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ABSTRACT The maize transposon Activator (Ac) and in
vitro-generated nonautonomous derivatives thereof [AcA or
Dissociation (Ds) elements] were inserted into the genome of a
geminivirus of graminaceous plants, wheat dwarf virus, at a
site that does not interfere with viral replication. These recom-
binant viral genomes were introduced into wheat, maize, and
rice protoplasts, where rapid and efficient excision of Ac was
observed. Excision was detected only in vectors in which, after
transfection, the virus could replicate. This result is not
restricted to the autonomous Ac; excision of Ds elements was
also induced by transposase activity provided in trans by
plasmids expressing the cDNA of Ac. The potential of this
combination of a transposon with a viral replicon for plant
molecular genetic engineering is discussed.

The Activator (Ac) and Dissociation (Ds) transposons (1)
isolated from Zea mays are genetically and molecularly well
characterized (for reviews, see refs. 2-4). Genetic and mo-
lecular studies have shown that these elements transpose in
a nonreplicative manner, but transposition is associated with
DNA replication (5, 6).
Ac and Ds have been introduced in the dicotyledonous

plant species tobacco, tomato, potato, carrot, and Arabidop-
sis and shown to transpose (7-10). The rapidly increasing
knowledge concerning the molecular requirements ofAc and
Ds to transpose emanates largely from in vitro systems or
reverse genetics using nonhost plants. However, neither Ac
nor Ds has been reintroduced into maize or any other
monocotyledonous species.
We have shown (11, 12) that vectors based on the genome

of the geminivirus wheat dwarf virus (WDV) replicate in
monocotyledonous suspension culture cells, wheat embryos,
and cells of intact plants (refs. 13-15 and B.G., unpublished
work). In addition, these experiments demonstrated that
foreign genes are stably maintained in the viral genome and
are expressed over a period of -2 weeks (13).

Vectors comprising a virus replicon and the Ac/Ds trans-
posons may prove useful for investigation of the process of
transposition itself as well as provide a means for the delivery
of these transposons along with other genes into the genome
of monocotyledonous species.
Here we describe the excision ofAc and Ds from the WDV

replicon.

MATERIALS AND METHODS
Standard molecular biological techniques were used as de-
scribed (16).

Construction ofRecombinantWDV Genomes. (i) pWDV: :Ac
and pWDV::AcA. The vector molecule for the Ac and AcA
elements was the plasmid pWDVA4X6 (Fig. 1). This is a
deletion derivative ofa Swedish isolate ofWDV (15), in which
918 base pairs (bp) (nucleotides 253-1170, according to ref. 15)
of the WDV(+) strand open reading frames (ORFs) are
replaced by a unique Xho I site. This deletion mutant ofWDV
is cloned in the Sst I site of pUC18. Unique Sal I restriction
sites were introduced into the sequences flanking the 11-bp
inverted terminal repeats of Ac(Ac wx-m9, refs. 18-20) by
site-directed mutagenesis (21) with the two oligonucleotides
5'-CCTACTTTCATCCCTGCGTCGACTTGGTGGAG-
GACGTGC and 5'-CCGTTTTCATCCCTATGTCGAC-
GAGCTGCGGGATGGC for the 5' and 3' ends ofAc, respec-
tively. Only one nucleotide of the waxy locus is left between
the inverted repeats and the Sal I recognition sites (see Fig. 1).
The resulting 4579-bp Sal I fragment containing Ac was
inserted into the Xho I site ofpWDVA4X6. AcAl is deleted for
1676 bp between aNae I site in the 5' leader sequence (position
429, coordinates of the Ac sequence according to ref. 22) and
the Nar I site (position 2105) in exon II ofthe transposase gene.
In this deletion mutant, 337 amino acids of the N terminus of
the transposase are missing. AcA2 is a 1855-bp deletion
between the Bal I sites at positions 268 and 2123 ofAc. InAcA3
the 5' end of the deletion is at position 245 ofAc (endpoint of
a Bal-31 deletion in plasmid pKU33; ref. 22) and extends to the
Acc I site at position 4194. AcA3 has a size of only 627 bp and
shares no homology with the cDNA clone of the transposase,
except for 210 bp in the 3'-untranslated region.

(ii) pWDV rep-::Ac. pWDVA4X6 was cut with Sty I (bp
2424 and 2514); the recessed 3' ends were filled in with
Klenow polymerase and ligated. This deletion removes 30
amino acids from the 5' end of WDV ORF III, which is
essential for replication (15). Subsequently the Ac-Sal I
fragment was inserted into the Xho I site of the pWDVrep-
plasmid.

(iii) p35ScAc. p35ScAc contains theAc cDNA (22) inserted
between the cauliflower mosaic virus 35S RNA promoter and
the polyadenylation signal of the nopaline synthase gene (23).
The cDNA (22) does not contain the entire untranslated
leader (17), and, therefore, it does not overlap with the 5' end
of AcAJ (Fig. 1).
Maintenance of Suspension Celi Lines and Transfection with

DNA. The suspension culture of Z. mays 'Black Mexican
Sweet' was cultured, and protoplasts were prepared and
transfected as specified (24); Triticum monococcum and
Oryza sativa cells were maintained, and protoplasts were
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FIG. 1. Insertion ofAc andAcA elements into theWDV genome. The vector molecule for theAc andAcA elements was plasmid pWDVA4X6,
in which 910 bp of the WDV(+) strand ORFs (grey segment) are replaced by a unique Xho I site. The deleted WDV genome is inserted at the
Sst I site of pUC18. Arrows mark positions of the primers used in the amplification reactions (see Fig. 4). The transcribed region of the cDNA
ofAc is aligned with the Ac element. The translated region ofAc (the putative transposase gene) is displayed as black bars (exons) interrupted
by four lines representing the introns (17). The nontranslated sequences are represented by open boxes. The deleted regions of AcMl, AcA2,
and AcA3 are indicated.

prepared and transfected, as described (13, 25, 26). All
transfections were done after releasing the bacterial replicon
(pUC18) from the WDV vector by Sst I.

Protoplasts were treated with 15 ,g of linear DNA, except
that 0. sativa protoplasts were transfected with 100 ng of
pWDV::Ac. Fifty micrograms of supercoiled p35ScAc DNA
was applied in cotransfection experiments.

Analysis of Viral Forms Isolated from Transfected Proto-
plasts. For Southern analysis total cellular DNA was isolated
(13) and fractionated either undigested or Sst I-digested on
1% agarose gels. The DNA was transferred to nylon mem-
branes (Hybond-N; Amersham) and hybridized to WDV4X6
probes labeled with [a-32P]dCTP by nick-translation.
For the polymerase chain reaction (PCR) (27), 1-2 ,g of

total DNA was amplified in a volume of 100 Al (10 mM Tris,
pH 8.3/50 mM KCl/1.5 mM MgCl2/200 ,uM each of dNTP/
0.01% gelatin) by 2 units of Thermus aquaticus (Taq) poly-
merase (Perkin-Elmer) and -1 ,g of the two WDV-specific
primers (i) 5'-GACGGGGAAATCTGTGCCATGCC and (ii)
5'-CTCAGGGTGTTGTATLTCGITTT). Twenty-five cycles
of 1 min/94°C, 2 min/60°C, and 3 min/72°C were performed,
and one-tenth ofthe total amplification reaction was run on2%
agarose gel and stained with ethidium bromide.

Analysis of the Empty Donor Site. At days 6 and 13 after
transfection total DNA was isolated from the T. monococcum
cells and enriched for supercoiled viral DNA forms by adding
SDS to 0.75% and NaOH to 0.15M. Then the cell debris and
the chromosomal DNA were precipitated in a final concen-
tration of 1 M potassium acetate. The resulting DNA was
digested by Sst I and HindIII and cloned in plasmid pUC118
(p118 WDV Sst I/HindIII). The DNA sequence was deter-
mined on one strand by using a WDV-specific primer (5'-
GTCCTAGCGCGGACGGCG). The complementary strand
was sequenced with the standard laca sequencing primer
after subcloning a suitable WDV Bcl I-HindIII fragment in
pUC119 cut byBamHI and HindIII. Both single-stranded and
double-stranded DNAs were used as templates (28). When
the Z. mays line was used as a host for transfection, Ac
excision sites ofWDV were amplified in a PCR reaction with
the two WDV-specific primers (i and ii). The products were
cloned into the Sma I site of M13mpl8 and sequenced.

RESULTS AND DISCUSSION
AcA Is Stably Replicated on WDV, But the Autonomous Ac

Is Not. Much is, known about the behavior of Ac and Ds

elements residing on plant chromosomes, but there have been
no reports of the behavior of these elements as a part of an
autonomous-e.g., a viral replicon. Hence the combination
of Ac with a genome of a virus of monocotyledonous plants
may provide a versatile and rapid tool to study transposition.
To facilitate the introduction of the Ac element into the

WDV genome, unique Sal I restriction sites were introduced
into the sequences flanking the 11-bp inverted terminal
repeats of Ac(Ac wx-m9; refs. 18-20) (Fig. 2). The resulting
4579-bp Sal I fragment containing the Ac element was in-
serted into a WDV vector (pWDVA4X6) deleted for most of
the plus-strand transcription unit (ORF I and ORF II, Fig. 1).
In addition to the wild-type Ac element, three different
nonautonomous deletion mutants of Ac(AcAJ,-A2, and -A3)
were constructed and inserted into the WDV vector (Fig. 1).
These nonautonomous elements lack between 337 amino
acids (AcAl) and the entire reading frame (AcA3) of the
transposase. AcAJ and AcA2 have nearly the same 3' end-
point of the deletion (bp 2105 vs. 2132) but differ therein, in
that the 5' end of the deletion in AcA2 proceeds beyond the
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CTCATGGAGAtagggatgaaa .... tttcatccctgCATGGAGATG

CTCGTCGACAtagggatgaaa .... tttcatccctgCGTCGACTTG

CtCTGCAIGCAgccicg

ct-cccTCGACT GGTCGAggcgc
ctcccTAC GTCGAggcgc
ctcccTCGAC GGTCGAggcgc

FIG. 2. DNA sequence of the WDV::Ac donor site. DNA of the
plasmid pAc 21-5 (Ac wx m-9) (19) served as a substrate for the
introduction of Sal I recognition sites (underlined uppercase letters)
flanking the 11-bp inverted terminal repeats ofAc (lowercase letters).
The resulting Sal I fragment (4579 bp) was cloned into the unique Xho
I site ofWDVA4X6 (Fig. 1); the flanking WDV sequences are shown
in italics (pW::Ac, Ac in pWDVA4X6). Bold uppercase letters
represent the transversion obtained upon Ac excision. Revertants of
type 1 were rescued from both Z. mays ('Black Mexican Sweet') and
T. monococcum, revertants of type 2 were rescued from T. mono-
coccum, and revertants of type 3 were from Z. mays and twice
independently from T. monococcum. The orientation ofAc fragment
corresponds to Fig. 1.
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FIG. 3. Replication and excision behavior of WDV::Ac and WDV::AAc as determined by Southern analysis. After transfection of rice
protoplasts with pWDV::Ac (lanes 2 and 3) and T. monococcum (residual lanes), total DNA was isolated at day 7 or as specified below. DNA
isolated from T. monococcum protoplasts transfected with pWDVA4X6 (lane 1), pWDV::Ac (lanes 4 and 5), pWDV::AcAI (lanes 6-11), or
pWDV::AcA3 (lane 12). DNA in lanes 8-12 was isolated from cells additionally transfected with p35ScAc containing the Ac cDNA. DNA in
lanes 10 and 12 was isolated 13 days after transfection; all other samples were prepared 6 days after transfection. DNA of lanes 1, 3, 5, 7, 9,
11, and 12 was digested by Sst I before fractionation. Lane M contains -30 pg each of linearized plasmid to mark positions ofthe linear WDV::Ac
(6.4 kb), WDV::AcA2 [4.5 kilobases (kb)], WDV::AcA3 (2.4 kb), and WDVA4X6 (1.9 kb). The linear Sst I fragment of WDV::AcAJ is 4.7 kb
and is not part of the marker DNA. oc, open circular; lin, linear; ccc, closed covalent circular.

predominant transcription start (17) in the putative promotor
region.
The behavior of the recombinant WDV::Ac molecules was

analyzed after the transfection of protoplasts derived from
cells of suspension cultures of the primitive wheat (T. mono-
coccum), rice (0. sativa cv. Thaipei), and maize (Z. mays cv.
Black Mexican Sweet) (23, 25, 29).

Transfection of T. monococcum protoplasts with linear
WDV::AcAJ leads to two additional bands hybridizing to a
WDV-specific probe in Southern blot analysis, the open
circular and closed covalent circular form of WDV::AcAJ
(Fig. 3, lanes 6 and 7). This result demonstrates that the
defective transposons (AcAl and AcA2, shown in Fig. 4.lanes
of group 7) were stably replicated as a part of the WDV
vector. This behavior is the same as was seen for a variety of
foreign genes that had been previously inserted into the WDV
genome (13).

1 2345/

In contrast, when the authentic Ac element was carried by
the WDV vector, newly appearing bands of 1.9 kb in size
were detected as early as 3-6 days after transfection (Fig. 3,
lanes 2-5). These bands correspond to the respective open
circular and linear forms of the "empty" WDV replicon after
excision of Ac and were never seen after transfection with
WDV::AcA DNA.
To determine whether the disappearance of the Ac element

from the WDV genome was due to general recombination or
to the Ac-specific excision mechanism, replicative forms of
the WDV chromosome from which Ac had apparently been
excised were cloned and sequenced. The sequence of a total
of nine "empty sites" was determined, six of which were of
independent origin. The empty donor sites fall into three
groups (Revl-3, Fig. 2), each characterized by a typical
sequence alteration. All three "empty sites" are completely
devoid of Ac sequences, and the innermost nucleotides

9 10

-3011 bp

< 310/31 1 bp,
303 bp

FIG. 4. Analysis of Ac/Ds-excision in Z. mays ('Black Mexican Sweet') cells by PCR. WDV-specific primers i and ii flanking the position
of the inserted AciDs elements (see Fig. 1) were used to amplify the respective DNA region of plasmid pWDV4X6 before insertion ofAc (lane
5), yielding a fragment of 303 bp, or after excision of Ac (the six lanes of group 6), leading to 310/311-bp fragments, as identified by cloning
and sequencing of two amplification products. PCR of the respective sequence of WDV::AcA2 with the unexcised element leads to the indicated
3-kb band, whereas no PCR product of 4.8 kb corresponding to the entire Ac element of pWDV::Ac could be obtained, probably due to its
G+C-rich promoter region (lane 3). Lanes 1-4, control amplification reactions containing the two WDV-specific primers alone (lane 1), total
DNA of the Z. mays cells and the WDV primers (lane 2), "50 pmol of pWDV::Ac (lane 3), pWDV::AcA2 (lane 4), and pWDVA4X6 (lane 5).
Total DNA of Z. mays cells was harvested at 3 hr and 2, 5, 7, 14, and 21 days after transfection. The PCR reactions with DNA of each of these
time points are summarized in the 6 lanes (left to right) of groups 6-10. Groups: 6, transfection with pWDV::Ac; 7, pWDV::AcA2; 8,
pWDV::AcA2 cotransfected with p35ScAc; 9, pWDV::Ac; 10, pWDV rep-::Ac. The sizes of the products obtained in the different amplification
reactions are indicated. Only the reactions of groups 6 and 9 (pWDV::Ac) and group B (pWDV::AcA2 plus p35ScAc) lead to the characteristic
empty-donor fragments produced by excision ofAc or AcA2, respectively. No empty-donor fragment was seen when the WDV vector carried
the nonautonomous transposon AcA2 (group 7) or when a nonreplicating WDV vector was used (group 10).
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adjacent to the former insertion site of Ac are either trans-
versed or deleted. These alterations fit well into the proposed
model of the excision (30) and prove that the Ac-encoded
function of excision is also operative on a replicating virus
genome. So far we have no evidence for any unspecific loss
of the transposon from recombination.

Excision from Replication-Deficient WDV Was Not Found.
Genetic data indicate that transposition occurs during or after
chromosome replication (5, 6, 31-33). The role of replication
in transposition is not yet understood in detail, but it is
strongly influenced by methylation; recent biochemical anal-
ysis revealed a correlation between methylation ofAc and its
transpositional activity visualized phenotypically (34-36). In
addition, transcription (37) and binding of the transposon-
encoded protein to subterminal DNA motifs (38) are affected
by methylation. Although these results suggest that replica-
tion can control transposition through the change in DNA
methylation, current data are not sufficient to exclude an
additional influence of the chromosome replication process
on transposition.

Hence, we were interested in determining whether trans-
position is linked to replication. Therefore, Ac was combined
with a WDV molecule deficient in replication resulting from
a deletion of 30 amino acids in ORF III (pWDVrep-, Fig. 1).
After transfection ofZ. mays protoplasts, excision ofAc from
pWDVrep-: :Ac was assayed by PCR (Fig. 4), but no excision
product could be amplified. Nevertheless it is difficult to state
that excision does not occur from a replication-deficient
WDV molecule because the frequency of excision might
remain below the detection level.

Transactivation of AcA. Excision of the defective Ac ele-
ments from the WDV genome by an active transposase
provided in trans was investigated by cotransfection of the
deletion mutants pWDV::AcAJ, -A2, and -A3 and a cDNA
clone expressing the transposase under control of the strong
constitutive 35S RNA promoter of cauliflower mosaic virus
(23). As shown in Fig. 3, lanes 8-12, two replication products
are detected by the virus-specific probe-the hybrid
WDV::AcAJ (or WDV::AcA3 in lane 12) and again an "emp-
ty" WDV genome of 1.9 kb, corresponding to the excision
product. In contrast to the very efficient excision of Ac by
itself, its movement by transactivation occurs at a lower
level. Whether this is from an escape of the replicating
WDV::AcA molecules from a limited supply of transposase
by the nonreplicative plasmid p35ScAc or whether it reflects
an intrinsically lower efficiency in trans complementation
remains open. However, the similar results were observed
when a cDNA was used to mobilize a nonautonomous AcA
element in tobacco (22).

Conclusion and Perspective. The combination of the trans-
posable element Ac with the autonomously replicating ge-
nome ofWDV leads to the rapid and genuine excision ofAc.
Typical footprints, obtained upon excision were of the same
type as described for maize, tobacco, or Arabidopsis (7, 10,
19). They provide evidence that the mechanism of excision is
truly operating to move Ac from the WDV molecule. The
results also show that the combination of the WDV replicon
with the autonomous transposable element Ac provides a
rapid and simple tool to study the process of excision at the
molecular level. Furthermore, the demonstration that the
nonautonomous Ac elements (AcAl, -A2, and -A3) are stably
replicated and that these AcA elements can be excised when
active transposase is provided in trans suggests the use of a
geminivirus replicon, combined with an engineered transpo-
son, for gene delivery in monocotyledonous plants.

Several ways to deliver DNA to the genome of gramina-
ceous monocots have been described recently; examples
include the direct injection of DNA into immature inflores-
cences of rye (39), the "biolistic" shooting of tungsten or gold
particles coated by DNA into plant tissue (40), or the imbi-

bition of aDNA solution by dry embryos (41). Using the latter
technique, we have successfully introduced replicative re-
combinant WDV vectors into embryos of wheat, rye, oats,
and other cereals (14).

Replicative gene expression vectors were also developed
based on genomes of geminiviruses infecting dicotyledonous
plants (42, 43). In conjunction with the aforementioned
techniques to introduce DNA or with the method of "agroin-
fection" (44), the use of geminivirus replicons carrying
suitably tailored transposons might pave promising avenues
for the genetic engineering of cereals.
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