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Abstract

Agrobacterium strains transfer a single-strand form of T-DNA (T-strands)
and Virulence (Vir) effector proteins to plant cells. Following transfer, T-
strands likely form complexes with Vir and plant proteins that traffic through
the cytoplasm and enter the nucleus. T-strands may subsequently randomly
integrate into plant chromosomes and permanently express encoded trans-
genes, a process known as stable transformation. The molecular processes
by which T-strands integrate into the host genome remain unknown. Al-
though integration resembles DNA repair processes, the requirement of
known DNA repair pathways for integration is controversial. The config-
uration and genomic position of integrated T-DNA molecules likely affect
transgene expression, and control of integration is consequently important
for basic research and agricultural biotechnology applications. This article
reviews our current knowledge of the process of T-DNA integration and
proposes ways in which this knowledge may be manipulated for genome
editing and synthetic biology purposes.
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Tumor-/root-
inducing plasmid
(Ti/Ri plasmid):
a large plasmid
conferring virulence
upon Agrobacterium
tumefaciens,
Agrobacterium rubi,
Agrobacterium vitis, and
Agrobacterium
rhizogenes strains

Transfer DNA
(T-DNA):
a component of
tumor-/root-inducing
plasmids processed
and transferred as
single-strand DNA to
plants

vir: virulence genes,
which—along with
their encoded Vir
proteins—mediate
transformation and are
specified by
tumor-/root-inducing
plasmids; some Vir
proteins are
transferred to plants

VirD2: Virulence
protein involved in
processing transfer
DNA from the
tumor-inducing
plasmid, guiding it
through the type IV
secretion system, and
targeting single-strand
transfer DNA to plant
nuclei

T-strand:
a single-strand form of
transfer DNA
introduced from
Agrobacterium into
plants

Type IV secretion
system (T4SS):
a protein secretion
system through which
Agrobacterium transfers
Virulence effector
proteins and transfer
DNA to plants

INTRODUCTION

Virulent strains of the genus Agrobacterium can, in nature, genetically transform a wide variety
of plant species. In the laboratory, they can also be used to transform yeast, fungal, and animal
cells (64). Although a few other α-proteobacterial species can transfer DNA to plants (10, 49, 62,
139), the high efficiency of Agrobacterium-mediated transformation has rendered this process an
important tool for plant basic research and a base technology for the agricultural biotechnology
industry.

Agrobacterium-mediated transformation is composed of numerous stages (Figure 1; 36). All vir-
ulent Agrobacterium strains harbor tumor-inducing (Ti) or root-inducing (Ri) plasmids, including,
for example, Agrobacterium tumefaciens, Agrobacterium vitis, and Agrobacterium rubi; or Agrobac-
terium rhizogenes, respectively. Ti/Ri plasmids encode virulence (vir) genes that are induced by
plant-released phenolics (112). vir gene induction can occur prior to or simultaneously with at-
tachment of the bacteria to plant cells. Following induction, transfer DNA (T-DNA) is processed
from the Ti/Ri plasmid through the concerted activity of VirD1 and VirD2 (23). Transfer of a
single-strand form of T-DNA (T-strand) and Virulence (Vir) effector proteins is effected through
a series of steps: transfer of T-strands (piloted by the covalently attached protein VirD2) and
several Vir effector proteins to the plant through an induced Type IV secretion system (T4SS),
trafficking of T-strands and Vir protein/plant protein complexes through the plant cytoplasm to
the nucleus, T-strand nuclear import, T-DNA integration into the plant genome, and expression
of T-DNA-encoded transgenes. Although transient expression of a T-DNA-encoded transgene
can occur without integration of T-DNA into host cell chromosomes, stabilization of transgene
expression (stable transformation) requires T-DNA integration. This review focuses on these lat-
ter steps in stable transformation: T-DNA integration and stable transgene expression. Several
recent articles review other aspects of Agrobacterium-mediated plant transformation (35–37, 40,
145).

GENERATION OF T-STRANDS AND THEIR ENTRY INTO THE HOST
CELL NUCLEUS

Wounding of plant tissue induces the production of numerous defense compounds, including
some phenolics that can, along with neutral and acidic sugars, trigger a two-component sensory-
response system (VirA–VirG) that induces Agrobacterium vir gene expression (140). Among the
induced Vir proteins are VirD1, a helicase, and VirD2, a nuclease (45). Together, they nick
the T-DNA region of Ti/Ri plasmids, usually between bases 3 and 4 of nearly identical 25-bp
left border (LB) and right border (RB) repeat sequences that flank and define T-DNA (143).
T-strands are generated as a result of VirD2 nicking at both the LB and the RB. The re-
sulting T-DNA generally contains bases 4–25 of the LB and bases 1–3 of the RB. During the
nicking process, VirD2 covalently attaches to the 5′ end of T-DNA at the RB (134). VirD2/T-
strands exit the bacterium through a T4SS that also exports several Vir effector proteins (VirD5,
VirE2, VirE3, and VirF from A. tumefaciens; GALLS-CT and GALLS-FL instead of VirE2 from
some A. rhizogenes strains) (48). Within the plant cell the single-strand DNA-binding protein
VirE2 likely noncovalently coats T-strands to form a VirD2/VirE2/T-DNA T-complex (50). Al-
though such a complex has never been isolated, indirect evidence suggests its existence: Fewer
T-strands can be isolated from plant cells infected by a virE2-mutant A. tumefaciens strain than
from cells infected by a wild-type A. tumefaciens strain (144), and the few T-strands that do inte-
grate into the infected plant genome are greatly truncated, suggesting a lack of protection by VirE2
(97).
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Figure 1
Simplified model of the Agrobacterium-mediated plant transformation process emphasizing T-DNA
integration and stable transgene expression. Many components of the model remain speculative (e.g., the
presence of T-complexes in the plant and where in the plant cell VirE2 may be removed from T-strands).
From left to right, the hypothesized steps include: (�) Plant phenolic and sugar molecules are perceived by
the VirA–VirG two-component regulatory system, resulting in the induction of vir genes and the production
of Vir proteins. (�) VirD1 and VirD2 nick the T-DNA region of the Ti plasmid at border repeat
sequences. (�) VirD2 covalently attaches to the 5′ end of one T-strand, forming a VirD2/T-strand complex.
(�) VirD2/T-strands and Vir effector proteins exit the bacterium using a T4SS. Although VirE2 associates
with its chaperone VirE1 in the bacterium, only VirE2 is transported to the plant. (�) Within the plant, VirE2
protein may associate with T-strands, and the T-complex traffics through the plant cytoplasm and enters the
nucleus through nuclear pores. Not shown are other Agrobacterium and plant proteins that likely associate with
T-complexes. (�) VirE2 protein dissociates from T-strands. (�) T-strands integrate into plant
chromosomes, where the encoded transgenes may be expressed. Abbreviations: T-complex, VirD2/T-strand/
VirE2 complex; T-DNA, transfer DNA; Ti plasmid, tumor-inducing plasmid; T-strand, a single-strand
form of transfer DNA; T4SS, type IV secretion system; vir, virulence gene; Vir, Virulence protein.

Stable
transformation:
introduction of
transfer DNA to plant
nuclei followed by
integration into the
host genome

VirD2 contains a strong C-terminal nuclear localization signal sequence that likely leads T-
strands to the nucleus (46). Whether, once within the nucleus, VirD2 targets T-DNA to the plant
genome for integration is an open question. Early experiments indicated that VirD2 interacts
with TATA-binding protein in vitro and in Arabidopsis cells (6). Because some early experiments
suggested that T-DNA integrates preferentially into promoter regions of transcriptionally active
genes (1, 11, 13, 100, 116), some scientists believed that VirD2 was responsible for targeting T-
strands for preferential integration into these regions. However, T-DNA does not preferentially
target specific regions of the genome for integration (discussed in the next section); thus, it is
not likely that proteins involved in transcription are responsible for directing T-DNA to specific
chromosomal regions.
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VirE2: Virulence
protein likely involved
in protecting
single-strand transfer
DNA from
degradation in plant
cells

T-complex:
complex formed by
single-strand transfer
DNA covalently
bound by VirD2
protein and
noncovalently coated
with VirE2 protein

T-DNA junctions:
links between
integrated T-DNA
and plant DNA

T-DNA TARGETING TO THE HOST CHROMOSOMES

Numerous studies have examined regions of the genome into which T-DNA has integrated (1,
3, 13, 51, 54, 55, 100, 102, 115, 119). In these studies, T-DNA/plant DNA junctions from trans-
genic Arabidopsis, Brachypodium, or rice plants were identified and characterized. Although the
interpretations of these results varied somewhat, in general these authors concluded that T-DNA
preferentially integrated into genes, especially into transcriptionally active regions of the genome,
promoters, and regions rich in A and T nucleotides (characteristic of promoters). In addition, the
stable transformation frequency of the Arabidopsis Chromatin Assembly Factor 1 (CAF-1) mutants
fas1 and fas2 was higher than that of wild-type plants (28). Because the CAF complex is involved in
altering chromatin structure and because these mutants additionally displayed higher levels of ho-
mologous recombination (HR), the authors suggested that a more open chromatin conformation
in the mutants may expose the DNA, permitting both HR-related proteins and T-DNA greater
access to plant DNA. Finally, VirD2 protein interacts in plant or yeast cells with proteins important
for DNA and histone modification, such as histones (142), S-adenosyl-L-homocysteine hydrolase
(involved in DNA methylation) and a MYST-like histone acetyltransferase 2 (66). VirD2/T-DNA
may therefore form complexes with enzymes that modify chromatin. Collectively, these results
suggested that T-DNA preferentially integrates into euchromatic regions of the genome or re-
gions depleted of nucleosomes.

However, most of the T-DNA junction studies were conducted on regenerated plants that
had undergone selection for the expression of transgene resistance markers. Indeed, regenera-
tion of Agrobacterium-infected plant tissue without selection indicated that many recovered plants
contained silenced transgenes (25, 31). If T-DNA had integrated into a transcriptionally inactive
region of the genome (e.g., centromeres, telomeres, heterochromatin), the selection marker may
not have been expressed and transgenic plants exposed to selection conditions would not have been
recovered. Such selection bias was tested by Kim et al. (58), who recovered T-DNA/plant DNA
junctions from infected Arabidopsis cells that had not undergone selection for the expression of
transgenes. Characterization of these junctions revealed that they reflected the unbiased makeup
of the Arabidopsis genome. Approximately 10% of that genome comprises highly repetitive DNA,
and approximately 10% of the recovered junctions mapped to highly repetitive DNA. Similarly,
T-DNA insertions into centromeric, telomeric, and ribosomal DNA (underrepresented in pre-
viously characterized selected libraries) were common in the nonselected library, reflecting the
proportion of the genome composed of these elements. Microarray and methylation analyses of
the preinsertion sites in the nonselected library indicated that they reflected the transcriptional
activity of the average gene and that these sites were not hypomethylated. These results indicate
that T-DNA integration does not preferentially occur in transcriptionally active or hypomethy-
lated regions of the genome. Thus, previous observations that T-DNA preferentially integrated
into active, open chromatin likely resulted from a selection bias placed on the analyzed tissue.

Although T-DNA integration does appear to be random, proteins involved in chromatin mod-
ification likely play some role in integration. Mutation or downregulation of Arabidopsis and Nico-
tiana benthamiana genes encoding specific histones, histone deacetylases and acetyltransferases, and
the histone H3 chaperone SGA1 (ASF1) results in both lower frequency of stable transformation
and decreased T-DNA integration into the genome (5, 18, 86, 118, 148). Conversely, overexpres-
sion of certain histones can increase transformation susceptibility (53, 86, 118). Thus, proteins
important for more general aspects of chromatin architecture, rather than proteins important for
transcription of specific genes, may play a role in T-DNA integration (38).

The single-strand DNA-binding protein VirE2 may also play a role in targeting T-strands to
chromatin. VirE2 interacts with the bZIP transcription factor VirE2 interacting protein 1 (VIP1)
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(123), and VIP1 can interact with histones in vitro (73). Lacroix et al. (63) showed that VIP1
could mediate the interaction of VirE2 with mononucleosomes in vitro. VIP1 could also mediate
the association of VirE2–single-strand DNA complexes with mononucleosomes. These results
suggest that VIP1/VirE2/T-strand complexes may target nucleosomes comprising chromatin in
the nucleus. However, Shi et al. (106) recently showed that VIP1 is not required for Agrobacterium-
mediated plant transformation, a finding that suggests alternative routes for T-strand targeting of
host chromosomes. Indeed, efficient VirE2-independent transformation can occur in the presence
of the GALLS protein (48).

ASSAYS FOR T-DNA INTEGRATION

Unfortunately, no in vitro T-DNA integration assay currently exists. Ziemienowicz et al. (149)
showed that VirD2 could not ligate single-strand DNA to a model target sequence, indicating
that VirD2 does not possess generalized ligation activity. VirD2 could mediate ligation of T-
DNA border sequences to themselves, effectively reversing the original nicking reaction (93). Plant
extracts could ligate T-DNA to model target sequences in an ATP-dependent manner, suggesting
that T-DNA integration depends on plant ligases (149). However, mutation of neither Arabidopsis
DNA ligase IV nor the plant-specific DNA ligase VI significantly reduced stable Agrobacterium-
mediated transformation (94, 129). Mutation of DNA ligase VI actually increased transformation
(94). These results indicate that in Arabidopsis, either DNA ligase I or some yet unknown ligase is
responsible for joining T-DNA to plant DNA. It is possible, however, that T-strands that enter
the plant cell are not directly ligated to breaks in the plant genome; rather, T-strands may be
copied by a host DNA polymerase, and the copy may be ligated to the genome during replication
(130; Figure 2).

Scientists have often used the frequency of stable Agrobacterium-mediated transformation as a
surrogate for examining T-DNA integration (e.g., 79). Certainly, the generation of stable trans-
formation phenotypes (e.g., resistance to antibiotics or herbicides, stable green fluorescent protein
or β-glucuronidase expression) requires T-DNA integration and stable expression of transgenes.
However, as discussed above, T-DNA integration can occur in the absence of transgene expres-
sion (25, 31), and integrated transgenes often express at greatly differing levels (e.g., 27, 43, 83,
89). Thus, lack of stable transformation (a transgene expression phenotype) does not necessarily
indicate lack of T-DNA integration (a physical genotypic event). Indeed, mutation of the Ara-
bidopsis PARP1 gene results in greatly increased T-DNA integration, but it does not affect stable
transformation frequency. This apparent paradox was resolved when Park et al. (94) showed high
levels of transgene DNA methylation in parp1 mutant but not in wild-type plants, suggesting
silencing of selection marker genes.

Several physical assays have been developed to investigate T-DNA integration in the absence
of selection for transgene expression. In these assays, plant tissue is infected by Agrobacterium and,
after several days of cocultivation followed by killing the bacteria using antibiotics, the plant tissue
is grown in the absence of selection for transgene expression. DNA is subsequently isolated and
analyzed for T-DNA integration. These analyses include DNA blot analysis of high-molecular-
weight plant DNA that uses a transgene as the hybridization probe (4, 18, 85, 86, 94), PCR using
primers directed to T-DNA genes (4, 5, 94), thermal asymmetric interlaced-PCR (TAIL-PCR)
to amplify T-DNA/plant DNA junctions (130), and cloning of T-DNA/plant DNA junctions
(58). DNA blot–based hybridization assays are especially useful because they can reveal integrated
T-DNA fragments that may be missed by conventional or TAIL-PCR. These assays have shown
that several genes involved in chromatin formation and histone modification, encoding Arabidopsis
histone H2A-1, the histone deacetylases HDT1 and HDT2, the histone H3 chaperone SGA1
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Figure 2
Models for T-DNA integration. (a) Integration of linear or circular double-strand T-DNA molecules into a double-strand break in
plant DNA. Currently, there is no evidence (question marks) to indicate that T-circles or linear double-strand T-DNA can integrate
into plant DNA. (b) Strand invasion of a T-strand into nicked plant DNA. (c,d ) Hybridization by microhomology of T-strand
sequences with plant DNA after a double-strand DNA break leaves (c) a 3′ overhang, or (d ) a 5′ overhang. (e) Strand invasion of a
T-strand into plant DNA following a double-strand DNA break. ( f ) Copying of T-strand sequences by DNA polymerase θ ( purple)
into a plant double-strand DNA break. Shown are two T-strand copies in a head-to-head conformation. Abbreviations: LB, left border;
RB, right border; T-circles, extrachromosomal circular transfer DNA molecules; T-DNA, transfer DNA; T-strand, a single-strand
form of transfer DNA; Vir, Virulence protein. Models c–e are adapted from an unpublished slide of Dr. Seiichi Toki and used with
permission. The model shown in panel f is an extension of that in van Kregten et al. (130).
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T-DNA binary
vector: a plasmid
containing transfer
DNA but not
virulence genes

Transgene silencing:
lack of expression of a
transferred exogenous
gene

(ASF1), and tobacco histone H3, are important for T-DNA integration. DNA blot assays have
also been used to show that mutation of DNA repair and recombination genes encoding XRCC4,
Ku70, Ku80, DNA ligase VI, and PARP1 results in increased T-DNA integration into the plant
genome (94).

PATTERNS OF T-DNA INTEGRATION AND EFFECTS
ON TRANSGENE SILENCING

T-DNA integration into the plant genome may occur at one or several loci, which may be segre-
gated in subsequent generations. The copy number of integrated T-DNAs varies among studies
and within individual studies from a single copy to tens of copies. Clearly such copy number
differences do not always result from the use of different Agrobacterium strains, plant species, or
transformation protocols, because copy number varies even between independent events within a
single study. Oltmanns et al. (91) showed that transformation frequency and integrated T-DNA
copy number in Arabidopsis (generated by flower-dip transformation) and in maize [generated by
immature zygotic embryo transformation (30)] did not correlate with the T-DNA binary vector
copy number in Agrobacterium. However, when T-DNA was integrated into and launched from
the Agrobacterium chromosome, the transformation frequency was somewhat reduced (twofold
in Arabidopsis, eightfold in maize) but the integrated T-DNA copy number was greatly reduced
to very few multicopy insertions in hundreds of individual events investigated. In addition, these
transgenic lines almost always lacked integrated T-DNA binary vector backbone sequences. These
authors suggested that launching T-DNA from the Agrobacterium chromosome may be useful to
reduce the integrated T-DNA copy number in the resulting transgenic events. More recently,
Zhi et al. (147) showed that, although the initial maize transformation frequency could vary de-
pending on the type of binary vector used, the percentage of single-copy integration events was
not altered using binary vectors with different origins of replication and, hence, bacterial copy
number. Additionally, Sivamani et al. (110) used an RNAi approach targeting selectable marker
transcripts to obtain transgenic maize plants with single-copy T-DNA insertions.

The importance of single T-DNA integration events lies not only in the relative ease of ana-
lyzing these plants but also in the reduced likelihood that single-copy integrants will experience
transgene silencing. One of the remaining limitations to exploiting Agrobacterium-mediated trans-
formation is variability and stability of transgene expression. Independent transgenic events gener-
ated by the same Agrobacterium strain frequently show a broad range of transgene expression, from
very high to totally silent (43, 89). Plants that express transgenes well under laboratory conditions
may undergo reduction in transgene expression under certain field conditions (8, 44). Variability
in transgene expression (7, 47, 52, 57, 84, 95) can make it difficult to evaluate transgenic events and
usually necessitates the generation and testing of hundreds or, in industrial settings, thousands of
transgenic plants to identify those few lines with stable and high-level transgene expression.

The cause of transgene expression variability remains unclear. However, certain T-DNA inte-
gration characteristics often relate to the extent of transgene expression. Multiple T-DNA copies
may link at each locus. RB-to-LB linkages (head-to-tail) indicate tandem integrated T-DNAs
in a direct repeat orientation, but inverted repeat LB-to-LB (tail-to-tail) or RB-to-RB (head-to-
head) integration events may also occur. Head-to-head inverted repeats are common and are often
associated with transgene silencing (9, 17).

Although transgene silencing is often associated with multiple T-DNA insertions at the same
locus, this need not always be so (65, 104), and single-T-DNA insertions may also silence (27, 80,
83). Indeed, independent transgenic events each harboring single-T-DNA insertions may show a
wide range of transgene expression. Because the only known difference among these events is the
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Microhomology: the
presence of identical
short DNA sequences
found in multiple
genetic elements

location of T-DNA insertion, the cause of variation in transgene expression has been attributed to
position effects, possibly reflecting the transcriptional permissiveness of the chromatin into which
T-DNA has integrated (19, 38, 137).

The linkage of multiple independent T-DNAs, rather than duplication of a single T-DNA
at a locus, was shown by infecting plants with two Agrobacterium strains containing T-DNAs
with different selection markers. Simultaneous or sequential selection of plant tissue on medium
containing these selection agents resulted in tissue resistant to both antibiotics and containing
both T-DNAs. In some instances, the two different T-DNAs were closely linked in the plant
genome (20–22).

T-DNA/PLANT DNA JUNCTIONS

T-DNA has been used to generate large insertional mutation (knock-out) libraries in Arabidopsis (1,
102, 115), rice (3, 13, 51, 54, 55, 100), and Brachypodium distachyon (119). As a result of sequencing
the T-DNA/plant DNA junctions (flanking sequence tags) in these libraries, the sequences of
hundreds of thousands of these junctions are known. A recent analysis of T-DNA/plant DNA
junctions in the Arabidopsis GABI-Kat collection (59) illustrates what has been found in other
large T-DNA insertion collections and in other studies of fewer junctions (39, 78). Kleinboelting
et al. (59) annotated 11,103 LB and 699 RB junctions. They found that within the T-DNA
portion of the junctions, RBs were generally more precise than were LBs, i.e., >45% of RBs
were either intact (containing bases 1–3 of the border repeat) or had deletions of four bases or
fewer. The median size of the RB deletion was two nucleotides. However, only approximately
25% of LBs were relatively intact (precise or <4 base deletions), and deletions extending from
the LB junction were considerably larger, on average, than were deletions extending from the
RB junction: The median size of LB deletions was seven nucleotides. The relative precision of
the RB junction sequences has been ascribed to VirD2 protein that is covalently linked to the
RB, presumably protecting it from exonuclease digestion. Larger LB junction deletions have been
ascribed to lack of protection of the LB end region in the VirD2/VirE2/T-strand complex (97).
virE2 mutant Agrobacterium strains are extremely attenuated in virulence (113), although they
accumulate near-wild-type levels of T-strands within the bacterium (114, 131). This result and
the observation that transgenic plants expressing virE2 can complement a virE2− Agrobacterium
strain (15) indicate that the virulence function for VirE2 occurs in the plant. Indeed, fewer T-
strands were observed in plant cells soon after inoculation with a virE2− Agrobacterium strain
than were seen after infection by a wild-type strain (144). The LB region of T-DNA/plant DNA
junctions of the few transformants generated by a virE2− Agrobacterium strain were deleted to a
greater extent than were such LB regions of junctions generated by virE2+ strains (97). These
results indicate that VirD2 likely protects T-DNA RB sequences in the plant, whereas lack of
VirE2 at the extreme LB region results in truncation of integrated T-strands, either by exo- or
endonuclease activity or by revealing T-strand 3′ end sequences for microhomology-mediated
strand annealing (see The Process of T-DNA Integration below).

T-DNA/plant DNA junctions are generally not clean, i.e., they are not comprised of precisely
cleaved T-DNA borders precisely integrating into a plant sequence. Often deletions, insertions,
and rearrangements occur at the junctions. One of the earliest sequence analyses of T-DNA/plant
DNA junctions identified internal T-DNA sequences at the LB junction (108). T-DNA binary
vector sequences (i.e., the plasmid backbone for T-DNA vectors) frequently are transferred and
integrated into the plant along with T-DNA (61, 77, 138). The integration of vector backbone
sequences may result from border skipping by the VirD2 endonuclease (61) or initiation of DNA
transfer from VirD2–LB sequences (26). Because sequences adjacent to the T-DNA region were
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missing from most transgenic Arabidopsis and maize plants generated by launching T-DNA from
the Agrobacterium chromosome, Oltmanns et al. (91) speculated that the transfer of plasmid back-
bone sequences was a consequence of the relatively high copy number of the T-DNA binary
vectors used for most experiments. In addition to plasmid backbone sequences, Agrobacterium
chromosomal DNA fragments have been detected at T-DNA/plant DNA junctions in approxi-
mately 0.4% of the examined lines of large T-DNA insertion collections (126). The mechanism
of Agrobacterium chromosomal DNA transfer to plants remains unknown.

Filler DNA sequences frequently occur between T-region borders and the linked plant DNA
and between multiple linked T-DNA molecules (either direct or inverted T-DNA repeats). Al-
though the origin of these sequences was not always apparent in early studies (e.g., 141), recent
improvements in DNA sequencing and informatics analyses have yielded more information. In
addition to internal T-DNA sequences and Agrobacterium chromosomal sequences previously
mentioned, most filler sequences map to plant DNA. Of the 1,508 filler sequences analyzed by
Kleinboelting et al. (59), almost 95% mapped to the Arabidopsis chromosome. A large percent-
age (approximately 36%) mapped to the same chromosome as the T-DNA insertion, and 3.1%
mapped to within 100 nucleotides of the T-DNA insertion site. Other filler sequences randomly
mapped to the other four Arabidopsis chromosomes. The source of the filler sequences frequently
showed microhomology with the plant target sequence at the insertion site. This finding, along
with the observation that the T-DNA sequence at the insertion site frequently shows microho-
mology with the plant preintegration target site, suggests a microhomology-mediated mechanism
of T-DNA insertion (see The Process of T-DNA Integration below).

Other plant chromosomal abnormalities are also frequently found at T-DNA/plant DNA
junctions. When both junctions of an integrated T-DNA are sequenced, deletions of plant DNA
are commonly seen (59). Deletions are also often seen in T-DNA insertion lines in regions of the
genome other than T-DNA integration sites (e.g., 136). However, it is not clear whether these
deletions result from T-DNA integration (or perhaps abortive integration, whereby the integra-
tion process is interrupted before T-DNA is fully integrated), or from plant tissue culture processes
(136). In addition, chromosomal inversions and translocations are commonly associated with T-
DNA insertions (59, 76, 98, 117). Indeed, Clark & Krysan (16) showed that 19% of the examined
T-DNA insertion lines from the Salk collection have chromosomal translocations. These findings
suggest that multiple double-strand DNA breaks may be associated with T-DNA integration.

PROTEINS IMPORTANT TO T-DNA INTEGRATION

The screening of T-DNA insertion libraries (148) and virus-induced gene silencing (VIGS)
libraries (5) identified numerous genes important for Agrobacterium-mediated transformation
of Arabidopsis and N. benthamiana. The Arabidopsis mutants were designated rat (resistant to
Agrobacterium-mediated transformation), and the N. benthamiana–silenced lines were designated
ACG (altered crown gall). Some of these lines retained high susceptibility to transient transfor-
mation (87). The inability of these lines to stabilize transgene expression suggested either that
they were deficient in T-DNA integration, or that T-DNA had integrated but the encoded trans-
genes were silenced. Biochemical assays for T-DNA integration into high-molecular-weight plant
DNA, as described above, indicated that several genes were important for T-DNA integration,
including those encoding histone H2A (86), histone H3 (5, 148), a nodulin-like protein (NLP) (5),
the histone H3 chaperone SGA1 (18), the histone deacetylases HDT1 and HDT2 (18), and the
NOT domain transcription factor VIP2 (4). Many of the genes encode chromatin components
or chromatin-modifying enzymes, and it is interesting that vip2 mutants have altered levels of
histone and histone deacetylase transcripts (4).
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Nonhomologous
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that do not share
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In many ways, T-DNA integration resembles DNA break repair through nonhomologous
end-joining (NHEJ) or an alternative microhomology-mediated end-joining (MMEJ) process. In
all instances, double-strand DNA breaks may be misrepaired, resulting in deletions, insertions,
rearrangements, and even translocations at the break sites (24, 82). Salomon & Puchta (101) showed
that cleavage of an I-SceI site artificially introduced into the tobacco genome could result in many
of these types of mutations at the site, including the appearance of filler DNA sequences containing
limited (micro)homology with the sequences surrounding the cut site. Indeed, these authors found
that T-DNA (used to introduce the I-SceI enzyme) occasionally integrated at this site. These
findings were confirmed by Chilton & Que (14) and Tzfira et al. (121), who used, respectively,
I-CeuI and I-SceI to cut the corresponding sites introduced into tobacco. Overall, creating these
specific double-strand DNA breaks resulted in integrating T-DNA at these sites in 1–3% of the
examined transgenic events, a very high number relative to possible random integration into the
tobacco genome. X-ray irradiated plant protoplasts that have increased double-strand DNA breaks
also show higher transformation rates, suggesting that DNA double-strand breaks (or induction
of damage-repair enzymes) enhance foreign DNA integration (60).

Because of the perceived similarities between T-DNA integration and DNA break repair
and recombination processes, several laboratories have tested Arabidopsis or rice DNA repair/
recombination mutants for alterations in stable Agrobacterium-mediated transformation. T-DNA
need not have homology to target integration sites; indeed, gene targeting is highly inefficient
in plants (42). Therefore, NHEJ has been the favored mechanism by which T-DNA integrates.
During NHEJ, double-strand DNA breaks are repaired by a major classical (cNHEJ) pathway
involving recognition and alignment of the broken ends by the Ku70/Ku80 heterodimer, polishing
of ragged ends, and ligation by the DNA ligase IV/XLF/XRCC4 complex. Along with cNHEJ,
or when the cNHEJ pathway is disrupted, an alternative (aNHEJ) or backup pathway is activated
that uses histone H1 and PARP1 to recognize and align broken ends. XRCC1 and DNA ligase III
may be used in animals to ligate the ends (24, 82), and DNA ligase I or the plant-specific DNA
ligase VI (135) may be used in plants.

Whether T-DNA integration uses either of these pathways remains in dispute. Indeed, Park
et al. (94) showed that simultaneously disrupting ku80 (involved in cNHEJ) and parp1 (involved
in aNHEJ) had no negative effect on either stable transformation or T-DNA integration into the
Arabidopsis genome. Additionally, Mestiri et al. (79) showed that simultaneous disruption of up to
four DNA repair and recombination pathways, including cNHEJ and aNHEJ, greatly decreased
but did not eliminate transformation. Thus, although some proteins associated with DNA repair
and recombination may influence T-DNA integration, none of the pathways are essential.

Several laboratories have investigated the effects of mutating individual genes in the cNHEJ
pathway on stable Agrobacterium-mediated transformation, and they have come to opposing con-
clusions regarding their importance. For example, van Attikum et al. (128) showed that several
NHEJ genes are important for T-DNA integration in yeast, but the gene encoding DNA ligase
IV is not important for stable transformation of Arabidopsis (129). Friesner & Britt (32) showed
that Arabidopsis ku80 and lig4 mutants showed slightly reduced stable transformation frequencies;
a similar decrease in stable transformation was observed by Li et al. (68). However, Gallego et al.
(34) did not see an effect of a ku80 mutation on stable Arabidopsis transformation. Jia et al. (56) did
not see any major effect of Arabidopsis ku mutations on root or flower dip transformation. Mestiri
et al. (79) observed a 1.5- to 2.5-fold decrease in Arabidopsis transformation using ku80, xrcc1, xpf,
or xrcc2 mutant plants and a greater decrease with double, triple, or quadruple mutants. Finally,
rice ku and lig4 mutants showed decreased Agrobacterium-mediated transformation (90, 99). The
differences seen by these laboratories may reflect the use of different species (rice versus Arabidop-
sis) and transformation methods (somatic-cell versus flower dip-gametophytic). However, none
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of these laboratories directly investigated the importance of these NHEJ genes on T-DNA inte-
gration; rather, they inferred T-DNA integration from stable transformation, taking into account
active insertions only.

Recently, two laboratories investigated the importance of XRCC4 and other NHEJ genes
on both the active insertions of stable transformation and the active and silenced insertions of
T-DNA integration (94, 127). Surprisingly, mutation of many cNHEJ genes increased stable
transformation and T-DNA integration. In no instance did mutation of any individual NHEJ or
other DNA repair/recombination gene decrease stable transformation or T-DNA integration.
Similarly, simultaneous mutation of up to four genes in different DNA repair/recombination
pathways increased both stable transformation and T-DNA integration (Y. Shen, Y. Kim, L.-Y.
Lee, A. Kaundal, K.S. Mysore & S.B. Gelvin, unpublished data). Mutation of PARP1 (involved in
aNHEJ) increased T-DNA integration without increasing stable transformation, suggesting that
mutation of PARP1 silences integrated transgenes. Indeed, an integrated gusA transgene is highly
methylated in a parp1 mutant (94).

Recently, van Kregten et al. (130) showed that mutation of the Arabidopsis gene encoding
DNA polymerase θ [TEBICHI (teb) mutants] almost completely inhibited stable, but not tran-
sient, transformation of Arabidopsis. It is likely that DNA polymerase θ mediates the first step of
T-DNA integration.

THE PROCESS OF T-DNA INTEGRATION

Several mechanisms have been proposed for T-DNA integration. In general, these can be defined
as T-strand invasion (aided by microhomology of T-strands with the plant double-strand chromo-
some target site) or conversion of T-strands to double-strand molecules followed by ligation into
plant double-strand DNA breaks (99, 122). These pathways are not necessarily mutually exclusive,
and variants of these mechanisms can be envisaged (67, 99, 122, 130; Figure 2).

T-DNA enters plants cells as a single-strand molecule (120, 144) capped on its 5′ terminus
by VirD2 protein. VirE2 protein may coat T-strands, but this interaction may not protect the
extreme 3′ T-strand terminus. In addition, VirE2 would have to be stripped from T-strands prior
to or during T-DNA integration (74, 124, 146), unmasking T-strand sequences and rendering
them sensitive to nuclease degradation. Removal of VirE2 protein would also provide substrates for
homology-based (or microhomology-based) matching of T-strand sequences with complementary
plant target DNA sequences. Complementary pairing of the T-strand would likely not occur
exactly at the T-strand 3′ end, and T-strand sequences 3′ of the homology site would be trimmed
during further steps in integration. Either nuclease degradation or trimming of T-strand 3′ ends
following homology-based strand invasion would result in integrated T-DNA molecules lacking
sequences near the 3′ end (LB region), and this is what is frequently seen at T-DNA/plant DNA
junctions. Thus, the homology-based strand invasion model of integration garnered initial favor
(39, 78).

However, the strand invasion model cannot readily account for the frequently found head-
to-head (RB-RB) or tail-to-tail (LB-LB) integrated T-DNA dimers. T-strands would first have
to be converted to a double-strand form before ligation. Thus, the formation of double-strand
T-DNA molecules in the plant nucleus prior to ligation into plant double-strand DNA breaks has
become the favored mechanism of T-DNA integration. Evidence for double-strand T-DNAs in
the nucleus is abundant: Narasimhulu et al. (88) designed a T-DNA that would create a T-strand
containing the noncoding strand of a gusA-intron gene. This T-strand would have to be converted
into a double-strand molecule in order to express the gusA gene. β-Glucuronidase (GUS) activity
could be detected in plant cells, even when T-DNA integration was greatly diminished because
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of a mutation in VirD2 protein (85) or because of mutation of a histone gene important for
integration (86). In addition, several laboratories have used site-specific recombinases to integrate
T-DNA into cognate sites placed in plant genomes (125, 132, 133). These recombinases require
double-strand DNA as a substrate.

The potential importance of double-strand DNA breaks as targets for T-DNA integration was
implied by experiments in which rare-cutting enzymes were used to target T-DNA integration into
these sites (14, 101, 121), as discussed above. However, to ligate double-strand T-DNA molecules
into these (or any) sites, T-strands would first need to be converted to double-strand molecules.
Liang & Tzfira (71) presented evidence that T-strands, delivered by Agrobacterium, could be
converted to a double-strand form using synthetic DNA or RNA oligonucleotides introduced
into plant cells. They speculated that such oligonucleotides naturally found in plant nuclei could
also serve this purpose. These authors additionally suggested that deletion of T-DNA sequences
near LBs could occur as a result of primers hybridizing to T-strands at internal positions. Double-
strand DNA synthesized as a result of replicative extension from such primers would lack the 3′

end of the T-strand, and the single-strand ends would be subject to exonuclease removal.
Conversion of T-strands to double-strand circular molecules was demonstrated by Singer

et al. (109). These authors designed T-DNA binary vectors that incorporated plant- and bacteria-
active selection markers, as well as a bacterial origin of replication, within the T-DNA region.
Agrobacterium harboring these binary vectors was used to infect N. benthamiana plants, and total
DNA was isolated from the infected tissue. The DNA was transformed into E. coli, and plasmids
(either the original binary vector or T-circles generated in planta) were rescued. Screening against
the binary vector backbone antibiotic resistance gene excluded binary vector molecules rescued
from contaminating Agrobacterium cells, and the regions spanning T-circle T-DNA borders were
sequenced. These T-circle border junctions had all the properties of plant DNA junctions of
integrated T-DNAs. Many had complex structures of T-DNA multimers, including tandem and
inverted T-DNA repeats, and many used microhomology at the joined borders that sometimes
resulted in deletions, additions, and other rearrangements. The authors also found filler DNA
and T-DNA binary vector sequences at T-circle border junctions. It is not clear what role these
T-circles play in the process of Agrobacterium-mediated transformation. The authors speculated
that they could be dead-end intermediates that do not integrate or intermediates that serve as
a substrate for integration. They further inferred that by investigating the formation of these
T-circles, scientists could gain knowledge of the mechanism of T-DNA integration.

The finding that DNA polymerase θ is essential for T-DNA integration suggests a mechanism
for integration (130). The authors inferred that DNA polymerase θ captures the 3′ end of T-
strands at plant double-strand breaks through microhomology between sequences at or near
these 3′ ends and plant sequences near the break sites. Capture of two T-DNAs at each broken
plant DNA end could generate a substrate for head-to-head T-DNA dimers, although there is
no easy explanation for the generation of tail-to-tail or head-to-tail dimers. The propensity for
DNA polymerase θ to primer-template switch can also account for filler DNA sequences at T-
DNA/T-DNA and T-DNA/plant DNA junctions. This model of DNA polymerase θ-mediated
T-DNA integration incorporates aspects of both double-strand DNA break generation (in the
plant DNA) and microhomology-mediated strand annealing (between T-strands and resected
plant DNA molecules) (67). This model can also explain microhomologies frequently found at
T-DNA LB and plant target DNA sequences (e.g., 59), the lack of a requirement for NHEJ
proteins for transformation (79, 94), and observations that mutants lacking NHEJ components may
undergo slower break repair, providing more opportunity for homology search and subsequent
T-strand replication at the break sites (94, 127).
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CAN SCIENTISTS CONTROL THE SITE OF T-DNA INTEGRATION?

T-DNA integration is random in the plant genome. Random integration has useful consequences:
Scientists have used T-DNA as an insertional mutagen to generate large libraries of Arabidopsis,
rice, and Brachypodium plants with mutations in the majority of known genes (1, 3, 13, 51, 54,
55, 100, 102, 115, 119). However, random T-DNA integration may have negative consequences
for transgenic plants used for research and biotechnological purposes. These include (a) disrup-
tion of genes or regulatory elements important for plant growth, development, or productivity;
(b) integration of transgenes into regions of the genome that are poorly expressed or may
show altered or unstable expression when plants are placed in the field or are under stress; and
(c) costly and time-consuming regulatory hurdles to characterize T-DNA insertion sites for field
release and commercial growth of transgenic plants. Because of these potential problems associated
with random T-DNA integration, targeting T-DNA integration into specific well-characterized
regions of any plant genome offers numerous advantages for both research and applications.

Targeting transgenes to specific genomic sites is routine in bacteria and fungi, and it is fre-
quently accomplished in mammalian systems. However, efficient knock-in technologies have until
recently been a difficult-to-achieve holy grail of plant biology. In general, sequences introduced
into plant cells using Agrobacterium-mediated transformation or other techniques such as parti-
cle bombardment (gene gun) randomly integrate, even if numerous kilobases of homology exist
between the introduced DNA and the plant genome. Even with Arabidopsis, a plant containing
a relatively small genome (approximately 140 Mbp), gene targeting occurred at a frequency of
10−4–10−3 (42).

In the past decade, numerous advances have been made in genome engineering through the
design of custom nucleases to create double-strand DNA breaks at specific chromosomal sites
(12, 33, 75, 92, 96). The double-strand breaks made by these enzymes either can be misrepaired
by NHEJ to generate mutations at specific sites or can stimulate homology-directed repair that
introduces new sequences into specific genomic target sites (103). However, the design of these
engineered nucleases is cumbersome and generally out of reach for the average laboratory. More
recently, CRISPR-Cas9 technology has been used to generate double-strand breaks at specific
sites. This system uses the Cas9 nuclease, which is directed to specific DNA target sites by a
single-guide RNA (sgRNA); thus, one must only build appropriate sgRNA expression cassettes
to generate specific double-strand DNA breaks. Use of this technology is considerably simpler
than the generation of custom endonucleases, and it is thus rapidly gaining favor for genome
engineering (e.g., 29, 69, 70, 72, 105). Using CRISPR/Cas9 technologies, scientists have been
able to insert single genes or gene fragments into specific sites at frequencies greater than 10%.

As promising as CRISPR/Cas9 technology may be, no laboratory has yet integrated a large
DNA fragment containing numerous genes into a specific chromosomal site. Insertion of large
batteries of genes will be important for synthetic biology purposes, e.g., to introduce an en-
tire biosynthetic pathway into an organism. Agrobacterium can transfer large fragments of DNA
containing numerous genes [wild-type oncogenic T-DNAs can be >25 kbp; DNA transfer
>100 kbp has been reported under laboratory conditions (41, 81)]. Thus, unlike other technologies
such as particle bombardment that often fragment long DNA molecules during transformation,
Agrobacterium can deliver intact DNA molecules large enough to encode numerous genes. Be-
cause Agrobacterium-mediated DNA transfer represents a natural system, Agrobacterium has the
propensity to generate a single copy or a low copy number of integration events with defined ends.
Thus, it is less disruptive to the plant genome structure. Finally, no special equipment or expensive
supplies (such as gold particles) are needed for transformation. Therefore, it is the preferred plant
transformation method for laboratories with limited resources. The challenge will be to marry
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the DNA transfer ability of Agrobacterium with a technology that will target T-DNA to specific
chromosomal sites.

As mentioned above, rare-cutting endonucleases (I-SceI or I-CeuI) have been used to generate
site-specific breaks in plant genomes that trap T-DNA molecules for integration (14, 101, 121).
The target sites for these nucleases were randomly placed into the plant genome by Agrobacterium-
mediated transformation. Because double-strand DNA breaks appear to trap T-DNA, a useful
approach may be to use CRISPR/Cas9 to direct production of these breaks to specific plant
sequences. These sequences should be carefully chosen such that:

1. They reside near or between genes that show predictable and stable expression, even under
field stress conditions.

2. They reside near genes not important for plant growth, development, or productivity. Be-
cause insertions in single-copy genes may be detrimental to the plant, single-copy genes
should not be a target for T-DNA insertion.

3. The sequences into which T-DNA will insert should be unique in the genome to mitigate
off-targeting by the CRISPR/Cas9 nuclease system. Such a T-DNA targeting system would
be useful for both basic research and for agricultural biotechnology.

CAN SCIENTISTS USE AGROBACTERIUM TO DELIVER BUT NOT
INTEGRATE T-DNA?

As genome engineering of plants becomes an increasingly important tool, it would be useful,
especially for regulatory purposes, to develop technology to prevent integration of DNA en-
coding gene editing reagents, such as T-DNA encoding sgRNAs and Cas9 protein, into the
plant genome (see the sidebar titled Plant Genome Engineering). T-DNAs encoding genome
editing tools frequently integrate into the genomes of edited plants and are usually segregated
out in subsequent generations. However, this can be time-consuming and may be cumber-
some and expensive for vegetatively propagated plant species, including potato, sweet potato,
banana, cassava, and sugar cane, in which outcrossing integrated transgenes is difficult. It
would therefore be useful to design an Agrobacterium-based gene transfer technology whereby
T-DNA-encoded genome editing reagents are transiently expressed but not maintained in the
resulting plant.

Two possible approaches may be explored to effect transient but not stable Agrobacterium-
mediated transformation. The first involves DNA polymerase θ. This DNA polymerase is a major
player in the first step in T-DNA integration (130). Arabidopsis plants mutant in DNA polymerase
θ are highly susceptible to transient transformation but resistant to stable transformation. Thus,
they can likely be used to shift the DNA processing equilibrium from random T-DNA integration
to homology-dependent repair. However, there would have to be some way to decrease transiently

PLANT GENOME ENGINEERING

Plant genome engineering is a rapidly developing field of plant synthetic biology and agricultural biotechnol-
ogy. Agrobacterium-mediated transformation is currently the most commonly used technology to deliver genome
engineering reagents, although viral-mediated delivery methods are also being developed. Research needs to fo-
cus on development of novel Agrobacterium-based methods that will deliver large amounts of DNA substrates,
which are needed for efficient homology-directed DNA repair, without ectopic integration of these substrates or
of Cas9/sgRNA-encoding genes.
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DNA polymerase θ activity of multiple crop species and varieties. This potentially could be ac-
complished using RNAi approaches to target the TEB (DNA polymerase θ) gene orthologs in
these species.

A second approach to eliminating T-DNA integration would be to develop an Agrobacterium
strain that could efficiently deliver T-DNA to the plant nucleus but not permit T-DNA to in-
tegrate. Numerous Arabidopsis mutations exist that allow such a scenario to occur (148), but this
would likely not be a useful approach for crop species. A mutant VirD2 protein has been charac-
terized that mediates somewhat reduced transient transformation (20–25% that of the wild-type
protein) but greatly reduced stable transformation and T-DNA integration (1–3% that of wild-
type VirD2) (85, 88). This mutant protein contains a substitution of two serines for four amino
acids (GRGG) in the penultimate VirD2 ω domain (107). Further manipulation of this mutant
protein, or of the ω domain, may result in a VirD2 protein that can transfer T-DNA to plant
nuclei with wild-type efficiency but fail to integrate it into the plant genome.

SUMMARY POINTS

1. Agrobacterium-mediated plant genetic transformation is a complex process involving nu-
merous bacteria- and plant-encoded proteins.

2. T-DNA integration and transgene expression are the final steps in stable transformation.

3. T-DNA integration is random in the plant genome. The integration locus likely affects
transgene expression (position effect). The integrated T-DNA conformation (repeated
units of T-DNA) may also affect transgene expression.

4. T-DNA integration is rarely a clean event. Deletions, insertions, filler DNA sequences,
binary vector backbone sequences, and chromosomal translocations frequently accom-
pany T-DNA integration.

5. Although T-DNA integration resembles DNA repair processes such as NHEJ and
MMEJ, integration does not require the same proteins involved in these repair
processes.

6. DNA polymerase θ is required for T-DNA integration in Arabidopsis.

7. Control of the T-DNA integration site may be important for future plant synthetic
biology experiments.

8. Efficient T-DNA delivery without T-DNA integration may be important for future plant
genome engineering experiments.

FUTURE ISSUES

We still have much to learn about the mechanism of T-DNA integration into the plant
genome. The recent finding that DNA polymerase θ is involved in the first step of in-
tegration, at least in Arabidopsis, is a major breakthrough but invites numerous other
questions:
1. What is the role of DNA damage in selecting sites for integration? Does T-DNA target

single-strand DNA nicks or double-strand DNA breaks?
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2. If T-DNA targets damaged DNA sites, does Agrobacterium take advantage of pre-existing
break sites, or does plant infection by Agrobacterium induce DNA damage? Recently, Song
& Bent (111) observed increased double-strand breaks (measured using comet assays)
and phosphorylated histone H2A.X (γ-H2A.X, a sensitive marker for DNA breaks) in
Arabidopsis infected by Pseudomonas syringae pv. tomato DC3000 and in tomato and potato
infected by various pathogenic fungi. Thus, plant pathogens can cause DNA damage to
their hosts. If Agrobacterium infection induces DNA breaks, is the plant responding to
secreted pathogen-associated molecular patterns or molecules on the bacterial surface,
or do transferred Vir effector proteins induce DNA damage? Thus, is the Agrobacterium-
mediated transformation process inherently mutagenic?

3. If T-strands target DNA break sites, how is that targeting accomplished? Do Vir effector
proteins associated with T-strands (VirD2 and VirE2) target break sites directly, or do
they interact with plant DNA repair proteins (including γ-H2A.X) associated with these
sites?

4. To what extent is VirD2 involved in the integration process? Is VirD2 removed from
T-strands prior to integration, or are T-strands copied into plant DNA by DNA
polymerase θ?

5. If T-DNA (in single-strand or double-strand form) is ligated into plant DNA, which
DNA ligase or ligases are responsible for this activity?

6. Can we specify the T-DNA integration site in the plant genome, and can we additionally
control the integration process to generate high-quality integration events indicated by
a high, stable transformation frequency, a single-T-DNA copy, the absence of a vector
backbone, and stable and predictable transgene expression (2)?
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