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Windhofer, F., Hauck, K., Catcheside, D. E. A., Kuck,
U., and Kempken, F. 2002. Ds-like Restless deletion
derivatives occur in Tolypocladium inflatum and two
foreign hosts, Neurospora crassa and Penicillium
chrysogenum. Fungal Genetics and Biology 35,
171-182. Single copies of the transposon Restless
from Tolypocladium inflatum were introduced into
Neurospora crassa and Penicillium chrysogenum. Ex-
cision of Restless from its donor site was investigated
in N. crassa and in P. chrysogenum using direct se-
lective conditions. In N. crassa, forward selection was
also analyzed. Deleted Restless elements were fre-
guently obtained in addition to the expected complete
removal of Restless from its donor site. Similar deleted
elements were also identified in T. inflatum employing
a PCR amplification strategy. These deleted Restless
copies strongly resemble maize Ds elements of vari-
ous types, and direct repeated sequences of 3 to 16 bp
were found to flank the truncated regions. In addition
Ds1-like Restless elements were identified that carried
foreign sequences between the inverted repeats. We
discuss how Ds-like Restless elements might be gen-
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Mobile genetic elements and particularly transposons
are known from all branches of the tree of life (Finnegan,
1989; Kempken and Kick, 1998b; McDonald, 1993;
Saedler and Gierl, 1996). While often disregarded as self-
ish DNA (Doolittle et al., 1984; Doolittle and Sapienza,
1980; Orgel and Crick, 1980), growing evidence now sup-
ports the view that transposable elements have an impor-
tant impact on the structure and organization of the ge-
nomes they inhabit and consequently influence their host’s
evolution (Federoff, 2000; Kempken and Windhofer,
2001; Kidwell and Lisch, 1997; Nordborg and Walbot,
1995). Transposons often resemble element families
which consist of a few active and a large number of
inactive transposable elements. The latter may be acti-
vated in trans by one of the active copies. This is exem-
plified by the classic Activator/Dissociation elements from
maize (Kunze, 1996), first described by Barbara Mc-
Clintock in the late 1940s (McClintock, 1947, 1951). Little
however is known about how Ds elements are derived
from Ac elements.

Transposable elements similar to Ac/Ds have been iden-
tified in many organisms and resemble the hAT family of
eukaryotic transposons, present in humans, animals,



172

plants, and fungi (Kempken and Windhofer, 2001). Fila-
mentous fungi are excellent experimental systems, due to
their short life cycles, small genomes, and the feasibility of
genetic manipulation. The discovery of hAT transposons in
fungi (Goémez-Gomez et al., 1999; Hua-Van et al., 2000;
Kempken and Kick, 1996; Okuda et al., 1998) enables
some of the unsolved problems regarding these genetic
traits to be addressed more easily. The transposon Restless
from the cyclosporin-producing fungus Tolypocladium in-
flatum is a well-characterized fungal hAT transposon
(Kempken and Kiick, 1996). Its occurrence in different
fungal strains (Kempken et al., 1998), alternative splicing
of its primary transcript (Kempken and Kuck, 1996), and
extrachromosomal transposon copies (Kempken and
Kiuck, 1998a) have been described in detail. In addition,
the element has already successfully been employed for
gene tagging (Kempken and Kiick, 2000).

Originally, using expand PCR and Southern hybridiza-
tion, only full-length Restless copies were observed, lead-
ing to the conclusion that, in contrast to the Ac/Ds ele-
ments and many other transposons, Restless consists only
of full-length copies (Kempken and Kick, 1996). More
recently, we were able to transform Restless into the fila-
mentous fungus Neurospora crassa without triggering veg-
etative methylation, thereby retaining the element’s activ-
ity in its new host (Windhofer et al., 2000). The Restless
element was also introduced into the asexual and commer-
cially valuable fungus Penicillium chrysogenum. Here we
report the detection of autonomous excision of Restless in
both N. crassa and P. chrysogenum. Besides the expected
complete removal of Restless from its donor site, we fre-
quently found deleted Restless-like elements. Similar de-
leted elements were identified in T. inflatum employing a
PCR strategy. These deleted Restless copies strongly re-
semble Ds elements of various types. We discuss the
hypothesis that Ds-like elements are being generated by
inaccurate excision of an active copy.

MATERIALS AND METHODS

Strains and Culture Conditions

The following fungal strains were used in this study: N.
crassa F10292-1 (arg-1 K166, his-3 K480, cot-1 C102T,
rec-2, A), P. chrysogenum strain CRB47 (niaD~ pheno-
type, E. Friedlin and H. Kurnsteiner, personal communi-
cation), and T. inflatum ATCC34921. Culture conditions
were as described (Davis and DeSerres, 1970; Stimberg et
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al., 1992). Escherichia coli strain XL-Bluel (Stratagene,
La Jolla, CA) was used for propagation of vector constructs
under standard culture conditions.

DNA Isolation

A published protocol (Lecellier and Silar, 1994) was
used with two modifications: fungal mycelium was ground
in a mortar under liquid nitrogen and the volume of
buffers, etc., was increased fivefold for better DNA yield.
Bacterial plasmid DNA was isolated using NucleoSpin or
NucleoBond reagent sets (Macherey-Nagel, Duren, Ger-
many).

Gel Electrophoresis, Blotting, and
Hybridization Conditions

Agarose gels, Southern blotting, and DNA-DNA hy-
bridization were performed according to Sambrook et al.
(1989). A decaprime kit (Ambion, Austin, TX) was used to
label 20 to 30 ng of template DNA with [a-*P]dCTP.

PCR Amplification

PCR was carried out as described previously (Howad
and Kempken, 1997).

Oligonucleotides

These were synthesized by MWG-Biotech (Ebersberg,
Germany). Sequences and locations are shown in Table 1.

E. coli Transformation

Cloning and E. coli transformation were done according
to standard procedures (Sambrook et al., 1989). Vector
construction is described below. All cloning and transfor-
mation experiments were done according to the require-
ments of the German Gene Technology Law (Gentechni-
kgesetz).

N. crassa Transformation and Analysis

Spheroplasts were prepared from N. crassa and used for
DNA-mediated transformation as described by Yuan and
Marzluf (1992). Primary transformants were obtained by
site-specific recombination at the his-3 locus and selection
for growth on minimal medium (Bowring and Catcheside,
1993). Microconidia were isolated from primary transfor-
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TABLE 1
Oligonucleotides Used
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Name

Sequence (5'-3")

Location

Used for

FK47

FK57

FK90

FK96

FK97

FK163

FK164

FK219

FK220

FK240

FK245

FK251

FK252

FK278

FK279

TCAGTGGCCATCCGACAG

ACGAGAATCCCACGCCTA

GACTCTTTACCCGCAGACA

CAGAGTGCGTAATCAACCAA

CTACTTCCAACCGTTGAAGCC

CGTGATCTTGAGTCATCGTTCGCGAATCGC

GTCGTCCCGGACCACACCGGCGAAGTCGTC

GCGCATCTCTTCGATTAAGCC

AGTCGTCCTCCACGAAGTCCC

AATACCAGTTGAGTTGAATTGGTTGATTACGCACTCTGGAGCAAGGCATCCCGACTACTC

TTGGCCATGGTGATATCTAGTTAACTAGTTCGAGTAGTCGGGATGCCTTGCTCCAGAGTGC

TCCATGGGATCAAGGTAAGTAATTGATTCCTGCC

GGCAGGAATCAATTACTTACCTTGATCCCATGGA

GCCACGCCCAACGCTTGATGAGTACGAACG

CGTTCGTACTCATCAAGCGTTGGGCGTGGC

Restless 3752-3735

Restless 1617-1634

Restless 2683-2701

Restless 1-20

and 4097-4078

Restless 21-41

pUT737 2091-2120

pUT737 2400-2381

pUT737 2127-2147
pUT737 2387-2368

pFW128 6301-6360

pFW128 6391-6330

Restless 1878-1911

Restless 1911-1878

Restless 3615-3644

Restless 3644-3615

Generating modified
splice site in vector
pFW182

Generating modified
splice site in vector
pFW182

Generating target site
duplication in vector
pFW193

Amplification of Restless
deletion derivatives in
T. inflatum

Amplification of Restless
deletion derivatives in
T. inflatum

Obtaining amplicons after
transposition of Restless

Obtaining amplicons after
transposition of Restless
and generating target
site duplication in
vector pFW193

Obtaining amplicons after
transposition of Restless

Obtaining amplicons after
transposition of Restless

Generating target site
duplication in vector
pFW193

Generating target site
duplication in vector
pFW193

Generating modified
splice site in vector
pFW182

Generating modified
splice site in vector
pFW182

Reverting point mutation
in vector pFW224

Generating target site
duplication in vector
pFW193

mants to obtain homokaryons as described (Ebbole and
Sachs, 1990). Selection for mtr mutants was done accord-
ing to published procedures (Stadler et al., 1991). Phleo-
mycin selection used as an assay for transposition of trans-
poson Restless was done according to a described method
(Austin et al., 1990). A maximum of 5 X 10" conidia were
spread on one 8.5-cm plate to avoid inhibition of germi-
nation.

P. chrysogenum Transformation and
Analysis

The generation of protoplasts was done as described
(Bull et al., 1988) with some modifications. Before proto-
plast formation, the strain was grown for 36 to 48 h on
complete medium followed by transfer to minimal me-
dium for 24 h. The mycelium was incubated for 2 h (27°C)
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with Novozyme (Novo Industrie AIS) (5 mg/ml of 0.9 M
NaCl) to obtain sufficient protoplasts. Transformed pro-
toplasts were selected on minimal medium containing 35
mM NaNO;. Transformants with an excised Restless trans-
poson were selected on complete medium containing 50
ng phleomycin per milliliter.

Vector Construction

Vector constructs used here are based on vector
pUT737, which carries a phleomycin-resistance gene with
a fungal promoter and terminator (Jain et al., 1992).

(1) Vector pFW128. Plasmid pUT737 was digested
with Sall and sticky ends were removed with S1 nuclease.
A PCR-amplified Restless copy was inserted between the
promoter and the phleomycin open reading frame (see
Fig. 1).

(2) Vector pFW182. A modified 5 splice site (5'-
GTAAGT-3') was inserted into vector pFW128. This was
intended to increase splicing of the Restless mMRNA, as
RT-PCR had indicated that mRNA carrying the native
splice site (5'-GCAAGC-5') was partially spliced only
(Kempken and Windhofer, unpublished data). The mod-
ification of the splice site was done using in vitro mutagen-
esis as described (Urban et al., 1997). Two overlapping
PCR amplicons were amplified using vector pFW128 as
template. One amplicon obtained from PCR with oligo-
nucleotides FK57-FK252 was 294 bp in size. The second
fragment obtained with oligonucleotides FK251-FK47
was about 1.9 kb in size. Aliquots of 6% of the volume of
these PCRs were used for an additional amplification
using oligonucleotides FK57-FK47. The resulting 2.1-kb
PCR product was digested with Sacl. This Sacl fragment
was then inserted instead of the native fragment and
ligated to a 7.98-kb Sacl vector fragment of pFW128
purified from an agarose gel, in order to remove the
unmodified Sacl fragment.

(3) Vector pFW186. To allow for site-specific inte-
gration in N. crassa, a 1.6-kb Notl/Clal fragment from
pFJB1 (Bowring and Catcheside, 1993) carrying his-3 se-
quences truncated at the 5’ end was inserted into the
Notl/Clal-digested vector pFW182.

(4) Vector pFW193. An intact 8-bp target site dupli-
cation was inserted into vector pFW128 using in vitro
mutagenesis as described by Urban et al. (1997). A 1.5-kb
Hpal fragment carrying the right-hand Restless terminus
from plasmid pFW128 was replaced with a Hpal-digested
1.5-kb PCR amplicon containing an engineered 8-bp tar-
get site, to generate a vector with 8-bp target site dupli-
cations flanking the transposon. Two overlapping PCR
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amplicons were amplified using vector pFW128 as tem-
plate. The first fragment was about 200 bp in size using
oligonucleotides FK240-FK164. The second fragment
was a product of about 1.5 kb using oligonucleotides
FK90-FK245. Aliquots of 6% of the volume of these
PCRs were used for a further PCR using oligonucleotides
FK90-FK164. The 1.5-kb PCR product was digested with
Hpal, purified from a gel, and ligated with an 8.5-kb Hpal
vector fragment of pFW128 purified from a agarose gel.
To allow for site-specific integration, a 1.6-kb Notl/Clal
fragment from pFJB1 (Bowring and Catcheside, 1993)
carrying his-3 sequences truncated at the 5’ end was
inserted into the Notl/Clal-digested vector.

(5) Vector pFW224. pFW193 was modified by using
the “QuikChange” Site-Directed Mutagenesis Kit (Strat-
agene). A point mutation in exon 2 of Restless at position
5870 was modified using oligonucleotides FK278 and
FK279, restoring to wild-type a mutation from the original
sequence that led to a substitution of proline for leucine,
in all other vector constructs compared to the originally
published sequence (Kempken and Kuck, 1996), the ra-
tionale being that an amino acid substitution in the open
reading frame might affect transposase activity.

(6) Vector pFW249. This vector carries a deleted
transposase gene and was generated by digestion of vector
pFW224 with Sall. This resulted in three fragments of
0.77, 2.67, and 7.72 kb. The two larger fragments were
eluted from a gel and religated. The resulting vector
(pFW249) carries a 0.77-kb deletion in exon 2 of the
transposase.

(7) Vector pKC2. The transposase coding region in-
cluding the intron was PCR amplified using vector
pFW128 as a template and oligonucleotides FK114 and
FK115. The PCR fragment was cloned into the Smal site
of vector pPLKS-, carrying the repressible phoA promoter
(Graessle et al., 1997). Downstream of the transposase
gene a trpC terminator was added.

Vectors pFW128, pFW182, pFwW186, pFW193,
pFW224, pFW249, and pKC2 are shown in Fig. 1.

Sequence Analysis

All sequence analysis was done by MWG-Biotech and
SEQIab (Gottingen, Germany).

RESULTS

In a previous study we introduced the transposon Rest-
less from the cyclosporin-producing fungus T. inflatum
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FIG. 1. Vectors used for transformation of N. crassa. Details of vector
construction are given under Materials and Methods. Components of the
Restless element are as follows: target site duplication (light gray trian-
gle), terminal inverted repeat (black triangle), and transposase gene (gray
pointed rectangle; intron white). A point mutation introduced into the
intron 5’ splice site (see Materials and Methods) is indicated by “m” and
the site of reversion of a point mutation leading to an amino acid
substitution in the transposase is indicated by an asterisk. Dotted box,
TR1 promoter (Jain et al., 1992); black box, phoA promoter (Graessle et
al., 1997); pointed box with inclined stripes, phleomycin-resistance gene;
box with vertical stripes, trpC promoter; E, EcoRlI; X, Xhol.

into N. crassa, in order to exploit the abilities of trans-
posons to tag genes. We found that although in multiple-
copy transformants, Restless was methylated and therefore
inactive in N. crassa, single-copy transformants integrated
at the N. crassa his-3 locus were not (Windhofer et al.,
2000), enabling further analysis of the activity of Restless
in this foreign host. To this end, two different experimen-
tal approaches were employed, using vectors carrying full-
length copies of Restless and others with a truncated
transposase (see Fig. 1) to enable us to distinguish host-
specific effects from transposase activity. In addition to
using N. crassa, we also analyzed the activity of Restless in
the asexual fungus P. chrysogenum.

Since transposition is a rare event, even in its natural
host where transposition of Restless occurs at a frequency
of less than 10~° (Kempken, unpublished results), we
employed selection strategies to detect transposition: (i)
forward selection in N. crassa using the mtr gene (Stadler
et al., 1991) and (ii) direct selection in N. crassa and P.
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chrysogenum for excision of a Restless element placed
between the promoter and the coding sequence of the
dominant phleomycin-resistance gene (Sh ble) (Austin et
al., 1990).

Analysis of Excision Events upon
Forward Selection in N. crassa

The N. crassa mtr gene encodes a transporter specific
for neutral amino acids (Koo and Stuart, 1991; Stadler et
al., 1991). Mutations that inactivate mtr can be selected by
their ability to grow on medium containing the amino acid
analogue p-fluorophenylalanine. We sought to use this
rather simple system to forward select for transposition of
the Restless element into mtr. Indeed, Restless transfor-
mants made with vectors pFW193 or pFW224 (which are
identical except for one point mutation in exon 2; see Fig.
1) yielded up to 30-fold higher frequency of spontaneous
mtr mutations than were obtained from untransformed N.
crassa. DNA isolated from spontaneous mtr~ mutants
derived from monokaryotic strains transformed with
pFW193 were assayed for excision of Restless from its
donor site using the PCR primers shown in Fig. 2A.
Amplicons of approximately 260, 350, and 450 bp were
obtained (Fig. 2B). The smallest of these amplicons is the
size of an empty donor site after excision of Restless. This
was confirmed by DNA sequencing (Fig. 3A; sequence
data were deposited in the EMBL database under Acces-
sion Nos. AJ311545 and AJ311546). Most interestingly,

B PCR FK219-220
M- |KIT|1|2|3|4

500 bp -

300 bp -

FIG. 2. Amplicons obtained from the donor site after forward selec-
tion for transposition of Restless in N. crassa by selection of mtr mutants.
(A) Restless element with target site duplication (light gray triangle),
terminal inverted repeat (black triangle), and transposase gene (dark gray
pointed rectangle; intron white). (B) Amplicons obtained upon PCR with
oligonucleotides FK219 and FK220. Lanes M, marker; —, without DNA;
K, vector pUT737 (without Restless); T, original transformant prior to
selection; 1-4, four different mutants; for details see main text.
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FIG. 3. Sequence analysis of amplicons from lanes 1-4 of Fig. 2.
Schematic representation of sequencing data. (A) The 260-bp amplicon
has lost the entire Restless element including one copy of the direct
repeat. One copy of the direct repeat remains (light gray rectangle). (B)
The 350-bp amplicon carries a much truncated copy of the Restless
element. All sequence between position 20 and 4046 (see Kempken and
Kuck (1996)) has been removed and only the right- and left-hand ter-
minal sequences have been retained. The truncated copy still possesses
a target site duplication and terminal inverted repeats (black triangles).
(C) Similar to (B), the 450-bp amplicon exhibits a large truncation of the
Restless element, between nucleotides 78 and 3995. A small portion of
the 3’ end of the transposase gene (dark gray triangle) is still present in
addition to the terminal inverted repeats and target site duplication. (D)
Sequences upstream and downstream of the deleted area of the 450-bp
amplicon are shown. Sequences retained in the truncated copy are in
capital letters. A 16-bp direct repeat flanking the deleted region is
underlined. Dots and slashes indicate additional sequences not shown in
the figure.

the sequence of the two 260-bp amplicons (Fig. 2B) shows
that the Restless element and one of the direct repeats had
been removed, restoring the sequence to that which would
have been present prior to transposon insertion. However,
the target site duplications were generated in a vector
carrying Restless by in vitro mutagenesis, not by transpo-
sition; this finding may be an indication that Restless ex-
cision proceeds by a mechanism dissimilar to that of trans-
posons in higher plants where small deletions are usually
generated at the excision site (Kunze, 1996).

Sequencing of the 350-bp amplicon (see Fig. 3B) re-
vealed the presence of a 71-bp Restless fragment at the
donor site which had lost most of its internal DNA, except
for 20 bp resembling one of the inverted repeats at the left
terminus and 51 bp at the right terminus (position 4046—
4097 (Kempken and Kiick, 1996)).

All but one mtr mutant, as well as the transformant from
which the mtr mutants were obtained, also gave rise to a
450-bp amplicon. Southern hybridization revealed that a full-
length Restless copy was present in the transformant prior to
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the experiment, indicating that the deleted version present in
the 450-bp amplicon may have been present in a low per-
centage of the nuclei of the primary transformant. The
450-bp amplicon contained 181 bp of Restless (Fig. 3C)
DNA, consisting of bases 1-78 and 3995-4097, flanked by
vector sequences (Kempken and Kiick, 1996). The 181-bp
deleted copy of Restless may have been generated by recom-
bination between 16-bp direct repeats of 5'-TCCAAC-
CCAACTGAGA-3’, present in the subterminal regions at
both ends of the Restless element and flanking the truncated
region in the 450-bp amplicon (Fig. 3D). The smaller 71-bp
truncated Restless element found in the 350-bp amplicon
may have been generated by recombination at a 3-bp direct
repeat sequence, 5'-CAA-3'.

Analysis of Excision Events Selected by
Phleomycin Resistance in N. crassa

The vectors pFW193 and pFW224 used for transforma-
tion of N. crassa (see Fig. 1) included the Sh ble gene and
its promoter, separated by the Restless transposon. This
arrangement allows direct selection for excision of the
Restless element by adding phleomycin to the growth
medium. Conidia are able to germinate and grow on
phleomycin only after excision of Restless allows expres-
sion of the phleomycin-resistance gene. Although wild-
type conidia of Neurospora are resistant to 50 ug/ml
phleomycin they were found to be completely inhibited by
5 pg/ml in the presence of 0.5 mg/ml caffeine, a strategy
for enhancing sensitivity to phleomycin previously re-
ported (Austin et al., 1990). A total of 26 colonies resistant
to 35 ug/ml phleomycin were obtained using conidia of
strains transformed with either vector pFW193 or
pFW224. Phleomycin-resistant colonies occurred at a fre-
quency of 1-5 X 107". No phleomycin-resistant colonies
were obtained when 10° wild-type conidia were plated on
phleomycin. Phleomycin-resistant colonies were also not
obtained from transformants made with vectors pFW186
and pFW249. In pFW186, the intron in the Restless trans-
posase gene was modified to prevent alternative splicing, a
process believed to be essential for the function of Rest-
less, and in pFW249, the Restless element has a truncated
transposase gene. Since both pFW186 and pFW249 con-
tain the subterminal repeats involved in generation of
deletion derivatives, we can exclude involvement of en-
dogenous recombination enzymes from the fungal host in
the generation of Ds-like elements.

DNA of the 26 phleomycin-resistant colonies from N.
crassa was isolated from microspore progeny to select for
homokaryotic mycelia and subjected to PCR analysis and
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PCR FK219-FK220

-300 bp

-200 bp

FIG. 4. Donor site amplicons obtained after phleomycin selection for
transposition of Restless in N. crassa. Amplicons were obtained by PCR
with oligonucleotides FK219 and FK220. Lanes —, without DNA; +,
vector pUT737 (without Restless); T, original transformant prior to se-
lection; 1-15, different phleomycin-resistant mutants; for details see
main text.

gel electrophoresis. Examples are shown in Fig. 4. It
should be noted that the pFW193 transformant used here
was different from that shown in Fig. 2, as it did not give
rise to an additional 450-bp fragment. Three different
sized amplicons were obtained from phleomycin-resistant
mycelia. (i) In nine colonies amplicons of 260 bp were
observed; (ii) in one colony an amplicon of 350 bp was
observed; and (iii) in 22 colonies a 450-bp amplicon was
observed. Some of the transformants carried both a 260-
and a 450-bp amplicon, indicating that these are hetero-
karyotic mycelia despite passage through microconidia,
which are expected to be uninucleate. This may have
resulted from colony overlap when microspores were
plated.

Sequence analysis of these amplicons confirmed the
results found with amplicons obtained by forward selec-
tion as shown in Fig. 3. Both types of experiments, forward
selection using mtr and direct selection by phleomycin
resistance, thus give similar results. Most frequently ob-
served is the 450-bp amplicon, which may be due to
homologous recombination in the 16-bp direct repeats
flanking the truncated region. Indeed, the 350-bp ampli-
con, which has only a 3-bp repeat flanking the truncated
region, was found only twice. In the case of phleomycin
selection, partial excision of Restless apparently still al-
lowed expression of the phleomycin gene. This may be
due to the promoter immediately in front of the open
reading frame being tolerant of small insertions.

All 260-bp amplicons resemble a complete excision of
Restless including one of the direct repeats, as shown by
sequence analysis.
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Excision Events in P. chrysogenum

Phleomycin-resistant colonies from P. chrysogenum trans-
formants carrying vector pFW128 were observed at frequen-
cies of 3 X 102 to 5 X 10°*, about 10° times higher than
observed in N. crassa. Cotransformants which also carried
vector pKC2 (see Fig. 1) allowing for expression of the
transposase gene under control of the repressible acid phos-
phatase gene (phoA) promoter (Graessle et al., 1997) led to
an even higher frequency of 5 X 10", Phleomycin-resistant
colonies were not obtained from transformants carrying vec-
tor pFW182, which has a mutated intron splice site and is
known to be deficient in alternative splicing, which is be-
lieved to be necessary for the activity of the element (Wind-
hofer and Kempken, in preparation).

PCR amplicons were obtained from phleomycin-resistant
colonies (data not shown) and sequenced. It should be noted
that vector pFW128 does not have target site duplications
and, due to the cloning procedure, has short inverted repeats
flanking the transposon instead. Four different footprints
were observed: (i) complete excision of Restless, associated
with a deletion of one nucleotide of vector DNA (Fig. 5A);

<
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...JCCAACCCAACTGAGAtcgcgc.../l...tccaacccaactgagaGCA...
78 * 3995

..TCCAACCCAACTGAGA-GCA...

-20

4049

..IGTCAATCCtgacca.../l...tatcaatccAACT...
-20 * 4049

... TGTCAATCC-AACT...
-60 I
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..CCTTGatcacc.../...ccttgCTCA...
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FIG. 5. Schematic representation of sequence data from donor site
amplicons following phleomycin selection for transposition of Restless in
Penicillium chrysogenum. (A-D) Different types of excision events; Type
(A) and (B) were identified twice, (C) was identified three times, and (D)
was identified once only. For more details see main text.
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FIG. 6. PCR amplification of Restless deletion derivatives from T.
inflatum. (A) Left and right ends of the Restless transposon are shown
(for description see Fig. 3) as well as the localization of oligonucleotides
FK96 and FK97. (B) PCR was performed using oligonucleotides FK96
and FK97 using high-molecular-weight DNA from T. inflatum
ATCC34921. A short elongation time was used for PCR to preferentially
amplify small molecules. The arrows indicate an amplicon of about 400
bp and a smear of different sized molecules at about 100 to 200 bp. Lanes
—, control without DNA; Til, T. inflatum. This figure is shown with dark
bands on a light background to increase reproducibility.

(i) a deletion giving rise to the same 450-bp amplicon found
in N. crassa (Fig. 5B); and (iii) excisions extending 20 and 60
bp into the vector DNA (Figs. 5C and 6D). These are
reminiscent of some of the excision sites described for the
Ascot transposon in Ascobolus immersus (Colot et al., 1998).
Each of the excision events shown in Figs. 5B to 5D can be
accounted for by recombination at direct repeats of 5 to 16 bp.

Deleted Restless Copies in
Tolypocladium inflatum

Restless transposase activity in N. crassa and P. chryso-
genum was frequently associated with incomplete excision
and generation of deleted Restless elements. We therefore
were interested in whether similar events occurred in T.
inflatum ATCC34921, the natural host of Restless. To this
end a nested PCR amplification was performed using
oligonucleotides FK96 and FK97 located at or close to the
transposon termini. The PCR products were subjected to
gel electrophoresis (Fig. 6). The low-molecular-weight
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amplicons obtained were shotgun cloned into the Xcml
site of vector pMON (Borovkov and Rivkin, 1997). DNA
was prepared from individual clones, digested with EcoRlI
and Xbal to release the cloned DNA, and subjected to gel
electrophoresis. A variety of different sized amplicons of
approximately 100 to 450 bp were found (Fig. 7) and
subsequently, 17 amplicons were sequenced (EMBL Ac-
cession Nos. AJ311539-AJ311544).

Three types of truncated Restless elements were identified
from T. inflatum (Fig. 8): (i) a highly truncated version
(ARstl) retaining only 41 bp at the left-hand end and 20 bp
at the right-hand end (control experiments in which no fun-
gal DNA was used suggest that these are not artifacts gen-
erated by ligation of the primer oligonucleotides); (ii) ele-
ments carrying unrelated sequences, as exemplified by ARst2
and ARst3, which possess 24 and 131 bp of DNA of unknown
origin; and (iii) truncated Restless elements (ARst4—6) which
retain internal sequences of varying size at one or both ends
of the element. It should be noted that (ARst5) is identical to
the Restless truncation found in the 450-bp amplicon ob-
tained from N. crassa, the difference in size being due to the
different amplification strategies (compare Fig. 2A and Fig.
6). Both ARst5 and ARst6 were obtained four times (Fig. 7).
At the borders of the ARst6 truncation, a 4-bp direct re-
peated sequence, 5'-CTGG-3', is present. Another 4-bp re-
peat, 5'-TTGG-3', flanks the deleted sequences of the ARst1
element. However, no obvious repeated sequence was found
that could account for the 192-bp amplicon ARst4, which was
found only once.

DISCUSSION

In 1996, Kempken and Kuck reported finding Restless
in T. inflatum, the first hAT-like transposon to be identi-

cloned PCR amplicons FKS6-97

FIG. 7. Restless deletion derivatives cloned from donor sites following
transposition of Restless in T. inflatum. The amplicons obtained from
PCR were shotgun cloned into vector pMON. Twelve clones were
digested with Xbal and EcoRI to release the cloned fragments and
analyzed by gel electrophoresis. The lower part of the gel below the
vector band is shown. Inserts vary in size from about 100 to 400 bp.
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Rst ’ >‘ 4097 bp
ARst1 [ pos. 41 pos. 4078 H 61 bp
ARst2 [— pos. 41 (+24 nt) pos. 4078 E 85 bp
ARst3 [— pos. 41 (+134 nt) pos. 4078 E 195 bp
ARst4 [ pos. 41 pos. 4049 B 89 bp

ARst5 [I pos. 78
ARst6 E pos. 344

FIG. 8. Sequence analysis of the donor site deletions cloned from T.
inflatum (lanes 1-15 of Fig. 4). These amplicons, obtained with oligonu-
cleotides FK96 and FK97, all represent truncated Restless elements
(ARst). For comparison, a complete copy of Restless (Rst) is also shown.
The primers yield 41 bp left and 20 bp right of the Restless sequences,
not including the direct repeats. Total sizes of all fragments are shown on
the right-hand side of the figure. The symbols used are defined in the
captions of earlier figures. The lines shown for ARst2 and ARst3 indicate
sequences of unknown origin, 24 and 131 nucleotides in length, respec-
tively. In ARst6, deletions may have occurred at two different sites. The
deleted copy ARst5 is identical to the truncated Restless copy present in
the 450-bp amplicons found in N. crassa.

pos. 3995 N 180 bp

pos. 4035 E 406 bp

fied in a filamentous fungus. Since then, similar elements
have also been identified in Fusarium oxysporum (Gémez-
Gomez et al., 1999; Hua-Van et al., 2000; Okuda et al.,
1998). However, a much larger number of hAT trans-
posons are known from a variety of plant and animal
species including human (Kempken and Windhofer,
2001). Quite often, full-length and truncated copies of the
same element are found in the same species. This is well
known for the Ac/Ds family from maize (Kunze, 1996),
where several types of Dissociation or Ds elements are
known: Ds2d1, Ds2d2, Ds6, and Ds9 (Fedoroff, 1989), for
instance, that have deletions of various sizes compared to
the full-length Activator or Ac element. In remarkable
contrast, Ds1 (Gerlach et al., 1987; Sutton et al., 1984),
Ds5933 (Ddoring et al., 1984), or wxB4-Ds (Varagona and
Wessler, 1990) elements consist of short terminal stretches
of Ac-like sequences, necessary for recognition in trans by
the Ac transposase (Kunze, 1996), with a central DNA
sequence derived from unknown genomic sources. Trun-
cated copies were also shown for the F. oxysporum Folytl
element (Gomez-Gomez et al., 1999). In contrast, in pre-
vious studies, truncated copies of Restless were not de-
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tected in T. inflatum strain ATCC34921 (Kempken and
Kiuck, 1996). However, in a different strain, ATCC42437,
a single truncated Restless copy was observed, but no
full-length copies were found (Kempken et al., 1998).

In this study we have provided direct evidence for the
presence of Ds-like deletion derivatives of Restless in its
natural host T. inflatum, as well as in two foreign hosts, N.
crassa and P. chrysogenum. Due to the small size of these
deletion derivatives, ARst elements had not been detected
in earlier work using Southern blot analysis.

When compared to Ds elements, the ARst elements,
albeit much smaller, bear a striking similarity. ARst2 and
ARst3 are most similar to Ds1 (Gerlach et al., 1987; Sutton
et al., 1984), Ds5933 (Ddring et al., 1984), and wxB4 Ds
(Varagona and Wessler, 1990) elements, which also carry
unknown sequences between their terminal inverted re-
peats. ARst4—6, however, resemble counterparts of the
Ds6 type of Ds elements (Fedoroff, 1989) in having large
internal deletions. Therefore, we conclude that the ARst
elements in fungi are similar to Ds elements identified in
maize.

Little is known of how truncated elements like ARst or
Ds are generated. In the case of ARst elements, direct
repeats of 3 to 16 bp are present in most cases immedi-
ately upstream and downstream of the truncated region.
This may suggest an involvement of these repeats in the
generation of the ARst elements. This may be achieved by
the activity of the Restless transposase or else by homolo-
gous recombination mediated by host enzymes. Homolo-
gous recombination is a rather rare event in vegetative
cells of filamentous fungi (Fierro and Martin, 1999), but
nevertheless may occur (Casqueiro et al., 1999), even at
very short sequences of 6 bp (Fierro et al., 1995). There-
fore, the possibility cannot be excluded that deleted Rest-
less copies are generated by the recombination promoting
enzymes of the host. However, we obtained no phleomy-
cin-resistant colonies from untransformed N. crassa or P.
chrysogenum conidia, even when using significantly larger
numbers of conidia than with Restless transformants. The
failure to obtain phleomycin-resistant colonies with cells
transformed with vector pFW249, which carries a trun-
cated transposase gene, provided an important control. If
generation of Ds-like elements is caused by endogenous
host-encoded enzymes, phleomycin-resistant colonies
should occur with vector pFW249 as well, since it contains
all of Restless with the exception of an internal piece of the
transposase gene. The absence of phleomycin-resistant
colonies in transformants carrying that vector strongly
argues for an active role of the Restless transposase in the
excision process. In addition, we also did not obtain phleo-
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mycin-resistant colonies from transformants carrying vec-
tor pFW186, which has a mutated Restless 5" intron splice
site (Windhofer and Kempken, in preparation), preventing
alternative splicing (Kempken and Kiick, 1996) and thus
proper transposase gene expression. Similarly, no phleo-
mycin-resistant colonies were obtained when a compara-
ble vector (pFW182, see Fig. 1) was employed in P.
chrysogenum. In sum, phleomycin-resistant colonies were
not obtained in N. crassa or P. chrysogenum, without
expression of a Restless transposase. Cumulatively, these
data are inconsistent with deleted Restless elements being
generated as a result of nonspecific host enzyme activity
and suggest that they arise due to activity of the Restless
transposase.

It is known that the expression of a transposase may
generally induce recombination at direct repeats. Expres-
sion of the Ac transposase in plants led to a 1000-fold
increase in the spontaneous recombination frequency in
Arabidopsis, when a Ds element was inserted between two
repeated sequences (Xiao and Peterson, 2000) or at the pl
locus (Xiao et al., 2000). Likewise, the Mutator transposon
also promotes recombination between direct repeat se-
quences of about 17 kb in the maize knotted locus (Lowe
et al., 1992). However, these direct repeats were much
larger than the 16-bp direct repeat implicated in the
generation of the ARst5 element obtained in both N.
crassa and T. inflatum; for example, the 618-bp direct
repeat found in an Arabidopsis study (Xiao et al., 2000), is
almost 40 times larger than those described here.

So far, no information is available about the DNA bind-
ing properties of the Restless transposase, mainly due to
the lack of a suitable expression system. However, DNA
binding studies have been performed with the Ac trans-
posase from maize. It was shown that the transposase
enzyme binds to a short subterminal hexamer motif, 5’'-
AAACGG-3’, which is repeated several times in the Ac
sequence (Kunze and Starlinger, 1989). In an additional
study, a more sensitive approach was possible and led to
the conclusion that the transposase also bound to the
inverted repeat. Moreover, it was shown that two trinu-
cleotide sequences, 5'-ACG-3’ and 5'-TCG-3’, are the
minimal binding sites for the Ac transposase (Becker and
Kunze, 1997). The right- and left-hand subterminal re-
peats of Restless contain six direct repeats of the sequence
5’-CCAAC-3'. This sequence is part of the 16-bp direct
repeat mentioned previously (Kempken and Kiick, 1996).
It is possible that these repeated sequences are the target
for specific DNA binding of the Restless transposase. In-
accurate excision of the Restless element may occur when
the transposase cuts the DNA sequence close to its bind-
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ing site instead of outside the terminal inverted repeat
sequence. Further experimental studies are necessary to
elucidate the enzymatic properties of the Restless trans-
posase.

Another unusual observation stems from analysis of
Restless excision sites, which in N. crassa all lacked the
typical footprints known from other hAT transposons, e.g.,
Ac/Ds elements from maize (Kunze, 1996) or the Ascot
transposon from A. immersus (Colot et al., 1998). Yet, we
observed footprints in P. chrysogenum. Another example
monitored for excision, the hAT transposon Folytl from F.
oxysporum, also did not leave footprints (Gomez-Goémez
et al., 1999). Thus it appears that hAT transposons do not
generate footprints at the donor site when they transpose
in some fungal hosts. Further characterization of the Rest-
less—N. crassa/P. chrysogenum experimental systems and
particularly the characterization of reintegration events
should help to elucidate the functional properties of the
Restless transposase.
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