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Abstract The maize Activator/Dissociation (Ac/Ds)

transposable element system was introduced into sugar

beet. The autonomous Ac and non-autonomous Ds element

excise from the T-DNA vector and integrate at novel

positions in the sugar beet genome. Ac and Ds excisions

generate footprints in the donor T-DNA that support the

hairpin model for transposon excision. Two complete

integration events into genomic sugar beet DNA were

obtained by IPCR. Integration of Ac leads to an eight bp

duplication, while integration of Ds in a homologue of a

sugar beet flowering locus gene did not induce a duplica-

tion. The molecular structure of the target site indicates Ds

integration into a double strand break. Analyses of trans-

posase transcription using RT–PCR revealed low amounts

of alternatively spliced mRNAs. The fourth intron of the

transposase was found to be partially misspliced. Four

different splice products were identified. In addition, the

second and third exon were found to harbour two and three

novel introns, respectively. These utilize each the same

splice donor but several alternative splice acceptor sites.

Using the SplicePredictor online tool, one of the two

introns within exon two is predicted to be efficiently

spliced in maize. Most interestingly, splicing of this intron

together with the four major introns of Ac would generate a

transposase that lacks the DNA binding domain and two of

its three nuclear localization signals, but still harbours the

dimerization domain.
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Class II elements � hAT family � Hairy roots

Introduction

Members of the Ac/Ds transposable element system of

maize are class II elements that transpose via a cut and

paste mechanism (Kunze and Weil 2002). Ac/Ds belong to

the family of hAT transposable elements named after their

founding members hobo from Drosophila melanogaster,

Ac from Zea mays, and Tam3 from Antirrhinum majus

(Calvi et al. 1991; Hehl et al. 1991). The Ac/Ds transpos-

able element system has been stably introduced into

numerous heterologous host plants such as tobacco, Ara-

bidopsis thaliana, carrot, tomato, potato, rice, and barley

(Baker et al. 1986; Knapp et al. 1988; Murai et al. 1991;

Scholz et al. 2001; Van Sluys et al. 1987; Yoder et al.

1988). Before the elements can be used as molecular tools

in novel host plants, it is important to learn if they are

transpositionally active and approach transposition fre-

quencies useful for their applications. For example, in

tobacco the elements transpose over at least five genera-

tions, transactivate Ds transposition, show a positive effect

of Ac copy numbers on Ds transactivation frequencies, and

induce an eight bp duplication upon integration (Hehl and

Baker 1989, 1990). The high transposition activity of Ac in

tobacco may have for instance facilitated the isolation of

the TMV resistance gene N by transposon tagging (Dinesh-

Kumar et al. 1995; Whitham et al. 1994). Transposon

tagging with the Ac/Ds system has since become applicable
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in a large number of transformable heterologous host plants

either with the wild type elements or with modified ele-

ments necessary to boost transposition frequencies (Hehl

1994; Osborne and Baker 1995).

Examples for host plants with low transposition fre-

quencies of the wild type Ac/Ds system are Lactuca sativa,

Brassica napus, and, initially, A. thaliana (Babwah and

Waddell 2002; Schmidt and Willmitzer 1989; Yang et al.

1993). Transposition frequencies in A. thaliana were

improved by employing different transposase promoters

and by shortening the untranslated leader of the transposase

gene (Honma et al. 1993; Lawson et al. 1994; Osborne

et al. 1995; Scofield et al. 1992; Swinburne et al. 1992).

Despite the large number of heterologous host plants,

there are still crop plants in which the introduction of Ac

and Ds may be desirable. One of these host plants is sugar

beet (Beta vulgaris). Sugar beet is an important crop plant

for sugar production (Elliott and Weston 1993). Currently,

breeding programs aim to reduce impurities such as

potassium salts, amino acids, and betain that negatively

affect sugar extraction (Bosemark 1993). Recent biotech-

nological improvements using transformation technologies

for sugar beet include salt tolerance and the delay of

bolting time (Liu et al. 2008; Mutasa-Gottgens et al. 2009).

Furthermore, tissue specific and storage induced genes and

their promoters were identified (Kloos et al. 2002; Olt-

manns et al. 2006; Rotthues et al. 2008; Stahl et al. 2004).

These may be applicable for the spatial and temporal

expression of genes to achieve desired biotechnological

improvements.

For the improvement of traits and for the study of crop

plant biology, transposable elements are useful tools. Such

approaches comprise, for example, transposon tagging,

activation tagging, or the generation of marker gene free

transgenic plants (Aarts et al. 1993; Wilson et al. 1996;

Yoder and Goldsborough 1994). In recent years several

sugar beet inherent transposable elements such as Vulmar1,

En/Spm-like elements, MITEs, and retrotransposon-like

elements have been identified (Jacobs et al. 2004; Kuy-

kendall et al. 2008; Menzel et al. 2006). Transposon tag-

ging with transposable elements inherent to the host

species often poses a problem because of their high copy

numbers and the associated difficulty to identify the ele-

ment at the gene of interest. Therefore it may be useful to

have a well defined and low copy number element system

in sugar beet.

To make sugar beet accessible for biotechnological

improvements involving transposable elements, the maize

Ac/Ds system was introduced into transgenic hairy roots

and fertile transgenic plants. Transgenic tissue and plants

were subjected to a variety of molecular investigations to

gain insight into transposition and transposase transcription

in this novel heterologous host.

Materials and methods

Plasmid constructs

The plasmid pVKHbar::DspOp is based on the binary

T-DNA vector pVKH-35S-pA (Reintanz 1997). The Ds

element has been described earlier (Wirtz et al. 1997). Ds

consists of 254 bp and 320 bp of the Ac 50 and 30 termini

and exists as a SalI fragment in plasmid pUC19. From this

plasmid Ds was recovered by SalI digest, the ends were

filled in, and the fragment was integrated into a HindIII

digested and filled in plasmid pUC19. This results in the

abolishment of the SalI sites but the HindIII sites on either

side of Ds were retained. Ds harbours a unique MscI site in

which a filled in SacI/HindIII lac operator element har-

bouring two modified lac operator elements and a 35S

minimal promoter (pOp) was inserted (Moore et al. 1998).

Both orientations of the operator were obtained. Both

DspOp fragments were then recovered as HindIII frag-

ments, filled in and ligated into the BamHI digested and

filled in plasmid pCBN. pCBN harbours a cauliflower

mosaic virus 35S promoter, the coding region of the phos-

phinothricin or bar resistance gene and the 30 polyA addition

signal from the nopaline synthase gene. BamHI cuts between

the 35S promoter and the coding region of the bar gene and

HindIII can be used to release the complete selectable

reporter gene. The resulting plasmids were designated

pbar::DspOp1 and pbar::DspOp2. Both plasmids harbour

Ds in the same orientation but are different with respect to

the orientation of the pOp element. Both bar::DspOp

constructs were then cloned into the binary T-DNA vector

pVKH-35S-pA (Reintanz 1997). To remove the 35S pro-

moter, pVKH-35S-pA was digested with SstI/BamHI, the

ends were filled in and the vector was religated. The

resulting plasmid was digested with HindIII and ligated to

the HindIII fragments harbouring bar::DspOp1 and

bar::DspOp2, respectively. The resulting plasmids are

pVKHbar::DspOp1 and pVKHbar::DspOp2. Figure 1

shows a schematic drawing of the bar::DspOp insert in

pVKHbar::DspOp.

For transactivation of Ds, a T-DNA construct expressing

the Ac transposase gene under the control of a double 35S

promoter was employed (Osborne et al. 1995). The double

35S promoter controls the Ac gene on the Ac-18 element

that is incapable to transpose because of a 30 terminal

deletion (Hehl and Baker 1989). Figure 1 shows a sche-

matic drawing of this stable Ac construct (Acst)

pOCA28 bar::Ac9 is a binary T-DNA vector that har-

bours a wild type Ac element in the selectable bar marker

gene. Ac9 was cloned from the wx-m9 locus and has been

modified to contain adjacent SalI restriction sites for fur-

ther cloning of the element (Fedoroff et al. 1983; Laufs

et al. 1990; Pohlman et al. 1984). As a T-DNA vector
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pOCA28 was used (Honma et al. 1993; Olszewski et al.

1988). First, the unique BamHI site of pOCA28 was

removed by digesting the vector with BamHI, a fill in

reaction and subsequent ligation. This plasmid was then

digested with HindIII and the HindIII insert of pCBN (see

above) was inserted. The resulting vector is designated

pOCA28bar. The Ac9 element on a SalI fragment was

inserted into the BamHI site of pOCA28bar after a partial

fill in reaction with C and T (Ac9, SalI) or A and G

(pOCA28bar, BamHI), respectively. Figure 1 shows a

schematic drawing of the bar::Ac9 insert in pOCA28-

bar::Ac9. For all recombinant DNA techniques standard

protocols were employed (Sambrook et al. 1989).

Plant transformation

For hairy root transformation, two Agrobacterium tumefac-

iens C58C1 strains (Deblaere et al. 1985) harbouring a binary

T-DNA vector with a stabilized Ac transposase construct

(Osborne et al. 1995), and the construct pVKHbar::DspOp

were used together with Agrobacterium rhizogenes strain

Ri15834 (Lippincott and Lippincott 1969). Sugar beet

seedlings of the genotype 2B0035 (PLANTA GmbH) were

grown under sterile conditions on MS medium (4.9 g/l

Murashige Skoog from Duchefa Biochemie B. V., Haarlem,

The Netherlands) for 3–4 weeks until they have reached a

height of 5 cm. From a 5 ml over night culture of the three

Agrobacterium lines under selective conditions, 50 ll were

transferred each to 50 ml LB-medium without antibiotics

and incubated for further 21 h. The cultures were diluted

with LB-medium to yield an optical density of

OD600nm = 0.4–0.6. 4 ml from each culture were mixed in a

petri dish. Petioles (0.5–1 cm) of sugar beet seedlings were

dipped for several seconds in this bacterial solution, dried on

filter paper and transferred to MS-BAP plates (4.9 g/l Mu-

rashige Skoog, complemented with 10 g/l sucrose, 0.25 mg/

l N6-Benzyladenine, pH 5.9–6.0). The plates were incubated

at 24�C for 2 days (16 h light, 8 h dark). After this, the

petioles were transferred to MS-BAP/C/T/H plates (MS-

BAP complemented with 350 mg/l carbenicillin, 100 mg/l

timentin, 20 mg/l hygromycin, pH 5.9–6.0). Hygromycin

selects for T-DNA transfer of the Ac and Ds containing

constructs while carbenicillin and timentin select against

Agrobacterium. The plates were incubated at 24�C and

petioles were transferred every 2–3 days onto fresh MS-

BAP/C/T/H plates. After about 2 weeks hairy roots were

visible at the sites where the petioles have been cut. In a

subsequent second selection phase the hairy roots were cut

from the petioles and transferred to plates containing � B5/

C/T/H medium (half strength Gamborg B5 medium includ-

ing vitamins from Duchefa, complemented with 350 mg/l

carbenicillin, 100 mg/l timentin, 50 mg/l hygromycin).

After about 4 weeks the roots were cut again and transferred

to fresh plates with the same medium. After this time the

selection for Ds excision was initiated by cutting the roots

again and transferring them to fresh � B5/C/T/H plates

containing 3 mg/l phosphinothricin. After 4 weeks the roots

were transferred again to fresh � B5/C/T/H plates contain-

ing 6 mg/l phosphinothricin. All selections and root regen-

erations were done at 24�C in the dark. Phosphinothricin

resistant roots from independent transformations were sub-

jected to molecular analysis using PCR and IPCR (see

below).

Transgenic sugar beet harbouring the wild type Ac9

element were generated at the PLANTA GmbH using

pOCA28bar::Ac9. Seed of two transgenic lines (001R,

002R) that were backcrossed with non-transgenic sugar

beet were kindly provided by the PLANTA GmbH for

analysis. Seed of these backcrosses were germinated in soil

and kept in a greenhouse with a 12 h day and 12 h night

period. These plants were subjected to PCR, IPCR, and

RT–PCR analysis.

Transgenic tobacco harbouring a stabilized Ac trans-

posase construct (Osborne et al. 1995) were generated

according to standard protocols (Hehl and Baker 1989).

One transgenic line, designated A3 was subjected to RT–

PCR analysis of Ac transcription and splicing.

PCR and IPCR analyses of Ds transposition

in transgenic hairy roots

Excision of Ds in phosphinothricin resistant transgenic

hairy roots was analysed by PCR. Genomic DNA was

prepared according to the following protocol. A 4–5 cm

long root piece was used for genomic DNA extraction with

the ‘REDEXtract-N-AmpTM Plant PCR Kit’ from Sigma–

Aldrich GmbH (Taufkirchen, Germany) according to the

protocol from the manufacturer. The sequences of all

primers used in the PCR and IPCR analyses are shown in

Table 1. The positions of the primers are shown schemat-

ically in Figs. 1 and 2. For the amplification of the empty

Fig. 1 Schematic representations of Ac and Ds constructs introduced

on T-DNA vectors into sugar beet. The positions of all primers used

are indicated. Primer numbers correspond to primers in Table 1
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donor site of Ds, the primers number 1 and 2 were

employed. PCR amplifications were performed in a final

volume of 20 ll harbouring 2 ll template DNA (1–

100 ng), 11.8 ll dH2O, 2 ll 10xExtension-buffer (Ex-

TaqTMBuffer, Appligene Oncor, Illkirch, France), 2 ll

dNTP-mix (2.5 mM each), 1 ll of each primer (20 lM),

and 0.2 ll Taq polymerase (5 u/ll, Qbiogene—MP Bio-

medicals, Illkirch, France). The PCR program used was:

3 min 94�C, 359 (1 min 94�C, 1 min 55�C, 2 min 72�C),

10 min 72�C, subsequently 4�C. Results of PCR analyses

were always analysed gel electrophoretically.

For IPCR analysis genomic DNA was isolated with the

‘DNeasy Plant Mini Kit’ (Qiagen, Hilden, Germany).

Approximately 100 mg of plant material was employed for

extraction. Approximately 400–800 ng genomic DNA was

digested with HincII. After purification of the genomic

DNA fragments using the ‘QIAquick Nucleotide Removal

Kit’ (Qiagen) fragments were ligated under conditions

favouring circularization of the molecules. After inactiva-

tion of the T4 DNA ligase two PCR reactions were per-

formed. For the first amplification primers number 3 and 4

were employed (Table 1; Fig. 1). PCR amplifications were

performed in a final volume of 25 ll harbouring 5 ll

template DNA (1–100 ng), 15.3 ll dH2O, 2.5 ll 10xPCR-

buffer (100 mM Tris–HCl pH 8.3, 500 mM KCl,

2 mM dNTP, 15 mM MgCl2), 1 ll of each primer

(20 lM), and 0.2 ll Taq polymerase (5 u/ll, Qbiogene).

The PCR program used was: 4 min 95�C, 309 (30 s 95�C,

Table 1 PCR and IPCR primer

sequences
No. Designation Sequence

1 5 50-CACTGACGTAAGGGATGACGCACAAT-30

2 6 50-TCTCGATGTAGTGGTTGACGATGGTG-30

3 1087 50-CTCTACCGTTTCCGTTTCCGTTTACC-30

4 568 50-TTACCGTATTTATCCCGTTCGTTTTCGTTA-30

5 1099 50-CGTTTCCGTTTACCGTTTTGT-30

6 531 50-TCGTTTCCGTCCCGCAAGTTA-30

7 I6-8_U1 50-GTTTCAGAATCAGTGAAACATATC-30

8 I6-8_L1 50-CCTCCGTTCCATAGTAGGTG-30

9 I(Ds1)-137 50-TTTACCGTTTTGTATATCCCG-30

10 I(Ds2)-212 50-TTTTCATGTGTGATTTTACCG-30

11 I(Ds1)-108 50-CCGTTTTCGTTTTTTACCTC-30

12 I(Ds2)-94 50-TATATCCGTTTTCGTTTCC-30

13 Int23 50-AGAAAACCCTGGAAATAGAGC-30

14 Int673 50-AAGAACCCCTTTGTCATCTG-30

15 Int155 50-TACCTGCATGACATATTGGC-30

16 Int583 50-GGTTTAACGCTTCAGACATTC-30

17 Ac1L1043 50-AGTTGATGTCTACCACAAGAGC-30

18 Ac1R1642 50-TGATGACCCTCAGCCCTATAC-30

19 Ac2L2122 50-GGTTATCACAAACCTTCACTGC-30

20 Ac2R2688 50-AGAGTTAATGCCATCTTCCACTC-30

21 Ac3L3037 50-TTGTAGTCCTTCAGCTCCAAAG-30

22 Ac3R3585 50-AGCAGCAATAACAGAGTCTAGC-30

23 Ac4L3558 50-CGAGGTGCTAGACTCTGTTATTG-30

24 Ac4R4231 50-TTGGGCTCTTGGCTAACATAAG-30

25 AcIn4L3782 50-CACTGCATGCGCCTTGTC-30

26 AcIn4R3851 50-CTAACAGCTGGGAGCCTAAC-30

Fig. 2 Schematic representaion of Ac and Ds integration events in

sugar beet. Three IPCR products, 35–43(Ds), 36–43(Ds), and 001R-

20(Ac) were obtained with primer pairs number 5/6 and 11/12

(arrows). Genomic integration sites (WT) were amplified with primer

pairs number 7/8, 13/14, and 15/16. The hatched boxes represent Ac
or Ds terminal sequences and the white boxes genomic sugar beet

DNA. Primer numbers correspond to primers in Table 1
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30 s 60�C, 2 min 72�C), 10 min 72�C, subsequently 4�C.

A second PCR amplification followed using 1 ll of the first

amplification, and nested primers number 5 and 6 (Table 1;

Figs. 1, 2). The PCR conditions were the same as those for

the first amplification.

The fragments amplified in the PCR and IPCR analyses

were cloned into pCR�2.1 using the ‘TA Cloning�-Kit’

(Invitrogen GmbH, Karlsruhe, Germany). Sequence analysis

of the inserts was performed with M13 universal and reverse

primers using the ‘ALFexpressTMAutoreadTMSequencing

Kit’ and an A.L.F-Sequencer (Amersham Biosciences,

Freiburg, Germany).

For amplification of a genomic insertion site of Ds,

primers number 7 and 8 were used (Table 1; Fig. 2). Sugar

beet DNA from a non-transgenic plant was employed for

amplification. PCR amplifications were performed in a final

volume of 25 ll harbouring 1 ll template DNA (1–100 ng),

17.35 ll dH2O, 2.5 ll 10xPCR-buffer (Peqlab, Erlangen,

Germany), 0.5 ll dNTP-mix (10 mM), 1.5 ll MgSO4

(25 mM), 1 ll of each primer (20 lM), and 0.15 ll Pwo

DNA polymerase (5 u/ll, Peqlab). The PCR program used

was: 4 min 94�C, 359 (30 s 94�C, 30 s 55�C, 90 s 70�C),

5 min 70�C, subsequently 4�C. The amplified fragment was

cloned into pCR�2.1 using the ‘TA Cloning�-Kit’ (Invit-

rogen). Sequence analysis of the insert was performed with

M13 reverse primer using the ‘BigDye�Terminator v1.1

Cycle Sequencing Kit’ and an ‘ABI Prism Genetic Analyzer’

(Applied Biosystems, Weiterstadt, Germany).

The sequences were further analysed using software

programs Chromas 2.31 (Technelysium Pty Ltd., Helens-

vale, Australia), DNA-StriderTM (Douglas 1995), BioEdit

Sequence Alignment Editor, Version 5.0.9 (Hall 1999), and

BLAST (Altschul et al. 1997).

PCR and IPCR analyses of Ac transposition

in transgenic sugar beet plants

Transposition of Ac9 in sugar beet was analysed by PCR

and IPCR. Genomic DNA from transgenic sugar beet plants

(kindly provided by the PLANTA GmbH) transformed with

pOCA28bar::Ac9 was prepared according to a previously

published method (Hehl and Baker 1990). For some anal-

yses genomic DNA was also isolated according to the fol-

lowing protocol. Approximately 100 mg of leaf material

was homogenized in liquid nitrogen in a micro test tube.

Subsequently the homogenate was vigorously resuspended

in 500 ll CTAB DNA extraction buffer (0.1 M Tris–HCl,

20 mM EDTA, 2% w/v CTAB, 1.4 mM NaCl, 1% w/v

PVP-10, pH 8.0) supplemented with 5 ll 2-mercap-

toethanol and 4 ll RNase (5 mg/ml). The suspension was

incubated for 30 min at 65�C and precipitated by centrifu-

gation (12,000g). The supernatant was collected and

extracted with an equal volume chloroform/isoamyl alcohol

(24:1 v/v). After centrifugation (11,000g) the aqueous phase

was collected and supplemented with 1/10 volume 3 M

sodium acetate (pH 5.2). Genomic DNA was precipitated

by adding an equal volume cold isopropanol. After incu-

bation for 60 min at 4�C the DNA was sedimented by

centrifugation (15,000g) for 15 min. The pellet was washed

with 70% ethanol and after removal of the ethanol and air

drying of the pellet, the DNA was dissolved in 50 ll LTE

(10 mM Tris–HCl, 0.1 mM EDTA, pH 7.5).

For the amplification of the empty donor site of Ac, the

primers number 1 and 2 were employed (Table 1; Fig. 1).

PCR amplifications were performed in a final volume of

25 ll harbouring 2 ll template DNA (100 ng),

17.1 ll dH2O, 2.5 ll 10xPCR-buffer, 0.75 ll MgCl2
(25 mM), 0.5 ll dNTP-mix (10 mM), 1 ll of each primer

(20 lM), and 0.15 ll Taq polymerase (5 u/ll ‘omni-taq-

OLS�’, OMNI Life Science, Eidelstedt, Germany). The

PCR program for amplification was: 4 min 94�C, 359 (30 s

94�C, 30 s 55�C, 90 s 70�C), 5 min 70�C, subsequently 4�C.

Inverse PCR (IPCR) was used for the isolation of an

integrated Ac element. Approximately 200 ng genomic

DNA was digested with NcoI. After heat inactivation of the

enzyme, NcoI fragments were ligated under conditions

favouring circularization of the molecules. After inactiva-

tion of the T4 DNA ligase two PCR reactions were per-

formed. For the first amplification primers number 9 and 10

were employed (Table 1; Fig. 1). PCR amplifications were

performed in a final volume of 25 ll harbouring 5 ll tem-

plate DNA (1–100 ng), 13.55 ll dH2O, 2.5 ll 10xPCR-

buffer, 0.75 ll MgCl2 (50 mM), 1 ll dNTP-mix (10 mM),

1 ll of each primer (20 lM), and 0.2 ll Taq polymerase

(5 u/ll ‘omni-taq-OLS�’, OMNI Life Science). The PCR

program used was: 3 min 95�C, 33x (30 s 95�C, 30 s 56�C,

3 min 70�C), 5 min 70�C, subsequently 4�C. A second PCR

amplification followed using 2.5 ll of a 1:100 dilution of the

first amplification, and nested primers number 11 and 12

(Table 1; Figs. 1, 2). The PCR conditions were the same as

those for the first amplification.

For amplification of a genomic insertion site of Ac,

primer pairs 13/14, and 15/16 (nested primers for ream-

plification) were used (Table 1; Fig. 2). PCR amplifica-

tions were performed as described for the IPCR above.

Cloning, sequencing, and analysis of PCR fragments

were carried out as described in the previous chapter.

RT–PCR analysis of Ac transcripts

For RNA extraction up to 100 mg of leaf material was

homogenized in liquid nitrogen in a micro test tube. All

further steps were performed according to the manual of

the ‘NucleoSpin� RNA Plant’ kit (Macherey & Nagel

Plant Mol Biol (2010) 74:19–32 23
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GmbH & Co KG, Düren, Germany). The final volume of

the RNA solution after preparation was 60 ll. A test gel

electrophoresis confirmed the integrity of the RNA. For

reverse transcription 11 ll of the RNA solution was used.

First strand cDNA was synthesized with the ‘RevertAid H

Minus First Strand cDNA Synthesis Kit’ from Fermentas

(St. Leon-Rot, Germany) according to the manufacturers

protocol. For PCR amplification primers 17 through 26

were employed (Table 1). L and R designate corresponding

primer pairs for each amplification (Table 2). PCR ampli-

fications were performed in a final volume of 25 ll har-

bouring 2 ll template cDNA, 16.75 ll dH2O, 2.5 ll

10xPCR-buffer, 1.5 ll MgCl2 (25 mM), 0.5 ll dNTP-mix

(10 mM), 0.8 ll of each primer (20 lM), and 0.15 ll Taq

polymerase (5 u/ll, New England BioLabs, Frankfurt a.

M., Germany). The PCR program for amplification was:

3 min 94�C, 319 (30 s 94�C, 30 s 57�C, 90 s 72�C), 5 min

72�C, subsequently 4�C. PCR fragments were analysed gel

electrophoretically. Cloning, sequencing, and analysis of

PCR fragments were carried out as described above.

Bioinformatic analysis of splice sites

To investigate the efficiency with which the identified

splice donor and splice acceptor sites would be spliced in a

dicot (Arabidopsis thaliana) and in a monocot plant (Zea

mays) SplicePredictor at http://deepc2.psi.iastate.edu/cgi-

bin/sp.cgi was employed (Brendel and Kleffe 1998). To

investigate splice sites, the sequence of the Ac element

(Acc. X05424) was submitted online (SplicePredictor

Version of July 4, 2007). Among the parameters selected,

Arabidopsis and maize were chosen. Furthermore, the

fields ‘‘*-value’’ and ‘‘Display highest scoring sites only’’

were changed to ‘‘all sites’’. To receive values for all sites

‘‘Cutoff’’ was set to -99.9. The results are summarized in

Table 3 for all splice sites identified experimentally in

sugar beet.

Results

Ac trans-activation of Ds in transgenic sugar beet hairy

root lines

Excision of Ds from the T-DNA vector in the presence of a

stabilized Ac transposase was investigated in transgenic

hairy roots. Transgenic hairy root lines were enriched for

Ds excision by phosphinothricin selection. A total of ten

independently generated hairy root lines were analysed

molecularly. PCR analysis of Ds donor sites revealed a

fragment of around 240 bp that is expected when Ds is

excised from the T-DNA in seven of these lines (data not

shown). Fragments from four lines were cloned and

sequenced. Figure 3a shows the sequence at the Ds donor

site obtained from each of these four fragments. For

comparison, the sequence directly adjacent to the Ds ele-

ment in the T-DNA vector is also shown (WTDs). The

sequences reveal footprints that either show a one bp

deletion (36–48, 35–43, 35–66), or a one bp deletion

together with a one bp exchange (35–19).

To isolate integration events of Ds, transgenic hairy root

lines in which the excision of Ds has been confirmed by

PCR were subjected to IPCR analysis. Two IPCR products

Table 2 Primer combinations for RT–PCR analysis

Amplicon Primer pair

A Ac1L1043/Ac1R1642

B Ac2L2122/Ac2R2688

C Ac3L3037/Ac3R3585

D Ac4L3558/Ac4R4231

E Ac3L3037/AcIn4R3851

F Ac4L3558/AcIn4R3851

G AcIn4L3782/Ac4R4231

H Ac1L1043/Ac2R2688

I Ac2L2122/Ac3R3585

J Ac3L3037/Ac4R4231

Table 3 SplicePredictor analysis of splice donor and acceptor sites

within Ac detected by RT–PCR in sugar beet

Splice donor sites Z. mays
* (P*q*c*)

A. thaliana
* (P*q*c*)

Position Intron Sequence

1112 Intron 1 aagGTatat 13 (5 5 3) 13 (5 3 5)

1584 Alternative cagGTatgg 15 (5 5 5) 7 (2 2 3)

2567 Intron 2 cagGTatgt 15 (5 5 5) 13 (5 3 5)

2736 Alternative ctgGTactc 7 (3 3 1) 8 (4 3 1)

3435 Intron 3 aagGTgaat 15 (5 5 5) 13 (5 4 4)

3616 Intron 4 gagGTattt 15 (5 5 5) 13 (5 3 5)

3885 Alternative cgtGTtagt 12 (5 5 2) 9 (5 3 1)

3915 Alternative tatGTattt 11 (5 5 1) 8 (5 2 1)

Splice acceptor sites Z. mays
* (P*q*c*)

A. thaliana
* (P*q*c*)

Position Intron Sequence

1218 Intron 1 atctgtttataacAGgg 15 (5 5 5) 13 (4 5 4)

2327 Alternative aacttggttgcaaAGga 15 (5 5 5) 9 (3 3 3)

2349 Alternative tggctgtaattgcAGga n.d.a 4 (1 2 1)

2637 Intron 2 tgtcaattattgtAGgt 15 (5 5 5) 13 (5 3 5)

3240 Alternative tttatcatggtggAGgg 6 (2 3 1) 3 (1 1 1)

3246 Alternative atggtggaggggaAGgg 3 (1 1 1) 3 (1 1 1)

3254 Alternative ggggaagggttgcAGaa 3 (1 1 1) 4 (1 1 2)

3523 Intron 3 tttgtgtcattcaAGgt 11 (5 5 1) 15 (5 5 5)

3735 Alternative cgccttgctgcccAGcc 5 (1 1 3) 5 (1 1 3)

4002 Intron 4 tttgtgtattaacAGga 15 (5 5 5) 13 (5 3 5)

a not detected
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with Ds adjacent DNA of 280 and 299 base pairs were

obtained. In none of these PCR products an eight base pair

duplication was found adjacent to Ds (data not shown).

Upon BLAST sequence comparison with the GenBank

database, only one of the Ds adjacent genomic DNAs

showed homology with a sugar beet gene. 217 bp of the

299 bp adjacent to Ds cloned from hairy root line 35–43

show 86% sequence identity to the FLC-like1 gene of Beta

vulgaris (Reeves et al. 2007). The Ds adjacent genomic

sequences were further compared by a BLAST analysis

with unpublished sugar beet genomic DNA sequences,

confirming the integration of Ds into sugar beet genomic

DNA (Juliane Dohm and Heinz Himmelbauer, personal

communication). Interestingly, the 280 bp sequence is

colinear with genomic DNA, indicating the identification

of two adjacent Ds integration events. Figure 2 shows the

amplified and closely adjacent Ds elements schematically.

None of the putative Ds integration events showed an

eight bp target site duplication adjacent to Ds. In the case

of the two adjacent Ds elements, this is explained by the

lack of a complete integration event (Fig. 2, 36–43). To

investigate the second case (Fig. 2, 35–43). the target site

of the Ds element was amplified from non-transgenic sugar

beet. A DNA fragment could be amplified, cloned, and

sequenced (Fig. 2). Figure 3b shows a sequence compari-

son of both sugar beet alleles in the presence (35–43) and

absence (WT) of Ds. This analysis confirmed the lack of an

eight base pair duplication upon Ds integration and indi-

cates that the nucleotides directly adjacent to Ds at the

integration site were deleted.

Autonomous transposition of Ac in transgenic sugar

beet plants

Transgenic sugar beet plants were generated by Agrobacte-

rium tumefaciens T-DNA transformation using pOCA28

bar::Ac9. Primary transformants were backcrossed to non

transgenic sugar beet. Seed of the offspring of two transgenic

lines (001R and 002R) was germinated on soil under non-

selective conditions and subjected to PCR analyses for the

presence of Ac and the empty donor site. In two out of eleven

(001R) and in seven out of twentyseven (002R) offspring

plants the empty donor site were detected (data not shown).

The PCR fragment for the empty donor site was cloned and

sequenced from a total of six different plants from both

backcrosses. Figure 4a shows the sequence at the empty

donor sites compared to the sequence when Ac is still present

in the T-DNA locus (WTAc). The sequences reveal foot-

prints that show a one bp deletion together with a one bp

exchange. Two different types of footprints were detected

representing at least three independent molecular events.

Footprints in offspring of line 001R and 002R have occured

independently because they are from two different trans-

genic progenitor plants.

To isolate transposed Ac elements, IPCR was employed.

Several IPCR products were cloned and sequenced from

plants in which the empty donor site and Ac were detected

by PCR. Most of them harboured only a few nucleotides

Fig. 3 Transposition of Ds in transgenic hairy roots of sugar beet. a
Footprints after Ds excision. The sequence adjacent to the Ds element

in the T-DNA vector (WTDs) is compared to four sequences obtained

from four independently transformed hairy root lines (36–48, 35–19,

35–43, 35–66). Deleted nucleotides are indicated with an underlined
space and the additional nucleotide shown as an exchange from A to

T is indicated with a bold letter. The position of Ds in the WTDs
transgenic line is indicated with a triangle. b Insertion of Ds causes a

2 bp deletion. The sequence adjacent to an integrated Ds element

(triangle) from hairy root line 35–43 is compared with the same

sequence amplified from untransformed sugar beet (WT). Two base

pairs at the target site of Ds are deleted (underlined)

Fig. 4 Transposition of Ac in transgenic sugar beet plants. a
Footprints after Ac excision. The sequence adjacent to the Ac element

in the T-DNA vector (WTAc) is compared to six sequences obtained

from offspring of two Ac transgenic plants (001 and 002). Deleted

nucleotides are indicated with an underlined space and nucleotide

exchanges from T to A and G to C are indicated with a bold letter.

The position of Ac in the WTAc transgenic line is indicated with a

triangle. b Insertion of Ac causes an eight bp duplication. The

sequence adjacent to an integrated Ac element (triangle) from sugar

beet line 001R-20 is compared with the homologous sequence

amplified from sugar beet (WT). The eight bp duplication adjacent to

Ac is indicated in bold. This sequence is present only once in the

sequence lacking Ac (bold and underlined)
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between the ends of Ac or were end to end joinings of the

Ac termini. Only one IPCR product harboured Ac adjacent

DNA that could be analysed further (Fig. 2, 001R-20). The

IPCR product harboured 281 bp and 1169 bp on either side

of the integration site. An eight bp sequence duplication

was found directly adjacent to the integrated Ac element

(Fig. 4b). Using the Ac adjacent genomic sequence in a

BLAST analysis, a contiguous stretch of 296 bp within the

1169 bp long adjacent DNA shows 85% sequence identity

to the second intron of the cwiwit gene from Beta vulgaris

(Acc. AJ277458, data not shown).

To confirm that the eight bp duplication was generated

upon integration, the integration site was amplified from

the same transgenic plant from which the transposed Ac

was isolated. Two different products were expected. Either,

the Ac element has transposed further and left a footprint at

the integration site, or the wild type sequence prior to Ac

integration without the eight bp duplication. All eleven

sequenced PCR fragments harboured the wild type

sequence without the eight bp duplication. Figure 4b shows

the sequence comparison at the integration site adjacent to

Ac with the site void of Ac. The data indicates autonomous

transposition of the maize Ac element in sugar beet.

Alternative splicing of the Ac transposase in sugar beet

and tobacco

To gain more insight into expression and splicing of the Ac

transcript, RT–PCR analyses were performed with RNA

extracted from plants harbouring Ac. As control, RT–PCR

analyses were performed for tobacco harbouring a stabi-

lized Ac element (Acst). Figure 5a shows a schematic

drawing of the Ac transposable element with the primary

transcript and positions of introns. For RT–PCR analysis

primer pairs were designed to comprise each intron indi-

vidually (Tables 1, 2; Fig. 5a). These are represented by

amplicons A through D. Amplicons E, F, and G were

amplified with primer pairs from within intron four and

outside of the intron. Amplicons H, I, and J cover two

adjacent introns (Table 2; Fig. 5a). RT–PCR with primers

for amplicons A, B, and C amplified expected fragments

with a size of 493, 496, and 460 bp, respectively, in Ac

containing sugar beet and tobacco (Fig. 5b). In contrast,

amplicon D which comprises intron four shows, in addition

to the expected 284 bp long fragment, at least three frag-

ments of larger sizes in sugar beet but not in tobacco. To

gain insight into the nature of the additional fragments,

Fig. 5 RT–PCR analyses of Ac
transcripts. a Schematic

representation of the 4565 bp

Ac element with major

transcription start site (TSS),

polyadenylation site (PA), start

and stop codon, and positions of

all four introns. Below Ac a

schematic representation of all

PCR amplicons A through J

amplified by RT–PCR is shown.

PCR primer sequences and

primer pairs for each amplicon

are listed in Tables 1, 2.

Positions of primers within Ac
are reflected by the number in

their designations. b Gel

electrophoretic separation of

RT–PCR products for Ac
amplicons A through D from B.
vulgaris and N. tabacum. Next

to D a small range size standard

with fragments of 100 bp size

differences has been loaded on

the gel. c Gel electrophoretic

separation of RT–PCR products

for Ac amplicons H through J

from B. vulgaris and N.
tabacum. Next to J a small

range size standard has been

loaded on the gel
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these were cloned and sequenced. As shown in Fig. 6, six

different PCR products were obtained. The largest product

of 671 bp harbours the complete intron four with splice

donor and acceptor sites at positions 3616 and 4002 in the

4565 bp long Ac element (Acc. X05424). The 583 bp and

553 bp long products were generated by splicing of a 88 bp

and a 118 bp intron, respectively, in which two alternative

splice donor sites at positions 3915 and 3885 and the intron

four splice acceptor site at position 4002 were used. The

551 bp long product was generated by splicing of a 120 bp

intron in which the intron four splice donor site at position

3616 and a splice acceptor site at position 3735 were used.

The fifth product of 433 bp was generated by simulta-

neously splicing of the 120 bp and the 118 bp introns

mentioned above. In the smallest cloned PCR fragment of

284 bp the complete intron four is removed.

All PCR products which were obtained from amplicon

D are three base pairs shorter than one would expect from

the sequence given by Kunze et al. (1987). This is due to a

few sequence alterations in the 30-UTR of the Ac element

investigated here.

To confirm these novel alternative splice products and to

potentially detect more alternatively spliced transcripts,

RT–PCR experiments were performed to detect amplicons

E, F, and G (Fig. 5a; Table 2). By using primers within

intron four, this experiment was supposed to be more

specific to detect unspliced and alternatively spliced

products. After cloning and sequencing of PCR products

the alternative splice sites described above were confirmed,

but from these PCRs no additional splice products were

detected in sugar beet. For tobacco, gel electrophoresis of

the RT–PCR products from amplicons E, F, and G gives

evidence that at least the 118 bp and 120 bp alternative

introns are also spliced in this species to very low amounts

(data not shown).

To further investigate alternative splicing, RT–PCR was

performed with primers that comprise two introns each.

These are represented by amplicons H, I, and J (Fig. 5a;

Table 2). The expected splice products were 1468, 1304,

and 716 bp in length, respectively. Figure 5c shows that

these products were the major PCR products amplified

from transgenic sugar beet and tobacco. No larger unsp-

liced products could be detected for amplicons H and I.

The larger amplicons amplified for J from transgenic sugar

beet can be explained by alternative splicing of intron four

which has been confirmed by cloning and sequencing PCR

products for amplicon D (see above). Most interestingly

was the observation that smaller fragments could be

amplified from both transgenic species with primers for

amplicons H and I. To investigate the molecular nature of

these smaller fragments, these were cloned and sequenced

from transgenic sugar beet. The sequence of these PCR

Fig. 6 Schematic

representation of RT–PCR

products cloned and sequenced

from transgenic sugar beet.

Sizes of all RT-PCR fragments

obtained from amplicons D, H,

and I are shown relative to their

position in the Ac primary

transcript below. Positions of

splice donor sites (d) and splice

acceptor sites (a) relative to the

4.565 bp Ac element are shown.

Black boxes indicate introns and

include their sizes in bp
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products revealed novel large introns within the second and

third exon. Two such different PCR products derived from

primers corresponding to amplicon H were obtained

(Fig. 6). The 724 bp and 702 bp long products were gen-

erated by splicing of a 744 bp and a 766 bp intron,

respectively, in which the same alternative splice donor site

at position 1584 and two alternative splice acceptor sites at

positions 2327 and 2349 were used. For amplicon I three

different PCR products were cloned and sequenced

(Fig. 6). The 799, 793, and 785 bp long products were

generated by splicing of a 505, 511, and a 519 bp intron,

respectively, in which the same alternative splice donor site

at position 2736 and three alternative splice acceptor sites

at positions 3240, 3246 and 3254 were used.

In this respect it may be interesting to investigate if such

alternative splice products may also occur in maize, the

original host species from which Ac was isolated. Although

this analysis should be perfomed experimentally, an initial

bioinformatic analysis was performed here. For this, the

sequence of the Ac transposable element colinear with the

primary transcript was subjected to a bioinformatic analy-

sis using the program SplicePredictor (Brendel and Kleffe

1998). SplicePredictor assigns a score from 1 to 15 to each

splice site, where 15 means that this sequence is predicted

as a highly efficient site in the host organism selected.

Table 3 shows that the splice sites of all four major introns

in the primary transcript of Ac have values from 11 to 15

for splicing efficiency in Zea mays and Arabidopsis thali-

ana. Of the alternative introns detected here (Fig. 6) only

the introns with splice donor sites at position 1584 (value

15), 3885 (value 12), 3915 (value 11), and splice acceptor

site at position 2327 (value 15) are predicted to be as

efficiently spliced in maize as the four major introns

(Table 3). The splice donor and acceptor sites of the

744 bp alternative intron in exon two (positions 1584 and

2327) both have the highest values of 15 (Table 3).

In summary, these results indicate that intron four of the

Ac transposase gene is sometimes alternatively spliced in

sugar beet and much less frequently in tobacco. Exon two

and three harbour at least five novel introns that are spliced

in sugar beet and tobacco. Most interestingly, a Splice-

Predictor analysis suggests that the 744 bp alternative

intron in exon two may be efficiently spliced in maize.

Discussion

Sugar beet as a new host for biotechnological

applications of the maize Ac/Ds transposon system

The work presented here extends the host range of the

maize Ac/Ds system to sugar beet. Several lines of evi-

dence suggest that the elements are functional in this

species. First, the elements integrate at novel positions

within the sugar beet genome. In total, two complete and

two partial insertions were recovered (Fig. 2). In case of

the cloned partial insertions it was found that the ends of

the elements are separated by only 280 bp. This may be

caused by two independent transposition events from two

transferred T-DNAs. Alternatively, Ds may have trans-

posed consecutively during replication of the DNA. In this

case transposition of Ds may have occured after the rep-

lication fork has passed. Ds could have transposed from

one replicated chromatid into unreplicated DNA leading to

two linked insertions. Such a model has been proposed

earlier for the Modulator element of maize (Greenblatt

1984). Such close distance transpositions are reminiscent

of Ac transposition in tomato where linked clusters of

insertions were found (Osborne et al. 1991). In addition to

the analyses of functional transposition, RT–PCR analyses

of the Ac transcript in sugar beet reveal that alternative

splicing occurs only in a very low proportion of the pri-

mary transcript. Based on these observations it is proposed

that sugar beet is a suitable host species for the maize Ac/

Ds transposon system.

The mechanism of transposition of the maize Ac/Ds

transposable element system in sugar beet

In the present study it is shown that the elements transpose

from the T-DNA vector into the genome of sugar beet. The

molecular events observed at the excision site of the ele-

ments in the T-DNA vector support the hairpin model for

transposon excision (Kunze and Weil 2002). This model

was recently experimentally supported with an in vitro

assay using the hAT transposable element Hermes (Zhou

et al. 2004). This model predicts that excision of the ele-

ment induces a double strand break at either end adjacent

to the element at the donor site, with a one base pair

overhang that is followed by ligation of the top and bottom

strand generating a hairpin structure. Such a hairpin

structure involves an intra-helix 30 to 50 trans-esterification

intermediate that is reminiscent of V(D)J recombination.

This structure has been shown to be generated in vitro by

the Hermes transposase at the donor site (Zhou et al. 2004).

Upon repair, the hairpin structures are endonucleolytically

cleaved randomly within the hairpin, followed by a fill in

reaction or an exonucleolytic removal of the overhang, and

religation of the ends. Upon this, single bp exchanges and/

or one bp deletions may occur at the donor site (Kunze and

Weil 2002). The observation that all donor sites obtained

for Ac and Ds in sugar beet show a one bp exchange and/or

a one bp deletion supports the hairpin model for Ac and Ds

excision also for sugar beet (Figs. 3a, 4a).

Integration of Ac and Ds in maize and other heterolo-

gous host plants induces an eight bp duplication at the
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target site (Kunze and Weil 2002). Such an eight bp

duplication was observed at the integration site of Ac in

sugar beet (Fig. 4b). This indicates that Ac has retained its

mechanism for transposition in this host. However, the

integration event observed for the Ds element lacked an

eight bp duplication (Fig. 3b). The occurence of a two bp

deletion at the integration site is reminiscent of the

molecular events that occur during excision which have

been described above. It may be conceivable that Ds has

integrated in a genomic position that was generated by a

double strand break followed by a repair reaction that may

have deleted the nucleotides. The free ends may have been

the substrates for Ds integration which explains the lack of

an eight bp duplication. A lack of an eight base pair

duplication at the insertion site of Ds has been noted before

in heterologous host plants. For example in tomato three

insertion sites have been cloned in which both ends were

present. While two harboured an eight bp duplication

adjacent to Ds, the third one showed a 7 bp sequence

duplication in the vicinity but not directly adjacent to the

element (Carroll et al. 1995). Using a specifically modified

Ds element that harboured reversed terminal ends to induce

chromosomal rearrangements in Arabidopsis thaliana, nine

inversions for which both Ds termini have been recovered

were analysed moleculary. Three cases had eight bp target

site duplications, two cases had only 1 bp duplications, and

the other four cases did not show any target site duplication

at all (Krishnaswamy et al. 2008).

Alternative splicing of the Ac transposase transcript

In the course of this work a comparative analysis of tran-

scription and splicing of the Ac transcript in sugar beet and

tobacco was performed. In addition to the four known

introns spliced from the primary Ac transcript, eight addi-

tional introns were detected (Fig. 6). The RT–PCR analy-

ses suggest that only those transcripts with alternative

splicing of the fourth intron are of significantly higher

abundance in sugar beet than in tobacco. On the contrary

the alternative introns in exon two and exon three may be

present in both species at similar proportions (Fig. 5).

The first indication that the Ac transcript is alternatively

transcribed or processed in heterologous host plants came

from Arabidopsis thaliana. Northern blot analysis revealed

many unexpected transcripts leading to the conclusion that

only a fraction of the Ac messenger is correctly processed,

whereas the majority of the transcripts is misprocessed

(Grevelding et al. 1992). In contrast, Northern blot analysis

in transgenic tobacco and in its native host maize did not

indicate that misprocessing of the Ac transcript in these

plants occurs in a significant proportion (Hehl and Baker

1990; Kunze et al. 1987). Further insight into mispro-

cessing of the Ac transcript in A. thaliana came from two

other studies (Jarvis et al. 1997; Martin et al. 1997). The

splicing efficiencies of introns three and four were deter-

mined to be 57 and 30%, respectively (Jarvis et al. 1997).

This is in contrast to our RT–PCR experiments in sugar

beet and tobacco where no unspliced intron three was

detected and the detected unspliced transcripts of intron

four were not very abundant and more evident in sugar beet

than in tobacco (Fig. 5b). Although no precise quantifica-

tion has been performed here, it is estimated, with the help

of a digital imaging program, that the PCR product which

represents the unspliced intron four is not more than 2.5%

relative to the overall product of amplicon D in sugar beet

(Fig. 5b, data not shown). In addition to the unspliced

transcript containing intron four, several fragments of

intermediate sizes were detected in A. thaliana suggesting

alternative splicing within or in the vicinity of intron four

(Jarvis et al. 1997; Martin et al. 1997). These studies

revealed that those introns correspond to several of the

alternative introns detected here in sugar beet (Fig. 6). The

88, 118, and 120 bp introns within intron four detected for

sugar beet have also been detected in A. thaliana (Martin

et al. 1997). Only one alternative intron found in A. tha-

liana, which harbours splice donor and acceptor sites at

positions 3616 and 3770, respectively (Martin et al. 1997)

has not been identified in sugar beet.

Some of the introns within exon two and three detected

in sugar beet and tobacco (Fig. 5c) have also been detected

in other transgenic host plants. The 505 bp long intron in

exon three has been detected in A. thaliana expressing a

modified Ac cDNA (Jarvis et al. 1997). The 744 and

766 bp introns in exon two have also been detected in Ac

transgenic barley (Friedrich 2007). In addition, two even

larger introns were detected in the second exon of Ac in

barley, all starting from the same donor site. Also within

the third exon, alternative introns, all starting at the same

donor site, were detected in barley, two of which are dis-

tinctly smaller than those found in sugar beet. Most inter-

estingly, a comparative PCR analysis between transgenic

barley and a maize line harbouring Ac suggests that these

introns may also be spliced from the Ac transcript in maize

(Friedrich 2007).

Consequences of alternative splicing

for the Ac transposase

Without the isolation and analysis of complete cDNAs, a

discussion of how the observed splicing events may affect

transposase function is purely speculative. Therefore, dis-

cussion is restricted to events that have functional impli-

cations for transposition. Except of those, most of the

alternative splice products lead to frame shift mutations

with premature termination codons that may be substrates

for nonsense-mediated mRNA decay (Rebbapragada and
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Lykke-Andersen 2009). Besides, the consequences of

transcripts harbouring cryptic introns within intron four

have been discussed before (Jarvis et al. 1997; Martin et al.

1997). Because in sugar beet the proportion of misspliced

intron four is very low and the missplicing has no effect on

any of the functional domains of the transposase, it may be

hard to conceive that this has any negative effect on

transposition frequency in sugar beet.

The most interesting alternatively spliced Ac transcript

may occur if, in addition to the four major introns, the

744 bp intron within exon two is spliced. This is tempting

to speculate because this intron and the four major introns

are predicted to be efficiently spliced in maize (Table 3). In

contrast to the majority of the other alternatively spliced

products, this mRNA does not change the native trans-

posase reading frame, but removes the DNA binding

domain and two nuclear localization signals, and retains

the dimerization domain (Essers et al. 2000; Feldmar and

Kunze 1991). Such a transposase, if in fact translated, may

be able to interfer with the normal function of Ac by

forming non-functional heterodimers. Such a transcript

may not have been isolated yet from maize because its

expression could be regulated or depend on Ac dosage. In

this respect it seems interesting that in nuclear extracts

from maize a second protein of 70 kDa cross reacts with an

Ac specific antibody in addition to the native Ac trans-

posase of 110 kDa (Fusswinkel et al. 1991). If the 744 bp

intron together with the four major introns are removed

from the primary transcript the encoded protein is predicted

to be a 63 kDa protein. The data shown here may stimulate

molecular analysis of novel functions encoded by alterna-

tively spliced maize Ac transposase transcripts.
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