
Agrobacterium and Ti plasmids - a brief history

Agrobacterium tumefaciens - the causative agent of
crown gall disease

Crown gall tumors:

! Collections of cells growing in an
undifferentiated, uncontrolled manner (a
tumor)

! Occur usually at wound sites

! Can be grown axenically as callus cultures ->
exposure to Agrobacterium produces a
heritable (at least through mitosis) change in
plant cells in the tumor  

! Sterile crown gall cultures do not require
phytohormones (contrast with normal plant cell
cultures) -> crown gall cells make cytokinins and
auxins

! Crown gall cells produce large amounts of
opines (amino acid and/or sugar derivatives)
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The plant tumor disease known as crown gall was not called by that name until more
recent times. Galls on plants were described by Malpighi (1679) who believed that these
extraordinary growth are spontaneously produced. Agrobacterium was first isolated from
tumors in 1897 by Fridiano Cavara in Napoli, Italy. After this bacterium was recognized
to be the cause of crown gall disease, questions were raised on the mechanism by
which it caused tumors on a variety of plants. Numerous very detailed studies led to
the identification of Agrobacterium tumefaciens as the causal bacterium that cleverly
transferred a genetic principle to plant host cells and integrated it into their chromosomes.
Such studies have led to a variety of sophisticated mechanisms used by this organism
to aid in its survival against competing microorganisms. Knowledge gained from these
fundamental discoveries has opened many avenues for researchers to examine their
primary organisms of study for similar mechanisms of pathogenesis in both plants and
animals. These discoveries also advanced the genetic engineering of domesticated plants
for improved food and fiber.
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INTRODUCTION
Crown gall is a name given to abnormal tumor-like growths
often observed at the base of the trunk and roots of trees,
grapevines, and woody plants. The nature of the cause of crown
gall was unknown before 1897. Not referenced by many authors
who worked on this disease was the published work of Fridiano
Cavara (Figure 1). He described in detail the galls formed at the
base of grapevines that were in the Royal Botanical Gardens of
Napoli (Naples), Italy. More importantly, he also described the
isolation of a bacterium that he showed caused similar tumors
on young grapevines. This work was published in Le Stazioni
Sperimentale, Agrari Italiane (Cavara, 1897a,b; Figure 2). In
1904, George C. Hedgcock reported the isolation of a causal bac-
terium from grapevine galls that he described in a US Department
of Agriculture Bureau of Plant Industry bulletin (Hedgcock, 1910,
p. 21; Figure 3). His monograph remains not frequently cited.
Most cited as allegedly the first to isolate the causal bacterium
was Smith and Townsend (1907). The authors named the causal
organism Bacterium tumefaciens. E. F. Smith had visited Cavara
in Naples and learned how to isolate the causal bacterium from
grapevine galls (Rodgers, 1952). He and C. O. Townsend then
published the isolation of the crown gall causing bacterium from
chrysanthemum. Smith worked extensively on the disease and
showed that B. tumefaciens can induce gall formation in a num-
ber of herbaceous plants (Smith, 1911b). Subsequently, the name
B. tumefaciens was changed briefly to Pseudomonas tumefaciens
(Duggar, 1909) and then to Phytomonas tumefaciens (Bergey
et al., 1923), followed by Polymonas tumefaciens (Lieske, 1928),

and to Agrobacterium tumefaciens (Conn, 1942). The varying
phases of the life cycle of P. tumefaciens were described by Stapp
and Bortels (1931).

In France, Fabre and Dunal (1853) named the tumors
observed on diseased grapevines as “broussin.” Dornfield (1859)
called the galls found on grapevines in Germany as “Grind,” but
the gall disease was also called “Ausschlag,” “Mauche,” “Krebs,”
“Kropf,” “Raude,” and “Schorf.” In Italy, the gall disease on
grapevines was called “rogna” (Garovaglio and Cattaneo, 1879)
and “tubercoli” (Cavara, 1897a,b). In the United States, the
gall disease observed on grapevines was called “black-knot”
(Galloway, 1889) and likewise in Canada (Fletcher, 1890). Other
names such as tubercular galls were applied to this tumorous
disease that had become recognized throughout the continents
wherever grapevines and woody crops were cultivated.

Eventually, nurserymen, farmers, viticulturalists, etc., became
aware of the gall producing disease that occurred at the base of
trees and vines near the junction of the roots to the trunk, known
to these growers as the “crown,” the term “crown-gall” became the
common name used to recognize the tumor-forming disease.

SEARCH FOR THE AGENT THAT CAUSED CROWN GALL
Once A. tumefaciens was established as the cause of crown gall,
the quest was initiated for the mechanism by which this pathogen
induced tumors in plants. It was widely known that A. tumefa-
ciens induces tumors readily by mechanical inoculation of many
different plant species. Eventually, over 90 families of plants were
found to be susceptible to Crown Gall disease incited by this
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FIGURE 2 | Paper by Fridiano Cavara in 1897 describing galls on grapevines from which he isolated the tumorigenic bacterium and demonstrated its

gall forming activity on young grapevines.

PERMANENT AUTONOMOUS GROWTH OF CROWN GALL TISSUE
IN VITRO: FIRST CLUES THAT A GENETIC CHANGE HAS OCCURRED
One of the most significant discoveries that have led to our
current understanding of the mechanism by which A. tumefa-
ciens causes crown gall was the work of White and White and
Braun (1942; Figure 6) and Braun and White (1943). These
workers showed that crown gall tumors derived from secondary
tumors were bacteria-free, as determined by cultural and sero-
logical methods. This finding brought forth the idea that there
was indeed some form of genetic transformation of the host plant
cell that was infected by A. tumefaciens. Significantly, the isolated

crown gall tumor tissues grew well in the absence of phytohor-
mones (Figure 7). Hence, they were autonomous with respect
to the need of phytohormones (auxin-autotrophic) that normal
plant tissues in culture required for growth.

Further indirect evidence that a genetic transformation has
taken place in crown gall is derived from the presence of
rare guanidine derivatives such as octopine and nopaline in
crown gall tissues. The A. tumefaciens strain B6 that metabo-
lize octopine was found also to induce tumors that contained
octopine (Menagé and Morel, 1964; Goldmann-Ménagé, 1971;
Morel, 1972). Likewise, A. tumefaciens strains that metabolize
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FIGURE 4 | Paper published in 1911 by Erwin F. Smith describing the similarities and differences between crown gall and human sarcoma.

A. tumefaciens into the plant cell became a popular notion.
Hence, a number of workers proposed that crown gall induc-
tion involves the transfer of bacterial DNA into plant cells
(Milo and Srivastava, 1969; Quétier et al., 1969; Schilperoort,
1969; Srivastava, 1970; Srivastava and Chadha, 1970; Chadha
and Srivastava, 1971; Stroun et al., 1971; Yajko and Hegeman,
1971; Heyn and Schilperoort, 1973). However, this enthusiasm
was dampened when other workers failed to induce crown gall
tumors by introducing purified DNA from A. tumefaciens into
plants (Braun and Wood, 1966; Bieber and Sarfert, 1968; Stroun
et al., 1971; Yajko and Hegeman, 1971).

Although bacteriophages had been found in axenically grown
crown gall tissues (Tourneur and Morel, 1971), an interesting
report claimed that DNA of an A. tumefaciens bacteriophage
called PS8 was present as a plasmid in crown gall tumor cells
(Schilperoort, 1969; Schilperoort et al., 1973; Figure 8). Also,
Schilperoort (1971) found strong complementarity of A. tume-
faciens cRNA to crown gall tissue DNA. This work could not be
verified either by Eden et al. (1974), or by Farrand et al. (1975)
who used DNA/RNA filter hybridization and by Chilton et al.
(1974) who used renaturation kinetics in an attempt to detect
bacterial and phage DNA in crown gall tumors. They stated that
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they “. . . found no evidence for bacterial or phage DNA in the
tumors examined.” Drlica and Kado (1974) used DNA:DNA fil-
ter hybridization and solution enrichment techniques and found
that no more than 0.02% of the crown gall tumor genome could
contain A. tumefaciens DNA. This work left open the possibility
that some traces of A. tumefaciens DNA might be incorporated
into the plant host cell genome.

Kado and Lurquin (1976) established that exogenously added
naked A. tumefaciens DNA to cultured tobacco cells is not sta-
bly maintained in the plant cells and nuclei. Braun and Wood
(1966) found that the addition of deoxyribonuclease (DNase)
at concentrations up to 5 mg/ml was completely ineffective in
inhibiting tumor inception or development when the enzyme
solution was applied 1–2 h prior to the time that the plants were

FIGURE 5 | F. W. Went, the discoverer of auxin.

inoculated with A. tumefaciens or when the bacterium and DNase
were added to the wound site together. Interestingly, Braun and
Wood (1966) reported that ribonuclease A (RNase) inhibited
tumor formation when high concentrations (2–4 mg/ml) of the
enzyme solution were applied 1–2 h prior to the time that the
wound site was inoculated with A. tumefaciens. RNase neither
affected bacterial growth, nor the virulence of the bacterium, nor
the wound-healing process. These early studies suggested that the

FIGURE 7 | Auxin autotrophy of crown gall tissues on hormone-free

medium (lower half of bisectored petri plate). N, normal cells; CG,
crown gall cells; 2,4-D, 2,4-phenoxyacetic acid; IAA, indole-3-acetic acid.

FIGURE 6 | Photo of Armin C. Braun in his greenhouse laboratory. Classic paper on auxin autonomy of crown gall tissue culture by White and Braun (1942).
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Tumor-causing ability (virulence) of Agrobacterium
correlates with the presence of a large
extrachromosomal element in the bacterium - the Ti
plasmid

! All virulent bacteria have this plasmid

! Curing virulent strains of the plasmid
eliminates virulence

! Transposon disruptions in the Ti plasmid alter
or eliminate virulence

Transposons can be used to generate mutants,
create a genetic map of the Ti plasmid

! Mobilize transposon (natural or tailored) from
E. coli into Agrobacterium using a plasmid that
replicates in E. coli but not Agrobacterium
(takes advantage of the ability of episome or
plasmid transfer systems to move plasmids
between different species of gram-negative
bacteria)

! Select for Agrobacteria that retain the
selectable marker carried by the transposon

! Screen for virulence

! Test for chromosomal vs. extrachromosomal
linkage
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FIGURE 9 | Classic paper first reporting the presence of an A. tumefaciens plasmid associated with tumorigenicity by Jeff Schell’s laboratory.

no other bacterial pathogen has been shown to transfer DNA to
plant cells.

AN EXTRACHROMOSOMAL ELEMENT CONFERS VIRULENCE
ON A. TUMEFACIENS
The establishment that a large A. tumefaciens plasmid called
the Ti plasmid (for tumor-inducing) confers virulence initi-
ated a large number of studies on identifying plasmid genes
that were transferred to the host plant cell as well as iden-
tifying the intrinsic properties of the large plasmid harbored
in virulent strains of A. tumefaciens (Gelvin, 2000). As his-
tory of these studies show (Nester et al., 2005), emphasis
shifted toward developing an understanding of the mech-
anism of horizontal gene transfer (HGT) by A. tumefa-
ciens since this organism represent the first valid case of
the inter-domain gene transfer (Bacteria to Eukarya) (Kado,
2009).

Although a number of ancillary studies on the Ti plasmid
were started, the initial main efforts were on mapping the loca-
tion of genes required for conferring the tumor-inducing prop-
erties on A. tumefaciens. The Ti plasmid of octopine strain
B6-806 was physically mapped using restriction endonucleases
(Chilton et al., 1978b; Koekman et al., 1979). The Ti plasmid
of the nopaline strain C58 was similarly mapped by restriction
endonuclease analysis (Depicker et al., 1980). Both deletion-
mutational and transposon-insertional mapping were used to
locate genes encoding known octopine and nopaline Ti plasmid
phenotypes (Holsters et al., 1980; Degreve et al., 1981; Garfinkel
et al., 1981). Southern blot analysis and heteroduplex mapping
were used to identify homologous “common region” and non-
homologous sequences between the octopine plasmid pTiAch5
and the nopaline plasmid pTiC58 (Engler et al., 1981). Altogether,
two EcoRI fragments present in the nopaline Ti plasmid pTiC58
and homologous to a segment of the octopine plasmids pTiB6S3
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T-DNAs of Ti plasmids
Transposon mutations in the T-DNA region change
tumor morphology or abolish tumor growth

T-DNA-related sequences can be found in
transformed plant cells that are free of
Agrobacterium

T-DNA-related RNAs (that are polyadenylated) can
be detected in axenically-grown tumors

->     Transformed plant cells contain a part of the Ti
plasmid (but not the entire plasmid)  

the T-DNA contains eight potential genes - these
are eukaryotic in nature (eukaryotic promoters,
monocistronic, eukaryotic polyadenylation signals,
eukaryotic translation mechanisms)

several T-DNA genes encode enzymes that can
enable cytokinin and auxin production

->     crown gall tumorigenesis is due to the "activation"
of unregulated phytohormone synthesis in the
transformed cells   



arginine	+	pyruvate octopine

indoleacetamidetryptophan indoleacetic acid	(auxin)

AMP	+	dimethyl	allylpyrophosphate cytokinin

tryptophan indole-3-lactate	(an	auxin	antagonist)

unknown	function	(if	any)

1

3

2

4

5

octopine TL-DNA
left	border right	border

5 7 2 1 4 6a 6b 3

promotes	tumorogenic growth	(transcriptional	controls?)6b

7

6a octopine secretion
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The vir region of Ti plasmids 
 
Not found in transformed plant cells 

Transposon mutations in the vir region usually 
abolish tumor growth 

Genetic analysis  -> several genetic complementation 
groups 

Sequence and characterize ….. 



MUTATIONS IN VIRULENCE REGION OF A TI PLASMID 881
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FIG. 2. Locations of transposon insertions in the virulence region of pTiA6NC. Mutations 12, 26, and 50 to 54
are Tn5 insertions. All other mutations are Tn3 insertions. Strain numbers for each transposon insertion are
given in Table 2. +, Virulent; -, avirulent.

lence region to the T-DNA is not necessary for
tumor induction. This includes a very large
contiguous region, approximately 20 kpb, ex-
tending from EcoRI fragment 17 to the T-DNA.
The areas which do affect tumor induction occur
at five different loci. We have named these five
loci virA, virB, virC, virD, and virE (Fig. 2). Tn3
insertions in the virA locus result in weakly
virulent strains (A2033 and A2034) which are
avirulent on Kalanchoe leaves and induce small
tumors on stems that proliferate roots (Fig. 3).
These mutants also produce fewer and smaller
tumors on carrots and are avirulent on tobacco
stems. One TnS insertion into this locus resulted
in a complete loss of virulence on all plants
tested. The weak virulence which resulted from
Tn3 insertion may thus be due to partial inactiva-
tion of the gene because of insertion near one
end of the gene or possibly low-level transcrip-
tion originating within Tn3. Garfinkel and Nest-
er (9) reported morphology mutations which
mapped within the vir region after TnS mutagen-
esis. We have localized one of these, A1034,
between two other TnS insertions, A1021 and
A2028, both of which are totally avirulent. Al-
though A1034 was reported to produce unorga-
nized callus with roots proliferating from the
callus overgrowth on Kalanchoe leaves and
stems, we have subsequently found this muta-
tion avirulent on leaves but virulent on stems,
similar to the Tn3 mutations in the virA locus.
The phenomenon responsible for the weakened
virulence on A2033 and A2034 may be the same
as for A1034. All insertions in virB, virD, and
virE resulted in a complete loss of virulence
upon insertional inactivation with either Tn3 and
TnS.

From these studies, five is the minimum num-
ber of virulence loci. Due to site specificity of
transposon insertion mutagenesis and the size of
the virulence region, we cannot be certain that
all of the loci have been identified. Deletion
mutagenesis should clarify this point, and these
experiments are in progress.

DISCUSSION

Two regions of the Ti plasmid contain most of
the genes involved in crown gall tumor forma-
tion. Although one of these, the T-DNA, is very
well characterized, the other remains largely
undefined. The results of transposon mutagene-
sis presented here demonstrate the existence of
at least five distinct loci within the virulence

FIG. 3. Morphology of tumors incited by the strain
(A2033) bearing the mutant plasmid compared with the
isogenic strain bearing pTiA6NC. K. daigremontiana
stems were wounded, infected, and incubated for 6
weeks. The stems were excised from the plant, and the
leaves were removed before photography. The mutant
is on the right.
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A B G C D E

A Regulatory (recognizes plant metabolites, activates 
virG)

G Regulatory (transcriptional activator of other vir loci)

D Nicks Ti plasmid at T-DNA borders, covalently attaches 
to “T-strand”

C Recognizes “overdrive” sequences near right border of 
T-DNA, increases T-strand production

E ss-DNA binding protein (mediates T-strand production 
and transit in plant cells)

B Transfer apparatus



Regulation of      vir gene expression

Most vir genes are inducible, vir genes can be
induced by exposure of Agrobacterium to exudates
isolated from wounded plant cells

Many chemicals can induce vir gene expression;
these are typified by phenolic compounds such as
acetosyringone

Two vir loci are single genes and are expressed
constitutively

Mutations in these (virA and virG)     are pleiotropic -
they affect expression of all other vir genes

VirA encodes a membrane-localized protein that
resembles components of so-called two component
sensor-regulator systems

The virA gene product can phosphorylate itself on a
characteristic histidine residue, and can transfer this
phosphate to an aspartate side chain of the virG
gene product

VirG encodes a DNA binding protein that is an
acceptor of phosphate from phosphorylated virA

The virG gene product can bind elements present in
other vir gene promoters
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vir genes: genetic
loci on the Ti
plasmid of A.
tumefaciens that
encode proteins
necessary to
recognize plant
signals as well as to
process and transfer
the T-DNA into
host cells

Sensor kinase:
inner membrane
component of a
two-component
regulatory system
that, in response to
signals, controls
phosphorylation
status of a response
regulator

Response
regulator:
transcription factor
component of a
two-component
regulatory system
that binds to DNA
and activates
transcription of
target genes upon
phosphorylation by a
sensor kinase

several Ti plasmid–borne operons outside the
T-DNA that were required for virulence, the
vir genes (Figure 1) (Klee et al. 1983, Stachel
& Nester 1986). Analysis of vir gene ex-
pression revealed that, with the exception of
virA and virG, the vir genes are essentially
silent unless they are cocultured with plant
cells (Stachel & Nester 1986). Interestingly,
this induction does not require the attach-
ment of the bacteria to the plant cells but
is rather dependent on molecules exuded by
them. Conversely, several studies reveal that
attachment to the host is necessary for trans-
formation and is mediated by chromosomally
encoded Agrobacterium genes (Douglas et al.
1982, Lippincott & Lippincott 1969). Thus,
host recognition by Agrobacterium resulting in
transformation is composed of two indepen-
dent processes: virulence gene activation and
attachment to the host cell.

Virulence Gene Expression

vir gene activation during coculture with
plant cells requires two genes, virA and virG
(Stachel & Nester 1986), and although virA
and virG are constitutively expressed at low
levels, they are also highly induced, in an
autoregulatory fashion (Winans et al. 1988).
virA and virG have significant homology to
genes encoding two-component regulatory
systems in which a sensor kinase responds
to signal input and mediates activation of a
response regulator by controlling the latter’s
phosphorylation status (Wolanin et al. 2002).
Several of the fundamental biochemical steps
carried out by two-component systems are
seen in the VirA/VirG system (Figure 2). In
this case, the membrane-bound sensor kinase,
VirA, autophosphorylates at a conserved his-
tidine residue and transfers this phosphate to
a conserved aspartate residue on the cyto-
plasmic response regulator, VirG. VirG-PO4

binds at specific 12 bp DNA sequences of the
vir promoters (vir boxes) and activates tran-
scription (Brencic & Winans 2005). In con-
trast to most two-component systems control-
ling virulence systems of pathogens, signals

from the host responsible for the activation
of the VirA/VirG system have been defined.
These are phenols, aldose monosaccharides,
low pH, and low PO4 (Brencic & Winans
2005, Palmer et al. 2004). The phenols are
absolutely required to induce vir gene expres-
sion, whereas the other signals sensitize the
bacteria to the phenols. This raises two im-
portant questions: How does the system rec-
ognize, integrate, and transduce multiple sig-
nals, and what is the biological significance of
the multiple signals necessary for optimal vir
gene activation?

Activating signals. Of the inducing signals,
low PO4 and low pH can activate virG
expression—independent of VirA—through
the activities of the complex virG promoter
(Winans 1990). Recent evidence suggests the
pH regulation of this promoter may be me-
diated through a separate pH-sensing two-
component system, ChvG/ChvI. This sys-
tem is chromosomally encoded and required
for both vir gene expression and virulence
(Li et al. 2002), although its mechanism has
not been elaborated.

The identification of phenols as induc-
ers of vir gene expression was first achieved

Figure 2
The ChvE/VirA/VirG signal transducing system
(note that stoichiometry of ChvE:VirA is not
known). See text for details.
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Figure 3
Representative phenols and sugars (pyranose forms) capable of serving as signals to induce vir gene
expression. Active versus inactive enantiomers of DDF and MMCP are shown. AS, acetosyringone;
DDF, dehydrodiferulate dimethylester; MMCP, 1-hydroxymethyl-2-(4-hydroxy-3-
methoxyphenyl)-cyclopropane.

via the examination of exudates from cul-
tured roots and leaf protoplasts (Stachel et al.
1985). 3,5-Dimethoxyacetophenone, acetosy-
ringone (AS), was present at high levels in
these exudates, and synthetic AS had high in-
ducing activity in assays carried out in the ab-
sence of plant cells (Figure 3). A diverse set
of synthetic and naturally occurring phenols,
derived from the phenylpropanoid pathway
in plants, is active (reviewed in Palmer et al.
2004). Several important structural features
of the active molecules have been identified.
First, the aromatic hydroxyl is essential. Sec-
ond, monomethoxy derivatives are more ac-
tive than those lacking methoxy substitutions
on the phenol ring, but dimethoxy deriva-
tives invariably are the most active of these
three classes. Third, the potential capacity of

AS: acetosyringone

the group para to the aromatic hydroxyl to
hydrogen bond (e.g., with a polar or acidic
group of the receptor) generally is associ-
ated with higher activities, and chirality at this
carbon center is critical for inducing activity
(Figure 3). These structural features led to
the proposal of a proton transfer model of
phenol perception (Hess et al. 1991). This
model envisions that the transfer of a pro-
ton from the aromatic hydroxyl to a base on
the receptor is a key step in the activation
cascade. Although numerous studies utilizing
structural variations of the inducer, as well as
specific inhibitors of vir gene expression, are
consistent with the model ( Joubert et al. 2002,
Lee et al. 1992, Zhang et al. 2000), final reso-
lution awaits the identification of the phenol-
binding site in the receptor (see below).
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“Two-­‐component”	
  signaling	
  and	
  regulatory	
  
systems	
  

A	
  common	
  mechanism	
  for	
  regulation	
  of	
  gene	
  expression	
  in	
  
bacteria	
  

Also	
  seen	
  in	
  plants,	
  a	
  mechanism	
  for	
  regulation	
  by	
  
ethylene	
  and	
  cytokinins	
  

Examples	
  of	
  systems	
  in	
  bacteria	
  that	
  are	
  regulated	
  by	
  two-­‐
component	
  systems:	
  	
  

Sensing	
  of	
  oxygen	
  and	
  redox	
  states	
  

Nitrate	
  and	
  nitrite	
  respiration	
  

Transport	
  and	
  anaerobic	
  metabolism	
  of	
  citrate	
  

Chemotaxis	
  

Nitrogen	
  fixation	
  

Bacterial	
  cell	
  attachment	
  

Degradation	
  of	
  benzene	
  derivatives	
  

Nitrogen	
  utilization	
  

K+	
  supply	
  

Antibiotics	
  

Osmolarity	
  

Sporulation	
  

Virulence	
  

Quorum	
  sensing	
  

Lipid	
  modification	
  



perhaps by initiating a MAP kinase cascade (Kieber
1993). Further signal processing requires the product of
the EIN2 gene, which is purported to code for a
membrane transporter-like protein. Finally, the system
appears to operate through a family of transcription
factors represented by the EIN3-like gene family (Chao
et al. 1997).
While all of the mentioned steps in ethylene signal

transduction are being actively investigated, we will focus
on the ethylene receptor system in this review. After
reviewing the basic structural elements of the receptor
protein, we will discuss the structural and functional rela-
tionships between di¡erent members of this small gene
family from Arabidopsis. We will then consider the struc-
ture, function, and evolutionary origin of the ethylene-
sensing domain of the receptor. Finally, we will discuss
the possible mechanisms by which this family of receptors
may transmit signals to downstream e¡ectors.

2. STRUCTURAL FEATURES OF THE ETR1 PROTEIN

The ETR1 gene was the ¢rst member of a family of
genes to be cloned from Arabidopsis. The coding sequence
can be divided into three domains, based on structural
features and sequence relationships.

As shown in ¢gure 1, the N-terminal sensor domain
consists of three hydrophobic subdomains. Studies of the
ETR1 protein expressed in yeast indicated that this
domain is membrane-associated (Schaller et al. 1995).
ETR1 protein obtained from plants and from transgenic
yeast exists as a covalently linked dimer (Schaller et al.
1995). There are two cysteines at the N-terminus (Cys4
and Cys6) which are the sites of disulphide cross-linkage
between ETR1 monomers. This N-terminal sensor
domain also contains all of the elements necessary and
su¤cient for binding ethylene with high a¤nity (Schaller
& Bleecker 1995) when expressed in yeast. Signi¢cantly,
mutations in ETR1 that confer dominant insensitivity to
ethylene are all clustered in this hydrophobic region.
The C-terminal half of the ETR1 protein contains all

of the conserved sequence elements found in the histidine
kinase domains of bacterial two-component regulators.
Two-component regulators are typically composed of a
sensor protein with an input domain that receives signals
and a catalytic transmitter domain that autophosphory-
lates on an internal histidine residue. The second compo-
nent, a response regulator protein, is composed of a

1406 A. B. Bleecker and others Ethylene-receptor family

Phil.Trans. R. Soc. Lond. B (1998)

Figure 1. Structural features of the ETR1-like gene family.
The ethylene binding domain is composed of three putative
membrane-spanning domains. The ETR2-like subfamily is
characterized by a hydrophobic N-terminal extension. The
hydrophobic domain is followed by a domain that shows
homology to the chromophore-binding domain of phyto-
chrome (Kehoe & Grossman 1996) and contains a cGMP
binding motif (Aravind & Ponting 1998). The histidine
kinase domains of ETR1 and ERS1 contain all the subdo-
mains indicative of functional kinase activity. The ETR2-like
family lacks some of these subdomains (Hua et al. 1997, 1998).
Receiver domains of ETR1, ETR2 and EIN4 contain all
the sequences thought to be essential for phosphotransfer.
Amino-acid conversions that lead to dominant ethylene
insensitivity are indicated. Amino-acid conversions shown
in parentheses were introduced in vitro and the mutated
genes were transferred back into plants (data from Chang
et al. 1993; Hua et al. 1995, 1998; Sakai et al. 1998).

Figure 2. Proposed membrane topology of the ethylene-
binding domain of ETR1. Hydropathy analysis indicates
three potential membrane-spanning hydrophobic regions near
the N-terminus. Computer modelling indicates a likely
topology by which these three hydrophobic subdomains are
arranged in the membrane as a-helices. Monomers are
thought to be linked as a dimer by disulphide bridges at the
N-terminus (data from Schaller et al. 1995).



Signaling Complexes Formed at the ER Membrane in Response to Ethylene.Schematic model of 
the processes induced at the ER membrane by the binding of the plant hormone to the ethylene 

receptor complexes. 

Bisson M M , Groth G Mol. Plant 2010;3:882-889 

© The Author 2010. Published by the Molecular Plant Shanghai Editorial Office in association 
with Oxford University Press on behalf of CSPP and IPPE, SIBS, CAS. 



ANRV288-CB22-05 ARI 28 September 2006 21:44

Agrobacterium tumefaciens
and Plant Cell Interactions
and Activities Required for
Interkingdom
Macromolecular Transfer
Colleen A. McCullen1,2 and Andrew N. Binns1

1Department of Biology and Plant Sciences Institute, University of Pennsylvania,
Philadelphia, Pennsylvania 19104-6018; email: abinns@sas.upenn.edu
2Current address: National Institutes of Health, Bethesda, Maryland 20892

Annu. Rev. Cell Dev. Biol. 2006. 22:101–27

First published online as a Review in
Advance on May 18, 2006

The Annual Review of
Cell and Developmental Biology is online at
http://cellbio.annualreviews.org

This article’s doi:
10.1146/annurev.cellbio.22.011105.102022

Copyright c© 2006 by Annual Reviews.
All rights reserved

1081-0706/06/1110-0101$20.00

Key Words

virA-virG two-component system, signal integration, type IV
secretion, VirB complex

Abstract
Host recognition and macromolecular transfer of virulence-
mediating effectors represent critical steps in the successful trans-
formation of plant cells by Agrobacterium tumefaciens. This review
focuses on bacterial and plant-encoded components that interact to
mediate these two processes. First, we examine the means by which
Agrobacterium recognizes the host, via both diffusible plant-derived
chemicals and cell-cell contact, with emphasis on the mechanisms
by which multiple host signals are recognized and activate the viru-
lence process. Second, we characterize the recognition and transfer
of protein and protein-DNA complexes through the bacterial and
plant cell membrane and wall barriers, emphasizing the central role
of a type IV secretion system—the VirB complex—in this process.
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The ethylene-receptor family from Arabidopsis:
structure and function

Anthony B. Bleecker, Je¡rey J. Esch, Anne E. Hall, Fernando I. Rodr|̈guez
and Brad M. Binder
Department of Botany, 430 Lincoln Drive, University ofWisconsin-Madison, Madison,WI 53706, USA

The gaseous hormone ethylene regulates many aspects of plant growth and development. Ethylene is
perceived by a family of high-a¤nity receptors typi¢ed by the ETR1 protein from Arabidopsis. The ETR1
gene codes for a protein which contains a hydrophobic N-terminal domain that binds ethylene and a C-
terminal domain that is related in sequence to histidine kinase^response regulator two-component signal
transducers found in bacteria. A structural model for the ethylene-binding domain is presented in which
a Cu(I) ion is coordinated within membrane-spanning a-helices of the hydrophobic domain. It is
proposed that binding of ethylene to the transition metal would induce a conformational change in the
sensor domain that would be propagated to the cytoplasmic transmitter domain of the protein. A total of
four additional genes that are related in sequence to ETR1 have been identi¢ed in Arabidopsis. Speci¢c
missense mutations in any one of the ¢ve genes leads to ethylene insensitivity in planta. Models for signal
transduction that can account for the genetic dominance of these mutations are discussed.

Keywords: ethylene; receptor; signal transduction; plant hormone

1. INTRODUCTION

While the concept of small gas molecules acting as bio-
logical signals may be something of a novelty in animal
systems, almost a century has passed since Neljubov
(Abeles et al. 1992) demonstrated that nanomolar concen-
trations of ethylene could elicit dramatic e¡ects on plant
growth and development. In addition to the commonly
recognized role in fruit ripening, ethylene in£uences a
range of developmental processes throughout the life
cycles of higher plants. The stimulation of seed germina-
tion, the adjustment of seedling growth to varying soil
conditions, the rate and extent of leaf expansion, and the
timing of vegetative senescence and abscision are just a
few of the plant processes that are regulated by ethylene.
Ethylene may also mediate responses to environmental
challenges such as wounding, pathogen invasion, and
water stress (Abeles et al. 1992; Ecker 1995; Bleecker &
Schaller 1996; Keiber 1997).

Despite a century of scienti¢c investigation, the
mechanisms by which this small gas molecule works at
such low concentrations to in£uence so many di¡erent
processes in plants remained a mystery. Burg & Burg
were the ¢rst to hypothesize that ethylene might interact
with a transition metal cofactor coordinated in the
presumptive receptor for ethylene (Burg & Burg 1965,
1967). In the 1970s and 1980s, investigators in the USA
(Sisler 1979) and the UK (Sanders et al. 1989, 1991) identi-
¢ed and characterized saturable ethylene binding sites in
a variety of plant tissues using 14C-labelled ethylene.
While these sites showed su¤ciently high a¤nity for
ethylene to account for biological activity, no direct
connection could be made between this ethylene binding

and in vivo responses to ethylene. Early events in the
transduction of the ethylene signal were also a complete
mystery. The study of these processes has come of age in
the past decade through the use of mutational analysis in
Arabidopsis to identify the genes coding for early compo-
nents in ethylene signal transduction (Bleecker et al. 1988;
Guzman & Ecker 1990; Chang et al. 1993; Kieber et al.
1993; Roman et al. 1995).

The genetic approach to identify the biochemical
components involved in ethylene signal transduction is a
deceptively simple one, and it illustrates the power of the
method. Ethylene inhibits the elongation growth of
etiolated (dark-grown) seedlings. Ethylene-insensitive
mutants were readily identi¢ed in dark-grown seedlings
incubated in ethylene (Bleecker et al. 1988; Guzman &
Ecker 1990; Kieber et al. 1993; Roman et al. 1995; Chao et
al. 1997). Insensitive mutants obtained in these screens
have been extensively characterized and many of the
represented genes have been cloned. This pioneering
work by a number of research groups has been the
subject of a number of recent reviews (Ecker 1995;
Bleecker & Schaller 1996; Kieber 1997; Fluhr 1998) and
will not be covered in detail here. Brie£y, the framework
of the early signal transduction pathway can be proposed
from the characteristics of the identi¢ed genes. The
perception of ethylene is apparently achieved by catalytic
receptors coded for by the ETR1-like gene family
(Chang et al. 1993; Hua et al. 1995, 1998; Sakai et al.
1998). ETR1 is related in structure and sequence to the
two-component regulators from bacteria which trans-
duce signals via phosphotransfer reactions (Parkinson
1993). This receptor system signals downstream via an
RAF kinase-like negative regulator, designated CTR1,

Phil.Trans. R. Soc. Lond. B (1998) 353, 1405^1412 1405 & 1998 The Royal Society



Host and bacterial factors in Agrobacterium-mediated transformation    469 

vir genes (Brencic and Winans, 2005). The biosynthetic pathway 
for AS in plants is not completely characterized, but it has been 
shown that plants deficient in enzymes of the phenylpropanoid 
pathway are less susceptible to Agrobacterium, most likely be-
cause of reduced production of AS or related compounds (Maury 
et al., 2010). Interestingly, the expression levels of several genes 
encoding enzymes of this pathway increase upon Agrobacterium 
infection (Ditt et al., 2006). Because phenylpropanoids are involved, 
among other functions, in plant defense and survival (Fraser and 
Chapple, 2011); Agrobacterium may have evolved to subvert this 
host defense response to enhance its infection. 

In addition to phenolic compounds, other signals emitted by 
plants affect vir gene expression. Reducing sugar monomers 
cannot activate the virulence system alone, but they are able to 
enhance AS action in two ways: by enhancing the sensitivity of 
the VirA/G system to phenolics and by elevating the saturating 
concentration of phenolics for virulence activation (Cangelosi 
et al., 1990; Shimoda et al., 1990). Additionally, the presence of 
monosaccharides as coinducers may result in increasing the range 
of phenolics recognized by the bacterial vir gene induction system 
(Peng et al., 1998). That the known coinducer monosaccharides, 
such as D-glucose and D-galactose (Ankenbauer and Nester, 
1990; Shimoda et al., 1990), have common structural features, 
i.e., a pyranose ring and acidic groups, also suggests that they 
may be detected by a unique specific receptor. Indeed, a bacterial 
chromosome-encoded periplasmic protein ChvE mediates sensing 
of and virulence response to monosaccharides. ChvE is thought first 
to bind monosaccharides, and then to enhance the VirA activity as 
a vir gene inducer by interacting with the VirA periplasmic domain 
(Cangelosi et al., 1990; Lee et al., 1992; Shimoda et al., 1993).

high concentrations during development of crown gall tumors 
resulting from Agrobacterium infection, it may inhibit secondary 
transformation by the initial infecting bacterial strain or by another 
competing strain. 

Two signal molecules involved in plant response to several 
types of biotic or abiotic stresses have also been shown to act 
as negative regulators of Agrobacterium virulence. First, the 
phenolic compound salicylic acid (SA), the major signal molecule 
of systemic acquired resistance (SAR) (Vlot et al., 2009), inhibits 
expression of all vir genes, most likely by attenuating the VirA 
protein kinase activity (Yuan et al., 2007). Indeed, Arabidopsis or 
tobacco mutants deficient in SA accumulation are more sensitive 
to Agrobacterium infection, and mutants overproducing SA or 
plant treated with exogenous SA are relatively resistant (Anand 
et al., 2008; Yuan et al., 2007). Second, studies of plants affected 
in ethylene production suggested that this plant gaseous growth 
regulator can inhibit Agrobacterium virulence (Nonaka et al., 2008b). 
Consistently, inducing degradation of the direct precursor of ethyl-
ene 1-aminocyclopropane-1-carboxylate (ACC) in Agrobacterium 
cells by expression of ACC deaminase enhances transformation 
efficiency (Nonaka et al., 2008a). Yet, a direct effect of ethylene 
on vir gene expression could not be demonstrated.

Cell-to-cell contact and attachment

Intuitively, it is logical to assume that a close contact between 
Agrobacterium cells and their host cells is required for T-DNA 
transfer. Indeed, Agrobacterium mutants affected in their ability to 
attach to plant cells usually show reduced virulence (Matthysse, 
1987). However, whereas several candidates have been proposed 

Fig. 2. Plant factors affecting vir gene expression. The Agrobacterium VirA/VirG two-
component regulatory system integrates numerous plant and environmental signals to 
regulate transcription of the vir genes. Small molecules directly bind VirA to promote 
[acetosyringone (AS) and related phenolic compounds], or inhibit (salicylic acid, DIMBOA, 
MDIBOA, IAA) VirG activation and enhancement of its expression. Reducing monosac-
charides bind to ChvE, which in turn interacts with VirA to enhance AS-induced vir acti-
vation. Low pH and low phosphate concentration have a positive effect on vir activation 
by affecting either directly VirA or the ChvG-ChvI two-component system that in turn 
activates the virG expression.

Two conditions that are frequently observed in the 
rhizosphere, low pH and low phosphate concentra-
tion, are known to enhance activation of the virulence 
system. The effect of low pH, e.g., pH 5.7, is mediated 
by VirA (Chang et al., 1996; Melchers et al., 1989b) 
and ChvE (Gao and Lynn, 2005). Moreover, the virG 
expression is induced by low pH and low concentration 
of phosphate, most likely via the activation of another 
two-component regulatory system composed of the 
ChvG and ChvI proteins (Charles and Nester, 1993; 
Yuan et al., 2008).

Chemicals emitted by some plant species can also 
act as inhibitors of the Agrobacterium virulence, which 
may help explain the important interspecific variability in 
resistance to Agrobacterium. Two chemical compounds 
found in corn seedling homogenates were shown to 
have such inhibitory effect: DIMBOA (2,4-dihydroxy-
7-methoxy-2H-1,4-benzixazin-3(4H)-one) is an inhibi-
tor of both Agrobacterium growth and AS-dependent 
virulence activation (Sahi et al., 1990), and MDIBOA 
(2-hydroxy-4,7-dimethoxybenzoxazin-3-one) is a potent 
inhibitor of Agrobacterium virulence with a limited ef-
fect on bacterial growth (Zhang et al., 2000). DIMBOA 
and MDIBOA derive from the tryptophan biosynthetic 
pathway (Melanson et al., 1997), like the auxin indole 
acetic acid (IAA). In fact, IAA itself is able to inhibit vir 
gene induction, likely by competing with the inducing 
phenolic compounds, such as AS, for binding to VirA 
(Liu and Nester, 2006). Because IAA is produced at 



forms of T-DNA that are found in Agrobacterium

• ds circles - found only in induced bacteria, not
(apparently) in plant cells

• ds linear T-DNA - found only in induced bacteria,
not (apparently) in plant cells

• ss linear T-DNA - found in bacteria and plant cells

• what is not found - Ti plasmids with evidence that
T-DNA has been precisely deleted

In vitro activities of      virD proteins

• virD1 + virD2 - recognize T-DNA borders with
high specificity, introduce single-stranded nicks at
borders

• virD2 alone can work on oligonucleotides
containing the border

• virD1 as well is required for action on supercoiled
circular DNA

• no reaction is seen with relaxed circles or linear ds
molecules



OHOH

OH

virD1 + virD2
(virD2 = � )

repair synthesis

+
“T-strand”

production of “T-strands” in Agrobacterium

RB LB



virE2 - where and how does it work?

• ss DNA binding protein

• can be found associated with T-strands in
Agrobacterium extracts (co-immunoprecipitation)

• wt levels of T-strands accumulate in virE2 mutants
(virE2 not needed for T-strand production or in
vivo stabilization)

• virE2 mutants can transfer T-strands to plant cells
(efficiency is lower) - no absolute requirement for
transfer

• virE2 mutants can be complemented by
expression of virE2 in plant cells - is the main site
of virE2 function in the plant?

• virE2(+), T-DNA (-) + virE2(-), T-DNA (+)
combination is virulent and tumorigenic - can
virE2 be transferred from Agrobacterium to plant
cell independent of T-DNA?



LB RB

D1D1
?

D2

D2

E2

E2

D2E2E2E2E2E2E2E2



Similarities between virB gene products and the
transfer apparatus of F plasmids

Conjugation function, location Ti plasmid

Tra L transglycosylase, E VirB1

cell-cell contact, E VirB1*

TraM pilin subunit, E VirB2

TraA unknown, E VirB3

TraB ATPase, transport, TM VirB4

TraC unknown, E VirB5

TraD pore former?, TM VirB6

TraN lipoprotein, covalent
dimer with virB9, OM

VirB7

TraE unknown, PIM VirB8

TraO nucleation center with
VirB7, OM

VirB9

TraF unknown,TM VirB10

TraG ATPase, transport, IM VirB11

ATPase, coupling of
DNA processing with
transport system, TM

VirD4



Conjugation, T-DNA transfer, and secretory systems involved in
virulence in animal and human pathogens (Bordetella pertussis,
Legionella pneumophila, Rickettsia prowazekii) are members of a
large class of bacterial secretory systems (type IV systems)

Analogies between bacterial conjugation and T-DNA transfer

Conjugation
Function

T-DNA transfer

oriT site of specific nicking T-DNA borders

TraI/TraY endonuclease site-specific endonuclease VirD1/VirD2

TraD/TraM DNA transfer (?) ?

? mating signal plant-synthesized phenolics

F-pilus (TraA,Q,L,E,K, transfer machinery VirB
B,V,C,W,U,F,H,G)

TraG/TraN stabilization of mating pair ?

TraS/TraT prevention of non-productive mating             chv (?)

ssb stabilization of T-strands virE
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with an insertion in the promoter region of an
arabinogalactan protein—likely to be found in
the cell wall—and bacteria bind poorly to root
cells of this plant (Nam et al. 1999, Zhu et al.
2003). Following up on these leads will be
important in characterizing the recognition
processes and physical interaction of Agrobac-
terium and host cells.

MACROMOLECULAR
TRANSPORT

Following the activation of the virulence
genes and attachment to the plant cells,
A. tumefaciens transports several different
molecules into the host during infection, in-
cluding DNA and protein substrates. These
substrates need to cross the inner mem-
brane, periplasm/peptidoglycan wall, and
outer membrane, as well as the plant host cell
wall and membrane. A specialized transporter
complex of the VirB proteins and VirD4 is
employed to get the substrates across the bac-
terial cell envelope. The VirB complex is a
prototypical type IV secretion system (T4SS),
a class of transporters found across a broad
range of gram-negative bacteria and involved
in the conjugative transfer of plasmids be-
tween bacteria as well as the translocation
of virulence factors from pathogens to host
cells during infection (for recent reviews, see
Cascales & Christie 2003, Nagai & Roy 2003,
Schroder & Lanka 2005).

The VirB complex is composed of at least
12 proteins: VirB1–11 and VirD4 (Figure 5).
These proteins are required for virulence,
associate with the cell envelope, and form
a multisubunit envelope-spanning structure
(Christie et al. 2005). Substrates transported
into host cells by the VirB complex include
the VirD2-T-strand, VirE2, VirE3, VirF, and
VirD5 (Vergunst et al. 2005). VirD2 nicks
the T-DNA at the border repeats, is co-
valently bound to the 5′ end, and is likely
transported with the T-strand into the plant
cell, where it is involved in nuclear import
and integration of the T-DNA into the host
genome (Gelvin 2003). VirE2 is a single-

Type IV secretion
system (T4SS):
multisubunit
transporter that
transports protein
and DNA across a
bacterial cell
envelope into a
recipient cell

VirD2-T-strand:
transport-competent
form of the T-DNA
that is single
stranded and
covalently bound to
VirD2 at the 5′ end

stranded DNA-binding protein that can coat
the length of the T-strand in vitro (Christie
et al. 1988, Citovsky et al. 1988). It inter-
acts with the T-DNA in the plant cell cyto-
plasm and also has roles in nuclear import
and integration (Gelvin 2003). VirF function
is not well characterized, but it may be in-
volved in the degradation of host cell factors
during infection (Schrammeijer et al. 2001,
Tzfira et al. 2004). Intriguingly, the VirB/D4
complex can also transport the broad-host-
range, mobilizable plasmid RSF1010 to either
plants or other agrobacteria, demonstrating
that the conjugative intermediate (MobA-R-
strand) must also be a substrate (Beijersbergen
et al. 1992, Buchanan-Wolloston et al. 1987).

Targeting of Substrates

The A. tumefaciens virB-encoded T4SS trans-
ports the substrates described above across
the bacterial cell envelope. Recent work has

Figure 5
Generalized scheme representing the VirB/D4 complex, depicting
localization and some of the known interactions between members of the
complex. Asterisks indicate proteins shown to interact with the transported
DNA substrate, and arrows indicate the order of DNA transfer through the
complex. See text for details.
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Beyond the bacterial cell 
Once it is made in the bacterial cell, the T-strand has a 
tortuous route to the nucleus and ultimately the 
nuclear genome 

The various phases in the life of the T-strand involve 
vir proteins and host proteins 

The phases: 
 transport across the plant cell membrane 

movement through the cytoplasm 
 import into the nucleus 

 “stripping” of proteins from the T-strand 
 integration into the nuclear genome 

In each of these phases, host proteins are recruited or 
co-opted to facilitate the respective step 

 
 

 
 

 
 

 



The bacterial virulence machinery of genetic

transformation: a brief overview

The Agrobacterium-mediated genetic transformation is a

multistep process which begins with recognition and

sensing of a wounded host cell by a virulent Agrobacte-
rium and ends with the expression of the Agrobacteri-
um’s T-DNA integrated in the transformed cell’s genome.

Agrobacterium deploys a large number of proteins and

uses several molecular machines to initiate and execute

the early steps of the transformation process, as illus-

trated in Fig. 1 and as has been previously reviewed

(e.g. Gelvin, 2003; Christie et al., 2005; McCullen and

Binns, 2006). Briefly, proteins encoded by the bacterial

chromosomal virulence (chv) and tumour-inducing

plasmid virulence genes (vir) mediate recognition of and

attachment to the host cell, production of a mobile

T-strand-protein complex (T-complex) and its export into

the host cell (Fig. 1). Once inside the host cell cytoplasm,

several Vir proteins and host factors (see below) act

together to deliver the T-complex into the host cell

nucleus and integrate it into the host cell genome. For

detailed discussion of the roles of the Vir proteins in the

transformation process, the reader is referred to the

recent reviews (e.g. Gelvin, 2003; Christie et al., 2005;

McCullen and Binns, 2006).

Plant cell surface receptors and Agrobacterium
attachment

While Agrobacterium attachment to the host cell is an

absolute prerequisite for transformation (reviewed in

McCullen and Binns, 2006), very little is known about the

nature and function of the factors that Agrobacterium uti-

lizes as specific receptors on the host cell surface and/or

cell wall. Among these putative receptors and host pro-

teins (Fig. 2) are a vitronectin-like protein (Wagner and

Matthysse, 1992), a rhicadhesin-binding protein (Swart

et al., 1994), a cellulose synthase-like gene (Zhu et al.,
2003a) and several VirB2-interacting proteins (Hwang

and Gelvin, 2004). Vitronectins are family of proteins uti-

lized as specific receptors by different pathogenic bacteria

in mammalian cells (e.g. Paulsson and Wadstrom, 1990).

VirA

VirD1/D2

VirD2-

T-strand
conjugate

VirE2

VirF

Mature

T-complex

Plant

signals

Surface

receptors

T-pilus

Ti
plasmid NPC

VirD4

VirD2

VirB

P

VirE3

VirB

vir
region

T-DNA

RB

VirG

LB

Fig. 1. Summary of major molecular events and structures within the Agrobacterium cell that generate the Vir protein machinery and

T-strands which then are transported into the plant cell, enter its nucleus and integrate into the genome. The transformation process begins

with recognition of plant signals by the bacterial VirA/VirG sensory system, followed by activation of the vir loci and attachment of the

bacterium to the host cell. The T-strand is excised from the T-DNA region by VirD2/VirD1 and exported, in cis with a covalently attached VirD2

molecule and in trans with several other Vir proteins, into the plant cell cytoplasm via a VirB/D4 type IV secretion system. Inside the host cell,

the VirD2–T-strand conjugate is packaged by numerous molecules of VirE2 to form a mature T-complex. For in-depth discussion on the

T-complex transport and nuclear import, and T-DNA integration, see text.
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of the Agrobacterium-plant cell interaction or in the process of 
macromolecular translocation itself. Similarly, although the exact 
function of VirB5 is unknown, its extracellular localization, most 
likely at the tip of the T-pilus, indicates possible interactions with a 
host cell surface factor (Aly and Baron, 2007). Consistent with this 
idea, exogenous extracellular VirB5 protein enhances infectivity of 
the wild-type Agrobacterium, although it does not rescue infectivity 
of an Agrobacterium mutant disrupted in the virB5 gene (Lacroix 
and Citovsky, 2011). These observations suggest a dual role for 
VirB5: intrabacterial function for biosynthesis and/or stability of 
the T-pilus, and an extracellular function. Interestingly, CagL, 
an ortholog of VirB5 in the animal pathogen Helicobacter pylori, 
interacts with the host integrin; whether this interaction plays a 
role in macromolecular translocation, or it is simply involved in 
triggering intracellular signaling in the host cell, remains unknown 
(Tegtmeyer et al., 2011).

Similarly to protein translocation by type III secretion systems 
(Thanassi et al., 2012), macromolecules translocated by T4SS 
could be injected directly from the bacterial to the host cytoplasm 
through the T-pilus acting as a hollow needle (Kado, 2000). The 
T-pilus has a lumen diameter of 2 nm, compatible with the passage 
of folded protein and ssDNA molecules (Kado, 2000). Alternatively, 
the T-pilus may act by mechanically perforating the host cell wall 
and plasma membrane, thus allowing the entry of the transported 
molecules through a T4SS transport conduit (Llosa et al., 2002). 
That these two possible modes of macromolecule translocation 
do not postulate a plant-specific receptor is consistent with the 
Agrobacterium’s ability to transfer macromolecules to a wide va-
riety of eukaryotic cells, including non-plant hosts (Lacroix et al., 
2006). Another series of studies suggested that T-DNA transfer can 
occur even in absence of detectable levels of T-pilus biogenesis. 
Indeed, substrate transfer through the Agrobacterium T4SS is not 
abolished by the blocking VirB2 polymerization and, thus, inhibition 
of the T-pilus formation (Sagulenko et al., 2001).

A radically different mechanism invoked for the entry of T-DNA 
into the host cell relies upon the formation of protein channels in 
lipidic membrane, composed of the Agrobacterium VirE2 protein 
(Dumas et al., 2001). Such channels may allow the passage of 
macromolecules through host membrane. In addition, the very ef-
ficient and cooperative binding of VirE2 (Citovsky et al., 1989) to 
the T-strand in the host cell cytoplasm may actively pull the T-DNA 
molecule out of the T4SS and/or VirE2 channels, without requir-
ing external energy sources (Grange et al., 2008). The biological 
relevance of these VirE2 activities for the actual transformation 
process remains to be demonstrated in vivo, and potential VirE2-
interacting plant factors that may be involved in this process await 
to be discovered.

Nuclear import

Because the final destination of the T-DNA is the host cell nucleus, 
where it is to be integrated in the host genome, T-DNA targeting to 
the nucleus and passage through the nuclear pore represent an 
important step of the genetic transformation process. The T-DNA 
nuclear import is mediated by bacterial effector proteins, VirD2 
and VirE2, associated with the T-DNA and several host proteins 
that interact with these effectors. This interaction network is sum-
marized in Fig. 3.

The bacterial endonuclease component VirD2, which is cova-

lently associated with the 5’ end of the exported T-strand molecule 
(Ward and Barnes, 1988; Young and Nester, 1988) (see Fig. 1), 
interacts directly with the plant importin a, a component of the cel-
lular nuclear import machinery, that mediates the nuclear import of 
VirD2 (Ballas and Citovsky, 1997), and, by implication its associated 
T-strand. Two nuclear localization signals (NLSs) are found within 
VirD2, a monopartite amino terminal NLS and a bipartite carboxyl 
terminal NLS (Herrera-Estrella et al., 1990; Howard et al., 1992; 
Tinland et al., 1992), but only the latter is necessary for the VirD2 
nuclear import (Howard et al., 1992; Ziemienowicz et al., 2001). 
In addition, two other plant proteins interacting with VirD2 might 
modulate its nuclear localization: an Arabidopsis cyclophilin that 
may further assist VirD2 nuclear import (Deng et al., 1998); and a 
tomato type 2C serine/threonine protein phosphatase is thought 
to dephosphorylate VirD2 and thereby inhibit its nuclear import, 
although the role of VirD2 phosphorylation in the nuclear import 
has not been demonstrated directly (Tao et al., 2004). 

The VirE2 nuclear import is more complex. Unlike VirD2, VirE2 
does not interact efficiently with importin a (Citovsky et al., 2004), 
although recent data have detected such interaction with one spe-
cific member of this protein family (Bhattacharjee et al., 2008) (see 
below). Instead, it relies on the presence of the VirE2 interacting 

Fig. 3. Network of interactions between translocated Agrobacterium 
effectors and host cell proteins. Blue rectangles, host factors; yellow 
circles, bacterial effector proteins; red circles, bacterial effector proteins 
directly associated with the T-strand. For other details, see text.
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was accelerated in presence of exogenous VIP1 and inhibited by 
proteasome-specific inhibitors, and was dependent of the presence 
of a functional VBF (Zaltsman et al., 2013).

Integration of Transferred-DNA

Recent discoveries have substantially changed our vision of 
the mechanism of Agrobacterium T-DNA integration into the host 
genome (Tzfira et al., 2004a). Generally, studies of T-DNA inte-
gration in plant, in yeast, and in vitro experimental systems have 
demonstrated that integration is largely dependent on the host 
DNA repair machinery and relegated comparatively minor roles 
in the integration process to bacterial T-DNA-associated proteins, 
which likely function as molecular links between the T-DNA and 
host factors. For example, initially VirD2 was thought to act as an 
integrase or a ligase (Pansegrau et al., 1993; Tinland et al., 1995). 
However, later studies have shown that host factors, but not VirD2, 
mediate T-DNA ligation in an in vitro system (Ziemienowicz et al., 
2000), whereas any role that VirD2 might play in integration would 
be by recruiting these host factors.

Additional evidence for the involvement of cellular factors in T-
DNA integration derives from the use of Saccharomyces cerevisiae 
as a heterologous host for Agrobacterium (Bundock et al., 1995). 
In yeast, foreign DNA integration can occur either by non-homol-
ogous end joining (NHEJ) or by homologous recombination (HR), 
depending on the presence in the integrating DNA of sequences 
homologous to a target sequence in the yeast genome. By using 
yeast mutants impaired in either in HR or in NHEJ machinery, it is 
possible to direct T-DNA integration toward one of those pathways 
(Van Attikum et al., 2001; Van Attikum and Hooykaas, 2003). The 
involvement of specific host proteins in each of these T-DNA in-
tegration pathways was demonstrated. For HR, two host proteins 

were required: Rad52, an ssDNA-binding protein, and Rad51 
involved in homologous DNA pairing and strand exchange reaction 
(Van Attikum and Hooykaas, 2003). For NHEJ, the following host 
proteins were necessary: Ku70, a double-stranded DNA-binding 
protein that functions in heterodimer with Ku80, and Mre11, which 
functions in complex with Rad50 and Xrs2 and has an exonuclease 
activity, Sir4, and Lig4, a DNA ligase (Van Attikum et al., 2001). In 
a double mutant disrupted in Rad52 and Ku70, the two key genes 
in the HR and NHEJ pathways, respectively, no T-DNA integration 
at all was observed (Van Attikum and Hooykaas, 2003). 

How the requirements for T-DNA integration in yeast compare 
to integration in plants, the natural Agrobacterium hosts? In higher 
plants, NHEJ is the main pathway of foreign DNA integration (Fig. 
4), whereas HR occurs only at very low rates (Gheysen et al., 
1991; Mayerhofer et al., 1991). Several studies involving plant 
mutants in genes of the HR and NHEJ pathways have supported 
their overall role in T-DNA integration, although the specific results 
were sometimes difficult to interpret. In Arabidopsis, AtLig4 and 
AtKu80 were reported to be required for T-DNA integration in two 
studies (Friesner and Britt, 2003; Li et al., 2005b), but found to be 
dispensable for integration in another study (Gallego et al., 2003). 
These discrepancies might originate in the different techniques 
used for transformation, i.e., floral-dipping versus root tissue re-
generation, or reflect more complex and redundant pathways for 
HR and NHEJ in plants. In addition, a mutant in the AtRAD5 gene, 
closely related to the yeast RAD51 gene involved in HR, displayed 
a reduced susceptibility to Agrobacterium infection (Sonti et al., 
1995). In rice, plant lines down-regulated in Ku70, Ku80, and Lig4 
all showed strongly reduced rates of overall T-DNA integration; 
interestingly, the rate of HR integration was relatively increased in 
these three mutant rice lines (Nishizawa-Yokoi et al., 2012). The 
T-DNA integration pathway in plants can also be manipulated by 

Fig. 4. Model of transferred DNA (T-DNA) integration in host cell chromatin. 
The T-complex is uncoated from its associated proteins (1), and converted to a 
double-stranded form that associates with host DNA repair machinery compo-
nents, such as DNA PK, Ku70 and Ku80 (2). It then interacts with a double strand 
break (DSB) in the host DNA (3), and is integrated into the host genome by a host 
ligase activity (4).

ectopic expression of the components of the HR pathway. 
For example, transgenic Arabidopsis expressing the yeast 
RAD54 displayed a significant increase in frequency of T-
DNA integration by HR (Shaked et al., 2005). Intriguingly, 
a recent study reported that down-regulation of XRCC4, a 
major component of the NHR pathway, in Arabidopsis and 
Nicotiana benthamiana, resulted in increased rates of T-
DNA integration, whereas the opposite effect was observed 
in plants overexpressing XRCC4 (Vaghchhipawala et al., 
2012). The same study also reported interaction between 
XRCC4 and the Agrobacterium VirE2 protein, which was 
suggested to prevent efficient DSB repair in order to increase 
the probability for the T-DNA to be targeted to unrepaired 
DSBs (Vaghchhipawala et al., 2012). 

Besides DNA repair machinery, host proteins that are 
mainly involved in chromatin structure or remodeling are 
important for T-DNA integration. Core histones, particularly 
H2A, are required for efficient T-DNA integration in the host 
genome (Mysore et al., 2000; Yi et al., 2002), which may 
be linked to the ability of VIP1 to bridge between histones 
and the T-complex during chromatin targeting (see above) 
(Lacroix et al., 2008; Li et al., 2005a; Loyter et al., 2005). 
Also, Arabidopsis mutants deficient in chromatin assembly 
factor 1 (CAF-1) were more sensitive to stable transfor-
mation by Agrobacterium than the wild-type plants (Endo 
et al., 2006); CAF-1 is involved in chromatin remodeling, 
and might represent a factor limiting T-DNA integration. 
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for transgene expression and the presence of integrated T-DNA.
Surprisingly,∼30% of the plants contained silenced transgenes.
Similarly, Francis and Spiker [46] used PCR to identify T-DNA-
containing transgenic Arabidopsis plants from populations of
non-selected plants. These authors also noted that ∼30% of the
plants containing T-DNA did not express transgenemarkers, and
proposed that selection bias could account for the previously
observed non-random pattern of T-DNA integration into the
Arabidopsis genome.

Recently, our laboratory has investigated the random-
ness of T-DNA integration under non-selective conditions
[46a]. We infected Arabidopsis suspension cells with a non-
tumorigenic (“disarmed”) Agrobacterium strain harboring a
binary vector containing a gusA-intron gene within the T-DNA.
After 2 days co-cultivation, we added antibiotics to kill the
bacteria, and continued to monitor the percentage of cells
expressing GUS activity for 6 weeks. At no time did we put
pressure on the cells to select for transformants. At the end of
6 weeks (when approximately 25% of the cells still showed
GUS activity), we extracted DNA from the cell cultures and
isolated T-DNA/plant DNA junctions.We first placed these 117
junctions on the Arabidopsis chromosomal map, and noted that
their distribution was relatively random. In particular, a
substantial number of T-DNA insertions occurred in centro-
meres and telomeres (Fig. 1). We next compared the
distribution of T-DNA insertions into various “genic” regions
of the Arabidopsis genome (within introns, exons, 5′- and 3′-
UTRs, intergenic regions, and within highly repetitive DNA
sequences). Contrary to what had previously been seen, the
distribution of T-DNA insertions in our non-selective library
matched very closely that of the relative proportions of these
sequences in the Arabidopsis genome (Table 1). Thus, when
we recovered T-DNA/plant DNA junctions under non-
selective conditions, the properties of pre-integration target
sites resembled those of the Arabidopsis genome in general.

These results suggest that T-DNA integrates randomly with
respect to particular DNA sequences in the genome.

We generated a macroarray containing sequences flanking
the T-DNA pre-integration sites and used these arrays to
investigate the pre-transformation transcriptional activity of
these sites in Arabidopsis suspension cells. The array also
contained sequences flanking the T-DNA pre-integration sites
from the selective T-DNA library of Szabados et al. [23],
and random Arabidopsis sequences. As hybridization probes,
we used cDNA representing total cellular RNA, cDNA
representing polyA+ RNA, and nuclear run-on transcripts.
The results of these experiments indicated that T-DNA pre-
integration sites are not transcribed to any greater extent than
are random Arabidopsis sequences (Fig. 2). Further analyses,
using mcrBC enzyme in vitro to degrade methylated DNA,
indicated that T-DNA target sites do not show preferential
hypo- or hypermethylation.

Fig. 1. Chromosomal location of T-DNA insertions in the non-selective library. T-DNA/plant DNA junctions were isolated (using inverse PCR or adapter-ligation
PCR) from infected Arabidopsis suspension cell cultures that were grown without selection for expression of T-DNA-encoded genes. The T-DNA insertion sites were
positioned on the five chromosomes (marked I–V) using TAIR chromosome map tools. Gray bars indicate the sites of centromeres.

Table 1
Classes of T-DNA insertion sites, isolated under non-selective conditions, in the
Arabidopsis genome

Genic properties % of junctions
isolated under
non-selective
conditions

Number of junctions
isolated under
non-selective
conditions

Proportion
of the total
genome
(%)

Coding regions 43% 50 44.4%
Exons 32.5% 38 28.8%
Introns 10.3% 12 15.6%
Non-coding regions 57% 67 55.6%
5′ upstream (−500 bp) 9.4% 11 11.0%
3′ downstream (+500 bp) 11.1% 13 11.0%
Intergenic regions 27.4% 32 23.6%
Repetitive sequences a 9.4% 11 10.0%
All mapped 100% 117 100%

a Includes centromeric and telomeric regions, large rDNA repeats, and 5S
rDNA repeats.
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Taken together, our results, those of Dominguez et al. [44,45]
and of Francis and Spiker [46] indicate that T-DNA integration
may be truly random, at least with respect to particular sequences,
gene expression patterns, and DNA methylation. It is likely,
therefore, that “selection bias” influenced previous results
indicating preferential T-DNA target sites.

3. Lessons from studies of transposon and viral integration

It is instructive to compare the features of T-DNA pre-
integration sites with those of other “mobile” elements,
including transposons and integrating viruses. The molecular
biology of transposable element and retrovirus integration has
been intensively studied and the mechanisms and characteristics
of their insertion and transposition have been well described
(reviewed [47–49]). These are good model systems for
understanding how chromatin and DNA structure of the target
sites in the host cells affect the site selection for foreign DNA
integration. Table 2 summarizes the characteristic features of
integration sites for various transposons and viruses.

Ty elements of Saccharomyces cerevisiae serve as some
of the best-understood models of retrotransposon integration.
Ty1 prefers upstream sequences of transfer RNA (tRNA) or

other PolIII transcribed genes for integration [50]. Ty3 also
targets the upstream sequences of tRNAs, 1–4 base pair from the
transcription start site, and is mediated by interaction between
the Ty3 pre-integration complex (PIC) and the Pol III tran-
scription factor (TF) IIIB/TFIIIC [51]. In contrast, Ty5 spe-
cifically targets transcriptionally ‘silent’ regions of the yeast
genome, such as telomeres or the silent mating locus HM. Target
site selection by Ty5 is mediated by binding of Ty5 integrase to
the transcription silencing protein Sir4p, which binds DNA in

Fig. 2. Expression profiling of T-DNA pre-integration target sites. (A) DNA
array containing cloned target site fragments from the non-selective library
(upper left quadrant), the selective library (lower left quadrant), and randomly
sheared Arabidopsis DNA (upper right quadrant) was hybridized with nuclear
run-on transcription probes generated from isolated suspension cell nuclei. (B)
Graphical representation of the expression levels of the cloned fragments. Note
that the over-all expression levels of T-DNA target sites in the non-selective
library is similar to that of random Arabidopsis DNA fragments, whereas target
sites isolated from the selective library are more highly transcribed than are
random Arabidopsis DNA fragments.

Table 2
Characteristic features of integration sites of various transposons and viruses

Element Element
type

Host
organism

Preferential targeting
regions

Reference

Ty1 LTR
retrotransposon

Yeast 750 bp window
upstream of
Pol III genes

[123]

Ty3 LTR
retrotransposon

Yeast Transcription
start of Pol III
genes

[54]

Ty5 LTR
retrotransposon

Yeast Heterochromatin
(telomeres 2and
silent mating type
loci

[55]

Tf1 LTR
retrotransposon

Fission
yeast

Upstream regions
of Pol II
transcribed genes

[56]

P element Transposable
element

Drosophila Palindromic
structure, high
GC content

[50]

Ac/Ds
element

Transposable
element

Arabidopsis Translational
start codon, high
GC content

[124]

Mu Transposable
element

Maize 5′ untranslated
region (UTR), high
GC content

[58]

Tc/mariner DNA
transposon

C. elegans Intron, AT rich
sequences

[125]

Sleeping
Beauty

DNA
transposon

Human,
others

Palindromic AT
repeats, no
preference
for transcribed
regions

[126]

LINE Non-LTR
retrotransposon

Human,
others

Targeted
widely, rearranged
integration sites

[127]

HIV-1 Lentivirus Human Transcriptionally
active genes

[60]

MLV Retrovirus Human Promoters of active
genes

[61]

ASLV Retrovirus Human No preference [62]
HTLV-1 Retrovirus Human AT-rich regions, no

preference for
transcribed regions

[63]

Adeno-
associated
virus

Parvovirus Human,
mouse

Active genes [67]

Tos17 LTR
retrotransposon

Rice Preference for
euchromatic,
genic regions

[128]

CACTA DNA
transposon

Many plant,
animal, and
fungal
species

Preference to
insert in or
near genes

[129]
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linked to those cells that are most susceptible to Agrobacterium-
mediated transformation, and this member of the HTA gene
family is the only one that is greatly induced both by wounding
and upon infection of transformation-competent Agrobacterium
strains [75,76].

These data suggested that the expression of HTA1 rather than
a specific feature of the HTA1 protein determined its importance
in T-DNA integration. To test this hypothesis, we expressed
various HTA cDNAs, under control of a strong constitutive
CaMV 35S promoter, or various HTA genomic clones in the
rat5 background, and assayed these plants for restoration of
transformation competence. Expression of all tested HTA
cDNAs resulted in restoration of transformation sensitivity,
although cDNAs encoding histone proteins closer in amino acid
sequence to that of histone H2A-1 were more proficient in
accomplishing this. Of all the genomic clones tested, only
expression of HTA1 could complement the rat phenotype of
rat5 [75]. These results suggested that although all histone
H2A proteins tested could compensate for loss of H2A-1, the
expression patterns of these various other HTA genes precluded
phenotypic complementation in cells most susceptible to
Agrobacterium-mediated transformation. Thus, the expression
patterns of various histone H2A genes appear to be an important
factor in determining susceptibility to transformation.

Agrobacterium-mediated transformation is inhibited in the
rat5 mutant because T-DNA cannot efficiently integrate into
the plant genome [70]. We were curious whether over-
expression of HTA1 in otherwise wild-type cells would
consequently increase root transformation susceptibility. We
generated numerous transgenic Arabidopsis lines that over-
expressed either the HTA1 cDNA or genomic DNA, and
determined that over-expression of HTA1 could increase
transformation susceptibility [70,76]. Because our work with
the rat5 (HTA1) mutant indicated that expression of this histone
gene was important for T-DNA integration, we initially
speculated that this increase in transformation may have
resulted from increased T-DNA integration. However, several
unpublished observations from our lab argued against this
explanation: (1) When HTA1 over-expressing plants were re-
infected by Agrobacterium and the extent of integration of the
second T-DNA was monitored by DNA blot analysis of tissue
grown under non-selective conditions as described above, no
consistent increase in integration of this second T-DNA was
observed; (2) re-transformation of HTA1 over-expressing plants
increased transient as well as stable transformation frequencies
(remember that transient transformation does not require T-
DNA integration); and (3) transformation of HTA1 over-
expressing plants with an Agrobacterium strain that encodes a
VirD2 protein with greatly decreased ability to integrate T-DNA
also increased transient transformation frequencies.

We therefore speculated that increased expression of HTA1
may increase transgene expression, thus resulting in increased
ability to detect and recover transgenic events. To investigate
the effect of HTA1 upon transgene expression, we co-
electroporated into tobacco BY-2 protoplasts a gusA reporter
gene with either an empty vector, or a plasmid that would over-
express HTA1. Fig. 3 shows that over-expression of HTA1

results in a 2- to 3-fold increase in the percentage of cells
expressing detectable GUS activity 18–24 h after transfection.
Because these experiments did not involve Agrobacterium-
mediated transformation, and because only transient expression
of a reporter gene was monitored, our results indicate that over-
expression of HTA1 increases transgene expression. We are
currently investigating whether this increase results from direct
involvement of histone H2A-1 in increasing transcription, or
whether H2A-1 merely serves to protect the introduced DNA
from nuclease degradation, thereby permitting the transfected
DNA to survive and express to a greater extent.

5. Is HTA1 the only histone gene that can enhance
transformation when over-expressed?

The Arabidopsis genome contains 46 genes that encode 33
different core histone proteins (13 H2A [HTA], 11 H2B [HTB],
8 H3 [HTR], and 1 H4 [HFO] proteins; www.chromdb.org). We
generated numerous lines of transgenic Arabidopsis that over-
expressed various representative core histone cDNAs and
examined these transgenic lines for root transformation
susceptibility. A line was considered hyper-susceptible if it
transformed with at least twice the frequency as did wild-type
plants. Table 3 shows that over-expression of all seven tested
HTA cDNAs, and the one HFO cDNA, resulted in increased
transformation efficiency of the derived transgenic lines.
However, over-expression of any of seven representative HTB
or three of the four representative HTR cDNAs did not affect
transformation frequency. Thus, HTA1 is only one of several
Arabidopsis histone genes that, when over-expressed, can
sensitize plants to Agrobacterium-mediated transformation.

Fig. 3. Expression of a HTA1 cDNA increases the percentage of transfected cells
expressing detectable GUS activity. A gusA reporter gene, under control of a
CaMV 35S promoter, was co-electroporated into tobacco BY-2 cells with either
a control plasmid (an “empty vector” containing the CaMV 35S promoter but no
gene), or a plasmid expressing a HTA1 cDNA under control of a CaMV 35S
promoter. Relative GUS activity was estimated by counting the percentage of
cells that stained blue with X-gluc. For each electroporation experiment, a
minimum of 1000 cells were scored; each experiment was repeated three times.
Note that co-expression of the HTA1 cDNA increases the percentage of cells
expressing detectable GUS activity approximately 3-fold.
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Abstract

Agrobacterium tumefaciens transfers DNA (T-DNA) to plant cells, where it integrates into the plant genome. Little is known about how
T-DNA chooses sites within the plant chromosome for integration. Previous studies indicated that T-DNA preferentially integrates into
transcriptionally active regions of the genome, especially in 5′-promoter regions. This would make sense, considering that chromatin structure
surrounding active promoters may be more “open” and accessible to foreign DNA. However, recent results suggest that this seemingly non-
random pattern of integration may be an artifact of selection bias, and that T-DNA may integrate more randomly than previously thought. In this
chapter, I discuss the history of these observations and the role chromatin proteins may play in T-DNA integration and transgene expression.
Understanding how chromatin conformation may influence T-DNA integration will be important in developing strategies for reproducible and
stable transgene expression, and for gene targeting.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Agrobacterium tumefaciens is a Gram-negative soil bacte-
rium which, in nature, incites the tumorous disease Crown Gall
on a wide variety of dicotyledonous plants and some
Gymnosperms [1–4]. The molecular mechanism of virulence
involves the processing of a region of DNA (the transferred, or
T-DNA region) from a resident tumor inducing (Ti) plasmid,
and the transfer of T-DNA to the plant. In addition to T-DNA
transfer, a number of virulence (Vir) proteins are also delivered
to the plant cell. These Vir proteins include VirD2 covalently
attached to the 5′ terminus of the single-stranded T-DNA (the
T-strand), the single-strand DNA binding protein VirE2, and
several other proteins such as VirD5, VirE3, and VirF. T-DNA
traverses the plant cytoplasm, most likely as a complex with
bacterial Vir proteins and plant proteins (the “T-complex”),
targets the nucleus, and eventually integrates into the plant
genome. Expression of T-DNA-encoded oncogenes results

in tumors (for recent reviews, see [5–7]). During the past
∼20 years, scientists have harnessed the ability of Agrobac-
terium to deliver DNA to plant cells by first deleting the
oncogenes, second by inserting within T-DNA selectable
marker genes to identify transformed cells, and third by
inserting genes of interest that will confer novel phenotypes
upon the transformed plants. Thus, transgenic plants have been
generated that express such desirable properties as herbicide
tolerance, viral and insect resistance, modified growth and
developmental characteristics, and altered nutritional value.

T-DNA transfer and integration into the plant genome
requires interaction of the associated Vir proteins with
numerous plant proteins. Many of these interactions occur
early in the transformation process. For example, VirB2, the
major component of the Agrobacterium T-pilus, interacts with
several membrane-localized plant BTI proteins [8]. VirD2
interacts with the nuclear “shuttle” protein importin α [9], and
VirE2 interacts with VIP1, a plant-encoded protein which may
also be involved in nuclear targeting of the T-complex [10,11].
Similarly, many interactions of Vir proteins with plant proteins
may directly influence T-DNA integration into the plant
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Figure 1
General model of Agrobacterium-mediated transformation of a plant cell. See text for details.

question: How do the bacterium and plant
get together so as to achieve macromolecu-
lar transfer? Specifically, we seek to explore
first, the chemical and physical interactions
between bacterium and host that set the stage
for transfer and second, the mechanisms by
which cellular barriers are breached so as to
facilitate macromolecular transfer.

HOST RECOGNITION

Agrobacterium strains are widely distributed
in nature. Quite capable of thriving in the
soil independent of hosts, most isolates do

not contain a Ti plasmid (e.g., Krimi et al.
2002). Nevertheless, the capacity for a strain
to induce tumors yields a clear selective
advantage in that the tumor produces a
dedicated food source (the opines) for the
inciting bacterium. Yet equally clearly, the ac-
tivities of the bacterium necessary to trans-
form the plant are complex and energetically
taxing. Thus, the commitment by the bac-
terium to the virulence-inducing processes
should be carefully regulated and should occur
only when a competent host is recognized and
available. The first steps in understanding this
control were made in studies that identified
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Summary

Genetic transformation of plants by Agrobacterium,

which in nature causes neoplastic growths, repre-

sents the only known case of trans-kingdom DNA

transfer. Furthermore, under laboratory conditions,

Agrobacterium can also transform a wide range of

other eukaryotic species, from fungi to sea urchins to

human cells. How can the Agrobacterium virulence

machinery function in such a variety of evolutionarily

distant and diverse species? The answer to this ques-

tion lies in the ability of Agrobacterium to hijack fun-

damental cellular processes which are shared by

most eukaryotic organisms. Our knowledge of these

host cellular functions is critical for understanding

the molecular mechanisms that underlie genetic

transformation of eukaryotic cells. This review out-

lines the bacterial virulence machinery and provides

a detailed discussion of seven major biological

systems of the host cell–cell surface receptor arrays,

cellular motors, nuclear import, chromatin targeting,

targeted proteolysis, DNA repair, and plant immunity

– thought to participate in the Agrobacterium-

mediated genetic transformation.

Introduction

The ability of Agrobacterium to genetically transform a

wide variety of plant species has earned it a place of

honour in basic plant research and modern plant

biotechnology. The transformation results from the pro-

duction of a single-stranded copy (T-strand) of trans-

ferred DNA (T-DNA) molecule by the bacterial virulence

machinery, its transfer into the host cell followed by inte-

gration into the host genome (for recent reviews, see

Gelvin, 2003; McCullen and Binns, 2006). While wild-

type Agrobacterium species are known as the causative

agents of the ‘crown gall’ disease in a rather limited

number of economically important plant species (e.g.

Burr et al., 1998), recombinant Agrobacterium strains are

the tool-of-choice for production of genetically modified

plants in a very broad range of species (Gelvin, 2003).

Furthermore, Agrobacterium, at least under laboratory

conditions, can transform other eukaryotic species,

ranging from fungi to human cells (reviewed in Lacroix

et al., 2006a), which holds great promise for the future of

biotechnology of non-plant species. This remarkably

wide host range of Agrobacterium, which is in contrast to

the relatively narrow host range of many other bacterial

pathogens that are typically limited to specific species or

genera – raises a question of how the Agrobacterium
virulence machinery can function in evolutionarily distant

and diverse species, crossing the interkingdom bound-

aries. The answer most likely lies in the ability of Agro-
bacterium to hijack fundamental cellular processes which

are shared by organisms of different kingdoms. Thus, the

Agrobacterium-mediated genetic transformation process

relies both on the activity of the bacterial virulence pro-

teins which are required for the early stages of the trans-

formation process (e.g. host recognition and attachment,

and T-strand production, Fig. 1), and on the activity of

diverse host cellular proteins and systems which are

required in the later stages of the transformation process

(e.g. nuclear import, integration and expression of the

T-DNA, Fig. 1). Here, we summarize the bacterial viru-

lence machinery and then discuss in detail seven major

biological systems of the host cell that have been impli-

cated in the Agrobacterium-mediated genetic transforma-

tion. Our knowledge of these basic cellular functions,

which is critical for understanding the molecular mecha-

nisms that underlie genetic transformation of eukaryotic

cells, is enhanced using Agrobacterium as a unique and

powerful experimental tool.
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in Agrobacterium-mediated genetic transformation

BENOÎT LACROIX* and VITALY CITOVSKY 

Department of Biochemistry and Cell Biology, State University of New York, Stony Brook, NY, USA

ABSTRACT     The genetic transformation of plants mediated by Agrobacterium tumefaciens repre-
sents an essential tool for both fundamental and applied research in plant biology. For a successful 
infection, culminating in the integration of its transferred DNA (T-DNA) into the host genome, Agro-
bacterium relies on multiple interactions with host-plant factors. Extensive studies have unraveled 
many of such interactions at all major steps of the infection process: activation of the bacterial 
virulence genes, cell-cell contact and macromolecular translocation from Agrobacterium to host 
cell cytoplasm, intracellular transit of T-DNA and associated proteins (T-complex) to the host cell 
nucleus, disassembly of the T-complex, T-DNA integration, and expression of the transferred genes. 
During all these processes, Agrobacterium has evolved to control and even utilize several pathways 
of host-plant defense response. Studies of these Agrobacterium-host interactions substantially 
enhance our understanding of many fundamental cellular biological processes and allow improve-
ments in the use of Agrobacterium as a gene transfer tool for biotechnology. 

KEY WORDS: Agrobacterium, genetic transformation, macromolecular transport, T-DNA expression

Introduction

Agrobacterium tumefaciens has served as an essential tool 
for research in plant biology and biotechnology in the last several 
decades (Newell, 2000). The exceptional ability of Agrobacterium to 
transfer a part of its own DNA to the host plant genome represents a 
rare case of naturally occurring horizontal gene transfer, and is the 
basis of its use for transgenesis (Gelvin, 2003; Tzfira and Citovsky, 
2006). This capability relies on a specialized plasmid, the tumor-
inducing (Ti) plasmid, that contains two essential regions required 
for DNA transfer to the host cell (Fig. 1). The presence of the Ti 
plasmid is responsible for the virulence of Agrobacterium, and a 
non-virulent strain may become virulent by acquiring this plasmid 
(Lacroix, 2013a). The first essential region is the transferred DNA 
(T-DNA) itself; it is delimited by two direct repeat sequences of about 
25 base pairs, termed the left and right borders (LB and RB). These 
borders are necessary and sufficient to define a functional T-DNA 
element, while the transferred sequence between them may be 
modified at will. The T-DNA is not transported to the host plant cell 
as a double-stranded molecule; instead, VirD2 and VirD1, protein 
products of the Ti plasmid virulence region (see below), form a 
nuclease that nicks LB and RB, and a mobile single-stranded (ss) 
T-DNA form, termed the T-strand, is generated by strand replace-
ment synthesis (Gelvin, 2003; Tzfira and Citovsky, 2006) (Fig. 1).
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The second essential region, the virulence (vir) genes, com-
posed of seven major loci (virA, virB, virC, virD, virE,virF, and 
virG), encodes most of the bacterial protein machinery required for 
virulence (Fig. 1) (Zupan and Zambryski, 1995). In the wild-type 
Agrobacterium, the T-DNA contains about fifteen genes that are 
expressed in the transformed plant cells and lead to the crown-gall 
disease (Escobar and Dandekar, 2003; Lacroix, 2013a). A subset 
of the T-DNA genes encodes proteins involved in plant growth 
regulator synthesis and sensitivity, which induce uncontrolled host 
cell division and result in the visible symptoms of Agrobacterium 
infection, i.e., tumors or crown galls. Other T-DNA gene products 
are involved in the production of opines, small secreted molecules 
that Agrobacterium cells use as source of carbon and nitrogen 
(Hooykaas, 1994).
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