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Abstract We have developed a novel four-element
based gene tagging system in Arabidopsis to minimize
the number of starter lines required to generate
genome-wide insertions for saturation mutagenesis. In
this system, the non-autonomous cassette, Ds(dSpm),
comprises of both Ds and dSpm elements cloned one
within the other along with appropriate selection
markers to allow efficient monitoring of excision and
re-integration of the transposons. Trans-activation of
the outer borders (Ds) and selection against the nega-
tive selection marker (iaaH) linked to the cassette
ensures unlinked spread of the Ds(dSpm) cassette
from the initial site of integration of the T-DNA. This
creates several launch pads within the genome from
where the internal element (dSpm) can be subse-
quently mobilized to generate secondary insertions. In
this study, starting from a single T-DNA integration we
could spread the Ds(dSpm) cassette to 11 different
locations over all the five chromosomes of Arabidopsis.
The frequency of unlinked Ds transpositions in the F2
generation varied between 0.05 and 3.35%. Three of
these lines were then deployed to tramns-activate the
internal dSpm element which led to the selection of 29
dSpm insertions. The study conclusively shows the fea-
sibility of deploying Ds and the dSpm elements in a sin-
gle construct for insertional mutagenesis.
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Introduction

Assignment of function to the ever-expanding reper-
toire of sequence information is a major consideration
in biological sciences. Another important area (in
terms of functional genomics) is the identification and
isolation of novel alleles distributed in the wild rela-
tives and even distant species of crop plants, which
could contribute towards cultivar improvement.
Whether the aim is global assessment of gene function
(as is being done in the model plant Arabidopsis thali-
ana and more recently in rice) or selective assessment
of alleles for agronomic use, development of tools for
functional analysis have critical importance for the suc-
cess of such programmes.

Currently, several methods for deciphering gene
function are deployed in plants. These include inser-
tional mutagenesis, gene replacement, RNAi-based
gene silencing (Chen et al. 2003; Guo et al. 2003), physi-
cal mutagenesis using fast neutrons (Li et al. 2001) and
chemical mutagenesis or TILLING (McCallum et al.
2000; Till et al. 2003; Slade et al. 2005). Of these, inser-
tional mutagenesis is one of the most favored techniques
as it requires no prior sequence information of the gene
and can be suitably modified to generate dominant gain-
in-function mutations by activation tagging (Wilson
et al. 1996; Marsch-Martinez et al. 2002) or engineered
to function as a gene trap system (Sundaresan et al.
1995; Smith and Fedoroff 1995; Kiegle et al. 2000).

Two-element based transposon systems utilizing
maize transposable elements Ac/Ds and Spm/dSpm
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have been suitably tailored for efficient gene isolation
and disruption in plants (Hehl and Baker 1989; Masson
and Fedoroff 1989; Masterson et al. 1989; Altmann
et al. 1992; Bancroft et al. 1992). As both the transpos-
able elements show a preference towards linked trans-
positions,  negative  selection  markers  were
incorporated to screen for unlinked transposition
events (Sundaresan et al. 1995; Tissier et al. 1999). This
allowed for maximum coverage of the genome using
fewer starter lines. In all the transposon-based systems
described till date, only the first transposition event can
be phenotypically monitored. A system that could help
in monitoring subsequent jumps phenotypically after
the initial transposition event would be a major
advancement in gene tagging. This would make satura-
tion mutagenesis more efficient as well as allow tagging
genes or alleles of interest by using a combination of
unlinked and linked transpositions. This system would
be particularly helpful in plant species where generat-
ing a large collection of the initial T-DNA lines is diffi-
cult due to poor transformation frequencies.

We had earlier proposed a four-element based
transposon tagging system which would allow both
linked and unlinked jumps in two successive steps
(Phogat et al. 2000). The four-element system uses a
non-autonomous cassette, designated Ds(dSpm) or
dSpm(Ds), which harbors both the Ds and dSpm bor-
der elements cloned one within the other along with
appropriate marker genes to monitor the excision and
re-integration of the two transposable elements. The
system utilizes a negative selection marker and the
outer non-autonomous element for the unlinked scat-
tering of the transposon construct from the site of the
initial T-DNA integration. This would lead to the gen-
eration of several launch pads at different locations in
the genome from where the internal element can sub-
sequently be mobilized for either generating localized
mutagenesis (for allele-specific tagging) or for further
scattering of the cassette for saturation mutagenesis.
As the non-autonomous cassette would harbor both
the Ds and the dSpm elements, their trans-activation
would require their individual transposase source (Ac
transposase for Ds and Spm transposase for dSpm
mobilization). The system has been therefore termed
as a ‘Four-element’ system. The essence of the system
lies in the fact that it enables phenotypic selection of
both the unlinked transpositions of the outer borders
and the subsequent jumps of the internal element
(dSpm) due to the presence of appropriate marker
genes. In this study, we report the development of a
Ds(dSpm) construct and its functionality in A. thaliana
to show that the two transposable elements can be used
in conjunction with gene tagging.
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Materials and methods
Development of the pPZP100: Ds(dSpm) construct

The Ds cassette (~1.8 kbp Ds5" and ~240 bp Ds3')
containing nptll gene (under the 1’ promoter) was
removed from the vector pWS32 (Genetrap Ds,
described by Sundaresan et al. 1995) and transferred to
the low copy vector pMuCBs (received from V.
Sundaresan). The dSpm borders (1.487 kbp dSpm5’
and 740 bp dSpm3') generated by Nsil digestion of the
full-length Spm element were inserted between the 35S
promoter and the coding region of the aadA gene in
the vector, pLitmus38 (NEB). The aadA(dSpm)
cassette was then placed between the Ds borders,
alongside the nptIl gene. Initially, problems were
encountered in the introduction of the aadA(dSpm)
fragment within the Ds borders. To circumvent this,
the Ds3' border was removed from the Ds5'-nptll-
Ds3' cassette following which the aadA(dSpm) frag-
ment could be easily cloned. The Ds3’ border was then
introduced as a separate fragment to generate the
cassette  DsS5'-nptll-aadA(dSpm)-Ds3' (plasmid
pMWSSD-Ds3"). The entire assembly was done such
that the Ds cassette could be retrieved as a Kpnl frag-
ment from the plasmid pMuCBs.

The 2'-iaaH-pA fragment was removed from plas-
mid pAJ6 (received from V. Sundaresan) and inserted
into the Kpnl-Sacl site in the MCS of binary vector
pPZP100 (Hajdukiewicz et al. 1994). Subsequently, the
Kpnl fragment from plasmid pMWSSD-Ds3’ harbor-
ing the Ds cassette was introduced to generate the
binary vector pPZP100: Ds(dSpm). The region within
the T-DNA borders of the binary vector pPZP100:
Ds(dSpm) is schematically represented in Fig. 1.

Development of Ds(dSpm) transgenics

In planta transformation (Bechtold et al. 1993) of Ara-
bidopsis thaliana ecotype Columbia was carried out
using Agrobacterium tumefaciens strain GV3101 harbor-
ing the binary vector pPZP100: Ds(dSpm). Transformed
lines were identified by germination on medium (1x MS
salts, 1 x BS vitamins, 1% sucrose and 0.8% Difco agar)
supplemented with 50 mg/l kanamycin and 200 mg/l of
the bacteriostatic agent cefotaxime. The plates were
placed at 4°C for 3 days after which they were shifted to
the growth room (22°C with 10 h light/14 h night photo-
period). The Kan® seedlings were transferred to fresh
selection plates and subsequently into individual pots.
Homozygous transgenic Ds(dSpm) lines were devel-
oped by selfing and used subsequently for crosses with
transposase containing transgenic lines.
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Fig. 1 Details of the Ds(dSpm) construct in binary vector
pPZP100. The sequences cloned between the binary vector T-
DNA borders have been shown. The Ds element contains an
aadA gene (conferring resistance to streptomycin and spectino-
mycin) and an nptll gene (conferring resistance to kanamycin).
Kanamycin resistance serves as a selectable marker for transgenic
plants harboring the Ds(dSpm) construct and also as a re-integra-
tion marker for the Ds cassette following unlinked transposition

Transposase containing lines used for in-trans
activation of Ds(dSpm) construct

Two independent, homozygous Ac transposase lines were
used in the current study: sAc line harboring the sANae-
IAc element (Bancroft et al. 1992) and Ac2 line harbor-
ing 35 S::Ac transposase fusion lines (Sundaresan et al.
1995). Both the lines have the AcTPase cassette linked to
nptll and iaaH genes, but while in Ac2 the Ac TPase
expression is driven by the 35 S promoter, in sAc, Ac is
expressed from its own promoter (a 537 bp deletion has
been created within the 5’-UTL of Ac). The Ac2 line has
been shown to give >30% germinal excision frequency
but a low re-insertion frequency of Ds (Swinburne et al.
1992; Long et al. 1993). The sAc line on the other hand
has been reported to give a lower frequency of germinal
excision (~5%; Bancroft et al. 1992), but a higher percent
of re-insertion events (~50%; Bancroft and Dean 1993).

For the Spm transposase, A. thaliana (Col) trans-
genic line (Spm404) harboring the construct
35STnpA-35 STnpD-bar-iaaH (received from Monika
Frey) was used.

Mapping of T-DNA and transposon integration sites

Genomic sequences flanking the insertion lines were
amplified using Directional Genome Walking PCR
(Mishra et al. 2002) or TAIL-PCR (Liu et al. 1995)
with slight modifications in either of the protocols.
Genomic DNA was isolated by CTAB method (Rog-
ers and Bendich 1994) or by using DNeasy Plant Mini
kit (Qiagen). PCR reactions were carried out using
arbitrary primers and gene-specific nested primers. The
arbitrary primers AD1, AD2, ADS, AD6 and ADS
(Liu et al. 1995; Liu and Whittier 1995; Tsugeki et al.
1996) and RWP1-RWP4 (Mishra etal. 2002) were
deployed for TAIL-PCR and Genome Walking PCR,
respectively. Each gene-specific primer set comprised

nptll  PA 35S aadd pA Ds3' RB

while the aadA gene serves as an excision marker for dSpm. The
iaaH gene codes for indole acetic acid hydrolase and acts as a neg-
ative selection marker to select for unlinked Ds transpositions.
The arrows depict the position of the different primers used to
characterize the dSpm excision events. Primers AS and A6 are
specific to pre-excision (~460 bp), while A7 and A8 are specific to
dSpm borders (~750 bp)

of three nested primers, one each to be used in the
three successive PCR reactions. The primary-specific
primer of each set was biotinylated so that the same
primer sets could be deployed for Genome walking
PCR. Two sets of Ds3" and Ds5’ end-specific primers
(previously described by Parinov etal. 1999) were
used. The iaaH specific primers consisted of iaaH1 (5’-
CCgCAA ACC ATC CCA gTC TgT A-3'), iaaH 1.2
(5'-gCT TCA CAA CgC gCT ATC AgA g-3') and
iaaH1.3 (5'-TCC gTT TCA ggT ¢TT CTA ggC T-3").
The LB set consisted of RRB1 (5'-ATT CAA TTC
ggC ¢TT AAT TCA gTA CA-3'), RRB1.2 (5'-ACg
TCC gCA ATg TgT TAT TAA gTT g-3') and RRB1.3
(5'-AAg CgT CAA TTT gTT TAC ACC ACA A-3').
The dSpm3’-specific primers included the following:
dSpm3-1a (5'-ggC TTA TTT CAg TAA gAg Tg-3"),
dSpm3-2a (5'-gTA AgA gTg Tgg geT TTT ggC C-3')
and dSpm3-3a (5'-Tgg CCg ACA CTCCTT ACCTTT
T-3"). The dSpm 5'-specific set comprised of dSpm5-1
(5'-TAT ACT ggA Cgg Cgg gCA gg-3'), dSpm5-2 (5'-
ggA gAg AAg AAg CAC gAC ggC-3’) and dSpm5-3
(5'-Agg ATT ggg gAA TTT Agg gTA ACA T-3").

The amplified PCR products obtained with either
method were electrophoresed on agarose gels; the
band of interest was eluted (GFX™ PCR, DNA and
Gel band purification kit, Amersham Biosciences) and
sequenced using ABI Prism™ 310 Genetic Analyzer
(Applied Biosystems). The flanking sequences
obtained were then subjected to BLASTN search of
the NCBI Genbank database to map the insertions on
the Arabidopsis genome.

Molecular characterization of the dSpm excision
events

PCR amplifications were carried out on tissue samples as

described by Klimyuk et al. 1993. The dSpm pre-excision
specific primers, AS (5'-CgC TCg ATg ACg CCA ACT
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ACCTC-3') and A6 (5'- gCC CAg gTA gCT TAC TgA
TgT-3"), were designed to amplify approximately 460 bp
product (Fig. 1). Primers used for analyzing re-integration
of the dSpm, A7 (5'-CAA CgA ATC CTg CAT ACC
CAA A-3") and A8 (5'-ACC Tgg gCg CAT ATA AgA
¢Tg Tgg-3"), were designed from within the dSpm bor-
ders to amplify approximately 750 bp product (Fig. 1).

The PCR reaction mix comprised of the specific
primers (50 pmoles each), 200 uM dNTPs (NEB), 1x
Taq polymerase buffer (Finnzyme), 1 U of Finnzyme
Taq polymerase and 0.05% nonidet in a final volume of
50 pl. The PCR parameters were as follows: initial
denaturation at 94°C for 5 min followed by 30 cycles of
94°C for 1 min, 55°C for 1 min, 72°C for 1 min. A final
extension at 72°C was given for 5 min.

Results

Experimental strategy

The four-element system is supposed to function in
two-steps (Fig.2). In the first step, Ds(dSpm) and Ac

Fig. 2 Experimental strategy
to achieve saturation muta-
genesis or allele-specific tag-
ging using the four-element

transposase lines were crossed to trans-activate the Ds cas-
sette. Seeds from selfed F1 lines were screened for the
presence of unlinked Ds transpositions based on Kan®
NAMR phenotype. Since both Ac and the Ds(dSpm)
cassettes are linked to the iaaH gene, the selection for a
NAMR phenotype would ensure the enrichment of
unlinked jumps while simultaneously selecting against
the Ac transposase, thereby generating stable insertions.

In the second step, the trans-activation of the dSpm
borders was initiated from the primary transposition
site to generate secondary transpositions by crossing
the lines harboring the transposed Ds cassette with a
Spm transposase containing line (Fig. 2). Resulting F2
or F3 seeds were selected on streptomycin containing
medium to select for germinal dSpm excision events
(seedlings with totally green phenotype on the selec-
tion medium). Re-integration of the excised dSpm ele-
ment in such lines was analyzed by PCR.

Generation of the Ds(dSpm) starter lines

A total of 261 independent transgenic lines were gener-
ated in A. thaliana with the pPZP100: Ds(dSpm)

STEPI- Primary (unlinked) transpositions: Ds element

i Ds(dSpm) line

Ac transposase d

system + Ds : Kan® aadA (dSpm): NAMS + Ac : Kan® NAMS
; X
+ Ds : Kan®R aadA (dSpm): NAMS + Ac : KanR: NAMS
transposition
[
F1 Ac : Kan® NAMS Ds : KanR aadA (dSpm): NAMS +
+ + : +

Select ~ 2000 seeds per F1 line on
NAM & kanamycin

+ Ds : KanR aadA (dSpm)

F2

5

+ +

Unlinked Ds transposition (Kan® NAMR)
STEP II - Secondary transpositions : dSpm element

i Ds : Kan® aadA (dSpm) Spm : Basta® : NAMS

(Spm transposase)

+ Spm : Basta® : NAMS
F1 l Ds : Kan® aadA (dSpm) l Spm : Basta® : NAM®
+ L ’ +
Select for seedlings
. KanR
|0 Ds : Kan® aadA dSpim harboring dSpm germinal
I’ excision events
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construct (Fig. 1). On the basis of the segregation anal-
ysis of the F1 seedlings for kanamycin resistance, 65
lines were identified showing an inheritance pattern of
T-DNA integrated at a single locus. These lines were
further analyzed by Southern hybridization to deter-
mine the copy number of T-DNA using probes specific
for the left and right border flanks. Five transgenic
lines (~5% of the total lines analyzed) were found to
harbor a single copy of the construct.

In order to map the location of the T-DNA inser-
tions in the transgenic lines, the genomic region flanking
the insertions was amplified using either TAIL-PCR or
Genome Walking PCR. Primers specific to either the
Ds3’ border (RB end) or LB region were used in differ-
ent combinations with the arbitrary primers. The flanking
sequences obtained were then subjected to BLASTN
search (NCBI Genbank database) to map the inser-
tions on the Arabidopsis genome. We could success-
fully map four of these single copy lines. The sites of
integrations have been summarized in Table 1. Integra-
tions were located on chromosome 2, 3 and 5. Homozy-
gous lines of these events were developed and used in
further crosses.

Selection for unlinked transpositions of the Ds ele-
ment was based on the negative selection marker iaaH,
which is also linked to the Ac transposase source
(Fig. 2). Thus, it was preferable to use only those lines
for crosses which had the Ac and the Ds construct on
different chromosomes (i.e., they assorted indepen-
dently of each other). As the physical location of the

T-DNA in the sAc and the Ac2 lines was not known, this
was assessed using a genetic approach. The F2 progeny
of crosses between the four Ds(dSpm) lines and the
two Ac lines were selected on kanamycin and NAM.
Crosses showing KanSNAMR phenotype in 1/16th of
their progeny indicated independently assorting loci.
Thus the F1 progeny of crosses between 4E26 x sAc
and 4E59 x Ac2 were taken up for further large-scale
transposition experiments.

Functionality of Ds in the Ds(dSpm) cassette

Unlinked Ds transpositions were identified by screen-
ing ~2,000 seeds collected from individual F1 lines on
germination medium supplemented with NAM
(3.5 uM) and kanamycin (50 mg/l). The putative trans-
posants (exhibiting the double resistant phenotype)
were shifted to fresh selection plates to confirm the
phenotype and subsequently transferred to soil for fur-
ther characterization. We identified 19 F1 lines harbor-
ing unlinked Ds transpositions in their progeny from a
total of 103 F1 lines generated from crosses between
Ds(dSpm) line 4E59 and Ac2. The percentage of F2
seeds per F1 line exhibiting a Kan®NAMR® phenotype
varied from 0.05 to 3.5%, of which 0.05% was the most
frequent value exhibited by about three-fifths of the
total number of F1 plants. F2 seeds from ~100 F1
plants from the cross between 4E26 and sAc were ana-
lyzed for transposition events. No Ds transpositions
were observed in this case.

Table 1 Site of integration of the T-DNA in the single copy Ds(dSpm) lines and the transposed Ds element in Kan®RNAMR lines

Line name Chromosome Integration site in Locus tag Gene description
the chromosome (bp)

Ds(dSpm) T-DNA harboring lines

4E26 2 8376475

4E59 3 18700469 At3G50380 Expressed protein

4E64 5 15119011

4E90 3 15078

Ds transposants (K'an®NAMR lines)

Ds59-1010 4 2330214

Ds59-161 3 9547350

Ds59-191 1 7966878 At1G22550 Proton-dependent oligopeptide
transport (POT) family protein

Ds59-231 5 2127981 At5G06850 C2 domain containing protein

Ds59-251 3 9600476 At3G26230 Cytochrome P450 family protein

Ds59-453 4 1440164

Ds59-581 2 7667721

Ds59-711 5 22423409 At5G55240 Caleosin-related family
protein/embryo-specific protein
(putative)

Ds59-7656 5 302587 At5G01780 Oxidoreductase, 20G-Fe(II)
oxygenase family protein

Ds59-891 5 5744984 At5G17430 Ovule development protein
(putative)

Ds59-981 5 17798126 At5G44170 Expressed protein
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As linked Ds insertions leading to disruption of the
iaaH gene can also result in a Kan®NAMR phenotype,
the absence of iaaH gene in the 19 Ds transposants was
tested by PCR. Two sets of iaaH-specific primers and
primers from an internal PROLIFERA gene (as an
internal control) were used for the PCR reaction
(described by Martienssen and Springer, http://
www.arabidopsis.org/home.html). Eighteen of the
above Kan®NAMR lines (one each from the individual
F1 lines) lacked the iaaH gene (data not shown) and
were taken up for further characterization.

Localization of the Ds transpositions on Arabidopsis
chromosomes

Genomic DNA from the double resistant (Kan®-
NAMR) plants was subjected to Directional Genome
Walking PCR. Sets of outwardly directed, nested prim-
ers specific to both ends of Ds were used in the PCR
reactions. Flanking sequences could be amplified from
11 of the 18 Kan®NAMR plants using either the Ds3’ or
the Ds5’ end-specific primers. For the other lines,
either no amplification was observed or the overlap-
ping border sequence was missing in the amplified frag-
ments. Such inconclusive events were not analyzed
further. Mapping the Ds insertions showed that these
were distributed on all the five chromosomes (Fig. 3).
The exact sites of integration in the genome are sum-
marized in Table 1. Therefore, starting from a single

Fig. 3 Distribution of the Mb chi
Ds(dSpm) cassette in the —0 ﬁ
Arabidopsis genome. The L
integrated map localizes the H
sites of integration of the Ds F
cassette in all the KanRNAMR ¥
lines generated in the study. 5
Filled triangle indicates the
position of the Ds cassette in L <]Ds59-191
the parental line 4E59, while L
the open triangles represent ~10
the site of the transposed Ds r
element. The numbers i
represent the lines containing I
these insertions. The scale bar L 15
represents distance in L
megabase pairs (Mbp) L
~ 20
~ 25
~ 30
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Ds insertion (on chromosome 3) in the Ds(dSpm) line
4ES59 insertions on all the five chromosomes of A. thali-
ana could be achieved. This demonstrated the func-
tionality of the Ds cassette. These insertions would
serve as new launch sites within the genome from
where the dSpm can be trans-activated to generate fur-
ther insertions.

Trans-activation of the dSpm element
in the Ds transposants

dSpm transposition was initiated in the Ds transposed
lines Ds59-1010, Ds59-191, Ds59-231 and Ds59-251
(Fig. 3) by crossing with the Spm404 line. As the allelic
status of the Ds cassette in the transposed lines was not
determined prior to crossing, the F1 seeds were
selected for Kan® to ensure the presence of the Ds con-
struct. The Spm404 line is sensitive to kanamycin. F2
seeds from individual F1 lines were screened on strep-
tomycin plates to analyze dSpm transpositions. On the
basis of the presence of a completely green phenotype
on selection medium, the germinal excision frequency
was estimated to range between 0.005 and 0.03%.
Majority of the F2 seedlings exhibited a variegated
phenotype. Seedlings exhibiting green or large sectors
of green (early excisions) phenotype were rescued on
antibiotic-free medium and later transferred to soil for
selfing. Approximately, 2,000 F3 seeds collected from
individual plants were again subjected to streptomycin

ch3 ch4 ch5
i N (<IDs59-7656
<]Ds59-453
<IDs59-1010 | [~/Ds59-231
<Ds59-891
<Ds59-581
Ds59-161
<3+<IDs59-251
<<IDs59-981
<4E 59 U
<1Ds59-711



http://www.arabidopsis.org/home.html
http://www.arabidopsis.org/home.html
http://www.arabidopsis.org/home.html

Mol Gen Genomics (2006) 276:533-543

539

assay to select for germinal dSpm excisions. Seedlings
exhibiting green phenotype were transferred to fresh
selection plates for further characterization.

The re-insertion of the excised element was ascer-
tained through PCR using dSpm-specific primers. To
rule out the possibility of the dSpm-specific amplifica-
tions arising from the un-excised dSpm allele, the seed-
lings were first subjected to PCR with primers specific
for the pre-excision allele (Fig. 1). From each F2 line,
20-30 green seedlings were analyzed and seedlings
exhibiting no amplification products were analyzed fur-
ther for the presence of the re-inserted dSpm element
using primers designed from within the element
(Fig. 1). Seedlings harboring the transposed dSpm ele-
ment were transferred to soil. Genomic DNA isolated
from these transposants was then subjected to TAIL-
PCR to amplify the genomic region flanking the inser-
tions using dSpm-specific primers designed from both
the 5’ and 3’ border regions. We could localize dSpm
insertions from three of the Ds transposant lines:
Ds59-1010, Ds59-231 and Ds59-251. In case of the line
Ds59-191, the rate of germinal dSpm excisions
observed in the F3 generation was found to be very low
for most of the F2 lines screened. Hence, this line was
not used for further screenings. The distribution of the

Mb ch1 ch2 ch3 ch4 chb

0 ~ ~ A ~ ~

«

A

[ <4
F10 —0 |4
: 4
15 p
[0 < J
a “«
s “ )
L q U‘

:—30 Hﬂ{

Fig. 4 Distribution of the dSpm element in the Arabidopsis
genome. The lollipop structure indicates the site of integration of
the Ds(dSpm) transposant and the triangles indicate transposed
dSpm elements. The shade of the parental line and all the dSpm
transpositions originating from it are identical. The scale bar rep-
resents distance in megabase pairs (Mbp)

transposed dSpm elements on the Arabidopsis genome
is shown in Fig. 4, while the exact sites of integrations
are summarized in Table 2. From the Ds59-1010 line,
19 insertions could be selected of which three were
present on the same chromosome. Seven dSpm inser-
tions were characterized from the Ds59-251 line and
three from the Ds59-231 line. Some of the lines had
multiple insertions.

Discussion

Our results show that the two transposon systems
namely Ac/Ds and Spm/dSpm can work in conjunction
and that the four-element system can functionally gener-
ate genome-wide independent insertions using a very
limited number of starter lines. Starting from a single
transgenic line containing the Ds(dSpm) construct, the
transposon cassette could be distributed on all the differ-
ent chromosomes of Arabidopsis thereby creating sev-
eral new launch pads within the genome from where the
internal dSpm could be activated in-trans to generate
secondary transpositions. As the secondary transposi-
tion can be phenotypically selected, it saves the huge
effort that is required in selecting new insertions.

From ~103 F1 lines generated by crossing a single
Ds(dSpm) line 4E59 (insertion on chromosome 3) with
Ac transposase, we could select for 18 unlinked Ds
transpositions, of which 11 could be readily mapped on
the genome. Two of these insertions were found on the
same chromosome, loosely linked to the site of initial
integration in the parental line. The other nine inser-
tions were found distributed in the other four chromo-
somes. The frequency of unlinked Ds transpositions
(Kan®NAMR progeny) in the progeny of F1 plants var-
ied between 0.05 and 3.5%, of which 0.05% constituted
the most frequent transposition frequency shown by
~60% of the F1 lines that were analyzed. In an earlier
report (Sundaresan et al. 1995), a similar range (0.1-
2.6%) of unlinked Ds transposition was reported
wherein ~33% of the F1 lines exhibited 0.1% transpo-
sition frequency. Thus, in the present study the most
common encountered transposition frequency of
0.05% was two-fold lower than the earlier report. One
of the possible reasons for this drop could be the
increased size (~8 kbp) of the Ds construct used in this
study as compared to the construct used by Sundaresan
et al. (1995). A Ds construct comparable to the size of
the Ds(dSpm) construct has been used by Suzuki et al.
(2001). However, the frequencies of unlinked transpo-
sitions have not been clearly described in this study.
The size of the Ds(dSpm) cassette used in the present
study can be reduced further by deploying smaller Ds
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Table 2 Integration sites of the dSpm element in the Arabidopsis genome

Parental Ds transposant Line Chromosome  Integration Locus tag Gene description
line (site of insertion) site in the
chromosome
(bp)
Ds59-1010 (chromosome 4)  A23.24.1 5 4333387 At5G13485  Non-LTR retrotransposon
family (LINE)
A23.242 5 26059708 - -
A23243L 3 3355812 At3G10720  Pectinesterase, putative
A23243U 3 21983160 - -
A2324.4 2 17535417 At2G41990  Expressed protein
A23.24.9 3 17276165 -
A23.2410 4 15934472 - -
A23.1.2 4 5416060 - -
A33.1410 5 23883810 At5G59120  Subtilase family protein
A33.1420 5 21757786 At5G53510  Oligopeptide transporter
OPT family protein
A7.35.21 3 8288088 At3G23220  Member of the ERF (ethylene
response factor) subfamily B-3
of ERF/AP2 transcription factor family
A7.25.10 1 30063018 AT1G79915 Expressed protein
A7.24.1 1 30177790 - -
A7244 3 22386381 AT3G60540 Sec6lbeta family protein
A7.24.7L 5 26758132 AT5G66970  Signal recognition
particle-related/SRP-related
A72470 3 18696673 At3G50376  Hypothetical protein
A33.16.1 4 9851084 - -
A33.16.11 1 22829169 At1G61800  Glucose-6-phosphate/phosphate
translocator, putative
A5.1.28 1 21174015 AT1G56510 Disease resistance protein
(TIR-NBS-LRR class), putative
Ds59-251 (chromosome 3)  E13.7.4 5 17052551 - -
E13.3.22L 1 26302365 AT1G69850 Nitrate transporter (NTL1)
E13.322U0 3 3492979 AT3G11150 Expressed protein
E13.7.1 2 17551736 AT2G42040 Expressed protein
E13.7.3 3 12666947 AT3G31023  Copia-like retrotransposon family
E13.7.6a 1 24013110 - -
E13.7.6b 1 28975697 - -
Ds59-231 (chromosome 5) D124.7 4 16816586 At4G35370  Transducin family protein/WD-40
repeat family
D12.4.3 5 20747677 At5G50950  Fumarate hydratase, putative
D12.4.5 3 3492960 At3G11150  Expressed protein

and dSpm borders. Significant variation in the fre-
quency of Ds transpositions from different single copy
T-DNA donor sites has been observed (Smith et al.
1996), suggesting that chromatin structure influences
transposition frequency. This can also be a possible
reason for the lower frequency of transpositions
observed in this study since the results presented are
from a single T-DNA insertion.

After the initial unlinked spread of the Ds(dSpm)
construct, the internally placed dSpm element was acti-
vated in-trans in four of the Ds transposant lines. These
four lines gave a germinal frequency ranging between
0.005 and 0.03%. The frequency, although low, is com-
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parable to the frequency range of 0.0009-4.7%
reported by Tissier et al. (1999) wherein most of the
plants exhibited germinal excision frequency of less
than 1%. The frequencies recorded in this study are in
the lower range of the earlier report which could be
due to the fewer number of plants that were analyzed.
Of the 29 dSpm insertions studied, six were linked
and the rest were unlinked transposition events. The
Spm element has been reported to transpose to linked
sites at a frequency of 60% in maize and around 45%
in tobacco (Cardon et al. 1993). An earlier study in
Arabidopsis (Tissier et al. 1999) has recorded more
than 80% of the transpositions to be linked. However,
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our study shows the opposite; around 80% of the dSpm
transpositions belong to unlinked sites. These inser-
tions were spread on all the five chromosomes of Ara-
bidopsis. Hence, even with a minimum of three
Ds(dSpm) launch pads, dSpm can be suitably trans-
activated to generate a large number of insertions dis-
tributed throughout the genome. dSpm elements from
the rest of the Ds launch sites can be similarly trans-
activated to generate more insertions for saturating the
genome.

Currently, saturation mutagenesis using transposons
is achieved by either unlinked dispersal of the transpo-
son construct from a few starter lines or localized
mutagenesis using several starter lines. The first strat-
egy of genome-wide coverage using unlinked transpo-
sitions is an arduous task since the frequency of such
transpositions is low (Sundaresan et al. 1995; Tissier
et al. 1999). The second strategy is applicable to model
systems like Arabidopsis but may not be feasible in
plants less amenable to genetic transformation. Many
crop plants belong to the latter category. The difficulty
in using the second strategy is further compounded by
the need to identify single-copy starter lines. In such
situations a four-element system can be advantageous
since a minimum of two transgenic lines containing the
Ds(dSpm) construct, apart from the lines expressing
the specific transposases, will be sufficient to initiate a
saturation mutagenesis program in a species.
Although, in a two-element system, the Ds or the
dSpm insertions resulting from the initial transposi-
tions can be re-activated to generate further insertions,
the absence of a visual excision marker makes the task
of identifying new transposition events tedious. More-
over, many of the launch sites are rendered transposi-
tion-incompetent due to the perturbations in the
borders during the initial transposition (Ito et al. 2002).
In the present strategy this difficulty is overcome by
activating a second transposon carrying its own borders
and independent transposition markers.

Although the present study has conclusively shown
the functionality of the Ds(dSpm)-based four-element
system for gene tagging, the system can be further
modified to optimize its functionality in Arabidopsis as
well as in other plant species. The kanamycin resis-
tance conferring nptll gene, currently placed outside
the dSpm cassette (Fig. 1), can be cloned within the
dSpm borders, thereby allowing the use of npt/l both
as a transformation as well as an integration marker for
Ds and dSpm transpositions. With this type of con-
struct the Kan®NAMR phenotype would help in select-
ing unlinked Ds transpositions, while the StrepRKan®
plants would be indicative of dSpm transpositions. The
use of a herbicide resistance conferring marker (viz.,

bar gene) will allow field selection of transpositions.
Incorporation of a negative selection marker more
effective than iaaH would further facilitate the screen-
ing process. We found iaaH to be a very cumbersome
selection marker since it does not kill the plants carry-
ing it. The selection is based on morphological changes.
Using proficient pro-herbicide to herbicide conversion
based negative selection marker like SUI (Tissier et al
1999; Marsch-Martinez et al. 2002; Greco et al. 2004)
would be a better choice. The use of markers like SUI
would also allow field level selections and thus extend
the use of the four-element system to crop species. Flu-
orescence-based non-destructive selection markers like
GFP (green fluorescent protein) and RFP (red fluores-
cent protein) have been shown to work efficiently in
Arabidopsis (Kumar et al. 2005). These can also be
used to enhance the screening efficiency. Additionally,
in-cis expression of the Ac Tpase (Tissier et al. 1999),
especially under an inducible promoter (Nishal et al.
2005), can reduce the number of generations involved
and also increase the frequency of selecting unlinked
jumps. An inducible promoter would limit the extent
of the transposase activity, thus reducing the back-
ground mutations which result from the continued
presence of the transposase.

A further improvement in the Ds(dSpm) construct
could be the use of a dSpm(Ds) construct in which
dSpm is used for unlinked transpositions and Ds is
used subsequently for linked transpositions for satura-
tion mutagenesis. The present study has conclusively
shown that dSpm transposes to unlinked sites at a
much higher frequency than what has been reported
for the Ds element (Ito et al. 2002). The Ac/Ds trans-
posable elements have also been shown to be more
versatile in terms of frequency of transposition in evo-
lutionary very diverse species (Ramachandran and
Sundaresan 2001). Novel transposon elements discov-
ered in specific species (Ramachandran and Sundare-
san 2001) could be used in conjunction with Ds for
developing four-element systems tailored for specific
plant species.

Although a number of strategies for mutagenesis are
available, systems based on transposable elements like
the four-element system described in this study will
remain very cost-effective and versatile methods for
saturation mutagenesis and site-specific mutagenesis.
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