
Understanding of function of transcription factors is an
important step towards to develop the transcription
factor-based technology for metabolic engineering and
improvement of value and productivity of plants
(Century et al. 2008; Grotewold 2008; Qu and Zhu 2006;
Zhang 2003). Since it became possible to identify
putative genes for transcription factors on a genome-
wide scale and it was revealed that most transcription
factors could be grouped into large gene families 
with the completion of the Arabidopsis sequences
(Arabidopsis Genome Initiative 2000; Riechmann et al.
2000), databases of transcription factors of Arabidopsis
have been established on the basis of classification into
gene families (Davuluri et al. 2003; Guo et al. 2008;
Riano-Pachon et al. 2007), and the functional analysis of
transcription factor families in Arabidopsis has been
eagerly undertaken (e.g. Bi et al. 2005; Overvoorde et al.
2005; Lee et al. 2008; Tsujimoto-Inui et al. 2009).
However, the most of transcription factor genes, which
has been estimated to be �2000 in Arabidopsis genome,
has been remained to be characterized at the functional

level (Qu and Zhu 2006).
The overexpression strategy appears particularly

effective based on the unique characteristics and modes
of action of transcription factors (Zhang 2003), since
overexpression of transgenes may confer dominant 
gain-of-function phenotypes and sometimes confers
unexpected beneficial traits. Such beneficial traits by
overexpression are easily applied to genetic engineering
in economically, agriculturally, and/or ecologically
important plant species.

Suspension-cultured cells have been often used 
as simplified experimental systems in plant, since they
are advantageous for collecting large amount of
homogeneous cells and for reducing the complexity of
plant tissues facilitating obtaining reproducible results.
Several cell lines of suspension-culture of Arabidopsis,
which is a favorable model plant for wide range of
functional genomics studies, have been established.
Among them, a unique cell line, namely, T87, which has
photosynthetic ability under light irradiation (Axelos et
al. 1992), have been widely used for biochemical and
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molecular biological analyses with respect to metabolic
regulation, circadian rhythm, and stress response (e.g.
Callard et al. 1996; Nakamichi et al. 2004; Nakamura et
al. 2007; Stolc et al. 2005; Takahashi et al. 2001; Uno et
al. 2000). Thus, this culture system is suitable for
functional genomics of transcription factors.

Taken together, development of simple and easy
protocols to generate transgenic cultured cells of
Arabidopsis overexpressing transcription factors, which
may be subsequently used for functional screenings,
using collections of cDNAs for coding sequences
(CDSs) is promising in order to accelerate functional
analysis of large families. To this end, we conceived a
batch processing protocol for construction of plant
expression vector plasmids and Agrobacterium-mediated
transformation of Arabidopsis suspension-cultured cells
using a Gateway system-compatible cDNA collection,
rather than one-by-one protocol, which is time- and
labor-consuming. In the present report, we demonstrated
its feasibility using a cDNA collection of the Arabidopsis
DOF (DNA-binding with one finger) family (Yanagisawa
2002).

The 33 cDNAs for predicted CDSs of 36 DOF genes
were amplified by PCR using the gene-specific primers
and cloned into the Gateway entry vector, pENTR
(Invitrogen, Carlsbad, CA, USA) as previously described
(Tsujimoto-Inui et al. 2009). In this study, we selected 10
of the cDNA collection for transformation of T87 cells
(Supplemental Table 1). The DOF CDS cDNA in the
pENTR entry clones was recombined into a destination
vector that is a Gateway-based binary vector, pK2GW7
(Karimi et al. 2002). This vector was provided from
Plant Systems Biology (University of Ghent, Ghent,
Belgium; http://www.psb.ugent.be/gateway/index.php).
In this vector, DOF cDNAs were inserted downstream 
of cauliflower mosaic virus 35S (CaMV35S) promoter.
Equally amounts of plasmids of the different entry
clones for the 10 DOF cDNAs were mixed (50 ng m l�1 as
final concentration). Using 100 ng of pENTR plasmids
and 150 ng of pK2GW7, the LR reaction was performed
at half volume of the reaction solution that recommended
in the manufacturer’s instruction (Invitrogen, Carlsbad,
CA, USA). E. coli TOP10 cells (Invitrogen, Carlsbad,
CA, USA) were transformed using 3 m l of the resultant
reaction solution. After heat shock treatment, 25 m l of
cell suspension was transferred into 4 ml of LB medium
containing 100 mg ml�1 spectinomycin and incubated at
37°C overnight. Plasmids were isolated from 3 ml of the
cell suspension with a QIAprep Spin Miniprep Kit
(Qiagen, Valencia, CA, USA). The inserted cDNAs 
into the plasmids were checked by 1.3% (w/v) agarose-
gel electrophoresis and ethidium bromide (EtBr) staining
after PCR using 2.5 ng of the plasmids, the gene-specific
primer sets (Supplemental Table 1), and rTaq polymerase
(Takara Bio Inc., Shiga, Japan).

Using the resultant plasmid mixtures, Agrobacterium
tumefaciens LBA4404 was transformed according to the
method previously described by Cindy and Jeff (1994).
After 400 ng of the plasmid mixture was added to 50 m l
of suspension of competent cells of A. tumefaciens
LBA4404, the cells were transformed by freeze-thaw
method. After heat shock treatment, 700 m l of SOC was
added and the cell suspension was incubated for 3 h at
28°C with shaking. One hundred microliters of the cell
suspension was transferred into 4 ml of YEB medium
and cultured for 2 days at 28°C with shaking. Plasmids
were isolated from 3 ml of the culture with a QIAprep
Spin Miniprep Kit (Qiagen, Valencia, CA, USA). The
inserted cDNAs into the plasmids were checked again by
1.3% (w/v) agarose-gel electrophoresis and EtBr staining
after PCR using 2.5 ng of the plasmids, the gene-specific
primer sets (Supplemental Table 1), and rTaq polymerase
(Takara Bio Inc., Shiga, Japan). A contamination of
entry clone plasmids in the destination vector plasmids
isolated from the pool of cells of A. tumefaciens was
examined by PCR using a primer set, M13-M3 (GTAA-
AACGACGGCCAGT) and M13-RV (CAGGAAACA-
GCTATGAC), whose binding sites are existed in the
entry vector but not in the destination vector. The
remaining cell suspension was stored at �80°C as a
glycerol stock until used for transformation of
Arabidopsis T87 cells.

Arabidopsis thaliana (L.) Heynh. ecotype Columbia
suspension-cultured cells, line T87 (Axelos et al. 1992),
were maintained according to the previously described
methods (Tsujimoto-Inui et al. 2009). The Arabidopsis
T87 cells were transformed by co-cultivation with 
the LBA4404 cells of A. tumefaciens harboring the
pK2GW7 plasmids containing cDNAs for the 10 DOF
genes according to the previously described methods
(Tsujimoto-Inui et al. 2009). Cell clusters, which are
resistant to kanamycin, were picked up and assigned to a
single transgenic cell line. Total RNA was isolated from
cells of every transgenic T87 cell line by the method
described previously (Fukuda et al. 1991). To assess
expression of the transgenes in each transgenic cell line,
reverse transcriptase-mediated polymerase chain reaction
(RT-PCR) was performed using 500 ng total RNA and
SuperScript III Reverse Transcriptase (Invitrogen
Carlsbad, CA, USA), G-Taq (Hokkaido System Science
Co., Ltd, Hokkaido, Japan) and a primer set specific for
every DOF gene (Supplemental Table 1). Expression of
all of the 10 DOF genes was examined in a line of callus.
Transcripts of b -tubulin gene were also amplified as a
constitutive expression control using a specific primer set
(Supplemental Table 2). Each RT-PCR product was
separated by 1.3% (w/v) agarose-gel electrophoresis to
visualize the amplified DNAs with EtBr staining.

The overview of proposed strategy for the batch
processing protocol in this study is illustrated in Figure
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1. Entry clone plasmids selected from a collection of
entry clones containing CDS cDNAs were pooled and
simultaneously transferred to a destination vector for A.
tumefaciens-mediated transformation of plant cells, i.e. 
a Gateway technology-based binary vector, by LR
reaction. Suspension-cultured cells of Arabidopsis, line
T87, were then transformed via A. tumefaciens cells,
which were simultaneously transformed with a pool of
the destination vector plasmids. Finally, kanamycin-
resistant calli were selected and individual callus were
designated as transgenic cell lines. To validate the
batched processing, the inserted DOF cDNAs into the
destination vector were checked by PCR. Figure 2A
shows the amplification of each of the 10 DOF cDNAs in
a pool of the plant expression vector plasmids isolated
from the E. coli transformants. Figure 2B, lanes 1–10,
shows the presence of every DOF cDNA in a batch of

the plant expression vector plasmids isolated from A.
tumefaciens cells. By contrast, no contamination of the
entry clone plasmids was confirmed (Figure 2B, lane N).
Thus, the batch processing from the LR reaction to 
the transformation of A. tumefaciens cells was properly
performed. After transformation of Arabidopsis T87
cells using the batch of A. tumefaciens cells, we obtained
8 independent cell lines that are resistant to kanamycin.
Then, we examined expression of each of the 10 DOF
genes in every cell line. As a control, expression of the
DOF genes in the transgenic cell lines harboring
CaMV35S:GUS, which were established by a
conventional transformation method, was also examined.
The results are shown in Figure 3. The specific
overexpression of transgenes was observed in the several
cell lines, i.e. line 1 and 6 overexpressing DOF3 gene,
line 2 overexpressing DOF5, line 8 overexpressing DOF9
gene, and line 5 and 7 overexpressing DOF10 gene. No
expression of genes for DOF1, 4 and 6, and a
constitutive expression of DOF7 and DOF8 genes were
observed in both the DOF-transformed and the control
cell lines. A constitutive expression of DOF2 was also
observed in the control cell lines, but the reduced
expression of DOF2 was observed in line 1, 5, 6, 7, and
8, in which the overexpression of DOF3, DOF5, DOF9,
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Figure 1. A summary of flow chart for a batch processing protocol
for construction of binary vector plasmids using a collection of CDS
cDNAs for a transcription factor family and subsequent A. tumefaciens-
mediated transformation of Arabidopsis T87 cells. Plasmids are
selected from a collection of CDS entry clones. The pool of entry clone
plasmids is simultaneously recombined into a Gateway-based plant
expression vector, such as pK2GW7, by a LR reaction. E. coli cells are
transformed using the plasmid pool after LR reaction. A pool of the
plant expression vector plasmids isolated from the E. coli
transformants is then subjected to transformation of A. tumefaciens
cells. Arabidopsis T87 cells are transformed by co-culture with the
transgenic A. tumefaciens cells. The kanamycin-resistant cells are
selected and used for further experiments.

Figure 2. Confirmation of presence of CDS cDNAs during the batch
processing. Insert DNA fragments in a pool of expression vector
plasmids before (A) and after (B) the transformation of A. tumefaciens
were confirmed by PCR using primer set specific for every DOF gene
(Supplemental Table 1). Lane M, 100 bp DNA ladder; 1, DOF1; 2,
DOF2; 3, DOF3; 4, DOF4; 5, DOF5; 6, DOF6; 7, DOF7; 8, DOF8; 9,
DOF9; 10, DOF10. P, a positive control for amplification of a cDNA
fragment in an entry clone plasmid by PCR with M13–M3 and M13-
RV; N, no contamination of entry clone plasmids in the pool of A.
tumefaciens cells was observed.



or DOF10 was observed. No information is available to
explain causes of such antagonistic expression of the
DOF genes at this time. In the present study, the specific
overexpression of a single DOF transgene was observed
in at least 6 of 8 lines, and a transgenic callus obviously
overexpressing multiple DOF transgenes was not
obtained. These results show the potential utility of the
present protocol to gain a clue for detailed functional
analyses.

Here we demonstrated a simple and easy protocol 
for construction of plant expression vector plasmids
using a collection of CDS cDNAs for a transcription
factor family and subsequent A. tumefaciens-mediated
transformation of Arabidopsis T87 cells using the pooled
plasmids. Wieste et al. (2007) demonstrated similar
attempts for comprehensive analysis of gene function 
of ERF transcription factor family in transgenic
Arabidopsis plants and they showed that it is very useful
for a screening approach to identify those members
involved in particular developmental process or leading
to enhanced stress responses. Transgenic cultured cells
overexpressing transcription factors generated by our
protocol may subsequently used for functional analyses,
such as transcriptomic, proteomic and/or metabolomic
analyses, and screening for drug and biotic/abiotic stress

resistance. This protocol will be improved by using a
large cDNA collection of transcription factor genes,
which have been established by Gong et al. (2004), and
other Gateway-compatible plant expression vectors for
expression of a dominant-negative form, double-strand
RNAs for RNAi, and GFP-tagged proteins, etc. Recently,
Ogawa et al. (2008) reported a protocol for efficient and
high-throughput vector construction to prepare Gateway-
compatible plant expression vector plasmids using
RIKEN Arabidopsis full-length (RAFL) cDNA clones
(Seki et al. 2002). Utilizing such cDNA collections in
Gateway-compatible plant expression vector plasmids,
the present protocol will be more useful to study
functions of not only transcription factor genes but also
all other genes in Arabidopsis. Furthermore, this protocol
will be also applicable to other plant species.
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