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Abstract  
 
Agrobacterium-mediated genetic transformation is the most widely used technology to obtain overexpression of 
recombinant proteins in plants. Molecular events that occur within Agrobacterium during interactions with host plants 
have been studied extensively, and now we have a reasonable understanding the key factors involved in the regulation 
of T-DNA nuclear import and genomic integration. By contrast, very little is known about the events that take place in 
the host cells during genetic transformation by Agrobacterium. Here, we describe the plant-related factors including 
genotype, genes, proteins, competency of target tissues and phenolic compounds that participate in Agrobacterium-
mediated genetic transformation and discuss their possible roles in this process. Because Agrobacterium probably 
adapts existing cellular processes for its life cycle, identifying the processes in host cells during Agrobacterium 
infection might contribute to better understanding of basic biological processes as cell communication, intracellular 
transport and DNA repair and recombination as well as to expanding the host range of Agrobacterium as a genetic 
engineering tool.  
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Introduction  
 
The ability of Agrobacterium to genetically transform a 
wide variety of plant species has earned it a place of 
honour in basic plant research and modern plant 
biotechnology. Transformation results from the produc-
tion of a single-stranded copy (T-strand) of transferred 
DNA (T-DNA) molecule by the bacterial virulence 
machinery, its transfer into the host cell followed by 
integration into the host genome (for recent reviews, see 
Gelvin 2003, McCullen and Binns 2006). Agrobacterium-
mediated genetic transformation is a multi-step process 
which begins with recognition and sensing a wounded 
host cell by a virulent Agrobacterium and ends with the 
expression of its T-DNA integrated in the transformed 
cell’s genome. It has been previously reviewed that 
Agrobacterium deploys a large number of proteins and 

uses several molecular machines to initiate and execute 
early steps of the transformation process (Gelvin 2003, 
Christie et al. 2005, McCullen and Binns 2006). Briefly, 
proteins encoded by the bacterial chromosomal virulence 
and tumour-inducing plasmid virulence genes (vir) 
mediate recognition of and attachment to the host cell as 
well as production of a mobile T-strand-protein complex 
(T-complex) and its export into it. Once inside the host 
cell cytoplasm, several VIR proteins and host factors act 
together to deliver the T-complex into the host cell 
nucleus to integrate into its genome. 
 Both Agrobacterium-based systems and direct gene 
transfer via microprojectile bombardment have success-
fully been used in genetic transformation of plants. 
Although the method of introducing DNA into cells by  
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microprojectile bombardment has revolutionized the field 
of genetic transformation of crop plants, a major draw-
back of this system is the considerable variation seen in 
stability, integration, and expression of the introduced 
transgene. Agrobacterium-mediated transformation system, 
on the other hand, facilitates the precise integration of a 
small number of genes into the plant genome and shows a 
greater degree of transgene stability (Komari and Kubo 
1999, Shou et al. 2004).  
 This system is influenced by a number of factors such 
as bacterial strains, plasmids, tissue culture environment, 
media for explant culture, co-cultivation duration, aceto-
syringone (AS), explant wounding, selective marker and 
vector and competency of target plant tissues for 
infection (Li et al. 1997, Salas et al. 2001, Zambre et al. 
2003, Yu et al. 2002, Olhoft et al. 2003, Wu et al. 2003, 
Cheng et al. 2004, Bříza et al. 2008, Cho et al. 2008). 
Unlike the role of bacterial factors, the host factors in 

transformation process has remained obscure for nearly a 
century, and only recently have we begun to understand 
how Agrobacterium hijacks host factors and cellular 
processes during transformation process (Tzfira et al. 
2002, 2004, 2006, Lacroix et al. 2005, Tao et al. 2004, 
Zhu et al. 2003, Roberts et al. 2003, Ditt et al. 2006, 
Anand et al. 2007, Loyter et al. 2005, Baek and 
Shapleigh 2005). Identification of such factors and 
studies of these processes hold great promise for the 
future of plant biotechnology and genetic engineering, as 
they might help developing conceptually new techniques 
and approaches needed today to expand the host range of 
Agrobacterium and to control the transformation process 
and its outcome through the production of transgenic 
plants. In this review, we focus on plant cell factors that 
participate in Agrobacterium-mediated genetic trans-
formation and discuss their possible roles in the process. 

 
 
Plant species and genotype 
 
Wild types of Agrobacterium species are known as the 
causative agents of the ‘crown gall’ disease in a rather 
limited number of economically important plant species 
(Burr et al. 1998), while Agrobacterium under laboratory 
conditions, can transform other eukaryotic species, 
ranging from fungi to human cells (Lacroix et al. 2006a), 
which holds great promise for the future of biotechnology. 
Currently, Agrobacterium-mediated transformation is 
extensively used to produce transgenic plants in both 
dicotyledons and monocotyledons including the major 
economic crops, vegetables, ornamental, medicinal and 
pasture plants. 
 Various plant species differ greatly in their suscepti-
bility to Agrobacterium infection (Anderson and Moore 
1979, De Cleene and DeLey 1976, Porter1991, Cheng  
et al. 2004). Even within a species, different cultivars or 
ecotypes may show different degrees of susceptibility to 
tumorigenesis by particular Agrobacterium strains. These 
differences have been noted in maize (Ritchie et al. 1993), 
various legumes (Hood et al. 1987, Owens and Cress 
1984), aspen (Beneddra et al. 1996), pine (Bergmann and 
Stomp 1992), tomato (Van Roekel et al. 1993), 
Arabidopsis (Nam et al. 1997) and grape (Lowe and Krul 
1991). The ability of particular Agrobacterium strains to 
transform plant cells is defined by mechanisms necessary 
for attachment and DNA-transfer, and the ability of plants 
to produce different inducer molecules. The differences 
in the vir gene expression in different hosts affect their 
sensitivity to Agrobacterium infection. Low level of vir 
gene expression can make a plant recalcitrant by virtue of 
the inability of the bacterium to synthesize and transfer 
sufficient T-strand DNA essential for a successful 
infection. 
 Agrobacterium-mediated transformation of higher 
plants is now well-established for dicotyledonous species. 

In recent years, the frequency of gene transfer to 
monocotyledonous species has also been greatly 
improved. Successful Agrobacterium-mediated trans-
formation has been reported in rice (Hiei et al. 1994, Hiei 
et al. 1997, Kant et al. 2007, Toki et al. 1997), maize 
(Ishida et al. 1996), barley (Tingay et al. 1997, Shrawat 
et al. 2007), wheat (Cheng et al. 1997) and sorghum 
(Zhao et al. 2000, Carlos et al. 2004, Carvalho et al. 
2004). However, the difference in the competence of 
Agrobacterium to infect genotypes or species has been a 
major drawback in the genetic transformation of elite 
monocotyledonous cultivars, especially in extending the 
host range to commercial cultivated plants. Amongst 
cereals, rice appears to be the least genotype dependent, 
as more than 40 genotypes of Japonica, Indica and 
Javonica rice have been transformed so far. While in 
other major cereals, only a few model genotypes have 
successfully been used in the Agrobacterium-mediated 
transformation. For example, maize cv. A188 or its 
hybrids, wheat cv. Bobwhite, barley cvs. Golden Promise 
and Igri and sugarcane cv. Ja 60-5 could be mentioned. 
Although transgenic plants have recently been recovered 
from elite cultivars or lines of sorghum (Zhao et al. 2000), 
maize (Gordon-Kamm et al. 2002) and barley (Wang  
et al. 2001), the overall transformation frequency is lower 
than that with model cultivars. Therefore, it becomes 
important to make elite cultivars amenable to tissue 
culture and to improve their regenerability by manipu-
lating existing tissue culture system. 
 The difference in the susceptibility of genotypes to 
Agrobacterium could be due to the presence of an 
inhibition system in Agrobacterium sensory machinery. 
Inhibitors like 2-hydroxy-4,7-dimethoxybenzoxazin 
(MDIBOA), which is the major organic exudate of maize 
seedling roots, specifically inhibits induction of vir gene 
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expression through unknown mechanism (Zhang et al. 
2000, Maresh et al. 2006). It has also been shown that the 
ability of Agrobacterium strains to infect recalcitrant 
plants was determined by the virA locus (Heath et al. 
1997). The relative difference in the resistance of 
agronomically important plant species to Agrobacterium-
mediated genetic transformation may be due to the 
presence of such inhibitors, rather than insufficient 
activation of the Agrobacterium virulence machinery by 
host cell exudates. It seems that naturally occurring 
inhibitors directed against signal perception by the 
virA/virG two-component regulatory system play an 
important role in host defence (Zhang et al. 2000). 
MDIBOA is not the only natural inhibitor of vir gene 
induction because indole-3-acetic acid has also shown to 
inhibit vir gene induction (Liu and Nester 2006). 
 Plants perceive Agrobacterium and the transferred 
transgenes as foreign invaders and use their defence 
systems to battle the infection process and expression of 
foreign genes. Plant defence could interfere at any step of 
Agrobacterium-mediated transformation, starting with 
attachment of bacteria to the plant cell and ending with 
gene expression and stable integration of T-DNA into the 
plant genome. Recent studies show that Agrobacterium 
interferes with plant defence gene expression (Veena et al. 
2003, Ditt et al. 2005) and that the Arabidopsis cep1 
mutant, which constitutively expresses defence-related 
genes, is more resistant to Agrobacterium infection (Zhu 
et al. 2003). Recognition of microbes in higher euka-
ryotes depends on an array of recognition receptors 
(PRRs). These PRRs recognize characteristic molecular 
structures shared by large groups of microbes, the so-
called pathogen associated molecular patterns (PAMPs). 
PAMPs play key roles as activators of the innate immune 
response in animals (Akira and Takeda 2004) and, 
analogously, as elicitors of defence responses in plants 
(Nürnberger et al. 2004). Recently, it was demonstrated 
that the application of PAMPs such as flagellin and  
EF-Tu can activate plant immunity (Zipfel and Felix 
2005, Ingle et al. 2006, Jones and Dangl 2006). PAMP 
perception probably reduces the Agrobacterium induced 
genetic transformation, because an Arabidopsis mutant in 
the efr gene, which encodes a receptor kinase essential 
for perception of the bacterial EF-Tu PAMP, was super-
susceptible to transformation (Zipfel et al. 2006).  
 In contrast, the systemic acquired resistance response 
of the host plant is likely inhibited by Agrobacterium 
infection based on the observations that infected 
Arabidopsis plants exhibited reduction in salicylic acid 
(SA) accumulation and pr1 and pr5 gene expression, 

which were even lower than their already low levels in 
healthy plants (Gaspar et al. 2004). These Agrobacterium 
effects on systemic acquired resistance (SAR) may 
involve the host lysine-rich arabinogalactan protein 
AtAGP17, because a mutant in the atagp17 gene (rat1) 
retained its pathogenesis-related (PR)1 and PR5 protein 
expression levels in the presence of Agrobacterium and 
became resistant to the infection (Durrant and Dong 2004, 
Gaspar et al. 2004). SA is predominantly associated with 
resistance against plant pathogens, and triggering SAR 
(Grant and Lamb 2006). Anand et al. (2007) have shown 
that, SA reduced ‘crown gall’ disease caused by  
A. tumefaciens in Nicotiana benthamiana. SA also shares 
structural similarity with other natural inhibitors of vir 
gene induction, such as indole-3-acetic acid (Liu and 
Nester 2006). Agrobacte-rium has evolved to counteract 
the RNA silencing response of the host. Intriguingly, the 
interrelationship between Agrobacterium infection and 
RNA silencing is very complex, because on one hand, the 
development of Agrobacterium-induced tumours requires 
suppression of RNA silencing mediated by short 
interfering RNAs, and on the other hand, it mandates a 
functional microRNA (miRNA)-mediated silencing, as 
miRNA-deficient plants are almost immune to infection 
(Dunoyer et al. 2006). 
 Plant species may differ in their temporal competence 
for transformation following wounding. Braun (1947) 
was the first who noted this window of competence in 
Vinca rosea. Bacteria were applied to cut plant surfaces 
various times after wounding. When the plants were 
inoculated within 3 d of wounding, tumor induction was 
relatively efficient. Inoculation 4 d after wounding 
resulted in only a few percent of the plants developing 
tumors, and after 5 d, tumorigenesis was absent. However, 
tomato remained susceptible to tumorigenesis up to two 
weeks after wounding (Braun 1954). Davis et al. (1991) 
showed that 6 d after wounding tomato plants still 
retained approximately 25 % of the susceptibility in 
comparison to the plants that inoculated immediately 
after wounding. However, susceptibility could be 
increased at later times by the addition of SA (Stachel  
et al. 1985), but SA-treated plants never achieved 
susceptibility equal to untreated ones inoculated directly 
after wounding. Davis et al. (1991) also stated that, 
although suberinization of the cell walls, which may 
present a physical barrier to transformation, occurred 4 d 
after wounding, suberinized cells still retained high 
transformation susceptibility. The authors thus concluded 
that factors additional to suberinization must play a role 
in temporal competence for transformation.  

 
 
Competency of target plant tissues and cells  
 
Most strategies utilizing Agrobacterium-mediated gene 
delivery are performed under in vitro conditions, and 
require plant tissues competent for transformation as well 

as a tissue culture system for regenerating entire plants. A 
variety of explants could be used as target material for 
Agrobacterium-mediated transformation. These include 
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embryonic cultures, immature embryos, mature seed-
derived calli, meristems, shoot apices, excised leaf blades, 
roots, cotyledons, stem segments and callus suspension 
cultures. The type of explant is very important as it must 
be suitable for regeneration allowing the recovery of 
whole transgenic plants. In fact, it is the totipotency of 
plant cells that underlies most plant transformation 
systems.  
 Several investigators have shown that, various tissues, 
organs, and cell types within a plant may differ in their 
susceptibility to Agrobacterium transformation (Repellin 
et al. 2001, Zhang et al. 2008). Ritchie et al. (1993) 
showed that in maize transformation occurred in 
mesocotyl segments originating from the intercalary 
meristem region. Cells showing transient expression 
exhibited a tendency for preferential location on the 
scutellum side near the place of embryo axis connection, 
which was also observed by McCormac et al. (1998) in 
intact barley embryos. In sorghum, source of the explant 
had also a significant effect on the transformation rate 
(Zhao et al. 2000) and immature embryos from field-
grown plants showed a higher transformation frequency 
than immature embryos from glasshouse-grown plants. 
Schlappi and Hohn (1992) demonstrated only embryos in 
which the shoot apical meristem had begun to 
differentiate showed competence, and the timing of this 
window differed among the three maize cultivars 
examined. De Kathen and Jacobsen (1995) showed that, 
only dedifferentiating cells near the vascular system of 
cotyledon and epicotyl regions of Pisum sativum were 
susceptible to Agrobacterium transformation. In coty-
ledon and leaf tissues of Arabidopsis, only dediffe-
rentiating mesophyll cells were competent for trans-
formation. In root tissue, competent cells were found in 
dedifferentiating pericycle. These cells were small, 
isodiametric, and had prominent nuclei and dense 
cytoplasm (Sangwan et al. 1992). Embryogenic callus 
derived from mature seeds has been reported to be the 
best tissue for Agrobacterium-mediated transformation in 
some plant species (Hiei et al. 1994, Cheng et al. 1997, 
2003). 
 Variation in response of plant tissues to Agro-
bacterium has been attributed in part to differences in the 
ability of this bacterium to attach the plant cells or to 
differences in T-DNA transfer machinery (Lippincott  
et al. 1977, Nam et al. 1997, Yanofsky et al. 1985). It is 
generally accepted that only plants with an appropriate 
wound response will develop large populations of 
wound-adjacent cells that are competent for transforma-
tion (Potrykus 1991). However, more significantly, cell 
death is observed in cultures of many plant tissues 
following exposure to Agrobacterium. Modification of 
transformation parameters can increase the probability of 
stably transforming some recalcitrant cell types. However, 
cell death following Agrobacterium infection still 
remains a significant limitation (Gelvin 2003). Tissue 
browning and necrosis following exposure to Agro-

bacterium occurs in many monocot and dicot plants, 
including poplar (De Block 1990), grape (Perl et al. 1996, 
Pu and Goodman 1992), sorghum (Carvalho et al. 2004, 
Gao et al. 2005), wheat (Parrott et al. 2002), tomato, 
pepper and lettuce (Van der Hoorn et al. 2000; 
Wroblewski et al. 2005). Agrobacterium transformation 
triggers expression of many genes in the host cell, 
including components of plant defence machinery (Ditt 
et al. 2001, Veena et al. 2003). On pathogen infection, 
one of the earliest defence mechanisms activated is the 
production of reactive oxygen species, responsible for 
activating programmed cell death (Parrott et al. 2002). 
Co-cultivation of Agrobacterium with maize or wheat 
tissues has been resulted in a process closely analogous to 
apoptosis in animal cells (Hansen 2000). Parrott et al. 
(2002) reported that, after Agrobacterium infection, 
wheat embryos and root cells rapidly produced hydrogen 
peroxide, displayed as alteration in cell wall composition 
and resulted in cellular necrosis and subsequent cell death. 
A correlation between the reduction in cell death and the 
improvement of transformation frequency has been 
demonstrated in rice (Enríquez-Obregón et al. 1998), 
sugarcane (Enríquez-Obregón et al. 1997), sorghum 
(Zhao et al. 2000) and maize (Ishida et al. 1996). Parrott 
et al. (2002) also observed that, lowering the H2O2 
content significantly reduced the extent of embryo and 
root cell death in wheat after Agrobacterium trans-
formation. It has also been found that Agrobacterium-
induced necrosis observed in Poaceae can be alleviated 
by the use of necrosis inhibiting agents, such as silver 
nitrate (Hansen and Durham 2000). Anti-necrotic 
treatment of the target tissues may result in increasing 
transformation efficiency (Enríquez- Obregón et al. 1997). 
One report indicated that maize callus infected with 
Agrobacterium undergoes a rapid hypersensitive reaction, 
and this response was suppressed by expression of two 
baculovirus genes, p35 and iap (Hansen 2000). However, 
tissue browning and necrosis after Agrobacterium 
infection are still major obstacles in genetic trans-
formation of plants. 
 Competence for transformation may either be absent 
or low in recalcitrant explants, however, it can be 
enhanced by phytohormone treatments (Valvekens et al. 
1988, Sangwan et al. 1992, Geier and Sangwan 1996, 
Villemont et al. 1997). An explant becomes susceptible 
to Agrobacterium when it is precultured on medium 
containing phytohormones (Potrykus 1990, Valvekens  
et al. 1988, Sangwan et al. 1992, Chateau et al. 2000, 
Saini, and Jaiwal 2007). The choice of growth regulator 
was the most important factor affecting transformation 
efficiency measured as frequency of transient expression 
and stable integration. In many monocots, 2,4-dichloro-
phenoxyacetic acid (2,4-D)-derived calli and the presence 
of it in the co-cultivation medium enhances transforma-
tion efficiency (Rashid et al. 1996, Wu et al. 2003). In 
Typha latifolia, a significantly higher percentage of calli 
has generated using picloram and showed transient  
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β-glucuronidase (GUS) activity (Nandakumar et al. 2004). 
In barley, dicamba in the callus induction and 
maintenance media was generally promoting transient 
expression and subsequent stable transformation 
(Trifonova et al. 2001). In kenaf, pre-culturing the 
explants for 2 d in benzyladenine (BA) containing 
medium, was found to enhance the transient GUS 
expression (Herath et al. 2005).  
 Phytohormone treatment activates cell division and 
dedifferentiation in many tissues. The stimulation of cell 
division by phytohormones suggests that, efficient 
Agrobacterium transformation may occur at a particular 
stage of the plant cell cycle (Chateau et al. 2000). 
Villemont et al. (1997) investigated the role of plant cell 
cycle in Agrobacterium-mediated transformation of 
Petunia mesophyll cells. Cycling cells with no phyto-
hormone treatments, could not be transformed either 
transiently or stably to express a T-DNA-encoded gusA 
transgene. Similarly cells treated with mimosine, which 
blocks the cell cycle in late G1 phase, could not be 
transformed. In addition, the cycling cells that showed the 
highest transformation competence were those that 
showed a very high S and G2 phase/M phase ratio. The 
authors concluded that T-DNA could be taken up, 
translocated to the nucleus, and expressed in the cells 
conducting DNA synthesis but in the absence of cell 
division, and thus that Agrobacterium-mediated transient 
transformation requires DNA synthesis corresponding to 

S phase. Subsequent cell division was necessary for  
T-DNA integration and stabilization of transformation. 
Development of a direct assay for T-strand uptake and 
nuclear translocation that does not depend upon T-DNA-
encoded gene expression is required to resolve these two 
alternatives.  
 A significant factor that enhances transformation of 
crop species is dessication of explants prior to, or post, 
Agrobacterium infection. Arencibia et al. (1998) reported 
that, air-drying sugarcane suspension cells prior to inocu-
lation slightly improved T-DNA delivery and subse-
quently increased transformation efficiency. Similarly, 
air-drying calli derived from rice suspension cultures 
showed the transformation efficiency 10-fold or more as 
compared to the control without air-drying (Urushibara  
et al. 2001). Cheng et al. (2003) reported that desiccation 
of pre-cultured immature embryos, suspension culture 
cells, embryonic calli of wheat, and embryogenic calli of 
maize greatly enhanced T-DNA delivery and plant tissue 
recovery after co-culture, leading to increased stable 
transformation frequency. This treatment was not only 
effective in monocot species, but also improved T-DNA 
delivery in recalcitrant dicot species such as soybean 
suspension cells (Cheng and Fry 2000). Although the 
molecular mechanism of desiccation during co-culture 
remains unclear, it is known that desiccation suppresses 
the growth of Agrobacterium. 

 
 
Phenolic compounds 
 
In Agrobacterium-mediated transformation systems, 
physical wounding of explants is commonly done as this 
greatly influences transformation efficiency (Rashid et al. 
1996). Not only does the wound site act as an entry point 
for bacterium but also results in the release of phenolic 
substances necessary for vir gene activation (Joubert et al. 
2002). Phenolic compounds, like SA, released by 
wounded cells have been found to be essential for 
induction of the virulence genes. A. tumefaciens virulence 
genes are induced by plant signals through the VIRA-
VIRG two-component regulatory system. The VIRA 
protein is activated by the signals like acidic pH, phenolic 
compounds, and some monosaccharides (Winans et al. 
1988, Doty et al. 1996). Activated VIRA in turn 
promotes the phosphorylation of the response regulator 
VIRG protein leading to the upregulation of all vir 
promoters (Jin et al. 1990). The expression induction of 
vir genes in response to host-released phenolic 
compounds has been identified and reviewed (Spencer  
et al. 1990, Johnson et al. 1998). The increase of 
transformation efficiency, based on the application of 
additional SA, have also been reported in apple (James  
et al. 1993), rice (Aldemita and Hodges 1996), soybean 
(Santarem et al. 1998), cotton (Sunilkumar and Rathore 

2001) and barley (Kumlehn et al. 2006). However, SA 
has not enhanced the transformation efficiency in plum 
(Mannie et al. 1991), poplar (Confalonieri et al. 1997), 
and tea (Mondal et al. 2001). It was also reported that, 
SA either increases or decreases transformation in pea 
(Duval and Shetty 2001, Nadolska-Orczyk and Orczyk 
2000).  
 In monocots, where such compounds are not synthe-
sized, addition of SA during plant-bacteria interaction 
supports the gene transfer (Usami et al. 1987, Wu et al. 
2003, Cheng et al. 1997, Hiei et al. 1997, Kumlehn et al. 
2006). Although SA has not been an essential for 
Agrobacterium-mediated transformation in barley 
(Tingay et al. 1997, Fang et al. 2002, Shrawat et al. 
2007), the omission of SA led to transformation events 
failure in several other monocots (Ishida et al. 1996, 
Rashid et al. 1996, Nandakumar et al. 2004). Difference 
in SA requirement for successful transformation of 
cereals may be due to the difference in the inoculation 
and co-cultivation duration and also in the competence of 
target tissues. However, some explants of monocot 
species could be efficiently transformed without the aid 
of external vir inducing chemicals. For example, 
meristematic sections of sugarcane pre-treated with an  
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antinecrotic mixture (Enriquez-Obregon et al. 1999), and 
pre-cultured immature embryos and embryogenic calli of  
wheat co-cultured under desiccation conditions could 
efficiently be transformed (Cheng et al. 2003). 
 Turk et al. (1991) indicated that, the optimal 
induction of the vir genes in pTiC58 and pTib6 require 

SA at pH 5.8 and 5.3. Fortin et al. (1992) reported that  
60 μM SA inhibited the growth of T37 and C58 strains, at 
pH 5.8, but the growth of other strains was not affected. 
Therefore, the optimum concentration of SA for 
transformation is also a function of the A. tumefaciens 
strain used and the pH during co-cultivation. 

 
 
Genes and proteins 
 
Identification and molecular characterization of the plant 
genes involved in successful Agrobacterium-mediated 
transformation have opened up new avenues for better 
understanding of the plant response to Agrobacterium 
infection. However, little is known about the role of plant 
genes and their products in the transformation process.  
 Agrobacterium utilizes specific receptors on the host 
cell wall. Two Arabidopsis ecotypes, Bl-1 and Petergof, 
and two T-DNA-insertion mutants of the WT ecotype, 
designated rat1 and rat3 (resistant to Agrobacterium), are 
deficient in Agrobacterium binding to their root explants 
(Nam et al. 1997, 1999). While the specific genes 
responsible for the reduction of in Agrobacterium binding 
in Bl-1 and Peterg have still remained unknown, the rat1 
and rat3 mutations were found to affect an arabino-
galactan and other potential cell-wall proteins, respecti-
vely. Vitronectins are family of proteins utilized as 
specific receptors by different pathogenic bacteria in 
mammalian cells (Paulsson and Wadstrom 1990). 
Attachment of Agrobacterium cells to plant tissues could 
be inhibited by human vitronectin antibodies and 
Agrobacterium mutants, which are defective in their 
attachment ability to plant cells, showed a reduction in 
binding to vitronectin, so plant vitronectin-like molecules 
have been suggested to play a role in Agrobacterium 
attachment to its host cells (Wagner and Matthysse 1992). 
Another host factor, a cellulose synthase-like protein 
CSLA9, might ber involved in Agrobacterium attachment. 
Disruption of the csla9 gene in Arabidopsis plants 
resulted in a limited reduction in Agrobacterium 
attachment to inoculated roots (Zhu et al. 2003a). Hwang 
and Gelvin (2004) have recently identified three 
Arabidopsis proteins that interact with the main T-pilus 
protein, VirB2. These proteins include VirB2 interactors 
BTI1, BTI2 and BTI3 with unknown functions, and a 
membrane associated GTPase and AtRAB8 (Hwang and 
Gelvin 2004). The presence of these proteins has been 
required for an efficient transformation. 
 AtKAP-A belongs to a family of proteins named as 
importins, which are known to be involved in nuclear 
translocation of proteins containing nuclear localization 
signal (NLS) sequences (Ballas et al. 1997). The ability 
of AtKAP-A to stimulate the nuclear import of VirD2 in 
immobilized yeast cells, the interaction of VirD2 with 
three other members of the Arabidopsis importin family 
(Bakó et al. 2003), and the observation that an 
Arabidopsis mutant in one of the importin a genes is 

resistant to Agrobacterium infection (Zhu et al. 2003b) 
further support the idea that Agrobacterium utilizes the 
importin a-dependent nuclear import machinery of the 
host cell for nuclear uptake of the invading T-complex. 
 Increased plant susceptibility to Agrobacterium 
infection by over-expression of the Arabidopsis nuclear 
protein VIP1 was demonstrated by Tzfira et al. (2002). 
Their results indicated that VIP1, which specifically 
interacts with VirE2 (Tzfira et al. 2001), VIP1 and VIP1-
VirE2 complexes, accumulates in the nucleus in living 
plant cells (Tzfira et al. 2001, 2004a, Lacroix et al. 2005, 
Li et al. 2005). Djamei et al. (2007) shown that, VIP1 is a 
transcription factor which is a direct target of the 
Agrobacterium-induced mitogen-activated protein kinase 
(MAPK) MPK3. Upon phosphorylation by MPK3, VIP1 
delocalizes from cytoplasm to nucleus to regulate 
expression of the pathogenesis-related gene pr1. MAPK-
dependent phosphorylation of VIP1 is necessary for 
VIP1-mediated Agrobacterium T-DNA transfer, indica-
ting that Agrobacterium abuses the MAPK-targeted VIP1 
defence signalling pathway for nuclear delivery of the  
T-DNA complex. 
 Once inside the nucleus, the T-strand must be 
delivered to site of its future integration in the host 
chromatin. While the exact sequence of events that 
mediate this intranuclear transport and chromatin 
targeting is still unknown, various plant factors and 
several molecular mechanisms have been implicated in 
these concluding steps of the transformation process. 
Specifically, CAK2M and TATA box-binding protein, 
VIP1 binding VirE2 (Tzfira et al. 2001) and core histones 
binding VIP1 (Li et al. 2005, Loyter et al. 2005) may 
function in chromatin targeting of the T-complex. 
 At least partial uncoating the T-DNA from its 
escorting proteins is necessary for exposing the T-strand 
to the host DNA repair machinery which will 
complement it to the double-stranded form and integrate 
the latter into the host genome. Potentially, this is 
achieved by the targeted proteolysis machinery of the 
host cell. The first indication of targeted proteolysis 
involvement in the transformation process came from the 
studies of VirF, a bacterial host range factor 
(Regensburg-Tuink and Hooykaas 1993) exported into 
the host cell (Vergunst et al. 2000). Tzfira et al. (2004) 
have shown that bacterial VirF, which localizes to the 
plant cell nucleus along with the T-DNA complex, is an 
F-box protein that interacts with VIP1 and destabilizes 
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both VIP1 and VirE2, presumably by targeting them for 
proteasomal degradation. Tzfira et al. (2004) found that, 
VirF does not interact with or destabilize VirD2, which 
suggests that VirD2 may remain bound to the T-DNA 
until a later stage. There is some evidence showing that, 
VirD2 plays an additional role in guiding the efficiency 
or precision of genomic integration (Tinland et al. 2000). 
VirF also interacts with the Arabidopsis SKP1 homolog 
ASK1 and thus may form a Skp1-cullin-F-box (SCF) 
complex with ASK1 (Schrammeijer et al. 2001). Later 
studies identified VIP1 as one of the cellular substrates 
for VirF and demon-strated that, VirF destabilizes VIP1 
and its cognate VirE2 when co-expressed in yeast cells or 
in plant, and that, in yeast, this destabilization requires 
the presence of Skp1 (Tzfira et al. 2004a). Because VirE2 
represents the major protein component of the T-complex, 
its targeted proteolysis by the SCFVirF complexes may 
represent a mechanism for T-DNA uncoating prior to or 
during its integration into the host genome (Tzfira et al. 
2004a). Consistent with this hypothesis, both VirF and 
ASK1 localize to the plant cell nucleus, the cellular 
compartment in which the T-DNA uncoating is expected 
to occur; furthermore, early T-DNA expression was 
specifically inhibited by a proteasomal inhibitor (Tzfira  
et al. 2004a).  
 T-DNA integration is the last and perhaps the most 
host dependent step of the transformation process (Tzfira 
et al. 2004b). Host factors are required for comple-
mentation of the T-strand molecule to double stranded 
DNA, for production of DNA breaks in the host genome 
and for ligation of the T-DNA molecule into these breaks. 
The Arabidopsis histone H2A, which displays higher 
expression levels in tissues more susceptible to 
Agrobacterium infection (Yi et al. 2002), is essential for 
T-DNA integration in somatic cells (Mysore et al. 2000). 
Thus, in addition to its role in directing the T-complex 
molecules to the integration site (Li et al. 2005, Loyter  
et al. 2005), H2A may be involved in relaxing the host 
DNA structure (Mysore et al. 2000). Agrobacterium 
infection of yeast mutants in specific DNA repair genes 
allowed identification of ku70, rad50, mre11, xrs2, lig4 
and sir4 as key proteins in T-DNA integration via non-
homologous (illegitimate) recombi-nation (NHR) 
pathway (Van Attikum and Hooykaas 2003), and 
demonstrated that, rad51 and rad52, but not rad50, 
mre11, xrs2, lig4 or ku70 are essential for T-DNA 
integration by homologous recombination (HR) (Van 
Attikum et al. 2001). Furthermore, ku70 (Van Attikum  
et al. 2001) and rad52 (Van Attikum and Hooykaas, 
2003) were found to be the key determinants for T-DNA 
integration via HR or NHR respectively, and double 
mutation of the ku70 and rad52 genes resulted in 
complete blockage of T-DNA integration (Van Attikum 
and Hooykaas 2003). Another yeast DNA repair protein, 
rad54, promoted a high-frequency gene targeting in 
transgenic plants (Shaked et al. 2005). In plant cells,  
T-DNA integration occurs mainly through NHR, even 

when the T-DNA shares high homology with the host 
genome, indicating that Agrobacterium may be exclusi-
vely using the host non-homologues end-joining (NHEJ) 
DNA repair machinery during the integration step. In fact, 
the critical role of KU80, a key participant of NHEJ 
which usually functions in a complex with KU70 and 
DNA protein kinase (Tzfira et al. 2004b, Lacroix et al. 
2006b), during T-DNA integration in Arabidopsis 
somatic tissues was recently revealed by the observations 
that Arabidopsis insertional mutants in the ku80 gene are 
defective in T-DNA integration in somatic cells, and that 
complexes between KU80 and double-stranded T-DNA 
molecules can be immuno-precipitated from Agro-
bacterium-infected plants (Li et al. 2005b). The role of 
KU80 during transformation of germ-line cells, however, 
is less clear as it has been reported to be both required 
(Friesner and Britt 2003) and dispensable (Gallego et al. 
2003) for T-DNA integration. Similarly, the role of the 
Arabidopsis LIG4 ligase, another NHEJ participant, in 
the transformation process remains controversial; LIG4 
was dispensable for T-DNA integration in somatic 
Arabidopsis cells (Van Attikum et al. 2003), but it was 
essential for T-DNA integration in germ-line cells 
(Friesner and Britt 2003).  
 Although the knowledge of plant-inducing changes in 
bacterial gene expression has been crucial to our 
understanding this interaction, much less is known about 
overall changes in gene expression in the host. 
Agrobacterium infection triggers changes in the gene 
expression pattern of host cells, inducing or repressing 
specific sets of plant genes (Ditt et al. 2001, Veena et al. 
2003). Ditt et al. (2001) found the altered expression of a 
number of plant transcripts within host cells after 24 and 
48 h of interaction with Agrobacterium. They also 
showed that, proteins encoded by these genes had a 
putative role in plant signal transduction and the defence 
response. Using suppressive subtractive hybridization and 
DNA microarrays, Veena et al. (2003) identified 
numerous plant genes that were differentially expressed 
during the early stages of Agrobacterium-mediated 
transformation. The genes identified in their study 
included those involved in defence responses, cell 
division and growth, primary and secondary metabolism 
and chaperones. The majority of these genes showed 
expression induction during the early stages of infection 
with various strains of Agrobacterium. This study also 
demonstrated the involvement of T-DNA and/or VIR 
proteins as factors that resulted in the differential 
expression of these genes during Agrobacterium infection. 
However, in comparison with Ditt et al. (2001), who 
investigated infection by transfer-competent Agro-
bacterium strain lasting for 24 and 48 h, Veena et al. 
(2003) showed that, the expression of defence response 
genes was significantly decreased during the later stages 
of infection. Interestingly, cells infected with transfer-
deficient Agrobacterium strains showed significant re-
induction of these genes during the later stages of trans-
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formation. These results suggest that, the suppression of 
the host defence response is a prerequisite to successful 
plant transformation. Recently, a number of plant genes 
that were expressed during different stages of 
Arabidopsis-Agrobacterium interactions have also been 
identified using oligonucleotide microarray (Ditt et al. 
2006). A delayed plant response in which some general 
defence genes are activated and proliferative genes are 

suppressed has been demonstrated in this study. It is 
possible that the robust set of genes we have described 
may be the consequence of the action of different 
regulatory pathways. Most likely, one pathway is defined 
by the set of Frankiebox- and Telobox-regulated genes. 
Other pathways may respond to different components of 
Agrobacterium and to different stages of its association 
with plant cells.  
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