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Abstract

T-DNA activation tagging is a method used to generate dominant mutations in plants or plant cells by the insertion
of a T-DNA which carries constitutive enhancer elements that can cause transcriptional activation of flanking
plant genes. We applied this approach to the species Catharanthus roseus (L.) G. Don (Madagascar periwinkle),
in an attempt to isolate regulators of genes that are involved in the biosynthesis of secondary metabolites of the
terpenoid indole alkaloid (TIA) class. Several TIAs have pharmaceutically interesting activities, including the
anti-tumour agents vincristine and vinblastine. The use of suspension-cultured cells enabled us to screen in a
relatively easy way hundreds of thousands of T-DNA-tagged cells for resistance to a toxic substrate of one of
the TIA biosynthetic enzymes: tryptophan decarboxylase. This screening yielded several interesting tagged cell
lines. Further characterisation of one of the tagged cell lines led to the isolation of Orca3, a gene encoding an
AP2/ERF-domain transcription factor that acts as a master regulator of primary and secondary metabolism. The
T-DNA activation tagging results described in detail in this paper illustrate the usefulness of this approach to isolate
regulators of a complex metabolic pathway from a genetically non-tractable plant species.

Introduction

One of the most direct ways of dissecting complex bio-
logical processes in plants is generation and analysis
of genetic mutants. Mutations resulting from T-DNA
or transposon tagging or chemical mutagenesis usu-
ally cause loss of function, and are therefore recessive.
Consequently, the mutant phenotype can only be visu-
alised following selfing of the mutated plants. This
demands a substantial amount of effort, and is not
possible for all plant species. Another drawback of
classical mutagenesis is that mutation of function-
ally redundant genes does not lead to phenotypically
altered plants.

Many of these disadvantages are circumvented by
an alternative approach to generate mutants, called
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T-DNA activation tagging. A T-DNA carrying a pro-
moter reading towards its border is introduced into
plant cells. Upon random T-DNA integration into the
genome, flanking plant sequences can be transcribed,
which can result in a dominant mutation. Therefore,
in contrast to classical mutagenesis, mutants generated
by T-DNA activation tagging allow direct selection for
the desired phenotype in the primary transformants.
Furthermore, a phenotype can result from T-DNA
activation tagging of a functionally redundant gene,
allowing its analysis and cloning. T-DNA activation
tagging has been successfully used to isolate genes
involved in ABA (Furini et al., 1997) and cytokinin
(Kakimoto, 1996) signaling, and to isolate Arabidop-
sis mutants with altered phenotypes (Kardailsky et al.,
1999; Neff et al., 1999; Weigel et al., 2000).

Knowledge about regulation of plant secondary
metabolism is still limited. Biosynthesis of terpen-
oid indole alkaloids (TIAs), a class of secondary
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metabolites, is highly regulated in the plant species
Catharanthus roseus, and depends on plant cell type
and environmental conditions. TIA biosynthesis is in-
duced by fungal elicitors (Moreno et al., 1995) and by
the plant stress hormone jasmonate (Aerts et al., 1994;
Gantet et al., 1998; Vazquez-Flota & De Luca, 1998).
This regulation occurs largely, if not completely, at the
level of gene expression. Several biosynthetic genes
were shown to be induced by fungal elicitors (Pasquali
et al., 1992) and methyljasmonate (Menke et al., 1999;
Geerlings et al., 2000; van der Fits & Memelink,
2000). Several TIAs have pharmaceutically interest-
ing activities, such as the anti-tumour compounds
vincristine and vinblastine. Knowledge about the reg-
ulation of TIA biosynthesis can potentially be applied
to achieve cheaper and more stable production of these
expensive phytochemicals.

Here we describe a T-DNA activation tagging ap-
proach to isolate regulators of TIA biosynthetic genes
in C. roseus. The gene encoding the TIA biosynthetic
enzyme tryptophan decarboxylase (TDC) was used as
a marker for mutant selection (Goddijn et al., 1993).
TDC converts L-tryptophan into tryptamine, one of the
first steps in TIA biosynthesis. TDC can use certain
L-tryptophan derivatives as a substrate, such as 4-
methyl-tryptophan (4-mT) (Sasse et al., 1983a). This
compound is toxic for plant cells, and is converted by
TDC into the non-toxic 4-methyl-tryptamine. C. ros-
eus suspension-cultured cells were transformed with a
T-DNA construct carrying enhancer elements from the
cauliflower mosaic virus (CaMV) 35S RNA promoter
located near the right border, and subsequently selec-
ted on 4-mT. Resistant cell lines were further screened
for high Tdc expression by northern blot analysis. This
research strategy has resulted in the isolation of Orca3,
a gene encoding an AP2/ERF-domain transcription
factor that acts as a master regulator of primary and
secondary metabolism in C. roseus (van der Fits &
Memelink, 2000). Here, the T-DNA activation tagging
strategy is described in detail, and the results indicate
the usefulness of this approach to isolate regulators
of a complex metabolic pathway from a genetically
non-tractable plant species.

Materials and methods

Construction of plasmids

To provide the tagging vector Tag-2B4A1 with unique
restriction sites for plasmid rescue, a pUC21 (Vieira

Figure 1. Schematic representation of the T-DNA of tagging vec-
tor Tag-2B4A1. �34S-hpt: hygromycin resistance marker driven
by a deletion derivative of the figwort mosaic virus 34S promoter,
pUC21: E. coli pUC21 vector, LB and RB: left and right T-DNA
border sequences. 35S represents the CaMV 35S promoter deriv-
ative consisting of multimerized B and A1 enhancer domains. The
unique restriction sites that can be used for plasmid rescue are in-
dicated in the figure. The functional applicabilities of the different
parts of the tagging construct are indicated at the top of the figure.

& Messing, 1991) derivative containing the hpt gene
from pTRA151 (Zheng et al., 1991) driven by the
�34S promoter (van der Fits & Memelink, 1997),
was supplemented with a XhoI/EcoRI fragment con-
taining the multi-cloning site from pIC20R (Marsh
et al., 1984). In the BglII site of this plasmid, a
BamHI/BglII fragment carrying a CaMV 35S pro-
moter derivative consisting of multimerized enhancer
domains (van der Fits & Memelink, 1997) was in-
serted. The resulting plasmid was linearized at the
unique BglII site and inserted into the BamHI site
of pSDM14 (Offringa, 1992), a pBIN19-derived bin-
ary vector containing synthetic octopine Ti-plasmid-
derived border repeats. A schematic representation of
the T-DNA of the tagging vector is shown in Figure 1.
For the determination of the 4-mT selection window,
cells were transformed with a binary vector derivat-
ive of pMOG22 containing CaMV 35S-Tdc or the
empty vector pMOG22 (Zeneca MOGEN, Leiden, the
Netherlands).

Cell culture and transformation

C. roseus cell line BIX was transformed using
Agrobacterium tumefaciens strain LBA4404 con-
taining the compatible plasmid pBBR1MCS car-
rying a constitutive virG gene (van der Fits
et al., 2000) and the tagging vector Tag-2B4A1
(LBA4404.pBBRvirGN54D.Tag2B4A1). After trans-
formation, cells were grown on paper filters (What-
man No.5) on medium containing 50 µg/ml hygro-
mycin, 100 µg/ml vancomycin, 400 µg/ml cefotaxim
and, if indicated, 4-methyl-tryptophan (Sigma). In



515

contrast to the antibiotics, 4-mT was added to the
medium before autoclaving. Individual calli were
transferred onto new plates, and grown until they
reached a diameter of approximately 1.5 cm. At that
time, the calli were transferred to liquid selection
medium (5 ml) and grown on a gyratory shaker. De-
pending on the growth of the cells, the culture volume
was gradually increased to 20 ml. Further subcultur-
ing was performed weekly by transfer of 5 ml of
cell culture into 20 ml of medium. The cell sus-
pension cultures obtained showed some variation in
characteristics (i.e., colour, growth rate, cell aggregate
size).

RNA extraction and northern blot analysis

RNA extraction and northern blot analysis was per-
formed as described (Menke et al., 1999), loading
10 µg of RNA onto the gels. Northern blots were
probed with 32P-labeled DNA probes for Tdc, Str and
Rps9 (Menke et al., 1999).

Plasmid rescue and Southern blot analysis

Genomic DNA was isolated from cell suspension
cultures of 4-mT-resistant cell lines by CsCl-EtBr-
ultracentrifugation. For plasmid rescue, 10 µg of gen-
omic DNA was digested using the enzymes indicated.
Upon self-ligation of the restriction mixture, DNA
was electroporated into E. coli strain NM554 and cells
were subsequently selected on medium containing
carbenicillin. Southern blot analysis was performed as
described by Memelink et al. (1994) using the gusA
gene as a probe.

Results

Construction of the T-DNA activation tagging vector

An activation tagging vector was constructed (Fig-
ure 1) that was similar to pPCVICEn4HPT (Kakimoto,
1996). The T-DNA of vector Tag-2B4A1 contains a
strong enhancer of transcription flanking the right T-
DNA border, consisting of two copies of the B domain
and four copies of the A1 domain of the CaMV 35S
promoter (van der Fits & Memelink, 1997). Since this
CaMV 35S promoter derivative lacks a TATA box and
ATG start codon, integration of this T-DNA in either
orientation in the vicinity of a gene can activate ex-
pression from the endogenous core promoter of this
gene.

A battery of unique restriction sites is present (Fig-
ure 1), which, together with complete E. coli pUC21
plasmid sequences, enables the isolation of putatively
tagged genes from the mutant cell lines by plasmid
rescue.

Determination of the 4-mT selection window

In order to establish the effective 4-mT concentration
for selection of C. roseus cell lines with increased
TDC enzyme activity, the 4-mT selection window was
determined. C. roseus cell suspensions were trans-
formed with the Tdc gene under control of the CaMV
35S promoter, and, as a negative control, with an
empty vector carrying only the hygromycin resistance
gene. Figure 2A shows the results after several weeks
of selection at various 4-mT concentrations. Cells
overexpressing the Tdc gene showed normal growth
on medium containing 0.2 mM 4-mT, whereas growth
of control cells was strongly inhibited at this 4-mT
concentration.

Figure 2. Selection of C. roseus cells with increased Tdc expression
on 4-mT. (A) Cells were transformed with CaMV 35S-Tdc or with
the empty vector pMOG22. Cells on filters were grown for several
weeks on medium containing 0, 0.05, 0.1 and 0.2 mM 4-mT. (B)
Cells, transformed with CaMV 35S-Tdc, the empty vector pMOG22
or with Tag-2B4A1 were selected on 0.4 mM 4-mT. (C) Calli ob-
tained from filters as shown in Figure 2B were further selected on
medium containing 0.4 mM 4-mT.
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Table 1. Tdc and Str expression levels in tagged 4-mT-resistant C. roseus cell lines

Cell Tdc Str Cell Tdc Str

line expression expression line expression expression

46 + + ++ + + ++ II-39 + + + −
A6 ++ − II-55 ++ −
A16 + + + + IV-18 + + ++ −
A42 + + ++ + + + V-3 + + + −
A46 + + + − V-8 + + ++ + + +
B17 + + ++ − V-9 + + + −
C18 + + + − VI-1 + + ++ −
II-25 + + + − VI-6 + + + ++
II-35 + + + − VI-8 + + ++ −
II-37 + + + + VI-13 + + + −

Tdc or Str expression levels were analysed several times by northern blotting
and the average level is depicted. The relative expression levels were quantified
visually and indicated with + and −, ranging from highly increased expression
(+ + ++) to normal expression (−).

Isolation of 4-mT-resistant cell lines by T-DNA
activation tagging

As judged from the experiment shown in Figure 2A,
a concentration of 0.2 mM 4-mT was initially used
in the tagging experiments with vector Tag-2B4A1.
However, the thickness of the cell layers on the filters
appeared to be critical for cell survival. On 0.2 mM
4-mT, negative control cells often showed growth.
Since most of this growth was inhibited by 0.4 mM
4-mT, and the Tdc-overexpressing cells still showed
normal growth at this concentration, the cells trans-
formed with the tagging vector were further selected
on 0.4 mM 4-mT.

After 6–8 weeks of selection, actively growing
calli that were putatively resistant to 4-mT appeared
against a background of dead cells. An example of
a typical tagging experiment is shown in Figure 2B.
Occasionally calli arose on negative control filters of
cells transformed with the empty vector, demonstrat-
ing that, at this stage, the 4-mT selection was not
stringent. Growing calli were transferred onto new
plates containing 0.4 mM 4-mT. At this stage 4-mT
selection was more stringent, resulting in growth arrest
of all negative control calli, whereas almost all 35S-
Tdc calli showed continued growth (Figure 2C). Some
of the calli transformed with Tag-2B4A1 stopped
growing, suggesting that these escaped the 4-mT se-
lection in the first round, whereas other calli showed
vigorous growth, demonstrating that these were 4-
mT-resistant (Figure 2C). In total, six independent
tagging experiments were performed, that generated

an estimated total number of stable Tag-2B4A1 trans-
formants of 400,000–500,000. These numbers were
estimated based on stable transformation frequencies
as calculated in van der Fits et al. (2000). After 4-
mT selection, in total 281 growing calli were obtained.
Roman numerals in the codes for the different resist-
ant lines (see Table 1) refer to the independent tagging
experiments from which these were isolated. The first
tagging experiment was not labelled with a Roman nu-
meral, and was subdivided into A, B and C groups.
Control transformations with a T-DNA without 35S
enhancer elements next to the right border gave a neg-
ligible amount of resistant calli, indicating that the
large majority of actively growing calli obtained after
transformation with vector Tag-2B4A1 arose from
actual T-DNA activation tagging events.

Identification of cell lines with increased Tdc and Str
expression levels

Resistance for 4-mT can be caused by different mech-
anisms. For example, increased tryptophan produc-
tion, impaired 4-mT uptake or increased TDC protein
stability can result in tolerance for 4-mT. However,
for the isolation of regulators of Tdc expression, we
were only interested in cell lines showing high Tdc ex-
pression. To obtain sufficient biomass for subsequent
analysis, suspension cultures resistant to 0.2 mM 4-
mT were generated. This was successful for 180 of
the 281 4-mT-resistant calli. Northern blot analysis of
RNA extracted from these suspensions showed some
variation in Tdc expression. Most 4-mT-resistant cul-
tures showed a similar Tdc expression as found in
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Figure 3. Identification of 4-mT-resistant lines with increased TIA
biosynthetic gene expression via northern blot analysis. An example
of a northern blot containing RNA extracted from 4-mT-resistant
suspension cultures was probed with Tdc, Str and Rps9. Numbers
above the lanes indicate the different 4-mT-resistant cell lines. Cell
lines with significantly increased Tdc expression are marked with
arrows.

untransformed control cell cultures (data not shown).
However, certain cultures showed a clearly increased
Tdc mRNA level. In the example shown in Figure 3,
Tdc expression in lines 46 and A16 was significantly
increased compared to the expression in other cell
lines. Analysis of the level of Rps9 mRNA, encoding
the 40S ribosomal protein S9, showed equal loading
of RNA. Analysis of cell cultures with putatively in-
creased Tdc expression after several more subculture
periods revealed that the Tdc expression levels were
not always reproducible. In total, 20 lines reproducibly
showed high Tdc expression (Table 1), suggesting that
the observed 4-mT resistance in these lines was caused
by Tdc overexpression.

To test whether a central regulator of TIA biosyn-
thetic genes was activated by the T-DNA tag, addi-
tional northern blot analysis was performed using as
a probe the Str gene, encoding the TIA biosynthetic
enzyme strictosidine synthase (STR). This gene was
not used as a selectable marker in the initial screen. In
the example shown in Figure 3, only line 46 showed
increased Str mRNA accumulation, compared to the
other cell lines. In total, in three out of 20 cell lines,
Str expression was significantly increased, whereas in
another three lines a slight elevation of Str expression
was observed (Table 1).

Further characterisation by plasmid rescue and
sequence analysis

Some cell lines with increased Tdc expression
(Table 1) were selected for isolation and analysis of the
tagged genes. An overview of the molecular character-
isation of these lines is shown in Table 2. Southern blot

analysis indicated that T-DNA copy number ranged
from 1 to 5. The majority of the lines contained a
single copy.

Line 46 reproducibly showed high expression
levels of Tdc and Str. Southern blot analysis sugges-
ted that one T-DNA copy was inserted in the genome
of this cell line (data not shown). Plasmid rescue
with the restriction enzyme XbaI, which is unique in
the T-DNA tag, resulted in isolation of 1.6 kb of T-
DNA flanking plant DNA. Sequence analysis revealed
the presence of an open reading frame (ORF) encod-
ing ORCA3, a transcription factor of the AP2/ERF-
domain family (Riechmann & Meyerowitz, 1998). A
detailed analysis of the phenotype of line 46 and char-
acterisation of the tagged gene has been described
previously (van der Fits & Memelink, 2000, 2001).

Repeated RNA analysis of line A42 showed re-
producibly high Tdc expression (Table 1). However,
variation was observed for Str expression, ranging
from very high to normal expression levels. Southern
blotting indicated that one T-DNA copy was integrated
(data not shown). Plasmid rescue with XbaI resul-
ted in the isolation of 4.8 kb of flanking plant DNA.
Sequence comparisons with Arabidopsis thaliana ge-
nomic and EST databases showed that on this rescued
DNA a gene is located that encodes a protein with
similarity to an Arabidopsis protein of unknown func-
tion (data not shown). Further similarity with a protein
encoded by an expressed sequence tag from rice con-
firms that this gene is conserved in different plant
species and is actively transcribed. Further analysis
should reveal whether the phenotype of cell line A42
is caused by overexpression of this gene.

In line B17 Tdc expression was increased, whereas
Str expression was normal (Table 1). For this line,
Southern blot analysis was not performed. Plasmid
rescue with XbaI yielded 11 independent clones all
containing a 2 kb fragment of flanking plant DNA,
suggesting that this mutant cell line contained a single
T-DNA copy. The isolated flanking DNA did not con-
tain ORFs and did not show homology with sequences
in databases.

Line II-37 contained a single T-DNA copy (data
not shown). Plasmid rescue with XbaI recovered
0.6 kb of flanking DNA. This DNA consisted mainly
of heavily re-arranged fragments derived from the ac-
tivation vector, including parts of the B domain of
the CaMV 35S promoter, the nos terminator, and an
is1 insertion element occurring in the nptIII gene of
the pBIN19-derived binary vector. This indicated that
DNA duplication and recombination events took place
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Table 2. Summary of the molecular characterisation of interesting mutant cell
lines

Cell line # copies # copies Size Genesd

Southerna rescuedb rescued

(kb)c

46 1 1 1.6 Orca3

A16 3 ND ND ND

A42 1 1 4.8 Unknown genee

A46 Inconclusive ND ND ND

B17 ND 1 2.0 No homology

II-37 1 1 0.2 No homology

V-8 1 ND ND ND

VI-1 5 3 0.2/0.9/8.5 ND

VI-6 2 ND ND ND

aThe number of T-DNA copies present in the different cell lines as determined
by Southern blot analysis.
bThe number of different sequences of flanking plant DNA isolated by plasmid
rescue.
cThe size of the flanking plant DNA isolated by plasmid rescue.
d Genes that are present on the rescued plant DNA.
eSequence encoding a protein with similarity to a protein from A. thaliana with
unknown function.
ND: not determined.

during T-DNA insertion in this cell line. Flanking the
XbaI site was a DNA sequence of 190 bp without ho-
mology to sequences in the database, which could
be a segment of C.roseus genomic DNA flanking the
T-DNA insertion site.

Plasmid rescue and sequence analysis of lines VI-
1 and VI-8 revealed that they originated from the
same primary transformant, since identical sequences
of flanking plant DNA were rescued from both lines.
Probably these cell lines were generated by splitting
the original callus during the initial selection stage.
The T-DNA copy number of these lines was estim-
ated at five, based on Southern blot analysis (data
not shown). By plasmid rescue with XbaI, three dif-
ferent T-DNA flanking plant sequences were cloned,
with sizes of 200 bp, 900 bp and 8500 bp. These were
not further analysed, since the presence of multiple T-
DNAs complicates functional analysis of the rescued
sequences.

Discussion

Genetic studies in plants are predominantly performed
using the model plant species Arabidopsis thaliana.
Among the many advantages of using this particular
species is the ability to generate large numbers of in-

dependently transformed plants. This allows extensive
searches for mutants that are generated using clas-
sical mutagenesis (e.g. by chemical agents, T-DNA
or transposon tagging) or by T-DNA activation tag-
ging (Weigel et al., 2000). Here we show that T-DNA
activation tagging can also be applied to genetically
non-tractable plant species such as C.roseus. One of
the main prerequisites is the ability to generate suf-
ficiently high numbers of transformants to screen for
the desired phenotype. We achieved this by using
an improved Agrobacterium tumefaciens strain that is
capable of very efficient transformation of C.roseus
cell suspension cultures (van der Fits et al., 2000).
Furthermore, the use of suspension cultures enabled
us to screen hundreds of thousands of transformed
cells with relative ease. This is in contrast to the
around 10-fold lower number of A. thaliana T-DNA
activation-tagged plants that were screened for altered
phenotypes (Weigel et al., 2000), which is a laborious
and time-consuming activity.

A summary of the selection strategy followed,
together with the numbers of mutants isolated, is de-
picted in Figure 4. Transformed cells were initially
selected for resistance against 4-mT. The concentra-
tion of 4-mT which was effective for selection of
cell lines with increased Tdc expression in this study
(0.4 mM) is in the same range as concentrations used
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Figure 4. Schematic representation of the selection procedure and
the numbers of transformants and mutants that were generated.
Possible mechanisms for passing the specific selection steps are
indicated at the bottom of the figure.

previously (0.05–1.0 mM) (Sasse et al., 1983b; Berlin
et al., 1987; Goddijn et al., 1993).

Out of 180 4-mT-resistant cell suspensions tested,
20 showed increased Tdc expression. In some of the
remaining 160 cell lines, 4-mT resistance might be
caused by overproduction of tryptophan. In C. ros-
eus, a correlation has been observed between toxicity
of a tryptophan analogue and its inhibiting effect on
anthranilate synthase (AS), an enzyme involved in
tryptophan biosynthesis (Sasse et al., 1983a). It was
suggested that false feedback inhibition, preventing
synthesis of L-tryptophan for protein biosynthesis, is
the important factor for the toxic action of the trypto-
phan analogues. Therefore, selection of cell lines with
a toxic tryptophan analogue will probably result in
isolation of lines with increased levels of endogenous
tryptophan and an altered AS. Cells resistant to 5- or
α-methyl-tryptophan often show altered feedback con-
trol of AS and, as a result, the cells contain high levels
of tryptophan (Wakasa & Widholm, 1987; Kreps &
Town, 1992; Kang & Kameya, 1993; Tam et al.,
1995). In contrast to 5- and α-methyl-tryptophan, 4-
methyl-tryptophan can act as substrate for TDC (Sasse
et al., 1983a). Therefore, this particular tryptophan
analogue can be used to select for cell lines with in-

creased TDC activity (Sasse et al., 1983b; Berlin et al.,
1987; Goddijn et al., 1993). All C. roseus cell cultures
that were selected on 4-mT by Sasse et al. (1983b)
contained, besides enhanced TDC activity, increased
amounts of tryptophan and tryptamine. The cell cul-
tures were cross-resistant to other toxic tryptophan
analogues that cannot be metabolised by TDC, sug-
gesting that the 4-mT resistance in these lines was not
(only) due to enhanced detoxification by TDC.

We counterselected against such undesired mutants
by performing additional screens for gene expression
levels. Starting with 180 4-mT-resistant cell lines, the
number of interesting cell lines was reduced to 20 by
screening for high Tdc expression levels. Fourteen of
these cell lines with increased Tdc expression showed
normal Str expression. This suggests that Tdc and Str
are not always coordinately regulated, but that spe-
cific regulators of individual genes exist. Only six
lines showed increased expression of both genes. Ap-
parently, the frequency of tagging components of a
shared signal transduction pathway leading to regula-
tion of several, or possibly all, TIA biosynthetic genes
is low. Possibly, overexpression of multiple second-
ary metabolite biosynthetic genes, and the resulting
production of secondary metabolites, is detrimental
for the cells. Since the T-DNA activation tagging ap-
proach selects for actively growing cells, it can be
speculated that there is negative selection pressure for
TIA-producing cells. Alternatively, the number of tar-
get genes that act as master regulators for induction
of multiple genes operating in the TIA biosynthetic
pathway may be limited. The screening results also
show the importance of successive selection steps, es-
pecially of counter-selection for 4-mT- resistant cell
lines without increased Tdc expression. This reduced
the amount of initial lines to a manageable number,
and more importantly, selected those lines in which a
master regulator of TIA biosynthetic gene expression
was likely to be tagged.

A straightforward method to prove linkage
between the activation tag and Tdc overexpression
is analysis of the effects of retransformation of the
rescued plasmid into wild type C. roseus cells (van
der Fits & Memelink, 2000). A similar approach
was followed by Furini et al. (1997) for analysis
of a desiccation-tolerant Craterostigma plantagineum
mutant that was obtained by T-DNA activation tag-
ging. Introduction of a genomic clone containing
the T-DNA/plant DNA junction of the tagged mutant
into wild type C. plantagineum yielded desiccation-
tolerant cells. However, sequence analysis of a cDNA
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corresponding to the tagged genomic region in the
desiccation-tolerant mutant did not reveal large ORFs
nor homology to sequences in the database (Furini
et al., 1997). The authors suggested that the pheno-
type may be caused by an unusual RNA. In analogy,
the analysed rescued sequence from line B17 might
encode unusual RNA. Alternatively, the tagged gene
in this line might be located more distantly from the
T-DNA border. In one of the A. thaliana cytokinin-
independent mutants isolated by T-DNA activation
tagging, the T-DNA activation tag was located as far
as 4 kb downstream of the activated gene (Kakimoto,
1996). The T-DNA activation vector used here only
contained enhancer sequences near the right border,
lacking a TATA box and an ATG start codon. There-
fore, using Tag-2B4A1, activation tagging of genes
near the left border sequence may be possible. Plas-
mid rescue resulted only in isolation of plant DNA
immediately flanking the right border sequence. Thus,
for the identification of the tagged genes in some of
the 4-mT resistant cell lines described here, it may
be necessary to isolate DNA sequences flanking the
left border. This can be achieved relatively easily by
screening a genomic C. roseus library with the plant
DNA isolated by plasmid rescue.

The haploid genome size of C. roseus is 8 × 108 bp
according to a recent estimation (Frank van Iren, per-
sonal communication). This is 2.5-fold smaller than a
previous estimation by Galbraith et al. (1983). Thus,
by generation of 400,000–500,000 independent trans-
formants with on average two T-DNA copies per
genome (van der Fits et al., 2000), the probability
of finding a T-DNA insert in a given 2 kb DNA re-
gion is around 90% using the formula P = 1 − (1 −
[x/800, 000])n (where P = probability; x = length of
DNA region in kb; n= number of T-DNA insertions
in population; and T-DNA integration is assumed to
be random). Since T-DNA preferentially inserts into
transcribed regions of the plant genome (Koncz et al.,
1989), T-DNA density near or into genes may even
be higher. Based on these calculations, it can be con-
cluded that T-DNA activation tagging of the C. roseus
genome by construct Tag-2B4A1 was close to satura-
tion. Thus, there is a probability of around 90% that a
mutant in which the endogenous Tdc gene was activ-
ated by the T-DNA tag, is present among the cell lines
that have only high Tdc expression.

In this paper, it is shown that T-DNA activation tag-
ging resulted in isolation of mutant cell lines with the
desired phenotype from the genetically non-tractable
plant species C. roseus. Further characterisation of the

tagged gene from line 46 (van der Fits & Memelink,
2000, 2001) demonstrated that the activation tagging
approach described in detail here, indeed resulted in
the isolation of a regulator of TIA biosynthetic genes.
In our strategy, the target gene (i.e. Tdc) was used
immediately as a selection gene by the use of a toxic
substrate. For several metabolic pathways, toxic sub-
strates and inhibitors of biosynthetic enzymes have
been described, and these enzymes can thus be used
as targets in a screen for regulators of metabolism. For
example, several toxic analogues of anthranilate, an
intermediate in the tryptophan biosynthetic pathway,
have been described and used in genetic studies (e.g.,
Li & Last, 1996). Therefore, use of these substrates in
a T-DNA activation tagging approach might result in
the isolation of regulators of tryptophan metabolism.
For many enzymes operating in metabolic pathways
however, toxic substrates are not available. To apply
the T-DNA activation tagging approach for the isol-
ation of transcriptional regulators of these enzymes,
the promoter of the corresponding gene can be cloned
in front of a known selectable marker (such as the
hygromycin or kanamycin resistance gene). After de-
termination of the appropriate concentration for selec-
tion of cells with increased expression of the selection
gene, T-DNA activation tagging experiments can be
performed. T-DNA activation tagging using a tagging
construct with constitutively active enhancers lacking
a TATA box sequence, will predominately yield pos-
itive regulators of the reporter gene. In addition, by
replacing the selectable reporter gene (e.g., hygro-
mycin or kanamycin resistance gene) by a negative
selectable marker (e.g., cytosine deaminase (Schlaman
& Hooykaas, 1997)), it should also be possible to
identify repressors of gene expression using T-DNA
activation tagging.
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