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Genetic transformation of plant cells by Agrobacterium tu-
mefaciens represents a unique case of trans-kingdom sex re-
quiring the involvement of both bacterial virulence proteins 
and plant-encoded proteins. We have developed in planta 
and leaf-disk assays in Nicotiana benthamiana for identifying 
plant genes involved in Agrobacterium-mediated plant trans-
formation using virus-induced gene silencing (VIGS) as a 
genomics tool. VIGS was used to validate the role of several 
genes that are either known or speculated to be involved in 
Agrobacterium-mediated plant transformation. We showed 
the involvement of a nodulin-like protein and an alpha-ex-
pansin protein (α-Exp) during Agrobacterium infection. Our 
data suggest that α-Exp is involved during early events of 
Agrobacterium-mediated transformation but not required 
for attaching A. tumefaciens. By employing the combination 
of the VIGS-mediated forward genetics approach and an in 
planta tumorigenesis assay, we identified 21 ACG (altered 
crown gall) genes that, when silenced, produced altered 
crown gall phenotypes upon infection with a tumorigenic 
strain of A. tumefaciens. One of the plant genes identified 
from the screening, Histone H3 (H3), was further character-
ized for its biological role in Agrobacterium-mediated plant 
transformation. We provide evidence for the role of H3 in 
transfer DNA integration. The data presented here suggest 
that the VIGS-based approach to identify and characterize 
plant genes involved in genetic transformation of plant cells 
by A. tumefaciens is simple, rapid, and robust and comple-
ments other currently used approaches. 

Additional keywords: functional genomics, Tobacco rattle virus. 

Agrobacterium tumefaciens, known for its natural capability 
of transforming plants, has found extensive application in agri-

cultural biotechnology. Apart from genetic transformation of 
plants, the bacterium can also transform many other life-forms, 
including prokaryotes (Kelly and Kado 2002), fungi (Bundock 
et al. 1995; de Groot et al. 1998; Piers et al. 1996; Rho et al. 
2001), and human cells (Kunik et al. 2001). This unique ability 
of A. tumefaciens to genetically transform many life forms has 
attracted the curiosity of researchers, leading to a better under-
standing of the underlying processes involved in this unique 
interkingdom DNA transfer (Anand and Mysore 2005; Gelvin 
2003a; Tzfira and Citovsky 2002). 

A. tumefaciens is a soil-borne phytopathogen that causes 
crown gall disease in plants. Upon infection by A. tumefaciens, a 
specific region of the bacterial tumor-inducing plasmid (pTi), 
known as the transfer DNA (T-DNA), is transferred to the plant 
cell and is integrated into the host genome. The processing and 
transport of T-DNA is governed by bacterial proteins encoded 
by the chromosomal (chv) and virulence (vir) genes (Gelvin 
2000, 2003a; Tzfira and Citovsky 2002; Zhu et al. 2000). A sig-
nificant understanding of the biological functions of many of the 
Agrobacterium proteins involved in the initiation, production, 
and transport of T-DNA has been established. A. tumefaciens 
uses a type IV secretion system for exporting the VirD2-T-strand 
complex and VirE2 protein into the plant cell separately, and 
they are subsequently assembled into the T-complex composed 
of VirD2–T-strand–VirE2. This complex has been proposed to 
be the form of T-DNA targeted to the nucleus (Cascales and 
Christie 2004; Vergunst et al. 2000). Additional virulence pro-
teins, including VirF and VirE3, are also translocated into the 
plant cell during Agrobacterium infection (Schrammeijer et al. 
2003; Vergunst et al. 2000). VirE3 interaction with VirE2 may 
facilitate the nuclear import of the T-complex (Lacroix et al. 
2005). VirF carries an F-box motif that may destabilize the T-
complex, allowing targeted proteolysis of VirE2 prior to T-DNA 
integration (Tzfira et al. 2004). These interactions within the 
plant cell are facilitated by a number of recently described host 
factors (Anand and Mysore 2005; Gelvin 2003a and b; Tzfira 
and Citovsky 2002). Additional plant factors may also mediate 
pathogenesis, bacterial attachment, signal transduction, nuclear 
import of T-DNA, targeted proteolysis, and T-DNA integration. 
A better understanding and characterization of these plant fac-
tors associated with Agrobacterium-mediated plant transforma-
tion will further our knowledge of the mechanism of this unique 
interkingdom DNA transfer. 

Several approaches have been employed to identify plant 
factors that are required for Agrobacterium-mediated transfor-
mation, including the yeast two-hybrid system for screening 
Arabidopsis cDNA libraries for proteins that interact with dif-
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ferent bacterial virulence proteins, characterization of T-DNA-
tagged mutants that are resistant to root transformation by A. 
tumefaciens (rat mutants), and more recently, molecular char-
acterization of differential gene expression between virulent 
and avirulent strains of A. tumefaciens (Anand and Mysore 
2005; Gelvin 2003 and b; Tzfira and Citovsky 2002). How-
ever, each of these approaches has limitations, including po-
tential lethal phenotypes arising from T-DNA insertions in 
essential plant genes, the inability to detect a rat phenotype 
due to T-DNA insertion into a RAT gene within a gene family, 
weak rat phenotypes resulting from insertions into 3′ or 5′ un-
translated regions, the detection of protein-protein interactions 
in the yeast two-hybrid system that are not biologically signifi-
cant (Stephens and Banting 2000; von Mering et al. 2002), and 
the limited characterization of differentially expressed genes 
(Ditt et al. 2001; Veena et al. 2003). We therefore used virus-
induced gene silencing (VIGS) as a functional genomics tool 
for identification of additional plant genes involved in Agro-
bacterium-mediated plant transformation and also to charac-
terize plant genes that are speculated to be involved in the 
transformation process. 

VIGS is an RNA-mediated posttranscriptional gene silencing 
mechanism that can protect plants against foreign gene invasion 
(Baulcombe 1999). Recently, VIGS has emerged as an efficient 
genomics tool for deciphering the function of genes in diverse 
plant species (Burch-Smith et al. 2004). For VIGS analysis, a 
fragment of the plant gene of interest is directly inserted into a 
viral vector (reverse genetics approach) or an enriched cDNA 
library is cloned into the viral vector (fast-forward genetics ap-
proach; Baulcombe 1999). Upon inoculation, the inserted gene 
is amplified by the viral replication system, spreads systemically 
in the infected plants, and results in the synthesis of dsRNA in-
termediates that trigger the RNA-mediated defense system (the 
RNA-induced silencing complex) for the degradation of the re-
combinant RNA and the corresponding host mRNA (Baulcombe 
2002; Waterhouse et al. 2001). VIGS is advantageous over other 
methods due to its robustness, its ability to analyze genes that 
otherwise would produce lethal phenotypes when disrupted by 
conventional mutagenesis techniques, functional characteriza-
tion of genes in different genetic backgrounds, and functional 
characterization of genes having redundant function within a 
gene family (Burch-Smith et al. 2004). Among the several viral 
vector systems used to trigger VIGS, Tobacco rattle virus (TRV; 
which contains bipartite positive-sense RNA genome RNA1 and 
RNA2 [Matthews 1991])-derived vectors are preferably used in 
dicots, because they produce mild symptoms on the host and 
have a broad host range (Dinesh-Kumar et al. 2003; Lu et al. 
2003a; Ryu et al. 2004). 

In this paper, we report the use of TRV-based VIGS to char-
acterize previously identified plant factors that were suggested 
to be involved in Agrobacterium-mediated plant transforma-
tion and to identify novel plant genes that are involved in this 
process by using both the fast-forward (Baulcombe 1999; del 
Pozo et al. 2004; Lu et al. 2003b) and reverse genetic ap-
proaches (Ekengren et al. 2003; Liu et al. 2004a). This ap-
proach led to identification of additional plant factors involved 
in Agrobacterium-mediated transformation that previously re-
mained unexplored due to the current limitation of other meth-
ods or to their incomplete use. 

RESULTS 

Susceptibility of Nicotiana benthamiana to A. tumefaciens. 
N. benthamiana is a member of the Solanaceae, the night-

shade family, and is susceptible to many plant viruses. It is 
widely used as a model plant to study gene silencing, plant-mi-
crobe interactions, and plant development (del Pozo et al. 2004; 

Liu et al. 2002a and b, 2004a and b; Lu et al. 2003b; Ruiz et al. 
1998). We have previously demonstrated the effect of gene si-
lencing on shoots of N. benthamiana for many marker genes 
commonly used for VIGS in plants, including phytoene desatu-
rase and magnesium phorphyrin chelatase genes (Ryu et al. 
2004). Preliminary screenings were carried out to check the sus-
ceptibility of N. benthamiana to Agrobacterium infection by 
observing the growth of crown gall tumors upon infection with 
different tumorigenic strains of A. tumefaciens. Shoots of N. 
benthamiana were independently infected with different tumori-
genic strains of A. tumefaciens (A348, A208, and A281 contain-
ing the octopine-type Ti plasmid pTiA6, the nopaline-type Ti 
plasmid pTiT37, and the agropine-type Ti plasmid pTiBo542, 
respectively, data not shown). A. tumefaciens A348 consistently 
produced larger crown galls than did the other strains and we 
therefore utilized this strain in our studies. 

VIGS identifies the involvement  
of expansin and nodulin-like proteins (NLP) 
in Agrobacterium-mediated plant transformation. 

To demonstrate that VIGS can be adapted as a useful tool for 
examining the biological function of plant genes that are pre-
dicted to be involved in Agrobacterium-mediated plant transfor-
mation, we silenced a set of plant genes that are either required 
or linked to involvement in Agrobacterium-mediated plant trans-
formation. The plant genes selected for the reverse genetic stud-
ies are implicated in cell-wall attachment and metabolism, viz. 
arabinogalactan-like proteins (AGLP), α-Expansin (α-Exp) (rat 
mutants [Zhu et al. 2003a]); cytoplasmic trafficking and nuclear 
import, viz. karyopherin α-importin (Imp [Ballas and Citovsky 
1997; Zhu et al. 2003a]); and VirE2-interacting protein (VIP1 
[Tzfira et al. 2001]); T-DNA integration, viz. histone H2A (H2A 
[Mysore et al. 2000]); DNA repair, viz. Rad23 (Rad23 [Liu et al. 
2003]); and others, viz. NLP (Ditt et al. 2001; Veena et al. 2003) 
and ethylene biosynthesis gene 1-aminocyclopropane-1-carbox-
ylic acid (ACC) synthase. Silencing of some of these genes in N. 
benthamiana produced abnormal developmental phenotypes in-
cluding the severely stunted phenotype for H2A-silenced plants 
and the slightly dwarf phenotype for NLP-silenced plants. The 
silencing of the other tested genes did not produce developmen-
tal defects, and plants appeared similar to control plants infected 
with an “empty” vector (TRV::00). 

We determined the efficacy of Agrobacterium infection on 
the shoots of N. benthamiana plants silenced for AGLP, α-Exp, 
NLP, Imp, VIP1, H2A, Rad23, and ACC by performing in 
planta tumorigenesis assays with the oncogenic strain A. tume-
faciens A348 as described above. Four weeks after infection, 
crown gall phenotypes were visually scored. Smaller tumors 
were observed in N. benthamiana shoots silenced for α-Exp, 
NLP, Imp, and VIP1 genes as compared with tumors on 
TRV::00-infected or wild-type plants (data not shown). Silenc-
ing of the AGLP, Rad23, and ACC genes in N. benthamiana 
had no effect on crown gall production, and the tumors were 
similar to those seen on control plants. We selected AGLP, 
with no altered tumor phenotype, as a negative control for the 
subsequent leaf-disk transformation assays. 

A fast-forward genetic approach identified  
several plant genes that affect Agrobacterium infection  
of N. benthamiana. 

To identify plant genes that are involved in Agrobacterium-
mediated plant transformation, a normalized N. benthamiana 
mixed-elicitor cDNA (cNbME) library was made in pTRV2 vec-
tors and was transformed into A. tumefaciens GV2260. DNA se-
quence analysis of 100 random NbcDNA clones indicated that 
the cDNA library had very low redundancy. Approximately 
1,000 pTRV2 derivative clones (one gene per clone) from the 
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cDNA library were individually inoculated, along with pTRV1, 
into N. benthamiana plants in duplicates. Approximately 10 to 
15% of the plants showed abnormal developmental phenotypes, 
including plants silenced for Actin and histone H3 that were sub-
sequently identified by sequencing the respective cDNA clones. 
The stems of all the silenced plants were inoculated with A. tu-
mefaciens A348 and scored for tumorigenesis. After three 
rounds of screening, we identified 42 clones that, when used for 
VIGS, resulted in altered crown gall tumor phenotypes. We cate-
gorized these phenotypes as mild, super, and no tumors (Fig. 
1A). The corresponding cDNA sequences from these clones 
were polymerase chain reaction (PCR)–amplified and se-
quenced. Among these sequences, we identified multiple mem-
bers within a gene family (e.g., Rubisco). From this screening, 
21 nonredundant plant genes were identified that could poten-
tially be involved in Agrobacterium-mediated transformation. 
We termed these genes as ACG (altered crown gall). The identi-
fied ACG genes included genes that had been previously specu-
lated (or shown) to be involved in Agrobacterium-mediated 
transformation (Skp1, Histone H2A, Histone H2b, Histone H3, 
and Actin), genes of known function but not previously sug-
gested to be involved in Agrobacterium-mediated transformation 
(15 genes), and a gene that encodes a protein of unknown func-
tion. We further investigated the biological role of Histone H3 
and Actin in Agrobacterium-mediated plant transformation. De-
tailed characterization of other genes is currently in progress and 
will be published elsewhere. 

A quantitative leaf-disk tumorigenesis assay  
corroborates the results of in planta tumor assays. 

We first tested the efficacy of gene silencing for the set of 
genes used in this study by quantitative real time reverse tran-
scriptase-PCR (qRT-PCR) (Constantin et al. 2004). VIGS re-
sulted in a decrease in the quantity of transcripts for all the 
genes studied. The percent decrease of the endogenous 
mRNAs varied with the genes that were silenced. 

Having confirmed that VIGS resulted in lowered target RNA 
levels, we assayed the transformation efficiency in the silenced 
plants by performing leaf-disk transformation assays. We in-
oculated leaf disks from 3-week-old silenced plants, TRV::00 
infected plants, and wild-type N. benthamiana plants with the 
oncogenic strain A. tumefaciens A348. This bacterial strain 
produced large green tumors on the leaf disks from wild-type 
plants within four weeks of infection (Fig. 1B). Leaf disks 
from the plants silenced for the α-Exp, NLP, Imp, VIP1, H2A, 
Actin, and H3 genes produced significantly fewer tumors than 
did those incited on TRV::00 and wild-type plants (Fig. 1B). 
AGLP-silenced N. benthamiana plants responded like wild-
type and TRV::00-infected plants (Fig. 1B). These results were 
consistent with the in planta tumorigenesis assay. The weight 
(fresh and dry) of leaf disks (equal number) containing tumors 
was measured for the silenced and wild-type plants. The 
weight of leaf disks for the wild type, TRV::00 plants, and the 
AGLP-silenced plants was high (Fig. 1C), whereas the inocu-
lated leaf disks from the plants silenced for H2A and Actin had 
at least a three- to fourfold lower weight than that observed in 
the control plants (Fig. 1C). Similarly, the biomass of the leaf 
disks (containing tumors) derived from plants silenced for α-
Exp, NLP, Imp, VIP1, and H3 was significantly lower than that 
of in the control plants (Fig. 1C). The pattern of biomass dif-
ferences in silenced plants was in accord with the data col-
lected from the in planta tumorigenesis assays. 

Most silenced plants that were blocked  
in stable transformation did not show altered cell division. 

To rule out the possibility that the reduced tumorigenesis on 
the α-Exp-, H2A-, Imp-, VIP1-, H3-, and NLP-silenced plants 

resulted from the downregulation of one or more genes in-
volved in phytohormone response, we infected leaf disks of 
the silenced plants with the nontumorigenic strain A. tumefa-
ciens GV2260 containing the binary vector pCAS1 (Nam et al. 
1999). pCAS1 contains a nos-bar gene as a selectable marker. 
We counted the number of leaf disks that produced one or 
more glufosinate ammonium (GF)-resistant calli on callus-
inducing medium (CIM) containing GF. The results of these 
experiments depicted in Figure 2A and B, indicated that si-
lencing of α-Exp, H2A, Imp, VIP1, H3, and NLP in N. bentha-
miana resulted in recalcitrance to stable transformation. Si-
lencing of VIP1, H3, and H2A had a large effect on stable 
transformation, resulting in a lower percentage of disks with 
GF-resistant calli (8.5, 2.6, and 1.2%), as compared with the 
controls (87.6 and 91.1%; Fig. 2B). Although the silencing of 
α-Exp, Imp, and NLP genes in N. benthamiana gave higher 
percentages of GF-resistant calli (53, 32.5, and 30%, respec-
tively), they were significantly lower than those observed in 
the TRV::00-infected plants (Fig. 2B). 

To determine the effect of gene silencing on cell division, 
uninoculated leaf disks of the silenced plants (3 weeks post-
silencing) were cultured on a nonselective CIM for 4 weeks. 
Most of the silenced plants had no observable differences in 
cell division and cell proliferation (Fig. 2C). However, silenc-
ing of the Actin gene in N. benthamiana resulted in reduced 
cell proliferation (Fig. 2C). Callus formation was almost 
completely inhibited in Actin-silenced leaves. A slight delay 
in callusing, which did not significantly affect callus forma-
tion, was also observed in the plants silenced for the H2A 
gene (Fig. 2C). Because silencing of the Actin gene resulted 
in defective cell proliferation, this gene was not investigated 
further. 

A transient transformation assay reveals  
that Histone H3 and NLP are most likely involved  
in later steps of Agrobacterium-mediated transformation, 
whereas α-Expansin is involved  
during the early steps of transformation. 

We used a sensitive fluorometric assay that quantifies GUS 
(β-glucuronidase) activity (Nam et al. 1999), to determine 
the steps that were disrupted in α-Exp-, H3-, and NLP-si-
lenced plants. Because the functional role of Imp and VIP1 in 
nuclear import of the T-DNA has been described (Ballas and 
Citovsky 1997; Tzfira et al. 2001), we did not perform the 
transient assays on these gene-silenced plants. The step at 
which Histone H2A is involved in T-DNA transformation is 
known (Mysore et al. 2000), and therefore, we used H2A-si-
lenced plants as a positive check in the transient transforma-
tion assays. For transient transformation assays, we used the 
nontumorigenic strain A. tumefaciens GV2260, containing 
the binary vector pBISN1 harboring the uidA-intron gene in 
its T-DNA as a reporter (Narasimhulu et al. 1996). We de-
tected transient GUS expression in TRV::00 control plants 
and α-Exp-, H3-, NLP-, and H2A-silenced plants within two 
days of cocultivation with A. tumefaciens (Fig. 3). The early 
detection of GUS expression most likely represents transient 
expression of the uidA gene, which is suggestive that the 
plants are not blocked at the early stages of transformation. 
Fluorometric assays were used to quantify reporter gene ex-
pression in two duplicate experiments by harvesting leaf 
disks at regular intervals. Figure 3 details the pattern of GUS 
activity determined in the silenced plants as compared with 
TRV::00 control plants. Our observation suggests that silenc-
ing of H3, NLP, and H2A genes in N. benthamiana most 
likely blocks the later steps of transformation. The data col-
lected from the H2A-silenced plants are consistent with its 
known biological roles in T-DNA integration (Mysore et al. 
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2000). The reduced GUS activity in α-Exp-silenced plants at 
early stages of transformation (2 days postinfection [dpi]) 
suggests that α-Expansin may be involved during the early 
stages of transformation (Fig. 3). 

Exp gene–silenced plants show no deficiency  
in Agrobacterium attachment. 

Expansins are encoded by a superfamily of genes with 
mainly four different classes, α-Exp, β-Exp, Expansin-like α 
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(Exp-A), and Expansin-like β (Exp-B) (Sampedro and 
Cosgrove 2005). Each class is further divided into subclasses 
comprised of closely related gene-family members. For exam-
ple, the α-Exp family is divided into 12 clades (Sampedro and 
Cosgrove 2005). We speculated that the Exp gene is involved 
in Agrobacterium attachment, and therefore, we designed ex-
periments to investigate whether the α-Exp silenced plants had 
a defect in attaching A. tumefaciens. We recently developed a 
system to label bacteria with GFPuv by constructing a broad 
host range plasmid (pDSK-GFPuv) that can express GFPuv 
(K. Wang and K. S. Mysore; unpublished results). Bacterial 
strains containing pDSK-GFPuv emit strong green fluores-
cence under long wavelength ultraviolet light. We transferred 
pDSK-GFPuv to both the transfer-efficient nontumorigenic 
strain A. tumefaciens GV2260 and the attachment-deficient 
mutant chvB– (A192) (Douglas et al. 1985) and performed 
attachment assays on cut-leaf segments of α-Exp-silenced and 
TRV::00-infected control plants as described below. Agrobac-
terium attachment was not significantly affected in α-Exp-
silenced plants at either high (5 × 108 CFU/ml) or low (1 × 108 
CFU/ml) bacterial concentrations (Fig. 4A) as compared with 
control (TRV::00) plants. Binding of the attachment mutant 
chvB– was barely detected in the above assays, whereas the 
fluorescent spots were more intense in the attachment-profi-
cient strain A. tumefaciens GV2260 (Fig. 4A). Our results sug-
gest that α-Exp used in this study is most likely not required 
for Agrobacterium attachment to the plant cell surface and 
therefore the reduction in transient transformation for α-Exp-
silenced plants cannot be attributed to a reduction in the effi-
ciency to attach A. tumefaciens. 

To characterize further the role of α-Exp in transformation, 
we investigated if Nbα-Exp is differentially expressed during 
Agrobacterium infection. Wild-type N. benthamiana plants 
were vacuum-infiltrated with either buffer or the nontumori-
genic A. tumefaciens At804 (a T-DNA transfer competent 
nononcogenic strain containing the disarmed Ti plasmid plus 
binary vector pBISN1) or A136 (nononcogenic strain that 
lacks a Ti plasmid). Leaf samples were collected at different 
times after infection, and the accumulation of α-Exp mRNA 
was quantified by semiquantitative RT-PCR and qRT-PCR. 
The Nbα-Exp gene was induced upon vacuum infiltration as 
early as 3 h postinfiltration (hpi) in both buffer and A. tume-
faciens-infected leaves. Our data indicate that α-Exp is 
slightly induced upon infiltration stress. Interestingly, Nbα-
Exp was induced to a greater extent (twofold) at 6 hpi in re-
sponse to the T-DNA transfer-competent strain (At804), as 
compared with the buffer or the nontumorigenic strain A136 
(Fig. 4B). Induction of the Nbα-Exp gene in plants infiltrated 
with the transfer-competent strain of A. tumefaciens was not 
significant after 6 hpi (Fig. 4B). These data are in accord 
with the hypothesis that infection by transfer-competent A. 
tumefaciens strains modulates host gene expression at early 
times so as to facilitate genetic transformation (Veena et al. 
2003). 

Histone H3 gene–silenced plants are partially blocked  
in T-DNA integration. 

The role of Histone H2A in Agrobacterium T-DNA integra-
tion is well characterized (Mysore et al. 2000; Yi et al. 2002, 
2006). In this study, we observed that histone H3-silenced 
plants were deficient in stable transformation but not in tran-
sient transformation, suggesting a block in T-DNA integration 
(Figs. 1, 2, and 3). To confirm further that T-DNA integration 
was blocked in H3-silenced plants, we inoculated leaf disks 
derived from TRV::00-inoculated and H3-silenced N. bentha-
miana plants with the disarmed strain A. tumefaciens GV2260, 
containing the binary vector pKM1 (Mysore et al. 1998) carry-
ing a promoterless uidA-intron gene within the T-DNA. In this 
case, the expression of the uidA gene in plants is dependent 
upon T-DNA integration downstream of a plant promoter. Sig-
nificantly less GUS activity was detected in leaf disks of H3-
silenced plants at 15 and 24 dpi as compared with leaf disks 
derived from TRV::00 plants (Fig. 5A). The above observation 
reinforces the role of histone H3 in T-DNA integration. 

To provide further evidence that the H3-silenced plants are 
deficient in T-DNA integration, we inoculated leaf disks de-
rived from TRV::00 and H3-silenced N. benthamiana plants 
with the disarmed strain A. tumefaciens GV2260, containing 
the binary vector pBISN1, and performed semiquantitative 
PCR and qPCR to quantify the amount of integrated uidA gene 
in leaf calli at 24 dpi as described earlier (Li et al. 2005). The 
amount of PCR products specific to uidA gene, determined by 
qPCR, was significantly lower (approximately 66%) in H3-
silenced plants as compared with TRV::00 plants (Fig. 5B). No 
Agrobacterium contamination was detected in the plant DNA 
samples used for PCR analyses (Fig. 5C). 

DISCUSSION 

The molecular mechanism by which A. tumefaciens geneti-
cally transform plants has been an area of extensive research 
over the last few decades (Anand and Mysore 2005; Christie 
2004; Gelvin 2003a; Tzfira and Citovsky 2002; Zhu et al. 
2000). Recent research efforts have been directed towards bet-
ter understanding the biological role played by the host part-
ners in infection. In this paper, we describe a novel method, 
based on VIGS, for identification and functional characteriza-
tion of host-cell factors involved in Agrobacterium-mediated 
plant transformation. Using a reverse genetic approach, we 
validated the VIGS technology to study Agrobacterium-plant 
interactions. To identify novel plant genes that play a vital role 
during Agrobacterium-mediated transformation, we utilized a 
VIGS-mediated fast-forward genetics approach (Baulcombe 
1999). We have, to date, silenced approximately 1,000 normal-
ized random cDNA clones and have performed in planta tumor 
assays on these plants. From this screen, we have identified 21 
ACG genes that may be involved in Agrobacterium-mediated 
transformation. The percentage of silenced plants that have an 
ACG phenotype is higher (approximately 2%) than reported 

 

Fig. 1. In planta and leaf-disk tumorigenesis assays in Nicotiana benthamiana. A, In planta tumorigenesis assay. Fast-forward genetics approach to identify 
genes whose silencing resulted in altered crown gall (ACG) phenotypes. A normalized N. benthamiana cDNA library cloned into TRV2 vector by 
GATEWAY cloning and approximately 1,000 TRV2-derivative cDNA clones were randomly used for silencing in N. benthamiana. An in planta
tumorigenesis assay was performed on stems of the silenced plants (3 weeks postsilencing) by inoculating with the tumorigenic strain of Agrobacterium
tumefaciens A348, and the crown gall phenotypes on stems were recorded visually and were classified into normal, no tumor, mild tumor, and super tumor
categories. B, Leaf-disk tumorigenesis assay on the silenced plants. Leaves from the silenced plants were surface-sterilized, and leaf disks from these leaves 
were inoculated with A. tumefaciens A348 and were incubated on hormone-free Murashige-Skoog medium. Photographs were taken four weeks after 
infection. C, and D, Quantification of the relative biomass of leaf disks with tumors. The leaf disks derived from the silenced plants were inoculated with A.
tumefaciens A348 and the fresh (panel C) and dry (panel D) weights of the leaf disks were measured four weeks after inoculation to quantify the relative 
mass of the leaf disks with tumors. The experiments were replicated twice with a minimum of 150 leaf disks for each silenced plant. Letters indicate
significant difference using Fisher’s least significant difference test at P = 0.05. 
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earlier in the Arabidopsis rat mutant screening (Nam et al. 
1999). It is possible that there are few false positives in the list 
of 21 ACG genes. We are currently performing other quantita-
tive transformation assays to remove false positives. 

To demonstrate the robustness of this tool in gene discovery, 
we used a reverse genetics approach to silence the plant genes 
α-Exp, NLP, AGLP, Rad23, and ACC that we speculate are 
involved in Agrobacterium-plant interaction, based on previ-
ously published data (Ditt et al. 2001; Gaspar et al. 2004; 
Veena et al. 2003; Zhu et al. 2003a). Expansin belongs to a 
large family of proteins that mediate cell-wall loosening by 
disrupting hydrogen bonds between cellulose microfibrils and 
matrix polysaccharides, thereby enabling stress-related relaxa-
tion of isolated cells (Cosgrove 2000). The role of Expansin is 
postulated mainly to be in growth and cell-wall modifications 
(Cosgrove et al. 2002; Lee et al. 2001), whereas little is known 
regarding its role in plant defenses. There is evidence suggest-
ing that both plant cell-wall architecture and remodeling play 
critical roles in Agrobacterium attachment and biofilm forma-
tion (Gaspar et al. 2004; Matthysse 1987; Wagner and 
Matthysse 1992; Zhu et al. 2003b). The strong rat phenotype 
of the ratT18 (Zhu et al. 2003a), a β-Expansin mutant, lead us 
to hypothesize that Expansin proteins probably modulate 
Agrobacterium attachment to plant cells or import of T-com-
plex by cell-wall relaxation and extension upon infection. 
However, complementation of ratT18 mutant has not been re-
ported. Using stable transformation assays, we show that Nbα-
Exp-silenced plants are recalcitrant to genetic transformation 
by A. tumefaciens (Figs. 1C and D and 2B). The data from the 
GUS assay suggest that Nbα-Exp may be involved during 
early stages of T-DNA transfer (Fig. 3). However, no defi-
ciency in Agrobacterium attachment was observed in the Nbα-
Exp-silenced plants (Fig. 4A). The twofold higher expression 
of Nbα-Exp at early stages by an A. tumefaciens transfer-com-
petent strain, as compared with the nontumorigenic strain A. 
tumefaciens A136 (Fig. 4B), further reinforces our suggestion 
that this gene is involved in the early stages of T-DNA transfer 
to the plant cell. 

Genes similar to the early nodulin ENOD18 of Vicia faba 
(Veena et al. 2003) and NLP (Ditt et al. 2001) have previously 
been shown to be differentially expressed during Agrobacte-
rium infection. The Rhizobium nod genes specify the synthesis 

of nodulation (Nod) factors, which are lipo-chitooligosaccha-
rides (Denarie et al. 1996). These Nod factors elicit activation 
of plant genes in legumes that are specifically induced during 
early stages of nodulation (early nodulin genes), cortical cell 
division, and programming plant organogenesis that leads to 
nodule formation (Cohn et al. 1998; Schultze and Kondorosi 
1998). In this report, we provide experimental evidence impli-
cating NLP in Agrobacterium-mediated plant transformation 
(Figs. 1 and 2). Based on our transient transformation assays 
(Fig. 3), we speculate that downregulation of a gene encoding 
NLP affects later steps of Agrobacterium infection. 

DNA repair has been shown to play a critical role in the T-
DNA integration event (Nam et al. 1997; van Attikum et al. 
2001). Silencing of Rad23 in N. benthamiana did not affect the 

plant’s ability to be transformed by A. tumefaciens in planta 
(data not shown). Veena and associates (2003) recently showed 
that many plant defense-related genes are suppressed during 
Agrobacterium-mediated transformation. Ethylene production 
is one of the major defense responses in plants, and therefore, 
we checked the effect of silencing an ethylene synthesizing 
gene (ACC synthase) on Agrobacterium-mediated transforma-
tion. Using VIGS, we could not show the involvement of eth-
ylene in Agrobacterium-mediated transformation. Similarly, 
we could not verify the involvement of AGLP in Agrobacte-
rium-mediated plant transformation, probably due to the low 
amino-acid sequence similarity between the LeAGLP sequence 
and the previously described arabinogalactan protein (RAT1; 
Gaspar et al. 2004). Secondly, arabinogalactan proteins are 
represented by a large gene family in Arabidopsis. Due to the 
unavailability of gene sequences for all the arabinogalactan 
genes in tomato or N. benthamiana, we are currently unable to 
address this issue. VIGS technology, as with any other func-
tional genomic tool, has certain limitations. Complete elimina-
tion of target gene transcripts is not possible. The use of het-
erologous gene sequences for silencing may not always be 
successful due to low nucleotide sequence homology between 
genes from two plant species as ascertained from the above 
discussed examples. 

From the fast-forward genetic screening, we identified 21 
ACG genes that are likely to be involved in Agrobacterium-
mediated transformation. Further studies (quantitative assays) 
are currently underway to confirm the involvement of these 

 

Fig. 2. Leaf-disk assays for characterizing stable transformation and effect of gene-silencing on cell division. A, Leaf-disk transformation assay. Leaf disks 
of silenced and TRV::00-infected plants were inoculated with a nontumorigenic strain, Agrobacterium tumefaciens GV2260, harboring the binary vector 
pCAS1 and were incubated on callus inducing medium (CIM) with glufosinate ammonium (GF). Photographs were taken four weeks after inoculation. B,
Quantification of GF-resistant calli. Percentage of leaf disks derived from silenced plants that produced GF-resistant calli were compared with the percentage 
of leaf disks derived from control and TRV::00-infected plants that produced GF-resistant calli. C, Callus production by leaf disks of silenced and
nonsilenced plants. The effect of gene silencing on cell division was evaluated by placing leaf disks derived from TRV::00-infected and silenced plants on
nonselective CIM for four weeks and by recording differences in callus production. Silencing of Actin gene severely affected cell division, whereas silencing 
of other genes did not significantly affect cell division. 

 

Fig. 3. Quantification of transient transformation in gene-silenced plants. 
Leaf disks of silenced plants were inoculated with a nontumorigenic 
strain, Agrobacterium tumefaciens GV2260, harboring the binary vector 
pBISN1. The inoculated leaves were collected at 2, 4, 7, and 10 days
postinoculation (dpi), and GUS activity was measured by recording the 
fluorescence of 4-methylumbelliferone (4-MU) (Jefferson et al. 1987). Si-
lencing of α-Expansin (α-Exp) resulted in deficiency in an early transient 
transformation step, while silencing of NLP, H2A, and H3 had no affect on 
transient GUS expression but significantly decreased stable GUS activity 
(4, 7, and 10 days). Asterisks denote values that are significantly different 
between treatments by ANOVA at P = 0.05. 
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genes in transformation. It is possible that silencing of some of 
these genes may affect phytohormone synthesis or phytohor-
mone response or affect cell division, causing alteration in the  
crown gall phenotype. We chose to characterize further the 
requirement of Actin and Histone H3 genes in Agrobacterium-
mediated plant transformation. Both Actin and Histone H3 
were speculated to be required for Agrobacterium-mediated 
plant transformation (Zhu et al. 2003a). The plant actin cy-
toskeleton provides a dynamic cellular component that is in-

volved in the maintenance of cell shape and structure. Actin 
cytoskeletal elements are located near the plasma membrane 
and are, therefore, uniquely positioned to receive and trans-
duce information. The actin cytoskeleton also plays critical 
roles in the establishment and maintenance of cell polarity, 
providing tracks for the movement of assorted cellular organ-
elles and responses to numerous environmental stimuli 
(Staiger 2000; Wasteneys and Galway 2003). Many cytoskele-
ton genes, including Actin, have been implicated in cytoplas-
mic trafficking of the T-complex (e.g., rat mutants; Zhu et al. 
2003a; S. B. Gelvin, personal communication) but are yet to 

 

Fig. 4. Role of α-Expansin (α-Exp) in Agrobacterium-mediated plant
transformation. A, Agrobacterium attachment assay. Axenic cut-leaf seg-
ments derived from α-Exp-silenced and TRV::00-inoculated plants were 
cocultivated with a disarmed strain, A. tumefaciens GV2260, carrying the 
binary vector pDSK-GFPuv at final concentrations of 1 × 108 and 5 × 108

CFU/ml or the chvB– attachment-deficient strain (5 × 108 CFU/ml). After 
cocultivation (12 h), leaf segments were washed to remove unattached
bacteria, and the fluorescent bacteria attached to leaf tissues were visual-
ized along the cut surfaces, using a Leica TCS SP2 AOBS confocal sys-
tem, using excitation at 488 nm and emitted light from 500 to 600 nm with 
a 20× dry objective. Experiments were repeated three times. B, Quantita-
tive real time reverse transcriptase-polymerase chain reaction (qRT-PCR)
analysis of α-Exp transcripts in Nicotiana benthamiana upon inoculation
with A. tumefaciens. Wild-type N. benthamiana plants were individually
inoculated with GV2260, a transfer-efficient Agrobacterium strain, harbor-
ing the binary vector pBISN1 (At804) or an avirulent Agrobacterium strain 
that lacks the Ti plasmid (A136), at a final concentration of 1 × 107

CFU/ml, or MES buffer (control) by vacuum infiltration. The inoculated
leaf samples were periodically collected at 3, 6, and 24 h postinoculation
(hpi), and were subject to qRT-PCR. Leaf samples from an uninoculated (0 
h) plant were used as a control to determine the basal expression level of
Nbα-Exp. All the experiments were done with at least three replications. 

 

Fig. 5. Transfer DNA (T-DNA) integration assay for H3-silenced plants. 
A, Promoter trap assay. The leaf disks of the H3-silenced and empty vec-
tor (TRV::00)-inoculated Nicotiana benthamiana plants were infected with 
nontumorigenic strain Agrobacterium tumefaciens GV2260 harboring the 
promoter trap binary vector pKM1 harboring a promoterless GUS gene 
within the T-DNA (Mysore et al. 1998). The inoculated leaf disks were in-
cubated in callus-inducing medium (CIM) without any selection and were 
collected at 15 and 24 days postinoculation (dpi) and were either stained 
with X-gluc (left panel) or were used to measure GUS activity (right 
panel). The GUS activity derives from an integrated T-DNA. B, and C, 
Quantitative poloymerase chain reaction (qPCR) and semiquantitative 
PCR analyses to determine the amount of integrated T-DNA. The leaf 
disks of the H3-silenced and empty vector (TRV::00)-inoculated N. ben-
thamiana plants were infected with nontumorigenic strain A. tumefaciens
GV2260 harboring the binary vector pBISN1. The inoculated leaf disks 
were incubated in CIM without selection and were collected at 21 dpi. 
DNA was isolated from the calli and was PCR-amplified with primers spe-
cific to GUS or elongation factor α (NbElfα) or an A. tumefaciens gene 
(Atu0972). WT = wild-type; NC = no template control. 
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be verified in terms of their biological role in Agrobacterium-
mediated plant transformation. The silencing of an actin gene 
from N. benthamiana resulted in a dwarf phenotype and pro-
duced very few tumors upon inoculation with tumorigenic A. 
tumefaciens (Fig. 1B, C, and D). Silencing of Actin severely 
affected plant cell division, even in the absence of transforma-
tion (Fig. 2C). This could probably have resulted in completely 
eliminating the plant’s ability to be transformed by the leaf-
disk transformation assay (Fig. 2A and B). Despite the possi-
bility that Actin may be involved in cytoplasmic trafficking of 
the T-complex, we were unable to show this using a gene-
silencing approach. It is not known if the Arabidopsis rat mu-
tants (Zhu et al. 2003a) that have mutations in Actin genes are 
affected in cell division. 

The role of histones in T-DNA integration is speculated 
based on reports that mutation of a class of ‘replacement’ his-
tones resulted in a strong rat phenotype and that overexpres-
sion of histones increased transformation (Mysore et al. 2000; 
Yi et al. 2002, 2006; Zhu et al. 2003a). Increased levels of 
transcripts for core histone genes occur during the later stages 
of transformation by transformation-proficient strains of A. tu-
mefaciens but not by a transformation-deficient strain, suggest-
ing their roles in Agrobacterium-mediated transformation 
(Veena et al. 2003). It is interesting to note that a T-DNA inser-
tion between two closely spaced replacement Histone H3 
genes resulted in a rat phenotype (Zhu et al. 2003a). One of 
the rat mutants for Histone H3 (ratT17) was recently comple-
mented and therefore appears to be required for efficient Agro-
bacterium-mediated plant transformation (Zhu et al. 2003a). 
However, further characterization of this rat mutant is neces-
sary. In our study, silencing of a Histone H3 gene in N. bentha-
miana resulted in an abnormal developmental phenotype. Si-
lencing of H3 affected T-DNA integration without affecting 
transient transformation (Figs. 3 and 5A). T-DNA integration 
events were significantly reduced in the H3-silenced plants as 
compared with TRV::00-inoculated plants (Fig. 5B and C). 
These results are consistent with our speculation that histones 
are involved in T-DNA integration. 

Silencing of ‘housekeeping’ genes such as Histones (H3, 
H2A), Actin, and α-tubulin resulted in developmentally abnor-
mal phenotypes. Silencing of these genes may disrupt general 
cell functions and may cause pleiotropic effects on cellular 
processes. Therefore, it is possible that the housekeeping genes 
themselves are not involved directly in the transformation 
process but rather affect other downstream genes, which in 
turn are directly involved in the transformation. However, the 
observations that Arabidopsis rat mutants (H2A and H3; Mysore 
et al. 2000; Zhu et al. 2003a) do not have any abnormal devel-
opmental phenotypes suggest that histones may be directly in-
volved in Agrobacterium-mediated plant transformation. Our 
current focus is towards characterizing the roles of the plant 
genes that are described in this article and continuing the 
search for additional plant genes that are involved in Agrobac-
terium-mediated plant transformation. Because the list of 
genes we identified does not overlap completely with that of 
previously identified RAT genes, we conclude that our approach 
is complementary to other previously published approaches. 

MATERIALS AND METHODS 

Plant material and bacterial culture preparation. 
Seeds of N. benthamiana were germinated in flats using a 

soilless potting mixture, BM7 (Berger Co., Quebec, Canada). 
Two-week-old seedlings were transplanted to 10-cm diameter 
round pots containing BM7, with one plant per pot. The plants 
were regularly fertilized (20-10-20) and given a soluble trace 
element mix (The Scotts Co., Marysville, OH, U.S.A.) and 

were maintained under greenhouse conditions (23 ± 3°C, 70% 
humidity, 16-h photoperiod with supplemental lighting 50 to 
100 μE s–1 m–2). One- to three-week-old plants were used for 
silencing experiments. 

All Agrobacterium strains were cultured in Luria-Bertani 
(LB) medium supplemented with the appropriate antibiotics (ri-
fampicin, 10 μg/ml; kanamycin, 50 μg/ml) at 28°C. Overnight 
bacterial cultures were washed with distilled water; induced on 
agro-induction medium (1/10 Murashige-Skoog [MS] basal salt; 
0.5 mg 2-N-morpholino-ethanesulfonic acid [MES] per millili-
ter, pH 5.8, and 1% glucose) supplemented with acetosyringone 
(150 μg/ml) at room temperature (24°C) for 14 to 16 h. The in-
duced cultures were washed with sterile distilled water and re-
suspended in 0.9% NaCl at 109 CFU/ml for in vivo shoot and 
leaf-disk tumorigenesis assays. A concentration of 109 CFU/ml 
was also used for the transient transformation assays. 

Plasmid construction. 
pTRV1 and pTRV2 VIGS vectors (Liu et al. 2002b) were ob-

tained from S. P. Dinesh-Kumar, Yale University (New Haven, 
CT, U.S.A.). For reverse genetic experiments, the tomato het-
erologs for the following set of genes were identified from the 
TIGR database. Tomato open reading frames corresponding to 
LeAGLP, LeNLP, LeImp, LeVIP1, LeH2A, LeRad23, and 
LeACC were amplified by RT-PCR with adapter (attB1 5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCT-3′ and attB2 
5′-GGGGACCACTTTGTACAAGAAAGCTGGGT-3′). The 
Nbα-Exp was RT-PCR-amplified from a N. benthamiana cDNA 
using the adapter GATEWAY primers. The PCR products were 
cloned into the VIGS vector pTRV2 (Liu et al. 2002a and b) by 
GATEWAY cloning according to the manufacturers instructions 
(Invitrogen Life Technologies, Carlsbad, CA, U.S.A.). The con-
structs were confirmed by DNA sequencing and were 
introduced into A. tumefaciens GV2260 by electroporation. 
Tomato heterologs whenever applicable were initially used in 
the VIGS screening because the corresponding expressed 
sequence tags (EST) were not available in the N. benthamiana 
EST library at the time the experiments were initiated. The use 
of heterologous genes from tomato (Solanum lycopersicum) and 
other solanaceae members for gene silencing in N. benthamiana 
and vice versa by VIGS is well-documented (Ekengren et al. 
2003; Kang et al. 2004; Ryu et al. 2004). 

Construction of a cDNA library in a TRV vector. 
A cNbME library was made with N. benthamiana leaf tissue 

treated with abiotic and biotic elicitors, cloned into a TRV-
based vector and transformed into GV2260, as described by 
del Pozo and associates (2004). 

VIGS. 
Agroinoculations for VIGS were done either by the toothpick 

method (for fast-forward genetics) or by using the leaf infiltra-
tion method (for reverse genetics) described by Ryu and associ-
ates (2004) with minor modifications. Clones from 96-well 
plates containing pTRV2 derivative plasmids (containing the 
cDNA library) were stamped on solid LB agar medium and 
grown overnight at 30°C. For the toothpick method, A. tumefa-
ciens GV2260 containing pTRV1 was grown overnight (optical 
density at 600 nm (OD600) = 1) and was infiltrated into the lower 
leaves of N. benthamiana plants at the four-leaf stage using a 1-
ml syringe, whereas the individual pTRV2 derivative cDNA 
clones were directly picked (with a toothpick) from 2-day-old 
LB plates and were pricked on the upper side of the pTRV1 infil-
trated region of the leaves. Plants were incubated in the green-
house (23 ± 3°C; 70% humidity; 16-h photoperiod with supple-
mental lighting 50 to100 μE s–1 m–2) for 14 to 18 days for silenc-
ing to occur. Two plants were inoculated with each clone during 
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initial screening. In subsequent secondary and tertiary screen-
ings, more than four plants were inoculated with each clone. 

For reverse genetics, a leaf infiltration method of agroinocu-
lation was used. A. tumefaciens GV2260 containing the pTRV1 
or pTRV2 and their derivatives were cultured overnight at 28°C 
on liquid LB medium. Bacterial cells containing pTRV1- or 
pTRV2-derivated plasmids were harvested by centrifugation 
and were resuspended in double distilled water (OD600 = 1), 
mixed at a 1:1 ratio, and were inoculated into the lower leaves 
of N. benthamiana plants at the four-leaf stage by leaf-infiltra-
tion (Liu et al. 2002b; Ryu et al. 2004). 

We detected the transcript of the virus and the recombinant 
genes by RT-PCR, using the coat protein–specific primers 5′-
CTGGGTTACTAGCGGCACTGAATA-3′ (forward primer) and 
5′-TCCACCAAACTTAATCCCGAATAC-3′ (reverse primer) 
and the GATEWAY vector-specific primers in the transiently si-
lenced plants of N. benthamiana 2 weeks after inoculation. A 
minimum of 10 replications were performed for each experi-
ment and the experiment was repeated at least three times. 

In planta tumor assay. 
For reverse genetic screening, shoots of the gene-silenced 

plants and empty vector control plants (TRV::00) were inocu-
lated by slightly injuring the stem, using a needle with suspen-
sion cultures of tumorigenic strain A. tumefaciens A348 contain-
ing the octopine type Ti plasmid (pTiA6) 3 weeks postsilencing. 
Tumors on shoots were scored after 4 weeks. For fast-forward 
screenings, the shoots of all the 1,000 plants in duplicates were 
inoculated with A348 14 days after virus inoculation for an in 
planta tumor assay as described above. The crown gall pheno-
types were recorded 3 to 4 weeks after Agrobacterium inocula-
tion and were scored based on visual observations as wild-type 
tumors, no tumors, mild tumors, and super tumors (Fig. 1A). 
Clones that, when silenced, showed an altered crown gall 
(ACG) phenotype were rescreened at least twice with a mini-
mum of three replicates per screening. 

Leaf-disk transformation assays. 
Leaf explants from the silenced and control plants were col-

lected 3 weeks postsilencing and were washed twice with wa-
ter, were treated with 10% Clorox for 10 min, and were rinsed 
with sterile distilled water thrice before a cork borer (0.5 cm) 
was used to punch disks. The leaf disks were separately incu-
bated with different Agrobacterium strains for 15 min and 
were blotted on sterile filter paper to remove excess bacteria, 
and they were later transferred to MS basal medium (4.32 g of 
MS minimal salts [Gibco-BRL, Gaithersberg, MD, U.S.A.] per 
liter, 1 ml of vitamin stock solution [0.5 mg/ml nicotinic acid, 
0.5 mg/ml pyridoxine, and 0.5 mg/ml thiamine-HCl], 100 mg/l 
myo-inositol, 20 g/liter sucrose, and 1.8% phytagel) per liter 
and were cocultivated with the bacteria at 25°C for 2 days. 

For leaf-disk tumorigenesis assay, we infected leaf disks 
with A. tumefaciens A348. Two days after cocultivation, ap-
proximately 15 to 20 leaf disks for each plant were transferred 
onto MS medium with 200 μg of cefotaxamine per milliliter 
and 100 μg of tricarcillin per milliliter to kill A. tumefaciens 
and were incubated for 4 weeks at 25°C. Tumors produced per 
leaf disk were counted 3 weeks after infection. The total bio-
mass of the leaf (including tumors) was measured by weighing 
the fresh and dry weights (incubated at 37°C for 5 days) of a 
minimum of 150 disks (five disks per treatment were pooled) 
in duplicate experiments. 

For transient transformation assays, we infected the leaf 
disks with the nontumorigenic strain A. tumefaciens GV2260 
containing the binary vector pBISN1 (Narasimhulu et al. 1996) 
or with the binary plasmid pKM1 (Mysore et al. 1998) for pro-
moterless gene expression analyses. After 2 days of cocultiva-

tion, a few leaf disks (five to eight disks per silenced line) 
were washed with water, were blotted on filter paper, and were 
either immediately stained with X-gluc staining solution (50 
mM NaH2PO4, 10 mM Na2 EDTA, 300 mM mannitol, and 2 
mM X-gluc, pH 7.0, for 1 day at 37°C) or were transferred 
onto CIM (4.32 g of MS minimal salts per liter, 1 ml of vita-
min stock per liter, 100 mg of myo-inositol per liter, 20 g of 
glucose per liter, 0.5 mg of 2,4-dichlorophenoxyacetic acid per 
liter, 0.3 mg of kinetin per milliliter, 5 mg of indole acetic acid 
per liter, and 1.8% phytagel containing 200 μg of cefotaxam-
ine per milliliter and 100 μg of tricarcillin per milliliter). For 
GUS analyses, leaf disks were collected after 2, 4, 7, 10, 15, 
and 24 dpi. GUS activity was analyzed using fluorometric as-
says (Jefferson et al. 1987). Two different protein extracts were 
prepared by grinding five to eight leaf disks per silenced line 
in a microfuge tube containing GUS extraction buffer (50 mM 
Na2HPO4, 5 mM dithiothreitol, 1 mM Na2 EDTA, 0.1% sarco-
syl, 0.1% Triton X-100, pH 7.0), and two aliquots were assayed 
for each of the extracts to determine protein concentration and 
GUS activity, according to Jefferson and associates (1987). 
Protein concentrations of plant extracts were determined spec-
trophotometrically, using the Bio-Rad protein assay (Bio-Rad, 
Richmond, CA, U.S.A.) based on the Bradford method 
(Bradford 1976). Fluorescence of 4-methylumbelliferone was 
measured with a WALLAC 1420-11 multilabel counter 
(PerkinElmer Life Tech; Wallac OY, Turku, Finland). 

For stable transformation assays, we inoculated leaf disks 
with the nontumorigenic strain A. tumefaciens GV2260 con-
taining pCAS1 (Nam et al. 1999). After 2 days, the leaf disks 
were transferred onto CIM + 5 μg of glufosinate ammonium 
(GF) per milliliter and were incubated at 25°C. We scored the 
number of leaf disks with GF-resistant calli 4 weeks after 
Agrobacterium infection. 

RNA extraction, RT-PCR, qRT-PCR and  
differential gene expression analyses. 

For differential gene expression analyses of Nbα-Exp upon 
infection with different A. tumefaciens strains, N. benthamiana 
plants were vacuum-infiltrated with an avirulent Agrobacte-
rium strain (A136; nononcogenic, lacking a Ti plasmid), a T-
DNA transfer-competent Agrobacterium strain (At804; nonon-
cogenic, containing pBISN1 with a Ti plasmid facilitating the 
transfer of T-DNA and Vir proteins) at a concentration of 1 × 
107 CFU/ml, or the infiltration buffer. Samples were collected 
at different timepoints after inoculation for semiquantitative 
RT-PCR (5′-GAACGACGACGGTGGGTGGTG-3′ and 5′-CC 
ATCGTTGAACAATGCAGTACT-3′) and qRT-PCR. The ex-
periments were repeated two times. 

Agrobacterium attachment assay. 
For effective and stable ectopic expression of GFPuv in A. 

tumefaciens, the fragment corresponding to GFPuv was PCR-
amplified from pGFPuv (ClonTech, Mountain View, CA, 
U.S.A.) and was cloned downstream of the constitutive psbA 
promoter and an efficient ribosome-binding site from T7 
gene10 of pUTgfp resulting in the plasmid pDSK-GFPuv (K. 
Wang and K. S. Mysore, unpublished data). The plasmid was 
transferred into A. tumefaciens GV2260 or the chvB– attach-
ment-deficient strain (Douglas et al. 1985) by triparental mat-
ing using pRK2013 as a helper plasmid. For attachment assays, 
10 to 15 aseptic leaf segments (0.5-cm diameter) derived from 
the Nbα-Exp-silenced plants, TRV::00, and wild-type N. ben-
thamiana plants were cocultivated for 15 min at room tem-
perature with different bacterial dilutions (OD600 of approxi-
mately 0.1 corresponds to 1 × 108 CFU/ml) in saline water 
(0.9% NaCl). Excess bacterial cultures were blotted on sterile 
filter from the cut-leaf segments, and the leaf segments were 



Vol. 20, No. 1, 2007 / 51 

transferred to MS basal medium (4.32 g of MS minimal salts 
per liter) and were continued to cocultivate with the bacteria. 
The leaf segments were sampled 2, 12, and 24 hpi and were 
washed gently three to four times with phosphate-saline buffer 
and were briefly vortexed at very low speed (20 to 30 rpm) for 
5 to 10 min. Fluorescent bacteria in leaf tissues were visual-
ized along the cut surfaces using a Leica TCS SP2 AOBS con-
focal system (Leica Microsystems, Wetzlar, Germany). Image 
acquisitions were carried out using excitation at 488 nm and 
collecting emitted light from 500 to 600 nm with either a 20× 
dry objective (NA 0.7) or a 63× water immersion objective 
(NA 1.2). The experiments were repeated three times. For bac-
terial growth assays, the same number of leaf disks from the 
Nbα-Exp-silenced plants and the TRV::00 plants that were in-
oculated with different bacterial dilutions of either the dis-
armed Agrobacterium sp. strain GV2260 or the chvB– attach-
ment-deficient strain were collected at 24 hpi, were ground in 
0.9% NaCl solution, and serial dilutions were made and plated 
on LB media with appropriate antibiotics for counting CFU. 
The experiments were repeated three times. 

T-DNA integration assay. 
The T-DNA integration assays were performed as detailed 

by Li and associates (2005). Calli regenerating from leaf disks 
transformed with a binary vector harboring uidA gene on a 
nonselective media were collected from a pool of two inde-
pendent experiments, were washed with dimethyl sulfoxide 
(15% vol/wt) several times to remove attached A. tumefaciens, 
and DNA was extracted using DNAzol (Invitrogen). Semi-
quantitative PCR was performed using the following primer 
combinations: GUS primers 5′-CGATCAGTTCGCCGATGG-3′ 
(forward) and 5′-TCCCGCTAGTGCCTTGTCC 3′ (reverse) 
that encompasses the intron (Mysore et al. 1998) and bacterial 
chromosomal gene (Atu0792) primers 5′-GCGTTCGCTGGT 
GTCACGCC-3’ and 5′-GATCAGCGGAGACCAGCTTC-3′. 
Duplicate samples were analyzed by qPCR (as detailed earlier) 
with the primers GUS-FP 5′-AGGTGCACGGGAATATTTCG-
3′ and GUS-RP 5′-ACGCGTCGGGTCGAGTT-3′, and the 
amount of integrated T-DNA in the calli derived from H3-
silenced plants was calculated relative to the amount of inte-
grated T-DNA for the calli derived from TRV::00-inoculated 
plants. As a loading control for silenced and nonsilenced 
plants, parallel reactions using N. benthamiana elongation fac-
tor 1-α (NbEf1α) primers were carried out. 

Data analysis. 
Data were subjected to analysis of variance using JMP soft-

ware version 4.0.4 (SAS Institute Inc., Cary, NC, U.S.A.). 
When a significant F-test was obtained at P = 0.05, separation 
of treatment means was accomplished by Fisher’s protected 
least significant difference. 
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