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Agrobacterium T-DNA integration:
molecules and models
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Genetic transformation mediated by Agrobacterium
involves the transfer of a DNA molecule (T-DNA) from
the bacterium to the eukaryotic host cell, and its inte-
gration into the host genome. Whereas extensive work
has revealed the biological mechanisms governing the
production, Agrobacterium-to-plant cell transport and
nuclear import of the Agrobacterium T-DNA, the inte-
gration step remains largely unexplored, although
several different T-DNA integration mechanisms have
been suggested. Recent genetic and functional studies
have revealed the importance of host proteins involved
in DNA repair and maintenance for T-DNA integration.
In this article, we review our understanding of the
specific function of these proteins and propose a
detailed model for integration.

Agrobacterium is well known for its natural capability of
trans-kingdom DNA transfer [1]. Although used mainly
for plant genetic engineering [2], Agrobacterium can
transform virtually any living cell, from other prokaryotes
[3] to yeast [4] and fungi [5,6] to human cells [7]. The
molecular basis for the ability of Agrobacterium to
genetically transform its hosts has therefore been the
subject of numerous studies over the past several
decades [8—12].

In nature, Agrobacterium causes crown-gall disease, a
neoplastic growth that results from the transfer of a
transferred DNA (T-DNA) segment from the bacterial
tumor-inducing (Ti) plasmid to the host cell, its
integration into the host genome and the expression of
its encoded genes [8—12]. The molecular machinery
needed for T-DNA generation and transport into the host
cell comprises proteins that are encoded by the bacterial
chromosomal virulence (chv) genes and encoded by
the T-plasmid virulence (vir) genes [8—12]. A great deal
is known about the Dbiological functions of most of
the Agrobacterium Vir proteins, and about their
function in T-DNA production and processing inside
the bacterial cells. Less is known, however, about the
mechanism by which the T-DNA travels into the host
cell, and we have only recently begun exploring the
function of host proteins in the transformation process,
especially in its last two stages: T-DNA nuclear import
and integration [2,12].
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The genetic transformation process
The Ti plasmid carries two components needed for genetic
transformation: the vir and T-DNA regions (Figure 1a).
Although the vir region encodes most of the bacterial
proteins necessary for processing, transport and nuclear
import of the T-DNA, the T-DNA carries no specific
targeting signal nor does it encode any transport or
integration functions. In fact, the T-DNA borders, which
comprise two 25-bp direct repeats (Figure 1b), are the only
required cis elements that delineate and thereby deter-
mine the T-DNA region on the Ti plasmid [13], enabling
replacement of the native T-DNA sequences between the
borders with DNA of interest for genetic engineering [2].
Plant genetic transformation initiates with the induc-
tion of the Agrobacterium vir region by specific host
signals, usually small phenolic and certain monosacchar-
ide molecules [14]. The induced VirD1 and VirD2 proteins
act together as a site-specific nuclease [15], which cuts the
bottom strand at the T-DNA borders (Figure 1b) and
releases a single-stranded (ss) T-DNA molecule (T-strand).
The T-strand (Figure 1c), together with several Vir
proteins, is then exported to the host cell through a
channel that is formed by the VirB and VirD4 proteins [16].
Once inside the host cell cytoplasm, the T-strand pre-
sumably exists as a nucleoprotein complex (T-complex)
with a single VirD2 molecule covalently attached to its
5'-end, and numerous VirE2 molecules covering its entire
length. The T-complex is imported into the nucleus of the
host cell with the assistance of VirD2, VirE2 and their
cellular interactors [10,17]. VirD2 and VirE2 might also be
involved in the final stage of the transformation, T-DNA
integration [18-21], although it is generally recognized
that plant factors, and not just the bacterial Vir proteins,
have a crucial role in this process [8,22—25]. Although
T-DNA integration is the crucial step of the transformation
process, our understanding of its mechanism is still poor.
In the following sections, we present the current knowl-
edge of the function of bacterial and plant proteins in
T-DNA integration and we discuss possible mechanisms
for this process.

From junction sequences to illegitimate recombination
models

Early studies concentrated on modeling the T-DNA
integration mechanism by analyzing the junctions and
structures of the integrated T-DNA (Figure 1d—f). This
showed that T-DNA integration is not site-specific, and
that integrated T-DNAs appeared to be distributed

www.sciencedirect.com 0168-9525/$ - see front matter © 2004 Elsevier Ltd. All rights reserved. doi:10.1016/.tig.2004.06.004


http://www.sciencedirect.com

376

TRENDS in Genetics Vol.20 No.8 August 2004

Agrobacterium

Ti plasmid

vir
region

@

s

- - \ ! T~ ~_(b
- . )
O O
VirD1-D2 (©)
r— T-strand O VirD2
Plant cell
Full length T-DNA Truncated T-DNA Multiple T-DNAs
o NINL 22N \IN\L A\V/AN
(d)
e
AYA\Y/ i A\V/AN
®

)

TRENDS in Genetics

Figure 1. Schematic structure of the Agrobacterium Ti-plasmid and mobile and integrated T-DNA molecules. (a) The Ti plasmid contains the T-DNA region, which is defined
by its right border (RB, in blue) and left border (LB, in purple), in trans to the virulence (vir) region (orange). (b) The T-DNA borders are 25-bp repeats and serve as targets
for the VirD2-VirD1 endonuclease complex, which nicks between the third and the fourth nucleotides of each of the border sequences [15,71,72]. (c) The mobile copy of the
T-DNA is released as single-stranded (ss) DNA molecule (T-strand) with a single VirD2 molecule attached to its 5'-end. The residual sequences of the T-DNA borders, which
no longer have biological function, are often used as reference points for T-DNA orientation and integrity in the plant cell. T-DNA typically integrates into the host genome
(d) as a single full-length or (e) truncated molecule in addition to (f) multiple molecules ligated to each other in various orientations.

randomly throughout the plant genome, although later
studies [26,27] suggested that intergenic regions are more
susceptible to T-DNA integration (discussed in the follow-
ing sections). Two pioneering studies, performed on 13
T-DNA insertions in Arabidopsis thaliana plants and
two T-DNA insertions in tobacco plants [28,29], reported
that T-DNA integration can be accompanied by small
deletions in the plant DNA and the invading T-DNA, and
that microhomologies could be observed between the
T-DNA ends and the pre-insertion sites. Moreover,
deletions in the T-DNA, when they occurred, were more
severe at the T-DNA 3-end compared with its 5-end
[28,29], and longer microhomologous regions were usually
observed near the 3'-end of the T-DNA. The observed
microhomologies between T-DNA and the pre-insertion
site led to the suggestion that both plant DNA and T-DNA
end sequences have an important role in T-DNA inte-
gration. Two possible models for T-DNA integration were
originally proposed [28]: the double-strand-break repair
(DSBR; Figure 2a) and single-strand-gap repair (SSGR;
Figure 2b) integration models. In the DSBR integration
model (Figure 2a), a double-stranded (ds) break (DSB) in
the target DNA is a prerequisite for T-DNA integration.
The unwound or exonuclease-processed ends of the T-DNA
are then annealed to the target DNA and, following
ss-overhang removal by endo- and/or exonucleases, the
ends are repaired and ligated. According to the SSGR
integration model (Figure 2b), a single nick, later
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converted to a gap by a 5 — 3'-endonuclease, is required
for the initiation of T"-DNA integration. The T-strand ends
then partially anneal to the target DNA and the T-strand
overhangs are trimmed. Following ligation of the T-strand
to the target DNA, a nick is introduced in the second
strand of the target DNA and extended to a gap by
exonucleases. The synthesis of a strand that is comple-
mentary to the T-strand and ligation of the 3'-end of this
newly synthesized complementary strand to the target
DNA finalize the integration. Although the DSBR inte-
gration model requires that the T-DNA be converted to a
ds form before its integration into the DSB, the SSGR
integration model favors T-DNA integration as a ss
molecule. Because earlier research had shown that the
transformation frequency is higher for ssDNA than for
dsDNA [30], it was suggested that ss T-DNA represents
the preferred substrate for integration [28,29]. Supported
by the fact that T-DNA is transferred into the host cell as a
ss molecule, SSGR became the preferred model for T-DNA
integration, and it was further suggested that VirD2 is
involved directly in the integration process by recognizing
nicks in the plant DNA and by assisting in the T-strand
ligation to the target DNA.

VirD2 and the microhomology-based T-strand
integration model

The SSGR integration model suggests a unique dual
function for VirD2: it not only acts as a component of a
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Figure 2. Double-strand-break repair (DSBR), single-strand-gap repair (SSGR) and
microhomology-dependent models for Agrobacterium T-DNA integration. (a) In
the DSBR model, T-DNA integration initiates with the production of a double-
stranded (ds) break (DSB) in the target DNA and the conversion of the T-strand to a
dsDNA form (step i). The ds ends of both the T-DNA and the DSB in the target
DNA can be either unwound or processed by exonucleases. The resulting
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site-specific endonuclease in the bacterial cell (Figure 1b)
but also as a DNA ligase in the host cell. Indeed, VirD2 has
been shown to possess DNA ligase-like activity, because it
is able to re-join the products of its nuclease activity in vivo
[20], and was thus proposed to be involved in T-DNA
integration in planta [18]. Similar to many site-specific
recombinases from several bacteriophages [31], VirD2
contains a conserved H-R-Y integrase motif, which most
probably resides within its proposed active site. R-to-G
mutations in this H-R-Y motif affect the integration
process, rendering it less precise albeit no less efficient
[18]. The loss of integration precision, shown by the loss of
part of the 5-end of the T-DNA sequence, and the
unaffected nuclear import capabilities of this mutated
VirD2 further supported the function of VirD2 during the
integration step itself. Additional analyses of T-DNA
insertion sites [28,29] revealed microhomologies between
T-DNA borders and pre-insertion sites, prompting the
introduction of a revised T-DNA model (Figure 2¢) [32].
According to this model, T-DNA integration initiates by
microhomology-dependent annealing of the T-strand 3'-end,
or its adjacent sequences, to the host DNA that has been
unwound partially by an as yet unknown mechanism. The
3'-end overhang of the T-strand is trimmed, and the bottom
strand of the target DNA is nicked. Then the 5'-end of the
T-strand anneals to the target DNA, while the top strand of
the target DNA is nicked and partly removed. Comple-
mentation of the T-strand to dsDNA completes the
integration.

The revised ss T-DNA integration model assumes that
T-DNA integration relies on microhomologies and on the
ligase function of VirD2 within the plant cell [32].
However, if VirD2 acts directly as a ligase, the R-to-G
mutation in its active site should render it completely
inactive for T-DNA integration, and should affect not only
the precision of T-DNA integration but also the overall
transformation efficiency. The limited effect of this muta-
tion suggests that other motifs, and/or other factors, are
involved in the T-DNA integration and ligation steps.
Indeed, another motif within VirD2 has been shown to be
important for the infectivity of Agrobacterium [33]. This
C-terminal motif, termed omega, is not involved directly in
VirD2 endonuclease activity or T"-DNA nuclear targeting,

single-stranded (ss) T-DNA ends are then annealed to the ss ends of the DSB in
areas of microhomology (indicated by the multicolored vertical bars), ss over-
hangs are removed by exonucleases (exo) and/or endonucleases (endo) (step ii)
and the ends are repaired and ligated (step iii). (b) In the SSGR model, T-DNA
integration initiates with the production of a nick, which is then converted to an
ss gap by endonucleases (step i). Both 5'-end and 3'-end T-DNA regions anneal to
microhomology areas within the ss portion of the target DNA gap, and the
T-strand overhangs are trimmed (step ii). Following ligation of the T-strand to the
target DNA, a nick in the upper strand of the target DNA is produced by endo
activity and extended to a gap by exo (step iii). The gap in the upper strand of the
target DNA is repaired, using the inserted T-strand as a template (step iv). (¢) In
the microhomology-dependent model, T-DNA integration initiates by annealing
of the T-strand 3'-end, or its adjacent sequences, to an area of microhomology in
the target DNA (step i). The 3'-end overhang of the T-strand is trimmed, and the
bottom strand of the target DNA is nicked (step ii). Annealing of the 5'-end of the
T-strand to the target DNA is promoted by additional microhomologies and is
transiently stabilized by putative plant proteins, while the top strand of the target
DNA is nicked and partly removed (step iii). Finally, complementation of the
T-strand to dsDNA completes the integration. VirD2, which can assist ligation of
the 5'-end of the T-strand to the target DNA, is released (step iv). Parts (a) and (b)
are adapted with permission from Ref. [28], and part (c) is adapted with per-
mission from Ref. [32]. Abbreviations: LB, left border; RB, right border.
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Table 1. Yeast and Arabidopsis DNA repair genes and their function in T-DNA integration?®

Host gene Cellular function Yeast Plants Refs
HR NHR In planta Root tumor
transformation assay assay
Ku70-AtKU70 Binds and stabilizes dsDNA ends Not required  Required ND? ND [65,56]
Ku80-AtKU80 Binds and stabilizes dsDNA ends ND ND Susceptible and/or Resistant® [22,25]
reduced susceptibility
Ligd-AtLIG4 ATP-dependent DNA ligase Not required  Required Susceptible and/or Susceptible [22,55,56,62]
reduced susceptibility
Sird Interacts with Ku70; forms a ND Required Unknown homolog [55,56]
complex with Sir3-Sir2; possible
involvement in histone
acetylation
Rad50 Rad50, Mre11 and Xrs2 form a Not required  Required ND ND [65,56]
Mre11-AtMRE11  complex that has probable Not required  Required ND ND [55,56]
Xrs2 exonuclease activity, which Not required  Required Unknown homolog [65,56]
functions in NHR and HR
Rad51-AtRAD5 ATP-dependent homologous Required Not required ND Reduced [65-57]
function in DNA pairing susceptibility
(rad5 mutant)
Rad52 SsDNA binding and annealing Required Not required Unknown homolog [55,56]
AtH2A Core histone; DNA packaging Unknown homolog Susceptible Resistant [24]

@Abbreviations: HR, homologous recombination; NHR, non-homologous recombination; ND, not determined; ss, single stranded.

®J. Li et al., unpublished.

although replacing four of its amino acids with two serine
residues resulted in a less virulent Agrobacterium strain
[33]. Further studies of this domain attributed the reduc-
tion in transformation efficiency mainly to a reduction in
stable transformation and not a reduction in T-DNA
nuclear import [21,34]. It was thus shown that VirD2
activity in T-DNA integration is not limited to its putative
function as a DNA ligase through its conserved H-R-Y
integrase motif but most likely consists of several func-
tions, determined by different motifs.

Whether VirD2 is indeed a DNA ligase remains
controversial. Although earlier research suggested that
VirD2 can ligate ssDNA [20], a recent study indicated that
VirD2 is not a DNA ligase [35]. In this study, ligation of
ssDNA to various target oligonucleotides was assayed
in vitro. A ligation—integration reaction was promoted by
plant extracts or prokaryotic DNA ligase, whereas purified
VirD2 failed to facilitate this reaction. It was thus
concluded that a plant ligase, and not VirD2, is the
functional enzyme during T-DNA integration. However,
in vivo, VirD2 and plant proteins might still function
together: VirD2 could recruit plant ligase to the inte-
gration site or plant factors might be required for VirD2 to
act as a ligase. Interestingly, an Arabidopsis mutant, in
which A¢LIG4, a DNA ligase-encoding gene, was knocked
out (Table 1), was not impaired in T-DNA integration [23],
suggesting that other plant cell ligases (e.g. DNA ligase 1)
function during T-DNA integration.

Complex T-DNA integration patterns and integration of
ds T-DNA

The revised ss T-DNA integration model proposed by
Tinland et al. [32] can easily explain the integration of
single-copy T-DNA, even without postulating VirD2
function as a DNA ligase. However, it does not provide a
mechanism for the production of complex T-DNA inserts
(Figure 1f), which are composed of two or more T-DNA
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copies arranged in the same (direct) or in reverse (indirect)
orientation relative to each other, with or without filler
DNA between them (e.g. [36—38]). It has been suggested
that T-DNA rearrangements occur before integration
[37,38]. Using two binary plasmids (carried by two
different Agrobacteria) containing two different selectable
markers on their T-DNAs, doubly-transformed Arabi-
dopsis plants were obtained in which both T-DNAs, each
derived from a separate Agrobacterium, were found to
integrate at the same location on the plant chromosome
[39]. In some cases, sequence analysis of these T-DNA
insertions revealed a precise fusion between two right
border ends (‘heads’), whereas the left border junctions
(‘tails’) often exhibited imprecise fusion and/or contained
filler DNA [36-38]. Because the T-DNA molecules can not
recombine head-to-head at their right borders when they
are in ssDNA form but can do so when in ds form [37,38], it
was suggested that T-strands must be converted to ds
molecules before their integration. A model for T-DNA
integration via ds intermediates was thus proposed [38],
describing the insertion of multiple T-DNAs into the same
chromosomal site (Figure 3). This model assumes a simple
ligation mechanism for head-to-head (right border-to-right
border) orientation of two T-DNAs (Figure 3a), and an
illegitimate recombination mechanism for head-to-tail
(right border-to-left border; Figure 3b) or tail-to-tail (left
border-to-left border; Figure 3c) orientations. Illegitimate
recombination is also assumed to mediate the integration
of both the head and the tail of the T-DNA molecule (or of
several conjoined T-DNA molecules) into the host target
DNA (Figure 3d,e). According to this model, the VirD2
molecule remains attached to the 5'-end (corresponding to
the right border or the ‘head’) of the T-strand, even after its
conversion to a ds form. Potentially, VirD2 molecules that
are attached to two T-DNAs can bind to each other and
bring the T-DNAs together in a head-to-head orientation
before their ligation by host factors, explaining the
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Figure 3. A model for co-integration of two individual T-DNA molecules into the
same target DNA site via double-stranded (ds) intermediates. The integration of
two T-DNAs in different orientations relative to each other probably occurs by
different mechanisms, specific for each orientation. (a) Head-to-head fusion of two
T-DNAs occurs via simple ligation of two ds T-DNA intermediates, leading to the
precise joining of the molecules at their T-DNA right borders (RB). Non-homologous
(illegitimate) recombination is the preferred mechanism for the production of
(b) head-to-tail or (c) tail-to-tail orientations, leading to imperfect joining between
the T-DNA LB and RB, which can be accompanied by insertion of filler DNA
(broken lines). The integration of the conjoint ds T-DNA intermediates into the
plant genome also occurs via illegitimate recombination, (d) at the right or
(e) left T-DNA borders, with or without the insertion of filler DNA (reproduced
with permission from Ref. [37]).

relatively lower frequency of tail-to-tail integrations, as
compared with head-to-head or head-to-tail integrations of
the T-DNA molecules [39]. The ability of VirD2 molecules
to interact with each other [40], as well as with a cellular
DNA-binding protein [41], further supports the role of
VirD2 in recruiting individual T-DNAs to ligation before
integration.

DSBs represent a major pathway for T-DNA integration
The model of T-DNA integration via ds intermediates
(Figure 3) does not explain the origin of filler DNA, which
is sometimes found between repeating copies of co-
integrated T-DNA molecules (e.g. [28,29,42,43]). This filler
DNA is also observed during the integration of transfected
plasmids into the plant genome. For example, DNA inserts
between the integrated plasmid and the tobacco genome
were reported to contain mostly scrambled sequences that
were derived from the plasmid or tobacco genomes [44].
The authors suggested that DSBs are involved in foreign
DNA integration, in formation of deletions and in insertion
of filler DNA at the junctions. Indeed, recently it has been
shown that induction of DSBs in the tobacco DNA by
transgenic expression of a rare-cutting restriction enzyme
results in frequent incorporation of T-DNA into these
breaks [45]. In addition, the repair of DSBs was sometimes
associated with the insertion of other genomic sequences
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into the break, which could explain the presence of filler
DNA between multiple co-integrated copies of T-DNA
[37,38,43]. It was thus proposed that DSBs might have a
significant role in T-DNA integration and that the number
of naturally-occurring DSBs in the host genome might
represent the limiting factor for T-DNA integration [45].
Nevertheless, the possibility of ss T-DNA integration into
DSBs by a synthesis-dependent annealing (SDA) mechan-
ism [45] was not ruled out. The second option of a ds
T-DNA intermediate integrating into a DSB by either two
consecutive single-strand-annealing (SSA) reactions or by
a single SSA reaction followed by a simple ligation step
was also proposed [45].

In a comparative analysis of the relationship between
DSB repair and T-DNA integration in Arabidopsis, T-DNA
insertions were found to be associated with much smaller
deletions [43] than those typical for DSB repair [46,47]. It
was also found that ~40% of all T-DNA junctions harbored
filler DNA [43], which is usually not introduced during
DSB repair in Arabidopsis [46], and that the composition
of this filler DNA differed from that reported for DSBs
repair in other plant species (e.g. tobacco and maize) [43].
These observations led the authors to suggest that
although DSB repair and T-DNA integration are probably
related they still possess some distinct characteristics, and
that these differences might depend on the plant species
that differ in their DSB repair mechanisms [46,47].

In a modified version of the DSB induction system, the
recognition site for a rare-cutting restriction enzyme was
placed not only in the target plant DNA but also in the
invading T-DNA [48,49]. Induction of DSBs in the host
DNA by the restriction enzyme resulted, in numerous
cases, in the integration of truncated T-DNA molecules,
which had been digested previously, in vivo, by the same
restriction enzyme [48,49]. The precise ligation of such
truncated T-DNA molecules into the restriction site within
the target genome provided the first direct evidence that
T-DNA molecules are, at least partially, converted to a
ds form before integration is completed. In addition, by
avoiding direct selection for T-DNA integration into
DSBs, these breaks are most probably the preferred
sites for integration [48]. X-ray irradiation, which is
known to cause DSBs [50], enhances transgene inte-
gration [51] and further supports the role of DSBs in
T-DNA integration. Thus, T-DNA integration into DSBs
might represent a default mode of T-DNA entry into the
host genome [49]. In this scenario, naturally occurring
DSBs and/or DSB-associated DNA-repair activity might
act as molecular ‘bait’ for incoming T-DNA molecules [48].
Such a mechanism might help to explain the well-known
phenomenon of integration of multiple T-DNA molecules,
even of those that originated from different Agrobacterium
cells (discussed previously), into a single site in the host
genome [36,38,39].

DNA repair proteins and their role in T-DNA integration
Because DSBs provide an important pathway for T-DNA
integration and VirD2 most probably does not act as a
DNA ligase per se, this suggests a role for host factors
in T-DNA integration. Using a yeast-based system in
which T-DNA integration into the yeast genome can be
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directed to either a homologous recombination (HR) [52,53]
or a non-homologous (illegitimate) recombination (NHR)
pathway [54], the role of various non-homologous end-
joining (NHEJ) proteins was examined [55,56]. It was first
shown that Ku70, Rad50, Mrell, Xrs2, Lig4 and Sir4 are
all required for T-DNA integration by NHR (Table 1; [55]).
However, when T-DNA integration occurred by HR, only
Rad51 and Rad52, but not Rad50, Mrell, Xrs2, Lig4 or
Ku70, were essential. Furthermore, in the absence of
Ku70, a dsDNA-binding protein, T-DNA integration
occurred only via the HR pathway (Table 1; [55]), whereas
in the absence of Rad52, an ssDNA-binding protein, T-DNA
integration was possible only by NHR [56]. When both the
HR and the NHR pathways were blocked, by mutation of
the KU70 and RAD52 genes, T-DNA integration was
inhibited completely [56]. It was thus suggested that Ku70
and Rad52 are the key enzymes for T-DNA integration
and that, in yeast, the pathway for T-DNA integration
can be determined by the activity of specific DNA repair
genes [56].

In plants, T-DNA integration occurs mainly through
NHR, even when the T-DNA shares high homology with
the host genome, suggesting that NHEJ proteins are the
key players in the process of T-DNA integration. Indeed,
two Arabidopsis mutants that were hypersensitive to
radiation, rad5 and wvhl, were also deficient in T-DNA
integration [57]. Although the uvhI mutant can still be
transformed stably by Agrobacterium [58—60], the hyper-
sensitivity of uvh1 to bleomycin, an antibiotic that causes
single-stranded breaks (SSBs) and DSBs through the
formation of an intermediate iron complex [61] and the
close homology between the Arabidopsis AtRAD5 and
the yeast RAD51 genes lend further support for the
involvement of DSBs and NHEJ proteins in T-DNA
integration in planta.

Two additional Arabidopsis proteins, a DNA ligase
AtLIG4 and a dsDNA-binding protein AtKU80 that are
involved in DSB repair via NHEJ were analyzed for their
role in T-DNA integration but with no conclusive results.
AtLIG4 was dispensable for T-DNA integration in Arabi-
dopsis [23] using a root tumor formation assay [62] but was
reported to be either required [23] or dispensable [23] for
T-DNA integration using an in planta transformation
procedure that targets the host germ-line cells [63].
Differences between host factors that are required for
the root tumor formation assay and in planta transform-
ation by the floral dip method might reflect differences
in the integration pathways between the target plant
tissues (i.e. roots [62] and ovum cells [63]). Indeed, several
resistant to Agrobacterium transformation (rat) mutants of
Arabidopsis identified by the root tumor formation assay
[62] remained susceptible to in planta transformation [64].

The involvement of AtKUS80 in integration is even less
conclusive; it was reported to be both required [22] and
dispensable [25] for T-DNA integration, using the same
in planta transformation assay. These apparently contra-
dictory results might simply arise from the nature of the
in planta transformation, which is performed under
relatively uncontrolled conditions. However, recent results
indicate that an Arabidopsis mutant in the A¢KU80 gene
is completely resistant to Agrobacterium infection in the
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root tumor formation assay (J. Li et al., unpublished),
supporting the role of AtKUS80 in T-DNA integration.

In addition to plant DNA repair enzymes, chromatin
structure and DNA packaging proteins can also affect the
integration process, as was evident from the rat phenotype
(i.e. resistant to Agrobacterium infection [62,64]) of many
Arabidopsis mutants disrupted in various histone- and
histone deacetylase-encoding genes [62,24]. Consistent
with this, a recent genome-wide T-DNA insertional
analysis revealed a bias for T-DNA integration in favor
of intergenic regions, promoters and 5’ and 3’ untranslated
regions [26,27]. Thus, transcription and DNA repair events,
which result in temporary unpacking of DNA, might serve
as ‘hot points’ of attraction for T-DNA integration, whereas
the NHEJ proteins perform the actual integration process
at these sites.

A possible model for DSB-mediated T-DNA integration
We integrated the current knowledge on the functions of
DSBs, ds T-DNA intermediates and NHEJ proteins into a
unified model for T-DNA integration in plant and yeast
cells (Figure 4). In this model, the invading T-strand can
undergo minor degradation at its unprotected 3’-end on
the way to the nucleus, but its 5'-end remains intact as
a result of shielding by the covalently attached VirD2
protein. Once in the nucleus, the T-DNA is converted
rapidly into a dsDNA molecule; this process can result in
the further loss of several bases from the T"DNA 3'-end as a
result of the random-priming nature of the complementa-
tion process. This ds T-DNA intermediate will undergo
integration into the host DNA via the NHR or HR
pathways.

In the NHR pathway, which occurs in plants or in yeast
in which the HR pathway has been disabled, VirD2 is
replaced by a AtKU70-AtKUS80 heterodimer that binds to
both ends of the dsDNA molecule, stabilizes them and
recruits the DNA-dependent protein kinase (DNA-PK).
The role of DNA-PK in DSB repair is still unknown, but it
might regulate the repair process through phosphoryl-
ation [65]. In parallel, transcription and/or other DNA
maintenance reactions result in DNA unpacking, possibly
through modification of H2A, and in the formation of a
DSB. Here, also, the AtKU70—-AtKU80-DNA-PK complex
is recruited to the DSB site. Following the processing of
the DNA ends, which might result in the addition or
removal of a few base pairs, the T-DNA is ligated by the
XRCC4-AtLIG4 (or perhaps LIG1 and/or LIG2) complex
[65] to the DSB. Alternatively, several dsDNA molecules
can become ligated to each other by the XRCC4—-AtLIG4
complex, before their integration into the host genome.
The XRCC4-AtLIG4 complex then mediates integration
of these conjoint ds T-DNA intermediates into the DSB
site. Although necessary for T-DNA integration and DSB
repair, the exact function of yeast Rad50 and Mrell or
their plant homologs in this process is still unknown [65].

Alternatively, ds T-DNA intermediates might integrate
into DSBs in the host genome by HR. Although this
integration pathway occurs mainly in yeast, plants might
also, albeit infrequently, utilize an HR-like mechanism. In
this scenario, the DNA ends are first recognized by Rad52
(or its plant homologs) and not by the Ku70-Ku80
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Figure 4. A unified model for T-DNA integration into double-strand (ds) breaks (DSBs) in plant and yeast cells. (a) A T-strand can undergo minor degradation at its unpro-
tected 3'-end on the way to the host cell nucleus, which can lead to loss of part of the 3'-end of the T-DNA sequence due to imperfect complementation. (b) Within the
nucleus, the T-strand is are converted into a ds T-DNA intermediate, which can be processed by two alternative pathways. In the first pathway observed mostly in plants,
integration occurs by a non-homologous (illegitimate) recombination (NHR). (¢) VirD2 is replaced with the AtKU70-AtKU80 heterodimer at both ds T-DNA ends, to which
DNA-dependent protein kinase (DNA-PK) is recruited. (d) In parallel, DNA unpacking, via H2A modification, and formation of a DSB in the target DNA leads to recruitment
of the AtKU70-AtKU80—-DNA-PK complex to the DSB site (e), initiating DSB DNA repair, to which ds T-DNA intermediate is attracted (f). (g) The XRCC4-AtLIG4 complex
probably mediates integration of the ds T-DNA into the DSB site. (h) In addition, several ds T-DNA molecules (indicated here as T-DNA 1 and T-DNA 2) can be joined
together by the AtKU70-AtKU80-DNA-PK and XRCC4-AtLIG4 machinery and (i) only later be attracted to and (g) integrate into the DSB site. In an alternative pathway,
known to occur in yeast cells but also possible in plants, ds T-DNA intermediates can also integrate by homologous recombination (HR). (j) In this scenario, DNA ends are
first recognized by Rad52, or its potential plant homolog, with or without the displacement of VirD2 and processed by the Rad52(Rad50)-Mre11 complex, leaving 5'-end
overhangs (k). Rad51, or its plant homolog AtRADS, is then polymerized on the ssDNA overhangs of both (I) the T-DNA intermediate and (m) the target DNA. The nucleo-
protein filaments at the ends of the integrating dsDNA search for microhomologies to DSBs in the host genome and (n) anneal to these regions (o) mediating their ligation
into DSB.

heterodimer. Rad52 probably binds to ss ends [66] rather
than ds ends, whereas VirD2 might still be protecting the
5'-end of the T-strand. The Rad52-bound DNA ends are
then processed by the Rad52(Rad50)—Mrell nucleolytic
complex, resulting in 5'-end overhangs. Rad51, or its plant
homolog AtRADS5, is then polymerized onto the ssDNA
overhangs to form nucleoprotein filaments. Concurrently,
the ends of the DSBs in the host genome undergo similar
modification by the Rad52(Rad50)—Mrell complexes and
associate with Rad51, becoming ‘competent’ for dsDNA
integration. The nucleoprotein filaments at the ends of
the integrating ds T-DNA intermediate search for micro-
homologies to DSBs in the host genome and anneal to
these regions, the 5-end overhangs are filled-in, and
the dsDNA is ligated into the DSB. This mechanism
explains why the 5'-end of the T-DNA, which is protected
by VirD2, is more conserved than its 3-end during
integration [18,67,68].

Future prospects

In the past several years, T-DNA integration research has
shifted from analyzing integration junction sequences to
identifying the molecules that are involved in the
integration process. Using yeast and Arabidopsis as

www.sciencedirect.com

models, several host genes that are involved in T-DNA
integration have been identified, although many others
are still awaiting discovery. This research trend is
expected to continue, leading not only to the identification
of all of the proteins involved in the integration process but
also to elucidation of the precise molecular mechanism
leading to successful integration. In addition, under-
standing the molecular pathway(s) of T-DNA integration
will lead to the development of new tools and approaches
for controlling this process. Such tools might then be used
for efficient gene-targeting- and gene-replacement tech-
niques, which are highly valuable for plant research and
biotechnology [69,70].
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