a DNA re-

laxing enzyme. Proc. Natl. Acad. Sci. U.S.A.

86, 3109�3113.

Gheysen, G., Villarroel, R. & Van Montagu, M.

(1991) Illegitimate recombination in plants: A

model for T-DNA integration. Genes & Dev. 5,

287�297.

de Groot, M.J., Bundock, P., Hooykaas, P.J. &

Beijersbergen, A.G. (1998) Agrobacterium

tumefaciens-mediated transformation of fila-

mentous fungi.Nat. Biotechnol.16, 839�842.

Guralnick, B., Thomsen, G. & Citovsky, V. (1996)

Transport of DNA into the nuclei of Xenopus

oocytes by a modified VirE2 protein of

Agrobacterium. Plant Cell 8, 363�373.

Guyon, P., Chilton, M.D., Petit, A. & Tempe, J.

(1980) Agropine in �null-type� crown gall tu-

mors: Evidence for generality of the opine con-

cept. Proc. Natl. Acad. Sci. U.S.A. 65,

2693�2697.

Hansen, G. & Chilton, M.D. (1999) Lessons in

gene transfer to plants by a gifted microbe.

Curr. Topics Microbiol. Immunol. 240, 21�57.

Hawes, M.C., Smith, L.Y. & Howarth, A.J. (1988)

Agrobacterium tumefaciens mutants deficient

in chemotaxis to root exudates.Mol. Plant-Mi-

crobe Interact. 1, 182�186.

Hooykaas, P.J.J., den Dulk-Ras, H. & Schilperoort,

R.A. (1988) The Agrobacterium tumefaciens

T-DNA gene 6b is an onc gene. Plant Mol. Biol.

11, 791�794.

Hooykaas, P.J.J. & Schilperoort, R.A. (1992)

Agrobacterium and plant genetic engineering.

Plant Mol. Biol. 19, 15�38.

Jin, S., Prusti, R.K., Roitsch, T., Ankenbauer, R.G.

& Nester, E.W. (1990) Phosphorylation of the

VirG protein of Agrobacterium tumefaciens by

the autophosphorylated VirA protein: Essen-

tial role in biological activity of VirG. J.

Bacteriol. 172, 4945�4950.

Kim, K.S. & Farrand, S.K. (1998) Opine catabolic

loci from Agrobacterium plasmids confer

chemotaxis to their cognate substrates. Mol.

Plant-Microbe Interact. 11, 131�143.

Korber, H., Strizhov, N., Staiger, D., Feldwish, J.,

Olsson, O., Sandberg, G., Palme, K., Schell, J.,

& Koncz, C. (1991) T-DNA gene 5 of Agro-

bacterium modulates auxin response by auto-

regulated synthesis of a growth hormone an-

tagonist in plants. EMBO J. 10, 3983�3991.

Kunik, T., Tzfira, T., Kapulnik, Y. Gafni, Y.,

Dingwall, C. & Citovsky, V. (2001) Genetic

transformation of HeLa cells by Agrobacter-

ium. Proc. Natl. Acad. Sci. U.S.A. 98, 1871�

1876.

Lartey, R. & Citovsky, V. (1997). Nucleic acid

transport in plant-pathogen interactions.

Genet. Eng. 19, 201�214.

632 A. Ziemienowicz 2001



Matsumoto, S., Ito, Y., Hosoi, T., Takahashi, Y. &

Machida, Y. (1990) Integration of Agro-

bacterium T-DNA into a tobacco chromosome:

Possible involvement of DNA homology be-

tween T-DNA and plant DNA.Mol. Gen. Genet.

224, 309�316.

Matthysse, A.G. (1983) Role of bacterial cellulose

fibrils in Agrobacterium tumefaciens infection.

J. Bacteriol. 154, 906�915.

Matthysse, A.G. & Kijne, J.W. (1998) Attachment

of Rhizobiaceae to plant cells; in The Rhizo-

biaceae (Spaink, H.P., Kondorosi, A. &

Hooykaas, P.J.J., eds.) pp. 235�249, Kluwer

Academic Publishers, Dordrecht, The Nether-

lands.

Matthysse, A.G., Yarnall, H.A. & Young, N. (1996)

Requirements for gene with homology to ABC

transporter systems for attachment and viru-

lence of Agrobacterium tumefaciens. J. Bac-

teriol. 178, 5302�5308.

Mayerhofer, R., Koncz-Kalman, Z., Nawrath, C.,

Bakkeren, G., Crameri, A., Angelis, K., Redei,

G.P., Schell, J., Hohn, B. & Koncz, C. (1991)

T-DNA integration: A mode of illegitimate re-

combination in plants.EMBOJ. 10, 697�704.

Mysore, K.S., Nam, J. & Gelvin, S.B. (2000) An

Arabidopsis histone H2A mutant is deficient

in Agrobacterium T-DNA integration. Proc.

Natl. Acad. Sci. U.S.A. 97, 948�953.

Nakielny, S. & Dreyfuss, G. (1999) Transport of

proteins and RNAs in and out of the nucleus.

Cell 99, 677�690.

Offringa, R., de Groot, M.J., Haagsman, H.J.,

Does, M.P., van den Elzen, P.J. & Hooykaas,

P.J. (1990) Extrachromosomal homologous re-

combination and gene targeting in plant cells

afterAgrobacteriummediated transformation.

EMBO J. 9, 3077�3084.

Pansegrau, W., Schoumacher, F., Hohn, B. &

Lanka, E. (1993) Site-specific cleavage and

joining of single-stranded DNA by VirD2 pro-

tein of Agrobacterium tumefaciens Ti plasmids:

Analogy to bacterial conjugation. Proc. Natl.

Acad. Sci U.S.A. 90, 11538�11542.

Parke, D., Ornston, L.N. & Nester, E.W. (1987)

Chemotaxis to plant phenolic inducers of viru-

lence genes is constitutively expressed in the

absence of the pTi plasmid in Agrobacterium

tumefaciens. J. Bacteriol. 169, 5336�5338.

Paszkowski, J., Baur, M., Bogucki, A. & Potrykus,

I. (1988) Gene targeting in plants. EMBO J. 7,

4021�4026.

Petit, A. & Tempé, J. (1985) The function of T-DNA

in nature; in Molecular Form and Function of

the Plant Genome (van Vloten-Doting, L.,

Groot, G. & Hall, T., eds.) pp. 625�636, Ple-

num Press, New York.

Petit, A., David, C., Dahl, G.A., Ellis, J.G. &

Guyon, P. (1983) Further extension of the

opine concept: Plasmids in Agrobacterium

rhizogenes cooperate for opine degradation.

Mol. Gen. Genet. 190, 204�214.

Reuhs, B.L., Kim, J.S. & Matthysse, A.G. (1997)

Attachment of Agrobacterium tumefaciens to

carrot cells andArabidopsiswound sites is cor-

related with the presence of a cell-associated,

acidic polysaccharide. J. Bacteriol. 179,

5372�5379.

Rossi, L., Hohn, B. & Tinland, B. (1993) The VirD2

protein of Agrobacterium tumefaciens carries

nuclear localization signals important for

transfer of T-DNA to plants. Mol. Gen. Genet.

239, 345�353.

Rossi, L., Hohn, B. & Tinland, B. (1996) Integra-

tion of complete T-DNA units is dependent on

the activity of VirE2 protein of Agrobacterium

tumefaciens. Proc. Natl. Acad. Sci. U.S.A. 93,

126�130.

Rossi, L., Tinland, B. & Hohn, B. (1998) Role of

virulence proteins of Agrobacterium in the

plant; in The Rhizobiaceae (Spaink, H.P.,

Kondorosi, A. & Hooykaas, P.J.J., eds.) pp.

302�330, Kluwer Academic Publishers,

Dordrecht, The Netherlands.

Scheiffele, P., Pansegrau, W. & Lanka, E. (1995)

Initiation of Agrobacterium tumefaciens T-DNA

processing: Purified proteins VirD1 and

VirD2 catalyze site- and strand-specific cleav-

age of superhelical T-border DNA in vitro. J.

Biol. Chem. 270, 1269�1276.

Schrindler, U., Sans, N. & Schröder, J. (1989) Or-

nithine cyclodeaminase from octopine Ti

plasmid. J. Bacteriol. 171, 847�854.

Vol. 48 Agrobacterium T-DNA 633



Schröder, J., Von Lintig, J. & Zanker, H. (1990)

Octopine (occ) and nopaline (noc) catabolic re-

gions in Ti plasmids of Agrobacterium

tumefaciens; in Advances in Molecular Genetics

of the Plant-Microbe Interactions (Henneke, H.

& Verma, D.P.S., eds.) vol. 1, pp. 28�31,

Kluwer Academic Publishers, Dordrecht, The

Netherlands.

Shaw, C.H., Ashby, A.M., Brown, A., Royal, C.,

Loake, G.J. & Shaw, C. (1988) virA and virG

are Ti-plasmid functions required for chemo-

taxis of Agrobacterium tumefaciens towards

acetosyringone. Mol. Microbiol. 2, 413�417.

Sheng, J. & Citovsky, V. (1996) Agrobacterium-

plant cell DNA transport: Have virulence pro-

teins, will travel. Plant Cell 8, 1699�1710.

Stachel, S.E., Messens, E., Van Montagu, M. &

Zambryski, P. (1985) Identification of the sig-

nal molecules produced by wounded plant cells

that activate T-DNA transfer in Agrobacterium

tumefaciens. Nature 318, 624�629.

Stachel, S.E., Timmerman, B. & Zambryski, P.

(1986) Generation of single-stranded T-DNA

molecules during the initial stages of T-DNA

transfer from Agrobacterium tumefaciens to

plant cells. Nature 322, 706�712.

Swart, S., Smit, G., Lugtenberg, B.J.J. & Kije,

J.W. (1993) Restoration of attachment, viru-

lence and nodulation of Agrobacterium tume-

faciens chvB mutants by rhicadhesin. J.

Bacteriol. 175, 597�605.

Tinland, B. (1996) The integration of T-DNA into

plant genomes. Trends Plant Sci. 1, 178�184.

Tinland, B. & Hohn, B. (1995) Recombination be-

tween prokaryotic and eukaryotic DNA: Inte-

gration of Agrobacterium tumefaciens T-DNA

into the plant genome. Genet. Eng. (NY) 17,

209�229.

Tinland, B., Fournier, P., Heckel, T. & Otten, L.

(1992) Expression of a chimeric heat-shock-in-

ducible Agrobacterium 6b oncogene in Nico-

tiana rustica. Plant Mol. Biol. 18, 921�930.

Tinland, B., Schoumacher, F., Gloeckler, V., Bravo-

Angel, A.M. & Hohn, B. (1995) The Agro-

bacterium tumefaciens virulence D2 protein is

responsible for precise integration of T-DNA

into the plant genome. EMBO J. 14, 3585�

3595.

Toro, N., Data, A., Carmi, O.A., Young, C., Prusti,

R.K. & Nester, E.W. (1989) The Agrobacterium

tumefaciens virC1 gene product binds to over-

drive, a T-DNA transfer enhancer. J. Bacteriol.

171, 6845�6849.

Uttaro, A.D., Cangelosi, G.A., Geremia, R.A.,

Nester, E.W. & Ugalde, R.A. (1990) Biochemi-

cal characterization of avirulent exoCmutants

of Agrobacterium tumefaciens. J. Bacteriol.

172, 1640�1646.

Von Lintig, J., Kreusch, D. & Schröder, J. (1994)

Opine regulated promoters and LysR-type reg-

ulators in the nopaline (noc) and octopine

(occ) catabolic regions of Ti plasmid of Agro-

bacterium tumefaciens. J. Bacteriol. 176, 495�

503.

Winans, S.C., Allenza, P., Stachel, S.E., McBride,

K.E. & Nester, E.W. (1987) Characterization

of the virE operon of the Agrobacterium tume-

faciens Ti plasmid pTiA6. Nucleic Acids Res.

15, 825�837.

Yanofsky, M.F., Porter, S.G., Young, C., Albright,

L.M., Gordon, M.P. & Nester, E.W. (1986) The

virD operon from Agrobacterium tumefaciens

encodes a site-specific endonuclease. Cell 7,

471�477.

Zanker, H., Von Lintig, J. & Schröder, J. (1992)

Opine transport genes in the octopine (occ)

and nopaline (noc) catabolic regions in Ti

plasmids of Agrobacterium tumefaciens. J.

Bacteriol. 174, 841�849.

Zhu, J., Oger, P.M., Schrammeijer, B., Hooykaas,

P.J.J., Farrand, S.K. & Winans, S.C. (2000)

The bases of crown gall tumorigenesis. J.

Bacteriol. 182, 3885�3895.

Ziemienowicz, A., Görlich, D., Lanka, E., Hohn, B.

& Rossi, L. (1999) Import of DNA into mam-

malian nuclei by proteins originating from a

plant pathogenic bacterium. Proc. Natl. Acad.

Sci. U.S.A. 96, 3729�3733.

Ziemienowicz, A., Tinland, B., Bryant, J.,

Gloeckler, V. & Hohn, B. (2000) Plant enzymes

but not Agrobacterium VirD2 mediate T-DNA

ligation in vitro. Mol. Cell. Biol. 20, 6317�

6322.

634 A. Ziemienowicz 2001



Ziemienowicz, A., Merkle, T., Schoumacher, F.

Hohn, B. & Rossi, L. (2001) Import of Agro-

bacterium T-DNA into plant nuclei: Two dis-

tinct functions of VirD2 and VirE2 proteins.

Plant Cell 13, 369�383.

Zorreguieta, A., Geremia, R.A., Cavaignac, S.,

Cangelosi, G.A., Nester, E.W. & Ugalde, R.A.

(1988) Identification of the product of an

Agrobacterium tumefaciens chromosomal viru-

lence gene. Mol. Plant-Microbe Interact. 1,

121�127.

Zupan, J.R. & Zambryski, P. (1997) The Agro-

bacterium DNA transfer complex. Crit. Rev.

Plant Sci. 16, 279�295.

Zupan, J.R., Citovsky, V. & Zambryski, P. (1996)

Agrobacterium VirE2 protein mediates nu-

clear uptake of single-stranded DNA in plant

cells. Proc. Natl. Acad. Sci. U.S.A. 93, 2392�

2397.

Vol. 48 Agrobacterium T-DNA 635


