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promoter. This has important implications for the spectrum of genes
that will be discovered by this method.

Activation tagging using T-DNA vectors that contain multimerized transcriptional enhancers from the cauliflower mosaic virus
(CaMV) 35S gene has been applied to Arabidopsis plants. New
activation-tagging vectors that confer resistance to the antibiotic
kanamycin or the herbicide glufosinate have been used to generate
several tens of thousands of transformed plants. From these, over 30
dominant mutants with various phenotypes have been isolated.
Analysis of a subset of mutants has shown that overexpressed genes
are almost always found immediately adjacent to the inserted CaMV
35S enhancers, at distances ranging from 380 bp to 3.6 kb. In at
least one case, the CaMV 35S enhancers led primarily to an enhancement of the endogenous expression pattern rather than to
constitutive ectopic expression, suggesting that the CaMV 35S enhancers used here act differently than the complete CaMV 35S

The primary tool for dissecting a genetic pathway is the
screen for loss-of-function mutations that disrupt such a
pathway. However, a limitation of loss-of-function screens
is that they rarely identify genes that act redundantly. The
problem of functional redundancy has become particularly
apparent during the past few years, as sequencing of eukaryotic genomes has revealed the existence of many duplicated genes that are very similar both in their coding
regions and their non-coding, regulatory regions. A second
class of genes whose entire function is difficult to identify
with conventional mutagens, which primarily induce lossof-function mutations, are those that are required during
multiple stages of the life cycle and whose loss of function
results in early embryonic or in gametophytic lethality.
Genes that are not absolutely required for a certain pathway can still be identified through mutant alleles, if such
genes are sufficient to activate that pathway. Similarly,
genes that are essential for early survival might be identified through mutant alleles if ectopic activation of the
pathways they regulate is compatible with survival of the
organism. The key in either case is the availability of gainof-function mutations.
An example of the first case is the ethylene response
pathway in Arabidopsis. While dominant, gain-of-function
mutations in any of several His kinase genes result in
constitutive repression of the ethylene response, loss-offunction mutations in individual genes cause no apparent
phenotype. However, the combination of multiple loss-offunction mutations leads to progressive activation of constitutive ethylene response (Hua and Meyerowitz, 1998).
An example of the second case is provided by the Drosophila homeotic gene Antennapedia (Antp), whose normal function is to promote the formation of thoracic segments and
whose inactivation results in embryonic lethality (Denell et
al., 1981). However, Antp was originally identified through
gain-of-function mutations associated with the transforma-
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tion of antenna into leg in the adult fly due to ectopic
expression of a normal protein product (Gehring, 1967).
Gain-of-function phenotypes can either be caused by
mutations in the coding region that lead to constitutive
activation of the resulting protein, as in dominant ethylene
response mutants (Chang et al., 1993), or by mutations that
alter levels or patterns of gene expression, as in dominant
Antp mutants (Schneuwly et al., 1987). The traditional way
to induce the latter type of mutation has been through
chromosomal rearrangements or transposons that bring
genes under the control of new promoters or enhancers
(e.g. Chadwick et al., 1990; Smith et al., 1992; Miller et al.,
1993; Kluppel et al., 1997; Brunner et al., 1999). A few years
ago, a more directed way to induce such mutations was
developed by Walden and colleagues (Hayashi et al., 1992),
who constructed a T-DNA vector with four copies of an
enhancer element from the constitutively active promoter
of the cauliflower mosaic virus (CaMV) 35S gene (Odell et
al., 1985). These enhancers can cause transcriptional activation of nearby genes, and, because activated genes will
be associated with a T-DNA insertion, this approach has
become known as activation tagging. The original
activation-tagging vector has been used in tissue culture to
identify a His kinase from Arabidopsis, whose overexpression can bypass the requirement for cytokinin in the regeneration of shoots (Kakimoto, 1996). A related approach,
with a complete CaMV 35S promoter pointing outward
from a transposable Ds element, has been used to identify
dominant mutations at the Arabidopsis loci TINY, LATE
ELONGATED HYPOCOTYL (LHY), and SHORT INTERNODES (SHI) (Wilson et al., 1996; Schaffer et al., 1998;
Fridborg et al., 1999).
The past few years have seen dramatic improvements in
our ability to generate large numbers of independently
transformed Arabidopsis plants (Bechtold et al., 1993;
Bechtold and Pelletier, 1998). We have taken advantage of
this improvement, and have generated several large sets of
Arabidopsis plants transformed with activation-tagging
vectors containing CaMV 35S enhancers. The initial analysis of a subset of activation-tagged mutants has revealed
several important features of this approach. We have
found, for example, that the majority of overexpressed
genes are immediately adjacent to the enhancers. Furthermore, in at least one case, the CaMV 35S enhancers primarily enhanced an endogenous expression pattern and did
not induce constitutive ectopic expression.

MATERIALS AND METHODS
Construction of pSKI015 and pSKI074

pSKI015
A BglII/PstI fragment of plasmid pSLJ2011 (Jones et al.,
1992) containing a CaMV 35S promoter/glufosinate resistance (BAR)/3⬘ octopine synthase (ocs) cassette was subcloned into the BamHI/PstI sites of pBluescriptKS(⫹)
(Stratagene, La Jolla, CA), resulting in pSKI001. Removal of
the internal BamHI site after the stop codon of the BAR
gene resulted in pSKI003. The XhoI/PstI fragment of

Plant Physiol. Vol. 122, 2000

pSKI003 containing a cassette consisting of omega translational enhancer (⍀)/BAR/3⬘ ocs was inserted downstream
of the mannopine synthase (mas) promoter in the
pCGN1547 binary vector (McBride and Summerfelt, 1990).
This replaced the kanamycin resistance (nptII) open reading frame and 3⬘ mas sequences of pCGN1547 and yielded
the binary T-DNA vector pSKI006. The 5⬘ mas/⍀/BAR/3⬘
ocs cassette of pSKI006 was subcloned into pBluescript
KS(⫹), generating pSKI030. pSKI030 was linearized with
BamHI and HindIII, and ligated to the BamHI/HindIII fragment of pPCVICEn4HPT (Hayashi et al., 1992), which contains the tetramerized CaMV 35S enhancer sequences,
T-DNA right border, oriV, and T-DNA left border, yielding
pSKI015.

pSKI074
The 5⬘ mas/nptII/3⬘ mas cassette of pCGN1547 was subcloned into pBluescript KS(⫹) as an XhoI fragment, resulting in pSKI073. pSKI073 was linearized with BamHI and
HindIII and ligated to the BamHI/HindIII fragment of
pPCVICEn4HPT.
pSKI015 and pSKI074 were introduced into Agrobacterium tumefaciens strain GV3101 (pMP90RK), the host recommended for pPCVICEn4HPT (Hayashi et al., 1992).
Construction of pMN19 and pMN20
Sequencing of the pBAS2K plasmid rescued from the
bas2-1D mutant, which had been generated with the
pSKI074 vector, revealed a rearrangement that included
insertion of about 650 bp from near the left T-DNA border
of pSKI074 to the right of the partially deleted right T-DNA
border. The inserted sequence included restriction sites
that allowed excision of a 2-kb SacI fragment spanning the
tetramerized CaMV 35S enhancers along with the 5⬘ mas
sequences. This fragment was inserted into the binary vector pPZP212 (Hajdukiewicz et al., 1994) in two different
orientations, yielding pMN19 and pMN20. Two derivatives, pMN19-2 and pMN20-2, have lost two CaMV 35S
enhancer copies through recombination in Escherichia coli.
Oligonucleotide Primers for PCR and Sequencing
The following oligonucleotide primers were used: T3, 5⬘
AAT TAA CCC TCA CTA AAG GG 3⬘; T7, 5⬘ TAA TAC
GAC TCA CTA TAG GG 3⬘; M13 (⫺20), 5⬘ GTA AAA CGA
CGG CCA GT 3⬘; IK007, 5⬘ ACC CGC CAA TAT ATC CTG
3⬘; IK054, 5⬘ ATG TGA TAT CTA GAT CCG AAA C 3⬘;
SKI015 RB, 5⬘ AGA TCC GAA ACT ATC AGT G 3⬘; SKI015
RI, 5⬘ GCA AGA ACG GAA TGC GCG 3⬘; SKI015 Kpn, 5⬘
CTG GCA GCT GGA CTT CAG CCT G 3⬘; SKC12, 5⬘ TTG
ACA GTG ACG ACA AAT CG 3⬘; and SKI074 H3, 5⬘ GCT
CTC TCG AGG TCG ACG G 3⬘.

CaMV 35S Enhancers
The four CaMV 35S enhancer repeats in the activationtagging vectors are unstable in E. coli and A. tumefaciens if
stored at 4°C for extended time. We therefore used PCR
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with IK007, a primer derived from the right T-DNA border,
and a T7 or M13 (⫺20) primer to verify that the enhancer
tetramer was intact in plasmids used for plant transformation. PCR with these two primers amplified a DNA fragment of 1.46 kb in the intact vectors. Note that IK007 will
normally not work with transgenic plants, as the right
border sequence is rarely completely transferred.

Right T-DNA Border
The sequence found between the outermost CaMV 35S
enhancer and the end of the T-DNA (with the right border
sequence underlined) is 5⬘ GAA ACT ATC AGT GTT TGA
CAG GAT ATA TTG GCG GGT AAA C 3⬘. The base pairs
preceding this sequence are not unique and are repeated
downstream of the other CaMV 35S enhancers. Because of
imprecise transfer of right border sequences, there was
often no unique sequence at the right end of the T-DNA
insertion, which made it impossible to sequence into plant
DNA sequences from this end of the T-DNA. Depending
on how much unique sequence is transferred, primers
IK054 or SKI015 RB can be used, even though only the last
five or 13 bases, respectively, hybridize to unique sequence.
IK054 has worked, for example, in the esc-1D mutant.

Left End of Rescued Plasmids
In plasmids that had been rescued across the right
T-DNA border, the following primers were used for sequencing: For mutants generated with pSKI015: T3 or
SKI015 RB (from inside the KpnI site), SKI015 RI (from
inside the EcoRI site), and SKC12 (from inside the HindIII
or PstI sites). For mutants generated with pSKI074: T3 or
SKI015 RB (from inside the KpnI site) and SKI074 H3 (from
inside the HindIII site).
Plant Material and Growth
Arabidopsis plants were grown at 23°C in long-day conditions (16 h of light and 8 h of dark) under a mixture of 3:1
cool-white:Gro-Lux fluorescent lights (Osram Sylvania,
Danvers, MA). Our Columbia wild-type strain is available
from the Arabidopsis Biological Resource Center (Ohio
State University, Columbus) as Col-7, as are pools of Col-7
seeds transformed with activation-tagging vector pSKI015.
Mutants used for suppressor screens were: phyB-4 (Koornneef et al., 1980; Reed et al., 1993), phyA-211 (Reed et al.,
1994), det2-1 (Chory et al., 1991; Li et al., 1996), and ga1-3
(Koornneef and van der Veen, 1980; Sun and Kamiya,
1994).
Plant Transformation and Selection
The presence of all four CaMV 35S enhancers was verified in individual bacterial colonies by PCR (see above).
Bacterial cultures for plant transformation were always
started from a fresh inoculum taken out of ⫺80°C storage.
Most plants were transformed using modified versions
of the vacuum-infiltration method (Bechtold et al., 1993;
Bechtold and Pelletier, 1998). Some transgenic plants were
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generated with a spray method. A. tumefaciens was grown
to the stationary phase, harvested, and resuspended in 2
volumes of water with 0.2% (v/v) Silwet L-77 (Lehle Seeds,
Round Rock, TX). The A. tumefaciens suspension was applied to flowering Arabidopsis plants at weekly intervals
with a spray bottle. After spraying, plants were kept in
covered flats for 1 d. Transformation efficiency was normally 2% of harvested seeds for both methods.
Seeds from plants infiltrated with pSKI074 were sown on
Murashige and Skoog plates (Murashige and Skoog, 1962)
containing 50 g/mL kanamycin, stratified at 4°C for 2 d,
and grown for about 1 week before transplanting resistant
plants to soil. Seeds from plants infiltrated with pSKI015
were mixed with 0.1% (w/v) Phytagar (Gibco, Rockville,
MD), incubated at 4°C for 2 d for stratification, and sown
directly on soil. Commercially available Finale (AgrEvo,
Montvale, NJ), which contains 5.78% (w/v) ammonium
glufosinate (and is also known as Basta) was diluted
1:1,000, and herbicide-resistant plants were selected by
spraying twice a week for 3 weeks.
Plasmid Rescue
The plasmid sequences in pSKI015 and pSKI074 are
flanked by several restriction enzyme sites that can be used
for rescue of T-DNA and adjacent plant sequences from
transformed plants. The restriction enzymes KpnI, EcoRI,
and HindIII (and PstI for pSKI015 only) can be used for
rescue of sequences adjacent to the right T-DNA border,
and BamHI, SpeI, and NotI can be used for left border
rescue.
For plasmid rescue, 1 g of plant tissue was harvested and
genomic DNA was prepared with a DNA extraction kit
(Phytopure, Nucleon Biosciences, Glasgow, UK). The extracted DNA was resuspended in 300 L of TE buffer (10
mm Tris-HCl, pH 8.0, and 1 mm EDTA, pH 8.0). After
extracting purified DNA twice with phenol-chloroform, 10
L of genomic DNA was digested overnight with the appropriate restriction enzyme in a 50-L reaction. After
phenol-chloroform extraction, samples were ligated overnight at 14°C in a total volume of 250 L. Ligated DNA was
precipitated, and one-fifth was transformed by electroporation into recombination-deficient E. coli SURE cells (Stratagene), to maximize stability of the multimerized CaMV
35S enhancers.
RESULTS
New Activation-Tagging Vectors
The original activation-tagging T-DNA vector, pPCVICEn4HPT, confers resistance to the antibiotic hygromycin (Hayashi et al., 1992). Because we found hygromycin
selection of Arabidopsis seedlings difficult, and because of
hygromycin’s toxicity to humans, we developed two new
activation-tagging vectors. pSKI015 (Fig. 1A) confers resistance to the herbicide glufosinate and is most useful for
selection of transgenic plants on soil. pSKI074 (Fig. 1A)
confers resistance to the antibiotic kanamycin and is most
useful for selection of transgenic seedlings on artificial

Downloaded on January 26, 2021. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.

1006

Weigel et al.

Plant Physiol. Vol. 122, 2000

Figure 1. Vector diagrams. A, Activation-tagging vectors pSKI015 and pSKI074. Restriction enzyme sites in bold indicate
limit of T-DNA internal sequences after plasmid rescue. The complete sequences of pSKI015 and pSKI074 have been
deposited in GenBank (accession nos. AF187951 and AF218466). pSKI015 and pSKI074 are identical except for the
KpnI/HindIII fragment that contains the selection marker including promoter and transcriptional terminator sequences.
pUC19, pUC19 sequences; BAR, Basta selection marker; nptII, kanamycin selection marker; T3, T3 RNA polymerase
promoter; T7, T7 RNA polymerase promoter; LB, left T-DNA border; RB, right T-DNA border. B, pMN19 and pMN20 vectors
used for recapitulation of mutant phenotypes.

substrates such as Murashige and Skoog (1962) medium.
The CaMV 35S enhancers in these vectors correspond to
nucleotides ⫺417 to ⫺86 relative to the transcription start
(Guilley et al., 1982; Odell et al., 1985; Kay et al., 1987;
Ow et al., 1987; Benfey and Chua, 1989; Fang et al., 1989).
The T-DNA in pSKI015 and pSKI074 contains pUC19 sequences (Yanisch-Perron et al., 1985) with a bacterial origin
of replication and an ampicillin resistance gene for plasmid
rescue.
Storage at 4°C of A. tumefaciens carrying the activationtagging vectors led to progressive loss of the CaMV 35S
enhancer copies, since A. tumefaciens is recombination proficient. After 1 to 2 weeks at 4°C, the activation-tagging
vectors had lost on average one copy of the CaMV 35S
enhancers, with only a single copy remaining after 1
month. Therefore, the number of CaMV 35S enhancer copies in individual bacterial colonies was determined by PCR
with flanking oligonucleotide primers (see “Materials and
Methods”).

Generation of Activation-Tagged Mutants
We used the vacuum-infiltration method and a spray
method to generate several sets of transgenic plants with
pPCVICEn4HPT and with new activation-tagging vectors
(Table I). Two sets were in a wild-type Columbia background, and four sets were in phytochrome A-211 (phyA-211)
(Columbia), phytochrome B-4 (phyB-4) (Columbia), deetiolated 2-1 (det2-1) (Columbia), or gibberellin deficient 1-3
(ga1-3) (Landsberg erecta) mutant backgrounds. Primary
transformants generated by vacuum infiltration of Agrobacterium tumefaciens are non-chimeric and hemizygous for
T-DNA insertions (Bechtold et al., 1993; Bechtold and Pelletier, 1998; Ye et al., 1999). We therefore screened primary
transformants after selection for antibiotic or herbicide resistance directly for mutant phenotypes, since dominant
mutations, as expected for activation tagging, will be already apparent in the hemizygous state. Certain phenotypes such as sterility, reduced apical dominance or pale-
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Table I. Activation-tagging screens
Screen

Strain

1

Columbia

2
3
4
5
6

Columbia
phyB-4
phyA-211
det2-1
ga1-3

Vector

pPCVICEn4HPT, pSKI015, and
pSKI074
pSKI015
pSKI074
pSKI074
pSKI074 and Derivatives
pSKI015

ness were very frequent among primary transformants
(about 1 in 100).
Primary transformants with abnormal morphological
phenotypes were either allowed to self-pollinate, or, if
self-sterile, backcrossed to the untransformed parental
strain, and progeny was tested for heritability of the phenotype. The original phenotype reappeared in the progeny
of about half of all putative mutants that we pursued
further, while the progeny of the other half appeared wild
type. Two examples of dominant, heritable mutants with
adult defects, escarola-1D (esc-1D) and jaw-1D, are shown in
Figure 2. esc-1D mutants flowered late in long days, with
an average of 27 leaves as compared to 13 leaves in wild
type. Their leaves were wavy instead of flat; and darker
green, larger, and rounder than those of wild type. Both
leaf petioles and stem internodes were shorter than those of
wild type. jaw-1D plants had deeply serrated leaves, and
the severity of the leaf phenotype increased in an acropetal
fashion. This phenotype was reminiscent of that seen in
transgenic plants that overexpress the KNAT1 homeo domain protein or the UFO F box protein (Lincoln et al., 1994;
Lee et al., 1997). jaw-1D mutants were slightly late flowering, with an average delay of five leaves in long days.
Similarly to those of 35S::KNAT1 plants, jaw-1D petals were
light green.
Both esc-1D and jaw-1D were completely dominant,
whereas other mutants, such as constitutive disease resistance
1-1D (cdr1-1D) (Table II), were semidominant. The overall
frequency of heritable, dominant mutations varied for different phenotypic criteria. Because of the large population
screened, we mostly pursued plants with particularly conspicuous phenotypes. In our first screen of approximately
25,000 Columbia plants, we confirmed 23 dominant mutants with dramatic morphological phenotypes (Tables II
and III). Interestingly, the frequency of suppressor mutations (Table I) found in phyB-4 and ga1-3 backgrounds was
on the same order of magnitude as those of ethyl
methanesulfonate-induced suppressors of phyB (Reed et
al., 1998) or ga1 (M.A. Blázquez and D. Weigel, unpublished data). On the other hand, we failed to recover certain
classes of mutants in the Columbia background, such as
floral homeotic mutants.
Structure of Insertion Sites
To determine whether the mutant phenotypes were
caused by overexpression of adjacent genes, we characterized the T-DNA insertions in several lines in which the

No. of
Transformants

25,000
5,000
3,000
3,000
10,000
3,000

Phenotype

Flowering time; leaf, shoot,
flower, and fruit morphology
Disease resistance; pigmentation
Hypocotyl length
Hypocotyl length
Plant size
Flowering time

Confirmed Dominant
Mutants

23
3
3
1
1
3

selectable marker and the mutant phenotype cosegregated
(Table II). First, we digested genomic DNA isolated from
the mutants with the restriction enzymes available for plasmid rescue in the activation-tagging vectors. Southern-blot
hybridization with a vector probe identified restriction enzymes that cut plant DNA within less than 20 kb from the
T-DNA insertion. Plant sequences adjacent to the T-DNA
insertions were recovered by plasmid rescue and analyzed
by restriction mapping, DNA sequencing, and comparison
with the genomic sequence in GenBank. The extent of plant
sequences isolated by plasmid rescue ranged from a few
hundred base pairs to over 10 kb.

Figure 2. Two examples of dominant, activation-tagged mutants. A,
Adult phenotype of jaw-1D (right) and esc-1D (center) compared
with that of wild type (left). Plants were grown under long-day
conditions for 5 weeks. B, Upper surface of an adult rosette leaf
of jaw-1D (right) and esc-1D (center) compared with that of wild type
(left).
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Table II. Activation-tagged mutants that have been characterized molecularly
See Table I for definition of screens.
Screen

Mutant

1
1
1
1
1

ft-9D
esc-1D
jaw-1D
jaw-2D
yuc-1D

1
1
1

top1-1D
lab1-1D
jba-1D

2
2

cdr1-1D
pap1-1D

2
3
3
3
4

cds1-1D
bas1-1D
bas2-1D
bas3-1D
yuc-2D

Phenotype

Early flowering
Late flowering; leaf growth
Late flowering; leaf growth
Late flowering; leaf growth
Elongated hypocotyl and
internodes
Abnormal silique
Late flowering
Enlarged shoot meristem;
abnormal leaf polarity
Disease resistant
Increased anthocyanin
production
Disease sensitive
Short hypocotyl
Short hypocotyl
Short hypocotyl
Elongated hypocotyl and
internodes

Recapitulation of Phenotype

Overexpressed
Genea

Mutant DNA

b

35S⬋cDNA/35S⬋gDNAc

Enhancer vectord

Y
Y
Y
Y
Y

e

⫹
n/d
n/d
n/d
See yuc-2D

⫹
⫹
n/d
n/d
n/d

n/df
⫹
⫹
see jaw-1D
n/d

Y
Y
N

n/d
⫺g
n/d

⫹
n/d
n/d

n/d
n/d
n/d

Y
Y

⫹
n/d

⫹
⫹

n/d
⫹

Y
Y
Y
Y
Y

n/d
⫹
⫹
n/d
⫹

n/d
⫹
n/d
n/d
n/d

n/d
n/d
n/d
n/d
n/d

a

b
Y, Detected next to the right T-DNA border; N, was not detected.
Plants were retransformed with plant DNA and adjacent CaMV 35S
c
enhancers rescued from the original mutant.
Transformation with cDNA (all except top1-1d) or genomic DNA spanning the overexpressed
d
transcription unit fused to the CaMV promotor.
Transformation with genomic DNA cloned into pMN19 or pMN20 containing CaMV 35S
e
f
g
enhancers (see Fig. 1B).
⫹, Confirmed.
n/d, Not determined.
⫺, Not confirmed.

We found it useful to rescue, when possible, both short
and long genomic fragments. The activation-tagging vectors contain only a very short stretch of unique sequence
between the right T-DNA border, which is commonly lost
upon integration, and the repeated CaMV 35S enhancers.
Whenever there was no unique vector sequence at the right
end of the T-DNA insertion, it was impossible to sequence
into plant DNA from this end. In contrast, during plasmid
rescue, the distal end of plant DNA is ligated to T-DNA
internal sequences, which do not vary. One can therefore
use T-DNA internal primers to sequence easily into plant
DNA from this end. If a rescued plasmid contains only a
short stretch of plant DNA, one can rapidly sequence
through the plant DNA into CaMV 35S enhancer sequences, thereby quickly determining the exact insertion
point of the T-DNA.
The structures of 14 different insertion sites are schematically shown in Figure 3. In all cases shown, we found an
overexpressed gene, as determined by RNA-blot hybridization, immediately adjacent to the multimerized CaMV
35S enhancers. In a few cases, including jaw-1D, esc-1D, and
late bloomer 1-1D (lab1-1D), we also analyzed the expression
levels of the gene distal to the overexpressed gene. In
neither case was the distal gene overexpressed as well.
The distance between the insertion point and the overexpressed gene ranged from 380 bp to 3.6 kb. The CaMV
35S enhancers were found to be inserted both upstream
and downstream of overexpressed genes, confirming that
the CaMV 35S sequences in the activation-tagging vectors
acted as true enhancers (Fang et al., 1989). Only in one case,
jabba-1D (jba-1D) (Table II), which had a single insertion
upstream of position 57,615 of P1 clone MBK5 (accession

no. AB005234), did we fail to detect an overexpressed gene
within 10 kb of the right border. We detected an overexpressed gene next to the left border in jba-1D; however,
whether this gene caused the jba-1D phenotype has not
been determined.
In contrast to T-DNA insertions reported for many lossof-function mutants (Feldmann, 1991), the T-DNA insertions in activation-tagged mutants were never rearranged
in such a way that it was difficult to recover adjacent plant
DNA by plasmid rescue or to determine the structure of
T-DNA insertions. This probably reflects the fact that an
activation-tagged phenotype requires productive interaction of enhancer sequences on the T-DNA with adjacent
plant sequences. In phyB activation-tagged suppressor 2-1D
(bas2-1D) (Table II), about 650 bp from near the left T-DNA
border of pSKI074 had been transposed to the right of the
partially deleted right T-DNA border, but apparently did
not interfere with activation of BAS2 on the other side of
the transposed DNA. In esc-1D, lab1-1D, and constitutive
disease susceptibility 1-1D (cds1-1D) (Table II), two T-DNAs
were inserted at the same locus, with both CaMV 35S
enhancer tetramers pointing outward. Although these mutants contained two enhancer tetramers at the same locus,
we detected an overexpressed gene next to only one CaMV
35S enhancer tetramer.
We found two pairs of mutants with similar phenotypes,
and subsequent analysis showed each pair to be allelic. The
insertions in yucca-1D (yuc-1D) and yuc-2D (Table II) were
2.1 kb apart, with no other gene predicted in the genomic
interval between the two insertions, and the same gene was
overexpressed in both mutants (Fig. 3). The same was true
for jaw-1D and jaw-2D, whose T-DNA insertions were sep-
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Figure 3. Activation-tagged loci. The extent of
the largest plasmid rescued from each mutant is
shown as a black line, with rectangles indicating
the CaMV 35S enhancers. The overexpressed
gene is indicated, with an arrow pointing in the
direction of transcription. A cDNA for jaw-1D
and jaw-2D has not been identified, and the
direction of transcription is unknown. For esc1D, jaw-1D and jaw-2D, and pap-1D, vertical
lines delimit the extent of the genomic fragment
cloned into pMN19 or pMN20–2 for recapitulation of the phenotype. The genomic positions
of the jaw-1D, jaw-2D, and lab1-1D (as well as
jba-1D) insertions are described in the text, and
the ft-9D insertion has been published previously (Kardailsky et al., 1999). The right border
of the T-DNA insertion in esc-1D is downstream
of position 77,719 in BAC F9H16 (GenBank
accession no. AC007369), and the overexpressed gene is F9H16.12, which encodes a
protein with homology to AT-hook proteins
(Aravind and Landsman, 1998). The insertions at
the other loci will be described in detail elsewhere.

arated by 1.6 kb of genomic DNA without any other gene
in the intervening sequence (Fig. 3). JAW RNA was more
highly overexpressed in jaw-2D, in which the CaMV 35S
enhancers were closer to the JAW gene, than in jaw-1D (Fig.
4). The exact distance of the T-DNA insertion to the activated JAW gene has not yet been determined, as a JAW
cDNA has not been isolated. The JAW gene, which gives
rise to an RNA of approximately 0.55 kb, is contained
between nucleotides 69,528 and 71,501 of BAC F9D16 (accession no. AL035394). This interval encompasses the
genomic fragment that could recapitulate the jaw phenotype (see below). Annotation of BAC F9D16 does not predict a gene for this DNA fragment, suggesting that the JAW

Figure 4. Overexpression of JAW RNA in jaw mutants. A RNA blot
with 40 g of total RNA in each lane was probed with a 2-kb
PstI/BamHI fragment (nucleotides 69,528–71,501 of BAC F9D16
[GenBank accession no. AL035394]).

open reading frame is either very short or interrupted by
several introns, or that JAW does not encode a protein.

Strategies for Confirmation of Mutant Phenotypes
For nine loci corresponding to 11 mutants, we confirmed
that the overexpressed gene caused the mutant phenotype
by recapitulating the original phenotype in a new set of
transgenic plants. For each locus, we used at least one of
three different strategies for recapitulation of mutant phenotypes. In several cases, transgenic plants generated by
any of the methods described below produced a phenotypic series, including even stronger phenotypes than the
original activation-tagged mutants.
In five cases, we could reproduce the dominant mutant
phenotype by retransforming a genomic fragment from the
original mutant into wild-type plants (Table II). To this
end, mutant DNA spanning both the CaMV 35S enhancer
multimer and adjacent plant sequences was cloned into a
conventional T-DNA vector. We normally used a fragment
containing all of the CaMV 35S enhancers. A fragment
containing a single CaMV 35S enhancer was used for cdr1-1
because of convenient restriction sites, and this was sufficient to recapitulate the original phenotype. The only casein which transformation with the mutant DNA did not
recapitulate the phenotype was that of the late-flowering
mutant lab1-1D, in which the ANTHOCYANINLESS2
(ANL2) gene (Kubo et al., 1999) was overexpressed, caused
by insertion of CaMV 35S enhancers approximately 2 kb
upstream of the start of the ANL2 open reading frame. The
mutant DNA that we retransformed into wild-type plants
extended beyond ANL2 into the next gene downstream of
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Table III. Activation-tagged mutants that have been confirmed in
the second generation but not characterized in detail
See Table I for definition of screens.
Screen

Mutant

Phenotype

1

yozhik

1
1

9194
94A2

1
1
1
1
1
1

C983
C915
G031
J305
M004
Q842

1
1
1
1
1

Q790
Q650
M553
X7A0
Y004

1
5
6

3TB4
das1
gAT10

6

gAT11

6

gAT14

Narrow leaf blade; partial loss of apical
dominance, stunted inflorescence
Reduced internode elongation
Narrow, buckled leaves; short
inflorescence
Dwarf
Dwarf
Small; reduced internode elongation
Reduced internode elongation
Small; round, ruffled leaves
Porcupine-like; short inflorescence, loss
of apical dominance
Pale; small; loss of apical dominance
Compact, lobed leaves
Long, thin rosette leaves
Small; compact rosette
Leaves rolled upwards; short
inflorescence
Dark green
Suppresses dwarf phenotype of det2-1
Suppresses non-flowering of ga1-3 in
short days
Suppresses non-flowering of ga1-3 in
short days
Suppresses non-flowering of ga1-3 in
short days

ANL2, a shaggy kinase homolog, suggesting that the rescued DNA covered the complete ANL2 locus.
While retransformation of mutant DNA including CaMV
35S enhancers is the most direct approach, this is not
always straightforward, especially when the rescued plasmid does not completely cover both the CaMV 35S enhancer tetramer and the overexpressed gene. Therefore, we
designed new T-DNA vectors, pMN19 and pMN20, which
contain multiple cloning sites adjacent to the same tetramerized CaMV 35S enhancers as in the activationtagging vectors (Fig. 1B). Two derivative vectors, pMN19–2
and pMN20–2, contain only two CaMV 35S enhancers, and
are useful for moderate levels of overexpression. For three
mutants, plant genomic sequences that had been cloned
into pMN19 or pMN20–2 and transformed into wild-type
plants reproduced the mutant phenotypes (Fig. 3; Table II).
The third strategy, which we used for six mutants, was to
introduce either a cDNA or an appropriate genomic fragment under the control of the complete CaMV 35S promoter into wild-type plants (Table II).
Stability of Mutant Phenotypes
We assessed the stability of mutant phenotypes by propagating activation-tagged mutants through multiple generations. Several mutants, including esc-1D, jaw-1D, jaw-2D,
and production of anthocyanin pigment 1-1D (pap1-1D) (Table
II), could be established as homozygous lines and stably
maintained, with eight being the maximum number of
generations observed. However, in other mutants, includ-
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ing ft-9D, tower of Pisa 1-1D (top1-1D) (Table II), gAT10, and
gAT14 (Table III), the dominant phenotype became attenuated in subsequent generations.
An interesting case is exemplified by ft-9D, since the FT
loss-of-function phenotype is known to be late flowering
(Koornneef et al., 1991). ft-9D plants did not become late
flowering in subsequent generations, but rather reverted to
the wild-type phenotype, indicating that reversion was
caused by selective inactivation of the CaMV 35S enhancers
and not of the entire FT locus. Silencing of CaMV 35S
enhancers was not observed in transgenic SKI083 plants
that had been retransformed with the ft-9D mutant DNA
and showed a phenotype that was at least as strong as that
of the original mutant. The early-flowering phenotype of
these retransformed plants was stable over more than six
generations.

Action of CaMV 35S Enhancers
Although recovery of multiple alleles for two different
loci, YUC and JAW, suggests that saturation for activationtagged mutants can be reached, we did not recover dominant alleles of many other genes known to have an overexpression phenotype. Therefore, we investigated the
possibility that the CaMV 35S enhancers used in the
activation-tagging vectors did not lead to true constitutive
expression. To this end, we compared the FT expression
profiles in wild-type plants and two different FT overexpressers with identical phenotypes. SKI059 plants contain
an FT cDNA under the control of the complete CaMV 35S
promoter, while SKI083 plants had been generated by
transforming wild-type plants with genomic DNA of ft-9D
including the tetramerized CaMV 35S enhancers. Both
SKI059 and SKI083 plants produce terminal flowers and

Figure 5. Overexpression of FT RNA in the wild type and in two
different FT overexpressers. SKI083 is a transgenic line that contains
genomic DNA from the ft-9D mutant, with the same configuration of
CaMV 35S enhancers and FT DNA as the original mutant. SKI059
contains a fusion of the CaMV 35S promoter to an FT cDNA (Kardailsky et al., 1999). RNA was extracted from shoots and hypocotyls
(left lanes) or roots (right lanes) of 8-d-old plants. Reverse transcription followed by PCR was performed as described, with a UBIQUITIN10 (UBQ) fragment amplified as a control (Blázquez and Weigel, 1999; Kardailsky et al., 1999). The 28-cycle amplification of FT
cDNA was performed with the same RT products as the 20-cycle
amplification, but PCR, blotting, and hybridizing to an FT probe were
carried out independently. Seedlings were grown under long-day
conditions on Murashige and Skoog (1962) medium.
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flower with four leaves, regardless of day length (Kardailsky et al., 1999).
In wild-type seedlings, FT RNA is much more abundant
in the aerial part of the plant than in the root (Kardailsky et
al., 1999; Kobayashi et al., 1999) (Fig. 5). As expected, no
such difference was seen in SKI059 seedlings, in which FT
RNA accumulated at much higher levels than in wild-type
plants. In contrast, although overall FT RNA levels were
also elevated in SKI083 seedlings, these plants showed a
marked difference in FT RNA abundance between
aboveground tissue and roots, as did wild-type plants (Fig.
5), indicating that FT was overexpressed in SKI083 plants
but not constitutively expressed in all tissues.
DISCUSSION
We used large-scale T-DNA transformation to demonstrate the utility of enhancer activation tagging in Arabidopsis, with the frequency of dominant morphological mutants
being at least 1 in 1,000. In a different type of gain-offunction screen using a Ds element carrying a CaMV 35S
promoter, four dominant mutants were found among 1,100
lines analyzed (Wilson et al., 1996), indicating that the two
approaches are largely comparable in their efficiency. We
also found that although activation-tagged mutant phenotypes are not always stable, a stable phenotype can be created in transgenic plants retransformed with mutant DNA.
We isolated several interesting mutants in two small
screens for mutations that suppress the long-hypocotyl
phenotype of hypomorphic phyB mutants or the failure of
gibberellin-deficient ga1 null mutants to flower in short
days. Signal transduction pathways often involve the relay
of positive signals, and disrupting an upstream element
will attenuate these positive signals. One can thus reason
that overexpression of downstream elements will cause the
enhancement of the residual signal flux in an attenuated
pathway, resulting in the suppression of a mutation in an
upstream element.
Surprisingly, we already found two activation-tagged
alleles for two different loci, YUC and JAW, even though
we did not identify dominant alleles for many other genes
known to have obvious gain-of-function phenotypes. For
example, floral regulators that have strong gain-of-function
phenotypes when overexpressed include CONSTANS,
LHY, CIRCADIAN CLOCK ASSOCIATED 1, FLOWER PROMOTING FACTOR 1, FT, TERMINAL FLOWER 1, LEAFY,
and several of the many MADS box genes (Weigel and
Nilsson, 1995; Simon et al., 1996; Kania et al., 1997; Riechmann and Meyerowitz, 1997; Ratcliffe et al., 1998; Schaffer
et al., 1998; Wang and Tobin, 1998; Kardailsky et al., 1999;
Kobayashi et al., 1999; Michaels and Amasino, 1999; Sheldon et al., 1999). Of these, we only recovered a dominant
allele for the flowering-time gene FT. Similarly, only two
early-flowering mutants were identified in a large set of
plants generated with the pSKI015 vector by R. Amasino
and colleagues (personal communication), one of them being another activation-tagged allele of FT. There are several
possible explanations for this observation. One is that
T-DNA has strong site preferences for insertion, although
pronounced site preferences have not been reported for
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loss-of-function mutations induced by T-DNA (Koncz et
al., 1989; Feldmann, 1991). An alternative possibility is that
there are factors that limit the interaction of CaMV 35S
enhancers with endogenous genes.
There are two lines of evidence for this second hypothesis. First, in three cases in which two activation-tagged
alleles at the same locus were found, YUC, JAW, and FT,
the CaMV 35S enhancers were inserted on the same side of
the gene. Similarly, Kakimoto (1996) identified four CaMV
35S enhancer tagged alleles at the CYTOKININ INDEPENDENT 1 (CKI1) locus, with all four alleles having the CaMV
35S enhancers inserted on the same side of CKI1. This
seems unusual, as the enhancers were found in different
mutants both upstream and downstream of the upregulated gene, confirming that the CaMV 35S sequences
act as true enhancers (Fang et al., 1989). A possible explanation is that the Arabidopsis genome, which is closely
packed with genes (Bevan et al., 1998), contains many
insulator sequences, which protect genes from the effects of
adjacent enhancers or silencers (Chung et al., 1993), and
that there are not many places into which CaMV 35S enhancers can insert and activate nearby genes. An alternative or additional possibility is that CaMV 35S enhancers
activate only a subset of endogenous promoters because of
promoter preference or promoter selectivity, a phenomenon known from other systems (Ohtsuki et al., 1998). Both
scenarios are compatible with the observation that in three
mutants with two linked T-DNAs, esc-1D, cds1-1D, and
lab1-1D, overexpressed genes were found only next to one
of the CaMV 35S enhancer tetramers.
Another scenario to explain the apparent selectivity of
enhancer activation tagging can be inferred from our observation that in at least one case (FT) the CaMV 35S
enhancers caused a different mode of up-regulation than
the one that was achieved with a complete CaMV 35S
promoter driving a FT cDNA. In this case, the endogenous
expression pattern appeared to be enhanced by the CaMV
35S enhancers, as opposed to true constitutive and ectopic
activation. The enhancement of the endogenous expression
pattern could be coincidental in this case, since the CaMV
35S enhancer sequences used here (nucleotides ⫺417 to
⫺86 relative to the transcription start) are much more
active in shoots than in roots (Benfey and Chua, 1989),
similar to what has been observed for the endogenous FT
gene (Kardailsky et al., 1999; Kobayashi et al., 1999). However, a similar enhancement of the endogenous expression
pattern has been observed for BAS1, whose endogenous
expression pattern is very different from that of FT (Neff et
al., 1999).
An important question for any gain-of-function screen is
whether the gain-of-function phenotype of a mutant reflects the normal role of an activated gene. The possibility
that CaMV 35S enhancers lead primarily to an enhancement of the endogenous expression pattern is exciting,
because the phenotype resulting from such an enhancement, as opposed to ectopic overexpression, would be
more likely to reflect the normal role of the activated gene.
One of our motivations for conducting activationtagging screens is to identify genes that have redundant
roles and that are not easily identified by loss-of-function
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mutations. With the exception of FT and LAB1, none of the
other mutations led to the activation of known genes,
indicating that activation tagging is successful in identifying new genes. To quickly determine the loss-of-function
phenotypes of new genes, we are currently evaluating a
new generation of activation-tagging vectors that includes
the non-autonomous transposon Ds in the T-DNA. One can
then exploit a well-known feature of Ds, preferential transposition to closely linked sites (Bancroft and Dean, 1993), to
disrupt the overexpressed gene.
For FT, the loss-of-function phenotype is the opposite of
the gain-of-function phenotype, validating that the gain-offunction phenotype reflects the normal role of FT in flowering (Koornneef et al., 1991; Kardailsky et al., 1999; Kobayashi et al., 1999). The case for LAB1 is less clear. In lab1-1D,
the ANL2 gene (Kubo et al., 1999) is overexpressed, but the
mutant DNA failed to recapitulate the lab1-1D phenotype.
Because the anl2 loss-of-function phenotype is unrelated to
flowering (Kubo et al., 1999), we did not further investigate
the cause of late flowering in lab1-1D.
Among the newly identified genes, the bas1-1D phenotype is opposite to that of BAS1 antisense plants. bas1-1D
plants have short hypocotyls and increased sensitivity to
light, while antisense plants have long hypocotyls and
reduced sensitivity to light (Neff et al., 1999), indicating
that the activation-tagged phenotype reflects the normal
function of BAS1.
In summary, we have demonstrated for whole plants the
utility of activation tagging using CaMV 35S enhancers,
even though it is at present unclear whether enhancer
activation tagging will identify every gene that has a potential overexpression phenotype. Our experience suggests
that the gain-of-function approach pioneered by Coupland
and colleagues (Wilson et al., 1996; Schaffer et al., 1998)
using an outward facing CaMV 35S promoter will provide
a good complement to the enhancer activation-tagging
method used here. In addition, an alternative to activation
tagging will be the use of tissue-specific promoters to
misexpress genes during specific phases of the life cycle or
in specific tissues. Preliminary results using a T-DNA with
an outward facing APETALA1 promoter indicate that this
approach will be successful (M. Ng and M. Yanofsky,
unpublished results).
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