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Abstract

To genetically transform plants, Agrobacterium transfers its T-DNA into the host cell and
integrates it into the plant genome, resulting in neoplastic growths. Over the past two decades, a
great deal has been learned about the molecular mechanism by which Agrobacterium produces T-
DNA and transports it into the host nucleus. However, T-DNA integration, which is the limiting,
hence, the most critical step of the transformation process, largely remains an enigma. Increasing
evidence suggests that Agrobacterium utilizes the host DNA repair machinery to facilitate T-DNA
integration. Meanwhile, it is well known that chromatin modifications, including the
phosphorylation of histone H2AX, play an important role in DNA repair. Thus, by implication,
such epigenetic codes in chromatin may also have a considerable impact on T-DNA integration,
although the direct evidence to demonstrate this hypothesis is still lacking. In this review, we
summarize the recent advances in our understanding of Agrobacterium T-DNA integration and
discuss the potential link between this process and the epigenetic information in the host
chromatin.
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1. Introduction

Agrobacterium-mediated genetic transformation of plants is the only known natural example
of trans-kingdom gene transfer. During transformation, Agrobacterium exports a single-
stranded copy of the bacterial transferred DNA (T-DNA) into the host cell and ultimately
integrates it into the host genome. In nature, Agrobacterium (A. tumefaciens) infects plant
wounded tissues and causes neoplastic growths called crown gall tumors. In addition, under
laboratory conditions, this phytopathogen has the ability to transform virtually any
eukaryotic species, from fungal to human cells (reviewed in [1]). This unique feature
distinguishes Agrobacterium as a versatile and powerful tool for molecular genetic studies
as well as for plant biotechnology.

The Agrobacterium transformation process is coordinately regulated by the bacterial
proteins and the host factors (for recent reviews, see [2-5]). Upon perception of plant
phenolic compounds exuded from wound sites, Agrobacterium activates expression of
several effectors, termed virulence (Vir) proteins, via the two-component (VirA-VirG)
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signal transduction system. Among the induced Vir proteins, VirD1 and VirD2 function
together as an endonuclease complex and generate a single-stranded copy of T-DNA (T-
strand) from a specific DNA segment that is defined by two border sequences of 25-bp
direct repeats in the tumor-inducing (Ti) plasmid. Subsequently, the T-strand, with one
VirD2 molecule covalently attached to its 5’ end (Fig. 1A), is exported into the host cell
through a type IV secretion system (T4SS) composed of the VirB and VirD4 proteins.
Moreover, with the help of their C-terminal export signals [6], at least four other bacterial
effectors (VirD5, VirE2, VirE3, and VirF) are also translocated into the host cell through the
TA4SS channel [6,7], facilitating the rest of the transformation process.

Within the host cytoplasm, the T-DNA is believed to exist as a nucleoprotein complex (T-
complex), in which it is coated with numerous VirE2 molecules (Fig. 1B; [8]). Furthermore,
the plant factor VIP1 (VirE2-interacting protein 1), which contains a functional nuclear
localization signal (NLS), interacts with VirE2 (Fig. 1C) and facilitates the nuclear import of
T-DNA [9]. To augment this VIP1 function, Agrobacterium exports into the host cell
another bacterial effector VirE3 [10]; like VIP1, the VirE3 protein also possesses functional
NLSs and mediates the T-DNA nuclear import via its direct binding to Virg2 (Fig. 1C;

[10]).

After the T-complex enters the cell nucleus, the coating proteins are most likely removed
from the T-strand by the VirF-mediated protein degradation (Fig. 1D; [11]). VirF, the first
F-box protein identified in prokaryotes [12], functions as a subunit of the SCF (Skp1-Cull-
F-box protein) ubiquitin E3 ligase complex in the host cell and targets VIP1 as well as its
associated protein VirE2 for proteasome-dependent degradation [11]. In addition, the plant
F-box factor VBF (VIP1-binding F-box protein) is involved in the T-complex uncoating in a
manner similar to VirF (Fig. 1D; [13]). The finding that VirE3 and VirF bacterial effectors
possess functional host analogs, VIP1 and VBF, respectively, indicates potential convergent
evolution [14] and underscores the importance of the transformation steps mediated by these
factors for the infection process. Furthermore, VIP1 and VBF are components of the plant
defense system [13,15,16], indicating the ability of Agrobacterium to subvert the host
defense machinery for active promotion of infection.

The T-complex proteasomal uncoating process is likely to be a prerequisite for conversion
of the T-strand into the double-stranded DNA (dsT-DNA) and its subsequent expression
and/or integration into the host genome (Fig. 1E). However, potentially in a defense
response of the host plant, VirF is rapidly degraded via the host ubiquitin/proteasome
pathway, and Agrobacterium has evolved another exported effector, VirD5, to interact
directly with and stabilize the VirF protein (Magori S and Citovsky V, unpublished).

The entire process of Agrobacterium-mediated genetic transformation is reminiscent of the
retrovirus-mediated gene transfer. However, unlike retroviruses, Agrobacterium does not
export any proteins that function as an integrase. Moreover, none of the known exported
bacterial effectors has been clearly demonstrated to play a direct role in T-DNA integration.
Therefore, Agrobacterium most likely exploits the host factors to complete this process. In
recent years, the host DNA double-strand break (DSB) repair has received increasing
attention as a primary mechanism that facilitates T-DNA integration [17]. In this review, we
focus on the potential role of the DSB repair machinery in Agrobacterium genetic
transformation and also discuss how chromatin dynamics affects DSB repair and, by
implication, T-DNA integration.

2. DSB represents the primary target site of T-DNA integration

As an indirect means to dissect the molecular mechanism underlying T-DNA integration, it
is important to understand where in the host genome T-DNA is ultimately targeted. Large-
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scale analyses of T-DNA insertion distribution patterns in Arabidopsis suggest that the
integration occurs preferentially in gene-rich euchromatic regions of the plant genome [18-
20]. However, all these analyses were done using transgenic plants that had been positively
selected based on the marker gene expression. Thus, the seemingly non-random integration
pattern may be just a consequence of the variable transcription activity at the initial
integration sites. To address this problem, a more recent work utilized Agrobacterium-
transformed plant cells propagated under non-selective conditions and found a high
frequency of T-DNA insertions even in the heterochromatic regions [21]. Furthermore, the
integration pattern did not correlate with the genomic DNA methylation pattern [21].
Together, these observations suggest that T-DNA integration per se takes place randomly
throughout the genome, regardless of the DNA sequences or the transcription activity at the
pre-integration sites [21].

Given that T-DNA integration is truly random, what could be the limiting factor of this
event? Several lines of evidence suggest that T-DNA integration may depend on the
availability of naturally-occurring DNA double-strand breaks (DSBs) in the host genome.
Indeed, exposure of plants to DSB-inducing agents, such as X-rays, is known to enhance
integration of foreign genes [22]. In addition, it has been shown that induction of DSBs by
transient expression of a rare-cutting restriction enzyme in plant genomes increases the T-
DNA integration frequency [23-25]. Thus, Agrobacterium likely utilizes DSBs as the
primary target sites of T-DNA integration. However, the possibility that other DNA lesions,
such as single-strand breaks, may also serve as the potential integration sites cannot be
excluded.

3. T-DNA integration largely relies on host factors

The VirD2 protein of Agrobacterium has long been proposed as a putative DNA ligase that
functions during T-DNA integration [26]. After mobilization of the T-strand within the
bacterial cell, VirD2 is conjugated to the 5’ end of the T-strand and escorts the T-DNA to the
inside of the plant cell nucleus (see above). As a protein directly associated with T-DNA,
VirD2 might possess additional functions in the cell nucleus. In fact, previous studies have
shown that VirD2 has the ability not only to cleave the border sequence of T-DNA, but also
to rejoin the cleavage products in vitro [27]. This ligation activity may be conferred by the
conserved H-R-Y integrase motif found in the VirD2 amino acid sequence. However, an R-
to-G mutation in this motif did not affect the T-DNA integration efficiency in vivo [26].
Furthermore, studies using an in vitro T-DNA ligation assay revealed that plant extracts, but
not VirD2, are required for T-DNA ligation at the tested target sequence [28]. Together,
these observations suggest that T-DNA integration largely relies on plant factors, but not
any of the bacterial effector proteins.

4. The role of DSB repair machinery in T-DNA integration

As we discussed above, DSBs in the host genomes are thought to be the primary target sites
of T-DNA integration, which is most likely mediated by the host factors. Thus, it makes
biological sense that the host DSB repair proteins play a role in Agrobacterium T-DNA
integration.

In eukaryotes, DSBs are known to be repaired by two conserved pathways: homologous
recombination (HR) and non-homologous end joining (NHEJ). The HR pathway repairs
DSBs by using sequence homology from an undamaged sister chromatid or homologous
chromosome, whereas the NHEJ pathway directly rejoins damaged DNA ends (for recent
reviews, see [29-32]). Possible involvement of both DSB repair pathways in T-DNA
integration has been intensively studied in budding yeast, which can be transformed by
Agrobacterium under laboratory conditions. For example, genetic studies using yeast
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mutants demonstrated that many of the NHEJ proteins, including Ku70, Rad50, Mrel1l,
Xrs2 and Lig4, are required for integrating the T-DNA into the yeast genome (Table 1;
[33]). Moreover, Rad51 and Rad52 have been shown to play an essential role in T-DNA
integration by HR in yeast (Table 1; [34]). Although these studies were done in a non-
natural host of Agrobacterium, the results clearly indicate that the host DSB repair
machinery has a substantial involvement in T-DNA integration.

The role of the DSB repair proteins during Agrobacterium transformation has also been
investigated in the model plant Arabidopsis thaliana. The homologs of most of the HR and
NHEJ proteins have been identified in Arabidopsis (for a review, see [35]), and several of
them have been tested for their effects on T-DNA integration mostly by genetic analyses
with the corresponding mutants (Table 1). For example, it was reported that a mutant
lacking the Arabidopsis homolog of Ku80 (AtKU80), a protein that recognizes the damaged
dsDNA ends during NHEJ, exhibits a reduced T-DNA integration efficiency [36,37]. On the
other hand, overexpression of AtKUS80 in Arabidopsis enhances T-DNA integration [37].
However, contrary to this result, another research group showed that AtKU80 is dispensable
for the integration [38]. Such a discrepancy between different studies is also the case for
Lig4 (AtLIG4), a DNA ligase essential for NHEJ. One study reported that AtL1G4 is
required for T-DNA integration [36], while another study showed that it is not essential [39].
These contradictory results might simply reflect different assays used in different
laboratories. For example, the floral-dip transformation method is thought to be a relatively
imprecise means to analyze T-DNA integration, compared with the root tumor formation
assay. It is also possible that, in multicellular organisms, the degree of the involvement of
each DSB repair protein in T-DNA integration may vary among different cell types and/or
developmental stages. Moreover, plant mutants defective in one NHEJ pathway may utilize
other NHEJ pathways and/or HR as backup repair machinery, which could result in a
relatively mild or undetectable phenotype of the mutants with regard to T-DNA integration.

Unlike yeast, plants predominantly utilize NHEJ rather than HR to repair DSBs [40,41],
suggesting that T-DNA is most likely integrated into the plant genome via NHEJ. This may
be the reason why most studies thus far have been focusing on the plant NHEJ factors for
their involvement in Agrobacterium transformation. However, one should be cautious about
this notion; increasing evidence suggests that induction of DSBs by rare-cutting or site-
specific endonucleases can enhance the HR machinery in plants [42-47]. Thus, under such
conditions, the potential effect of the HR pathway on T-DNA integration should also be
taken into account.

In addition to the highly-conserved HR and NHEJ machinery, plant-specific factors are also
important in DSB sensing and/or repair. One such example is Arabidopsis SOG1
(SUPPRESSOR OF GAMMA RESPONSE 1), which encodes a putative transcription factor
of the NAC domain family [48]. It has been shown that SOG1 is required for rapid induction
of hundreds of genes in response to ionizing radiation in plants [48]. This suggests that
SOG1, a protein unique to plants, represents a central transcriptional regulator that mediates
DNA damage response [48]. It is tempting to speculate that such plant-specific DNA repair
proteins might also play a role in Agrobacterium T-DNA integration.

Studies of DSB repair in the context of T-DNA integration have begun only recently and
represent one of the most active fields of Agrobacterium research. Although the
contradictions between different studies need to be resolved, it is now indisputable that
Agrobacterium at least partly utilizes the host DSB repair machinery for its T-DNA
integration. To understand the precise molecular mechanism of the integration process,
further identification and characterization of DSB repair proteins in plants are necessary.
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5. Chromatin modifications and T-DNA integration

Chromatin structure and modifications play an indispensible role in a wide range of cellular
processes, including DSB repair. The basic unit of chromatin is a nucleosome, in which 147
bp of chromosomal DNA is wrapped around a protein octamer core comprising histones
H2A, H2B, H3 and H4. Each histone molecule contains an N-terminal tail domain, which is
susceptible to a variety of post-translational modifications, such as phosphorylation,
methylation, acetylation and ubiquitylation. Recent studies have shown that several types of
histone modifications are essential for the DSB repair response (for reviews, see [29-32]),
and may also be important for Agrobacterium T-DNA integration (Table 2).

The first histone modification that becomes evident upon DSB induction is the rapid
phosphorylation of the histone variant H2AX (or H2A in yeast). This modification, known
as y-H2AX, encompasses ~2 Mb of chromatin surrounding a DSB in mammalian cells (~50
kb in yeast) [49,50]. The phosphorylated H2AX is believed to serve as a landing platform
for DSB repair machinery and recruit a number of downstream factors, including histone
modifying enzymes (NuA4) [51] and ATP-dependent chromatin remodeling complexes
(INO80 and SWR1) [51-53]. NuA4 is a histone acetyltransferase (HAT) complex that
acetylates the first four lysine residues in the N-terminal tail of histone H4. Mutations in
these lysine residues of H4 or the NuA4 subunits cause hypersensitivity to DSB-inducing
agents [51,54], suggesting that the NuA4-mediated histone acetylation plays a critical role in
DSB repair. Surprisingly, a genome-wide mutant screen revealed that yeast strains lacking
Eaf7 or Yaf9, both of which are subunits of the NuA4 complex, exhibit a strongly enhanced
Agrobacterium-mediated T-DNA integration efficiency (> 5-fold increase) [55]. It should be
noted that Yaf9 is also a subunit of the SWR1 chromatin remodeling complex, which
directly binds to the phosphorylated H2AX and replaces it with another histone H2A
variant, H2AZ. Like NuA4, yeast strains lacking the functional SWR1 complex show
hypersensitivity to DSB-inducing agents [56], suggesting the essential role of SWR1 in DSB
repair. How the defects in the NuA4- and SWR1-regulated chromatin dynamics increase the
T-DNA integration efficiency remains unclear, but one could speculate that disruption or
delay of DSB repair at certain reaction steps might leave unrepaired DSBs in a form
preferable for T-DNA integration. However, one should not forget that both NuA4 and
SWR1 are also involved in transcriptional regulation of many genes [57,58]. Thus, we
cannot rule out the possibility that the increased T-DNA integration efficiency in mutants
lacking NuA4 or SWR1 could be an indirect effect caused by misregulation of as yet
unknown genes involved in the integration process.

In addition to the NuA4 HAT complex, other histone acetyltransferases, such as Gen5 [59]
and Hat1 [60], have been implicated in DSB repair, although their precise roles are
relatively unclear. Interestingly, it has been reported that yeast strains lacking Gen5 exhibit a
highly increased T-DNA integration efficiency [55], suggesting that the Gen5-mediated
histone acetylation during DSB repair may negatively control T-DNA integration. However,
again, this observation could be an indirect effect of misregulation of certain genes in the
mutant because Gen5 is known to be required for global transcriptional activation as a
catalytic subunit of the SAGA, SLIK and ADA complexes (for a review, see [61]). Indeed,
yeasts lacking Ngg1, another subunit of all these Gen5-containing HAT complexes, also
show an enhanced T-DNA integration frequency [55].

In contrast to these yeast HAT-related proteins (Eaf7, Yaf9, Gen5 and Nggl), two
Arabidopsis HAT proteins, HAF1 and HAG3, seem to positively regulate T-DNA
integration as RNAi-mediated knockdown of the corresponding genes leads to substantial
reduction in T-DNA integration efficiency [62]. Thus, it is difficult to generalize the role of
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HATSs in the integration process. Potentially, different HAT proteins/complexes may possess
distinct functions via different pathways during Agrobacterium transformation.

Given that histone acetyltransferases affect Agrobacterium T-DNA integration, it is
plausible that histone deacetylases (HDACs) may also play a role in the integration. Indeed,
deletion of HDAC-encoding genes (HST4, HDA2 and HDA3) in yeast strongly decreases T-
DNA integration efficiency [55]. Furthermore, in Arabidopsis, RNAi-mediated knockdown
of at least two HDACs (HDT1 and HDT2) was found to attenuate the susceptibility to
Agrobacterium-mediated root transformation [62]. The major function of HDACs is the
repression of transcription by inducing chromatin condensation. Thus, it is plausible that
mutations or knockdown of HDACs may lead to ectopic expression of as yet unknown
negative regulators of Agrobacterium transformation. Alternatively, HDACs may positively
regulate T-DNA integration via DSB repair. In fact, several HDACS, such as the Sin3/Rpd3
HDAC complex, have been suggested to play a critical role in DSB repair [59,63]. Although
the molecular basis for the effects of HATs and HDACs on T-DNA integration remains
unclear, the observations in yeast and Arabidopsis suggest that histone acetylation balance
controlled by the HAT/HDAC interplay is important to facilitate Agrobacterium
transformation.

Recent studies also suggest the role of histone chaperons in T-DNA integration. For
example, Arabidopsis mutants lacking the chromatin assembly factor 1 (CAF-1) complex
were found to exhibit an increased T-DNA integration efficiency [64]. CAF-1 is believed to
mediate nucleosome assembly during DNA replication and nucleotide exchange repair
(NER) (for recent reviews, see [65-67]). Interestingly, the loss of the CAF-1 activity in
Arabidopsis leads to upregulation of several DSB repair proteins involved in HR but not
NHEJ [64,68-70]. Consistently, the CAF-1 mutants show an enhanced HR frequency
[64,69]. Thus, the enhanced T-DNA integration rate in the CAF-1 mutants may be the
consequence of the hyperactivated HR process. However, we cannot exclude the possibility
that mutations in CAF-1 result in formation of a relatively loose chromatin structure, which
may be more accessible to a foreign DNA. In addition to CAF-1, the Arabidopsis homolog
of Asfl, a member of the H3/H4 family of histone chaperons, has been implicated in T-
DNA integration [62], but the molecular basis of its effect remains elusive.

6. Potential role of the histone code in T-DNA integration

Although some types of histone modifications are likely to be involved in Agrobacterium T-
DNA integration, the molecular basis for this putative involvement is completely unknown.
An attractive hypothesis is that epigenetic information at chromatins surrounding a DSB
may serve as a “landmark” to be recognized by the T-complex (Fig. 2A). The resulting
chromatin-T-complex interactions could bring T-DNA into close proximity to a DSB and
facilitate its integration along the host DSB repair. In this model, the T-complex uncoating is
not likely to occur until it reaches the host chromatin. It remains to be investigated whether
the T-complex possesses a preferential affinity to any modified histones, but recent studies
have shown that the plant factor VIP1, a component of the T-complex, directly binds to all
of the core histones (H2A, H2B, H3 and H4) as well as purified plant nucleosomes [71-73].
Interestingly, the C-terminal truncated VIP1 (amino acids 1-164), which cannot interact
with histone H2A, strongly decreases T-DNA integration efficiency [71]. Furthermore, the
Arabidopsis mutant lacking histone H2A was shown to be defective in T-DNA integration
[74]. These observations suggest that the association of the T-complex with the host
chromatin via VIP1 is critical for T-DNA integration. This intrinsic interaction may be
further stabilized by certain histone modification patterns in the host chromatin. However, it
should be noted that non-plant species, which do not encode an apparent VIP1-like gene, are
also susceptible to Agrobacterium transformation (reviewed in [1]). Thus, the VIP1-
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mediated T-complex targeting to the host chromatin is not the sole mechanism underlying T-
DNA integration, but other unknown factors and pathways may be equally important for this
process.

In an alternative model, histone modifications may help T-DNA “disguise” as a host
chromatin that harbors a DSB (Fig. 2B). In this mechanism, after the T-complex uncoating,
its T-strand needs to be converted to dsT-DNA, which is then packaged into a nucleoprotein
complex composed of the host histones. Subsequently, the incorporated histones are subject
to specific modifications, such as phosphorylation of H2AX. Finally, these histone codes are
recognized by the host DSB repair machinery, leading to T-DNA integration at a nearby
DSB (if available) in the host genome. The advantage of this model is that it does not
require any plant-specific proteins and thus may explain how T-DNA is integrated into the
genome of non-plant species. Although direct evidence to support this hypothesis is lacking,
a recent study using an immunoprecipitation assay demonstrated that at least KU80, an
essential protein that recognizes DSB ends during NHEJ, directly binds to dsT-DNA
intermediates in vivo [37]. Moreover, it was shown that two or more dsT-DNA molecules
can be ligated with each other in plant cells, most likely with the help of KU80 [37]. These
observations imply that at least some fraction of T-DNA exists as free dsT-DNA in the cell
nucleus and that this dsT-DNA can be recognized by the host DSB repair machinery,
regardless of its targeting to the host genome. In this scenario, assembly of dsT-DNA into a
chromatin-like structure with certain histone modifications may function as a “decoy” to
misguide the repair proteins to the ends of the T-DNA molecule.

7. Future perspective

Despite intensive studies, little is known about the molecular mechanisms underlying T-
DNA integration, the final and most critical step of Agrobacterium-mediated genetic
transformation. Recent genetic studies have indicated the potential involvement of the host
chromatin modifications in T-DNA integration. However, the host chromatin dynamics
possesses a global impact on various cellular processes, including transcriptional regulation.
Thus, it is still unclear whether the effect of the host chromatin modifications on the
integration process is direct or indirect. This issue is important especially in higher
eukaryotes, such as plants. Indeed, it is well known that mutations in many chromatin-
modifying or chromatin-remodeling enzymes of Arabidopsis cause pleiotropic
developmental defects, which could cofound the data interpretation in terms of the role of
the corresponding gene in Agrobacterium-mediated transformation. To circumvent this
problem, it may be beneficial to utilize simpler model organisms, such as yeast, and directly
analyze the behavior of T-DNA and the host factors at DSBs. In budding yeast, physical
monitoring of DSB repair can be performed using a well-established system which allows
for induction of a single DSB in vivo by the HO endonuclease [75]. Alternatively, the zinc-
finger nuclease (ZFN) technology, a recently developed strategy for gene targeting, can be
exploited to induce a DSB at a specific genomic site even in plants (reviewed in [76]). Use
of such molecular tools will help to understand how the host DSB repair and chromatin
dynamics coordinately regulate Agrobacterium T-DNA integration.
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Figure 1.

Schematic overview of the T-complex formation and uncoating

(A) The Agrobacterium protein VirD2 is covalently attached to the 5’ end of the single-
stranded (ss) T-DNA (T-strand) within the bacterial cell. (B) Numerous VirE2 molecules,
which are most likely to be exported into the host cell independently of the T-DNA, directly
bind to the T-strand, forming the T-complex. (C) In addition, the plant factor VIP1 (VirE2-
interacting protein 1) and/or the Agrobacterium effector VirE3 interact with VirE2,
facilitating the nuclear import of the T-complex. (D) Once the T-complex reaches the host
cell nucleus, VIP1 and VirE2 are presumably removed from the T-strand by the
Agrobacterium effector VirF and/or the plant factor VBF (VIP1-binding F-box protein).
Both VirF and VBF are F-box proteins that function in the SCF (Skp1-Cull-F-box protein)
ubiquitin E3 ligase complex (SCFVirF and SCFVBF, respectively) and target VIP1 as well
as its associated protein VirE2 for proteasome-dependent degradation. It remains elusive
whether and how VirE3 and VirD2 dissociate from the T-strand. (E) The T-strand is likely
to be converted into a double-stranded form (dsT-DNA) before T-DNA expression and/or
integration. Whether VirD2 is still attached to the T-strand during this conversion is also
unknown.
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Potential roles of chromatin modifications in T-DNA integration

(A) A “T-complex-to-DSB targeting” model. The T-complex is preferably recruited to the
host chromatin harboring certain histone modifications that occur nearby a DNA double-
strand break (DSB). Such histone modifications may include the phosphorylation (“P”) of
the histone H2A variant H2AX and the acetylation (“Ac”) of histone H4. In this model, the
plant factor VIP1, a component of the T-complex, may serve as the molecular link between
the DSB-containing chromatin and the T-DNA. Only after this association, the T-complex is
uncoated and the single-stranded T-DNA is converted into a double-stranded (ds) T-DNA
intermediate. Finally, the ends of the dsT-DNA are ligated with the DSB ends by the host
DSB repair machinery. (B) A “T-complex-as-DSB disguise” model. First, the T-complex is
uncoated and the T-strand is converted into dsT-DNA before its integration. This dsT-DNA
is then assembled into a nucleoprotein complex composed of the host histones, which
subsequently undergo certain modifications, such as phosphorylation (“P”’) and acetylation
(“Ac”). Finally, the resulting chromatin-like structure is mistakenly recognized by the host
DSB repair machinery and incorporated into a naturally-occurring DSB in the host genome.
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DNA double-strand break (DSB) repair machinery? and its possible involvement in T-DNA Integration

Requirement for T-DNA

Budding yeast ~ Arabidopsis  Proposed function integration References

Non-homologous end joining (NHEJ)

Ku70 AtKU70 The Ku70-Ku80 heterodimer detects and juxtaposes the DSB Yes (yeast) [33]

Ku8o AtKUS0 ends Yes/No (plants)? [36-38]

Mrell AtMRE11 The Mrel11-Rad50-Xrs2 (MRX) complex processes the DSB Yes (yeast) [33]

Rad50 AtRad50 ends Yes (yeast) [33]

Xrs2 ND Yes (yeast) [33]

Ligd AtLIG4 The Lig4-Lifl complex ligates the DSB ends Yes (yeast), Yes/No [33,36,39]
(plants)b

Lifl AtXRCC4 ND

Homologous recombination (HR)

Rad51 AtRAD51 Facilitates strand invasion Yes (yeast) [34]

Rad52 AtRAD52 Helps to load Rad51 onto ssDNA Yes (yeast) [34]

Mrell AtMRE11 The Mrel1-Rad50-Xrs2 (MRX) complex processes the DSB No (yeast) [34]

Rad50 AtRADS50 ends. No (yeast) [34]

Xrs2 ND No (yeast) [34]

Rad54 AtRAD54 Facilitates strand invasion Enhances gene targeting in [77]

plants®

ND, not determined; ss, single-stranded.
aOnIy major DSB repair factors involved in NHEJ and HR are listed.

b . - . .
Not conclusive due to conflicting results between different studies.

cExpression of the yeast Rad54 in Arabidopsis enhances gene targeting (i.e., HR-mediated T-DNA integration) by one to two orders of magnitude

[77].
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Involvement in DSB

Effect on T-DNA

Protein? Description repair integrationb References
ScEaf7 Subunit of the NuA4 HAT complex Yes Negative [55]
ScYaf9 Subunit of the NuA4 HAT complex and the SWR1 chromatin- Yes Negative [55]
remodeling complex
ScGen5 Catalytic subunit of the ADA, SAGA and SLIK HAT Yes Negative [55]
complexes
ScNggl Subunit of the ADA, SAGA and SLIK HAT complexes Unknown Negative [55]
ScHda2 Subunit of a class Il HDAC complex of the RPD3/HDAL family ~ Unknown Positive [55]
ScHda3 Subunit of a class 1| HDAC complex of the RPD3/HDA1 family ~ Unknown Positive [55]
ScHst4 HDAC of the Sir2 family Unknown Positive [55]
AtHAF1 HAT of the TAFII1250 family Unknown Positive [62]
AtHAG3 HAT of the GNAT-MYST family Unknown Positive [62]
AtHDT1 HDAC of the HD2 family® Unknown Positive [62]
AtHDT2 HDAC of the HD2 family® Unknown Positive [62]
AtFAS1 Subunit of the chromatin assembly factor 1 (CAF-1) complex Yes Negative [64]
AtFAS2 Subunit of the chromatin assembly factor 1 (CAF-1) complex Yes Negative [64]
AtAsF1pd  Histone chaperone of the H3/H4 family Unknown Positive [62]

HAT, histone acetyltransferase; HDAC, histone deacetylase.

aSc and At indicate proteins from Saccharomyces cerevisiae (budding yeast) and Arabidopsis thaliana (plant), respectively.

The effect of each chromatin-related protein on Agrobacterium T-DNA integration was predicted based on its mutant phenotype; “Positive”
indicates that deletion or knockdown of the corresponding gene leads to a decreased T-DNA integration efficiency, whereas “Negative” indicates
that the mutant shows an enhanced integration efficiency.

cThe HD2 family represents a plant-specific histone deacetylase group [78].

dAlso known as SGAL.
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