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Will you let me use your nucleus? How
Agrobacterium gets its T-DNA expressed in the
host plant cell’

Benoit Lacroix, Jianxiong Li, Tzvi Tzfira, and Vitaly Citovsky

Abstract: Agrobacterium is the only known bacterium capable of natural DNA transfer into a eukaryotic host. The genes
transferred to host plants are contained on a T-DNA (transferred DNA) molecule, the transfer of which begins with its
translocation, along with several effector proteins, from the bacterial cell to the host-cell cytoplasm. In the host cytoplasm,
the T-complex is formed from a single-stranded copy of the T-DNA (T-strand) associated with several bacterial and host
proteins and it is imported into the host nucleus via interactions with the host nuclear import machinery. Once inside the
nucleus, the T-complex is most likely directed to the host genome by associating with histones. Finally, the chromatin-
associated T-complex is uncoated from its escorting proteins prior to the conversion of the T-strand to a double-stranded
form and its integration into the host genome.
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Résumé : Agrobacterium est la seule bactérie capable de transférer naturellement de I’ADN vers un hote eucaryote. Les
genes transférés vers les plantes hotes sont situés sur I’ADN-T (ADN transféré), dont le transfert commence par sa translo-
cation, en méme temps que d’autres protéines effectrices, de la cellule bactérienne vers le cytoplasme de la cellule hote.
Dans le cytoplasme, le complexe-T est formé de I’ADN-T simple brin (brin-T) associé avec plusieurs protéines de la bac-
térie et de 1’hote, et est importé dans le noyau via des intéractions avec la machinerie d’importation nucléaire de I’hote. A
I’intérieur du noyau, le complexe-T est tres probablement dirigé vers le génome par association avec des histones. Finale-
ment, le complexe-T associ€ a la chromatine est depouillé de ses protéines accompagnatrices avant la conversion du brin-

T en une forme double brin, et son intégration dans le génome de I’hote.

Mots clés : Agrobacterium, ADN-T, importation nucléaire, intégration.

[Traduit par la Rédaction]

Introduction

The genus Agrobacterium comprises Gram-negative phy-
topathogenic bacteria, which infect plants via a unique
mechanism of DNA transfer and integration of the trans-
ferred DNA (T-DNA) into the host-plant genome. The T-
DNA carries gene-encoding enzymes implicated in growth-
regulator synthesis that induce uncontrolled tissue prolifera-
tion, and enzymes responsible for the synthesis of opines,
which are molecules that are secreted into the environment
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and can be used by the bacteria as a source of carbon and
nitrogen (Gelvin 2000, 2003b; Tzfira and Citovsky 2002;
Zupan et al. 2000). These modifications of plant cell growth
and division and of cell metabolism provide an environment
favorable to the proliferation of Agrobacterium. Depending
upon the nature of the genes being transferred, the resultant
disease will have different symptoms; for example, A. fume-
faciens causes a neoplastic growth (crown gall), whereas the
related species A. rhizogenes induces an abnormal prolifera-
tion of roots (hairy root) (Escobar and Dandekar 2003; Nils-
son and Olsson 1997). The natural host range of
Agrobacterium species is rather broad among higher plants,
and the number of plant species successfully transformed by
Agrobacterium under laboratory conditions continues to rise
(Newell 2000). Recently, T-DNA transfer has also been
demonstrated to non-plant hosts, such as yeast (Bundock et
al. 1995; Piers et al. 1996), various filamentous fungi (de
Groot et al. 1998; Michielse et al. 2005), cultivated mush-
rooms (de Groot et al. 1998), and even cultured human cells
(Kunik et al. 2001).

The mechanism of DNA transfer has been studied exten-
sively with A. tumefaciens and is described in several recent
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reviews (Gelvin 2000, 2003b; Tzfira and Citovsky 2002;
Zupan et al. 2000). Briefly, the transformation process is in-
itiated by the expression of a subset of Agrobacterium viru-
lence (vir) genes located on a specialized Ti (tumor-
inducing) plasmid and primarily induced by small phenolic
compounds and sugars produced by wounded plant cells, via
a VirA/VirG 2-component regulatory system. Subsequently,
a DNA segment (T-DNA) is excised from the Ti-plasmid by
the VirD2/VirD1 endonuclease complex, producing a single-
stranded T-DNA (T-strand) that corresponds to the nontran-
scribed strand of T-DNA through a strand-replacement
mechanism. The T-DNA segment is defined by its 2 borders,
25-bp direct repeats, and its transfer is not dependent on the
nature of the DNA sequence between them. Consequently,
the native T-DNA genes can be replaced at will by genes of
interest, constituting the basis for the biotechnological uses
of Agrobacterium for plant genetic transformation. The T-
strand, with VirD2 covalently linked at its 5" end, is then
translocated to the plant cell via a type IV secretion sys-
tem (T4SS) composed of the VirB and VirD4 proteins
(Christie 2004). Other bacterial virulence proteins, namely
VirE2, VirE3, VirF, and VirD5, are independently exported
to the host plant cell, where they perform their respective
functions (see below). After the T-DNA enters the plant-
cell cytoplasm, the infection process proceeds in 4 major
steps. The formation and nuclear import of the T-complex
(T-strand with its cognate bacterial and host-plant proteins)
is followed by the targeting of the T-DNA molecule to the
site of integration. The T-strand is then uncoated from its
escorting proteins, which occurs inside the nucleus by tar-
geted proteolysis, and the T-strand is converted into a
double-stranded molecule that is integrated into the host
genome. All of these events rely on the cooperation be-
tween bacterial factors and components of the host cellular
and nuclear machineries (Gelvin 2000, 2003b; Tzfira and
Citovsky 2002).

In this paper, we focus on the final steps of the infection
process, i.e., those occurring inside the plant cell and in
which the functions of the host nucleus are implicated. Spe-
cifically, some of the most important nucleus-related func-
tions, e.g., protein nuclear import, intranuclear transport,
intranuclear targeted proteolysis, DNA repair and recombi-
nation, and gene expression, are required to achieve expres-
sion of the T-DNA in the host cell.

Nuclear import of the T-DNA complex and
associated proteins

Increasing evidence suggests that the VirD2-conjugated
T-strand (immature T-complex) and VirE2, along with other
effector proteins, are exported independently to the host
plant cell’s cytoplasm where the formation of mature T-
complex occurs by association of the T-strand with bacterial
proteins. First, T-DNA transfer from a virE2 mutant Agro-
bacterium strain can be complemented by strains containing
virE2 but no T-DNA (Otten et al. 1984). Second, expression
of VirE2 in plant cells can complement the virulence of an
Agrobacterium strain lacking the virE2 gene (Citovsky et al.
1992; Gelvin 1998). More recently, independent transloca-
tion of VirE2 from Agrobacterium to plant cell, as well as
of other Vir proteins, through the VirB/VirD4 channel was
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demonstrated directly using a functional genetic assay (Ver-
gunst et al. 2000). Subsequently, mature T-complex forma-
tion begins with the association of the VirD2-conjugated T-
strand with the VirE2 molecules, in the plant-cell cytoplasm
(Fig. 1, step 1). Indeed, VirE2 molecules bind cooperatively
and nonspecifically to single-stranded DNA with high affin-
ity (Citovsky et al. 1989). The structure of a bacteriophage
M13 single-stranded DNA associated with purified VirE2
was examined by scanning transmission electron microscopy
and single-particle image processing methods (Abu-Arish et
al. 2004; Citovsky et al. 1997). The discovered structure was
a rigid coiled filament, showing a hollow helical structure
with an outer diameter of 12.8-15.7 nm (Abu-Arish et al.
2004; Citovsky et al. 1997). Maturation of the T-complex is
likely to occur very quickly after the T-DNA enters the
host-cell cytoplasm, because of the high affinity of VirE2 to
single-stranded DNA (Citovsky et al. 1989) and consistent
with T-DNA being protected against host-cell nucleases.
Note that when the T-strand and VirE2 are produced inside
the bacterial cell, their association is most likely prevented
by VirEl, a VirE2 chaperone protein (Deng et al. 1999;
Sundberg and Ream 1999). Whereas initially VirEl was
also thought to be implicated in export of VirE2 into the
host cells (Sundberg et al. 1996), later studies argued against
this idea (Vergunst et al. 2003). The outer diameter (12.8—
15.7 nm) of the T-complex, and its extended length, which,
as an example, is estimated at 3.6 pm for a 22-kb T-strand
of the wild-type nopaline-specific strain of A. tumefaciens
(Citovsky et al. 1997; Tzfira et al. 2005), is larger than the
free diffusion limit of the nuclear pore (9 nm), but compat-
ible with the size-exclusion limit of active transport through
that nuclear pore, estimated to be 23 to 39 nm (Forbes 1992;
Pante and Kann 2002). Therefore, the T-complex requires
active transport to enter the nucleus, which is likely medi-
ated by the VirD2 and VirE2 proteins and relies on interac-
tions with the host cells’ nuclear import machinery.

The VirD2 protein, as shown by its in-planta expression
when fused with a reporter gene, is directed to the nucleus
of plant cells (Citovsky et al. 1994; Herrera-Estrella et al.
1990; Howard et al. 1992; Ziemienowicz et al. 2001) as
well as of yeast and animal cells (Guralnick et al. 1996;
Relic et al. 1998; Rhee et al. 2000; Ziemienowicz et al.
1999). VirD2 is thus imported into the host-cell nucleus via
a mechanism that is conserved between diverse organisms.
The VirD2 sequence contains 2 distinct putative nuclear lo-
calization signals (NLSs): a bipartite NLS in its C-terminal
portion and a monopartite NLS in its N-terminal part
(Herrera-Estrella et al. 1990; Howard et al. 1992). Only the
former may be essential for VirD2 and T-DNA nuclear im-
port, as mutations in the C-terminal NLS reduce Agrobacte-
rium virulence, whereas mutations in the N-terminal NLS
have no significant effect (Howard et al. 1992). Consis-
tently, mutations in the C-terminal, but not N-terminal,
NLSs disrupt the nuclear localization of VirD2 in plant cells
(Ziemienowicz et al. 2001). Yeast 2-hybrid experiments
have shown that VirD2 interacts directly with karyopherin o
of Arabidopsis thaliana (Ballas and Citovsky 1997). Karyo-
pherin o (also termed importin o) is a component of the nu-
clear import machinery that recognizes and binds classical
NLS sequences composed of basic amino acid residues. In
most cases, karyopherin o functions in a heterodimer with
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Fig. 1. Nuclear import of the T-complex. The mature T-complex is
formed by association of the single-stranded T-DNA (T-strand)
covalently linked at its 5" end to VirD2 and cooperatively coated
with VirE2 molecules (step 1). VIP1 and VirE3 molecules bind to
VirE2, while plant cyclophilins and PP2C may interact with VirD2
(step 2). The entire T-complex then is directed to the nuclear pore
via by plant karyopherins o that bind nuclear localization signals
(NLSs) of VirD2, VIP1, and VirE3 (step 3). Finally, the T-complex
is transported through the nuclear pore complex (NPC) into the
karyoplasm (step 4).
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karyopherin B (or importin ), which directs the NLS-con-
taining protein-karyopherin o/f complex to the nuclear pore
and into the cell nucleus (Chook and Blobel 2001; Goldfarb
et al. 2004; Powers and Forbes 1994). The nuclear import of
VirD2 may also be regulated by other plant factors; indeed,
a protein from tomato, DIG3, a type 2C serine/threonine
phosphatase (PP2C), was identified via its interaction with
the C-terminal region of VirD2 in a yeast 2-hybrid assay,
and its over-expression inhibited nuclear import of a GUS-
VirD2 fusion in cultured tobacco cells (Tao et al. 2004).
PP2C was suggested to negatively regulate VirD2 nuclear
import, most probably by dephosphorylation of the VirD2
protein; indeed, an Arabidopsis mutant in the PP2C gene
(abil) showed higher susceptibility to Agrobacterium infec-
tion (Tao et al. 2004). Other plant proteins belonging to the
family of plant cyclophilins, namely RocA, RocB and
CypA, have been shown to interact with VirD2 (Deng et al.
1998). Plant cyclophilins represent a large family of proteins
(Romano et al. 2004) generally implicated in protein matu-
ration, but with diverse cellular functions. Cyclophilin role
in T-DNA nuclear import and (or) integration is still un-
known, but these proteins could act by maintaining VirD2
in a conformation compatible with its nuclear import.

VirE2 is also a nuclear protein in plant cells (Citovsky et
al. 1992; Citovsky et al. 1994; Ziemienowicz et al. 2001);

however, it fails to localize to the cell nucleus in non-plant
systems such as yeast and mammalian cells (Citovsky et al.
2004; Guralnick et al. 1996; Rhee et al. 2000; Tzfira and
Citovsky 2001; Tzfira et al. 2001). Further analysis has
shown that VirE2 does not interact directly with host karyo-
pherin o in a yeast 2-hybrid assay (Tzfira et al. 2001). In-
stead, VirE2 interacts with another plant protein, VIP1
(VirE2 interacting protein), a basic leucine zipper (bZIP)
motif protein known to localize in the nucleus (Tzfira et al.
2001). VIP1 itself contains a conventional NLS, interacts
with karyopherin o, and has been suggested to mediate the
nuclear import of VirE2 (Citovsky et al. 2004; Tzfira et al.
2001). This latter function was first demonstrated in yeast
and animal cells in which VIP1 expression induced nuclear
import of GFP-VirE2, and then in plant cells in which low-
ered expression of VIP1 by antisense technology resulted in
impaired nuclear targeting of GUS-VirE2. In the same
VIPl-antisense plants, GUS-VirD2 was still nuclear, show-
ing that VIP1 antisense expression did not interfere with the
nuclear-import machinery in a non-specific fashion (Tzfira
et al. 2001). The formation of ternary complexes in vitro,
comprising VIP1, VirE2, and single-stranded DNA (Fig. 1,
step 2) (Tzfira et al. 2001) and VirE2, VIP1, and karyo-
pherin o (Fig. 1, step 3) (Citovsky et al. 2004) suggests that
VIP1 molecules represent host-derived molecular adaptors
between the T-complex and the karyopherin o-mediated nu-
clear import machinery of the host cell (Citovsky et al.
2004; Tzfira et al. 2001; Ward et al. 2002). The activity of
VIP1 was later shown to be critical for VirE2 and T-complex
nuclear import, because its over-expression or inhibition
modulated the efficiency of T-DNA transfer from bacterial
to plant genomes (Tzfira et al. 2002). It was thus sug-
gested that VIP1, and maybe other plant proteins, may rep-
resent limiting factors for Agrobacterium-mediated
transformation of less susceptible plant species (Gelvin
2003a).

VirE2 and VirD2 may have partially redundant functions
for the nuclear import of T-DNA, as VirE2 was able to me-
diate nuclear import of single-stranded DNA independently
of VirD2 (Gelvin 1998; Zupan et al. 1996), and VirD2 was
also able to mediate nuclear import of short-length single-
stranded DNA segments in the absence of VirE2 (Ziemieno-
wicz et al. 2001). But, under natural conditions, it is more
likely that both VirD2 and VirE2 contribute to the nuclear
import of T-DNA. Potentially, VirD2 is sufficient to direct
the T-DNA to the nuclear pore (Fig. 1, step 3), whereas
VirE2 is required for its passage through the pore (Fig. 1,
step 4), by presenting the T-DNA in a structure compatible
with entry into the nucleus (Ziemienowicz et al. 2001) and
interacting with the host nuclear import machinery to drive
the long and rigid molecule of the T-complex (Abu-Arish et
al. 2004; Citovsky et al. 1997) through the nuclear pore in a
polar manner (Citovsky et al. 1997; Sheng and Citovsky
1996; Tzfira et al. 2000). Thus, the molecular composition
of the T-complex may help determine its polarity: its 5" end
carries a molecule of VirD2, whereas the rest of the T-strand
length is coated by VirE2 molecules (Sheng and Citovsky
1996). Polarity may represent a common feature of nucleic
acid transport through the nuclear pore (Citovsky and Zam-
bryski 1993); for example, nuclear export of a 75S premes-
senger ribonucleoprotein particle in Chironomus tentans
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initiates exclusively at the 5" end of the RNA (Mehlin et al.
1992).

The rigid 3-dimensional conformation of the T-complex
(Abu-Arish et al. 2004; Citovsky et al. 1997) is also
thought to be an important structural feature for its transit
through the nuclear pore, which would most likely be im-
practical for a free T-strand in random-coiled form. VirD2,
the VIP1/VirE2 complex and, by implication, the entire T-
complex are imported into the host nucleus via the karyo-
pherin a-dependent pathway, in which NLS-containing
proteins are recognized by karyopherins o (Jans et al.
2000). This pathway, which is widely conserved in eukary-
otic organisms, also involves karyopherin 3, which binds to
the NLS-containing protein-karyopherin o complex and tar-
gets it to the nuclear pore (Gorlich et al. 1995; Merkle
2001). However, in plants, nuclear import may also occur
by a karyopherin B-independent pathway (Hubner et al.
1999); the role of karyopherin  in T-DNA nuclear import
has not been examined as yet. Inside the nucleus, release
of the imported protein is mediated by Ran, a GTP-binding
protein; nonhydrolyzable GTP analogs inhibit this process.
Consistent with this conserved model, GTPyS inhibited
VirD2 and VirE2 nuclear import in plant cells (Ziemieno-
wicz et al. 2001; Zupan et al. 1996).

A recent report has shown that another translocated Agro-
bacterium protein, VirE3, is able to partially mimic VIP1
activity (Lacroix et al. 2005). Like VIP1, the VirE3 protein
interacted with VirE2 and karyopherin o (Fig. 1, step 2), and
was able to assist in the nuclear import of VirE2 in animal
cells and in VIPI-antisense plant cells. VirE3 itself localized
to the nucleus of mammalian and plant cells, as shown by
its tagging with green fluorescent protein (GFP); nuclear im-
port was mediated by 2 functional NLSs located in the N-
terminal region of the VirE3 protein, which were independ-
ently able to mediate import of the fused [B-glucuronidase
(GUS) reporter protein into the plant-cell nucleus. A mutant
of VirE3, impaired in both NLSs, exhibited mainly cytoplas-
mic localization and was unable to assist in the nuclear im-
port of VirE2 in mammalian cells, while it still interacted
with VirE2. Whereas VirE3 is not essential for the transfor-
mation of tobacco and Kalanchoe leaves in vitro (Kalo-
geraki et al. 2000; Winans et al. 1987), both of which are
highly susceptible to Agrobacterium (Hirooka and Kado
1986), it may play a role in transformation of other plant
species in which there is no active form of VIP1. This idea
is supported by the observation that, in transgenic plants in
which vipl expression has been reduced by antisense tech-
nology and that show reduced susceptibility to Agrobacte-
rium (Tzfira et al. 2001), VirE3 over-expression partially
restored VirE2 nuclear import and susceptibility to
Agrobacterium-mediated genetic transformation (Lacroix et
al. 2005).

Certain strains of A. rhizogenes, which do not encode
VirEl or VirE2, are still able to infect plants and thus to
transfer and integrate DNA into the host genome. However,
those strains contain a gene encoding the GALLS protein,
which has been suggested to fulfill a function similar to
VirE2 (Hodges et al. 2004). Indeed, in experiments of mixed
infections, the pathogenicity of an A. tumefaciens strain mu-
tated in the virEl and virE2 genes was restored by expres-
sion the GALLS gene. Although GALLS shows some
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similarity with TraA, a bacterial strand transferase conjuga-
tion protein (Hodges et al. 2004), and also contains NLS se-
quences, it does not show obvious homology with VirE2,
which implies a potentially different mechanism of action
for GALLS and VirE2. This example suggests that different
species of Agrobacterium may have evolved different strat-
egies to ensure T-DNA nuclear import and further integra-
tion in the host plant cell.

Nuclear import of Agrobacterium T-strand and its associ-
ated proteins is not the only example of macromolecules of
bacterial origin being translocated from phytopathogenic
bacteria to their host plant cells where they are imported to
the nucleus by means of the host plant’s nuclear-import ma-
chinery. For example, members of the AvrBs3 protein fam-
ily, avirulence proteins encoded by different Xanthomonas
species and translocated to their host plant cells via a type
IIT secretion system (T3SS), all contain functional NLSs
and are likely to function in the nucleus of host plants
(Yang and Gabriel 1995). Interaction with karyopherin o
and nuclear localization were demonstrated for AvrBs3
from Xanthomonas campestris (Szurek et al. 2001), and for
AvrXa7 from X. oryzae (Yang et al. 2000). Similarly,
PopP2, an effector protein exported from Ralstonia solana-
cearum to plant cells, is directed to the host nucleus (De-
slandes et al. 2003); moreover, PopP2 is able to mediate
nuclear import of a plant protein, RRS1-R. In the case of
virus—host cell interactions, it is also common for the virus
genome and proteins to be imported into the host-cell nu-
cleus in different structural forms (i.e., as a complete virus
or as a nucleic acid molecule partially or completely de-
pleted of its cognate proteins), which generally interact with
host factors of the nuclear transport pathways (Whittaker
and Helenius 1998; Whittaker et al. 2000).

Uncoating of the T-complex in the host-cell
nucleus

After import of the T-complex into the nucleus, several
steps are necessary before the event of T-DNA integration
into the host genome itself can occur: the coating proteins
of the T-complex have to be at least partially removed and
the T-complex should be targeted to its site of future inte-
gration in the host chromatin. It is still unknown whether T-
DNA is directed to its integration site as a whole T-complex
or after, at least partial, removal of its protein components.

Recently, the VirF protein of Agrobacterium was pro-
posed to play a key role in the T-DNA uncoating (Tzfira et
al. 2004b). VirF is one of the Agrobacterium virulence pro-
teins exported to the plant cell (Vergunst et al. 2000). It was
first identified as a host-range factor because it is only nec-
essary for the Agrobacterium-mediated genetic transforma-
tion of certain host species; moreover, the virF gene is not
present in all Agrobacterium strains. Specifically, octopine
strains of A. tumefaciens were virulent on Nicotiana glauca,
whereas nopaline strains showed a strongly attenuated
virulence (Melchers et al. 1990). This difference was due
to the absence of a functional VirF in the latter strains,
which could be complemented by co-infection with a VirF-
containing strain. It was later shown that over-expression of
VirF in N. glauca transgenic plants restores the virulence of
the nopaline strain (which does not possess virF) and an oc-
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topine mutant deficient in VirF (Regensburg-Tuink and
Hooykaas 1993). In contrast, VirF appears to be an inhibi-
tor of Agrobacterium T-DNA transfer to corn (Zea mays), a
plant species that is difficult to transform by Agrobacterium
(Jarchow et al. 1991).

The first step in understanding VirF molecular function
was the discovery of its interaction with ASK1 (Arabidopsis
Skpl-like) proteins, which are plant homologues of the yeast
Skpl protein (Schrammeijer et al. 2001). Skpl is part of a
class of E3 ubiquitin ligases belonging to the SCF (Skpl-
Cdc53-F-box protein) complexes, which mediate targeted
proteolysis (Cardozo and Pagano 2004). VirF contains an F-
box domain found in F-box proteins known as receptors that
direct specific target proteins to the SCF complex and ulti-
mately to proteasomal degradation (Kipreos and Pagano
2000). This suggests a role for VirF, as a part of the VirF-
containing SCF (SCFVirF) complex, in activating the host
pathway for targeted proteolysis during the transformation
process. Consistent with the functional role of the F-box do-
main of VirF in formation of the SCFVirF complex, VirF
lacking its N-terminal portion that contains the F-box motif
did not interact with ASKI.

The function of VirF in targeting the host and bacterial
protein components of the T-complex to degradation was
demonstrated directly (Tzfira et al. 2004b). VirF interacted
with VIP1 (Fig. 2, step 1), but did not interact with VirE2
or VirD2; moreover, VirF, VIP1, VirE2, and ASK1 colocal-
ized in the nucleus of plant cells. VirF-dependent VIP1 deg-
radation in yeast and plant cells was shown by the
observation that GFP-tagged VIP1 is destabilized by the
over-expression of VirF, most likely via the SCFVirF path-
way (Fig. 2, step 2). Furthermore, although expression of
VirF itself did not affect the stability of GFP-tagged VirE2,
co-expression of VirF and VIP1 destabilized GFP-VirE2,
showing a role for VIPI in bridging between VirE2 and
VirF to target VirE2 to degradation by the SCFVirF com-
plex (Fig. 2, step 3) (Tzfira et al. 2004b). Ultimately, the un-
coated T-strand is converted to a double-stranded form
(Fig. 2, step 4) and enters the integration pathway (see be-
low).

That VirF-mediated destabilization of VIP1 and VirE2 in-
deed occurred by the SCF-dependent mechanism was indi-
cated by the inability of a yeast Skpl temperature-sensitive
mutant, skp/-4 (Connelly and Hieter 1996), to support the
VirF-mediated destabilization of VIP1 and VirE2 at the re-
strictive temperature (Tzfira et al. 2004b). Moreover, a pro-
teasome inhibitor applied onto Agrobacterium-inoculated
plant tissues significantly reduced expression of T-DNA,
but not of the host cell genes (Tzfira et al. 2004b), demon-
strating the critical role of proteasomal degradation in
Agrobacterium-mediated genetic transformation. That VirF
is a host-range factor that is not required for genetic trans-
formation of all plant species also suggests that the cellular
F-box proteins may fulfill the VirF-like function during the
transformation process; indeed, some mutants in F-box
protein-encoding genes show decreased susceptibility to
Agrobacterium infection (Zhu et al. 2003).

Interestingly, VirE2, VirE3, VirD2, and VirD5, but not
VirF, contain PEST motifs (i.e., protein sequences enriched
in proline, glutamic acid, serine, and threonine residues) that
are often present in proteins destined for proteolysis and

Fig. 2. Uncoating of the T-complex in the plant-cell nucleus. In-
side the nucleus, VirF associates with the T-complex via its binding
to VIP1 (step 1), and recruits the host cell ASK1 and cullin pro-
teins, forming the SCFVirF complex (step 2), which activates pro-
teasomal degradation of VIP1 and VirE2, leading to uncoating of
the T-strand (step 3), a step that might be coupled with the synth-
esis of a second strand on the T-DNA (step 4) and the binding of
NHEI proteins.
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suggested to act as proteolytic signals (Rechsteiner and Rog-
ers 1996). The presence of these sequence motifs in most of
the exported Vir proteins supports the importance of tar-
geted proteolysis during the Agrobacterium-host cell interac-
tion.

T-DNA integration and expression

Little is known about the targeting of the T-DNA to its
site of integration within the host chromatin. Although the
T-DNA integration is not sequence-specific and overall ran-
dom (Alonso et al. 2003; Tinland 1996), recent data suggest
certain bias for integration within active areas of the chro-
matin and into the regulatory regions of genes, at least in
some plant species (Alonso et al. 2003; Barakat et al. 2000;
Chen et al. 2003; Schneeberger et al. 2005). Regardless of
the integration preference, the T-DNA must be directed to a
site within the host chromatin that is suitable for integration,
which likely requires interaction with chromatin or
chromatin-associated proteins, and is influenced by the mo-
lecular structure of the chromatin. Indeed, the importance of
histones and histone-modifying enzymes in T-DNA integra-
tion was recently demonstrated (Yi et al. 2002; Zhu et al.
2003). Nevertheless, at precisely which stage of the integra-
tion process histones are involved remains unknown (i.e.,
are they involved in the initial targeting of T-DNA to its po-
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tential site of integration and (or) later, during the integra-
tion process itself?). Several Arabidopsis mutants in histone
and histone deacetylase genes have been identified as rat
(resistant to Agrobacterium) mutants (Zhu et al. 2003). Spe-
cifically, a histone H2A mutant was deficient in T-DNA sta-
ble integration but not in its transient expression (Mysore et
al. 2000); moreover, the susceptibility of Arabidopsis root
cells to Agrobacterium transformation correlated with the
level of expression of the H2A-1 gene (Yi et al. 2002). As
mentioned above, it remains unknown whether the targeting
of the T-complex to its site of integration in the host ge-
nome occurs before or after the uncoating and conversion
of the T-strand to a double-stranded form, and further work
is needed to address this question. On the one hand, the
finding that VIP1, as a multifunctional protein, may be in-
volved not only in T-DNA nuclear import (Tzfira et al.
2001, 2002; Ward et al. 2002) and T-DNA uncoating (Tzfira
et al. 2004b), but also in its intranuclear targeting and (or)
integration (e.g., by interaction with chromatin components
such as core histones (Li et al. 2005; Loyter et al. 2005))
suggests that the uncoating occurs after the T-DNA-host
chromatin interaction and prior to integration. On the other
hand, recent results strongly suggest that the T-strand is con-
verted to a double-stranded form before its integration
(Chilton and Que 2003; Tzfira et al. 2003), which requires
prior uncoating of the T-DNA. Thus, uncoating of the T-
strand and its second strand synthesis may be carried out by
reactions that are coupled to each other and occur near the
potential site of integration in the host chromatin.

Integration of foreign DNA generally occurs in double
strand breaks (DSBs) within the target DNA of eukaryotic
genomes in 2 ways: via illegitimate or non-homologous re-
combination (NHR) or via homologous recombination
(HR), which requires homology between the integrating
DNA and the target DNA. The foreign DNA substrate of
NHR is generally double-stranded, and its integration in-
volves nonhomologous end-joining (NHEJ) enzymes,
whereas HR requires a foreign DNA substrate that is, at
least partially, single-stranded and generally involves a
mechanism of single-strand gap repair (SSGR) (Critchlow
and Jackson 1998; Gorbunova and Levy 1999; Pastink et al.
2001; Valerie and Povirk 2003). Initial studies of T-DNA in-
tegration relied on sequence analyses of a few integration
sites in plants (Gheysen et al. 1991; Mayerhofer et al.
1991). These studies showed the presence of small deletions
in the plant genome DNA and T-DNA and of microhomolo-
gies between the T-DNA borders and integration sites in the
host genome. The existence of microhomologies, combined
with the fact that VirD2 had been reported to possess DNA
ligase activity in vivo (Pansegrau et al. 1993), favored a
model of SSGR, the mechanism of which requires these fea-
tures (Tinland 1996). However, mutations in the conserved
H-R-Y motif of VirD2, characteristic of DNA ligase, re-
sulted in loss of precision of the T-DNA integration, but not
in a decrease in the overall integration efficiency (Tinland et
al. 1995). Moreover, another study questioned the ability of
VirD2 to act as a DNA ligase (Ziemienowicz et al. 2000).
Nevertheless, the possibility that VirD2 is required for the
activity of a plant ligase or for the recruitment of a plant li-
gase to the site of integration cannot be ruled out. The
SSGR model was also weakened by later high-throughput
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analyses of very large numbers of integration junctions,
showing that microhomologies are not observed in a consis-
tent and statistically significant manner (Alonso et al. 2003).
Finally, several studies revealed the existence of complex
patterns of T-DNA integration (De Buck et al. 1999; De
Neve et al. 1997). Specifically, multiple T-DNAs could be
integrated in direct or reverse orientation relative to each
other, with or without filler DNA. The particular case of 2
T-DNA molecules integrated in a head-to-head orientation
is not compatible with the SSGR model because head-to-
head recombination is not possible for single-stranded
DNA, except if it is assumed that the 2 T-DNAs are inte-
grated sequentially and at precisely the same spot into the
host genome. However, this possibility does not explain the
presence of filler DNA that is frequently observed at the T-
DNA integration sites. Filler DNA has also been observed in
direct transformation of tobacco plants with plasmid DNA,
and the DSB repair mechanism along with the formation of
deletions and filler DNA were implicated in this transforma-
tion process (Gorbunova and Levy 1997). The induction of
DSBs in the plant genome with a rare-cutting DNA endonu-
clease resulted in the more frequent integration of foreign
DNA into these artificially created DSBs (Salomon and
Puchta 1998), which was later shown for the specific cases
of T-DNA integration (Windels et al. 2003). Interestingly,
smaller deletions were observed for T-DNA integration rela-
tive to typical DSB repair (Kirik et al. 2000; Orel et al.
2003; Windels et al. 2003), suggesting that T-complex pro-
teins may augment the activity of host DSB repair enzymes
and enhance their precision. Direct evidence for T-DNA
conversion to a double-stranded form before integration was
provided by experiments that used rare-cutting endonuclease
sites present in both the host DNA and T-DNA (Chilton and
Que 2003; Tzfira et al. 2003). These studies observed inte-
gration of truncated T-DNA molecules digested in vivo by
the rare-cutting enzyme, and even some instances of precise
ligation, reconstituting the endonuclease recognition site. As
the restriction endonucleases employed in these studies cut
only double-stranded DNA, these results implied that T-
DNA had been converted to a double-stranded form before
digestion and, thus, before integration. Analysis of the rela-
tive frequency of integration also revealed that the DSBs
represent the preferred locations for T-DNA integration
(Salomon and Puchta 1998; Windels et al. 2003). The latter
observation is consistent with the fact that exposing plants to
X-rays (known to create DSBs in the genome) enhances the
transgene integration (Leskov et al. 2001).

All these results strongly support the hypothesis that dou-
ble-stranded T-DNA integration at DSB sites present in the
host genome is the native mode of T-DNA integration
(Chilton and Que 2003; Tzfira et al. 2003), and that DSBs
and (or) DSB repair enzymes may act as “baits” to attract
the invading T-DNA molecules to the sites of their integra-
tion. Indeed, in mammalian cells, proteins involved in DSB
repair are attracted to artificially created DSBs, both in the
case of the Mrell complexes implicated in HR (Mirzoeva
and Petrini 2001) and in the case of the XRCC4 and DNA
ligase IV complexes implicated in NHR (Drouet et al.
2005). GFP fusions with Ku70 and Ku80, both involved in
NHR, showed their high mobility within the nucleus, sug-
gesting a rapid flux of these proteins between their nuclear
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substrates and a transient association with the nuclear matrix
(Rodgers et al. 2002). The mobilization of DSB repair ma-
chinery may be mediated by the histone modifications (par-
ticularly phosphorylation of H2A) generally occurring at the
DSB sites (Pilch et al. 2003; Shroff et al. 2004; Unal et al.
2004; van Attikum et al. 2004). This transport of the DSB
repair enzymes most likely represents a general process of
intranuclear protein traffic (Phair and Misteli 2000) that also
allows transcription factors and other transcription-machinery
proteins to reach their target promoters (Zaidi et al. 2004,
2005).

The involvement of DSB repair enzymes, whether they be
the NHEJ enzymes involved in NHR or the enzymes in-
volved in HR, in the process of T-DNA integration was fur-
ther examined by taking advantage of Saccharomyces
cerevisiae as a host for Agrobacterium T-DNA integration
(Bundock et al. 1995). This system is unique because, in
yeast, T-DNA integration may occur by HR or illegitimately
by NHR, depending upon the presence or absence, respec-
tively, of sequences in the T-DNA that share homology
with the host genomic DNA (Bundock and Hooykaas 1996;
Bundock et al. 1999). Moreover, numerous mutants in genes
coding for proteins involved in these 2 DNA recombination
pathways are available in yeast. The studies of T-DNA inte-
gration in yeast cells allowed the identification of proteins
involved in both integration pathways. Two key enzymes
were identified: Rad52, a single-stranded DNA-binding pro-
tein necessary for HR (van Attikum et al. 2001), and Ku70,
a double-stranded DNA-binding protein that functions in the
form of a heterodimer complex with Ku80, required for
NHR (van Attikum and Hooykaas 2003). Mutants in each
of these genes were impaired in T-DNA integration by HR
and NHR, respectively, whereas a double mutant showed no
T-DNA integration at all. Involvement of other cellular pro-
teins in each of these pathways was also demonstrated (van
Attikum et al. 2001; van Attikum and Hooykaas 2003).

In higher plants, the main pathway of foreign DNA inte-
gration is by illegitimate recombination (i.e., NHR), whereas
HR occurs only at an extremely low rate (Gheysen et al.
1991; Mayerhofer et al. 1991; Terada et al. 2002). When
several available Arabidopsis mutants in DSB repair en-
zymes were analyzed for T-DNA integration, the Arabidop-
sis ligase AtLig4 was not required (Friesner and Britt 2003;
van Attikum et al. 2003), whereas AtKu80 was reported to
be either required or dispensable for T-DNA integration, de-
pending upon the Agrobacterium inoculation method em-
ployed (Friesner and Britt 2003; Gallego et al. 2003). These
recent insights into the mechanism of T-DNA integration
have led to a new model for this process in the plant hosts
(Tzfira et al. 2004a), described in Fig. 3. Recent results, ob-
tained in our laboratory (J.L, unpublished data), tend to con-
firm the importance of the Ku80 complex in T-DNA
integration. Indeed, in a root-transformation assay, an Arabi-
dopsis Ku80 mutant was resistant to stable T-DNA expres-
sion, occurring from the integrated T-DNA (Janssen and
Gardner 1990), whereas transient T-DNA expression that re-
sulted from T-DNA nuclear import and expression, but with-
out integration into the host genome (Janssen and Gardner
1990; Nam et al. 1999) was not affected in these plants.
Moreover, Ku80 over-expression in Arabidopsis increased
T-DNA integration efficiency. Chromatin immunoprecipita-

Fig. 3. Integration of the T-DNA into the host-plant genome. The
uncoated T-strand can undergo partial degradation in the nucleus
(step 1), and then becomes converted to a double-stranded form
(step 2). In the NHR pathway, the DNA-protein kinase (PK) com-
plex, composed of the Ku70-Ku80 heterodimer associated with
DNA-PK, binds to the free double-stranded ends of the T-DNA
(step 3), and is directed to DSBs formed in the host genome (step
4, step 5), often after several T-DNA molecules have been ligated
to each other in different orientations (step 6). The integrating dou-
ble-stranded T-DNA molecule(s) are ligated to the ends of the DSB
via the activity of plant DNA ligases (step 7). (From Tzfira et al.
(2004a), reproduced and modified with permission of Trends
Genet., Vol. 20, pp. 375-383, © 2004 Elsevier.).
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tion directly confirmed binding of Ku80 to double-stranded
T-DNA (J.L, unpublished data). Taken together, these stud-
ies of the involvement of NHEJ enzymes in the T-DNA in-
tegration process suggest a mechanism that is more
complicated in plants than in yeast and the likely involve-
ment of other, as yet unidentified, plant proteins in the inte-
gration process. Interestingly, the presence of a “backup”,
independent of Ku70/Ku80, NHEJ pathway was recently
demonstrated in human cells (Wang et al. 2003) and could
exist in plants as well. As described above, recent reports in
which large numbers of T-DNA integration sites were ana-
lyzed, indicated a bias in T-DNA integration sites toward in-
tergenic regions and regulatory regions of genes in some
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plant hosts (Alonso et al. 2003; Barakat et al. 2000; Chen et
al. 2003; Schneeberger et al. 2005), which represent areas of
active transcription and chromatin decondensation. In mam-
malian cells, decondensed chromatin has been shown to be
more susceptible to DSB-inducing agents (Oleinick et al.
1994); by analogy, plant DNA may also have higher fre-
quency of DSBs in these areas of active, decondensed chro-
matin, which would explain their higher susceptibility to T-
DNA integration.

Genes encoded by the T-DNA are expressed in the plant
cell either transiently if the T-DNA is not integrated or sta-
bly after T-DNA integration (Janssen and Gardner 1990;
Nam et al. 1999). This implies that genes of a bacterial ori-
gin contain regulatory sequences recognized by the eukary-
otic transcription/translation machinery of the host plant.
Indeed, typical eukaryotic regulatory sequences such as
TATA box, CAAT box, and polyadenylation signal sequen-
ces are found in the flanking regions of genes contained
within the T-DNA (Barker et al. 1983). Another type of reg-
ulatory sequences found both in the bacterial genes of the T-
DNA (Ellis et al. 1987) and in the plant genes (Ellis et al.
1993) as well as in the genes of several plant viruses (Bou-
chez et al. 1989) are the ocs-elements that comprise a family
of 20-bp sequences located less than 200 bp from the TATA
box (Bouchez et al. 1989; Ellis et al. 1987). Moreover, T-
DNA transcription is mediated by plant RNA polymerase 11
(Willmitzer et al. 1981), and the resulting mRNA is polya-
denylated (Gelvin et al. 1982). On the other hand, regulatory
sequences of T-DNA genes are able to respond to eukaryotic
regulatory signals from plant cells; for example, nopaline
synthase promoter is induced by host cell wounding and
plant hormone auxin (An et al. 1990).

Conclusions

Similar to many other pathogens, Agrobacterium uses
host cellular mechanisms and pathways for infection. More
specifically, the transfer and integration of T-DNA into the
host genome requires interaction with the host nucleus at
different levels. The bacterial effector proteins involved in
this process contain some typical eukaryotic domains in-
volved in their interactions with host factors such as NLSs
recognized by plant importins and F-box and PEST domains
recognized by the targeted proteolysis machinery of the host
cell. These domains of the bacterial effectors may have
evolved by a mechanism of convergent evolution that ren-
ders their homology-based functional annotation difficult
(Nagai and Roy 2003).

Despite several decades of intensive studies, many key
steps of the T-DNA transfer and integration remain poorly
understood and require further investigation. Most notably
is the targeting of T-DNA to its integration site and the
mechanism of integration as well as the biological function
of some Agrobacterium effector proteins translocated to the
host cell. For example, the VirD5 protein that is exported
into the host cell (Vergunst et al. 2005) and accumulates in
the plant cell nucleus (B.L. and V.C., unpublished data)
function remains completely unknown. Furthermore, it is
possible that Agrobacterium encodes many other, as yet un-
identified, effector proteins that are transported into the host
cell to participate in cellular processes required for infection
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and genetic transformation. Future experiments will provide
critical insights into these questions. Besides providing new
and exciting insights into the fundamental mechanisms of
genetic transformation of eukaryotic cells, a better under-
standing of the T-DNA transfer from Agrobacterium to the
host genome is essential for improving the biotechnological
applications of this microorganism as a gene vector for ge-
netic modification of plant and non-plant species.
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