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Abstract The transposable element impala is a member
of the widespread superfamily of Tc1-mariner transpo-
sons, identi®ed in the genome of the plant pathogenic
fungus Fusarium oxysporum. This element is present in a
low copy number and is actively transposed in the
F. oxysporum strain F24 that is pathogenic for melons.
The structure of the impala family was investigated by
cloning and sequencing all the genomic copies. The
analysis revealed that this family is composed of full-
length and truncated copies. Four copies contained a
long open reading frame that could potentially encode a
transposase of 340 amino acids. The presence of con-
served functional domains (a nuclear localisation signal,
a catalytic DDE domain and a DNA-binding domain)
suggests that these four copies may be autonomous el-
ements. Sequence comparisons and phylogenetic analy-
sis of the impala copies de®ned three subfamilies, which
di�er by a high level of nucleotide polymorphism
(around 20%). The coexistence of these divergent sub-
families in the same genome may indicate that the impala
family is of ancient origin and/or that it arose by suc-
cessive horizontal transmission events.
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Introduction

Fusarium oxysporum is a ®lamentous, soil-borne patho-
genic fungus that attacks numerous plants. This fungus
contains several families of transposable elements, rep-
resenting the major classes of transposable elements.
Strain F24, which is pathogenic for melons, has four ac-
tive Class II elements, Fot1, Fot2,Hop and impala, which
have been identi®ed by their insertion in the niaD gene
(Daboussi and Langin 1994). One of them, Fot1, the ®rst
Class II transposon discovered in fungi (Daboussi et al.
1992), has recently been linked to the pogo superfamily
(Robertson 1996; Smit and Riggs 1996). Fot2 is a Fot1-
like element, while Hop is a new type of transposon. The
fourth, impala, is a member of the Tc1-mariner super-
family (Langin et al. 1995), which includes the Tc1-like
family (TLEs) that was ®rst identi®ed in Caenorhabditis
elegans (Emmons et al. 1983) and the mariner-like family
(MLEs), initially described in Drosophila mauritiana
(Jacobson et al. 1986). Members of this superfamily all
have a TA insertion speci®city and signi®cant areas of
sequence similarity, particularly in the region encoding
the catalytic DDE domain (Doak et al. 1994). This do-
main is also present in the integrases of some retroviruses,
where it was ®rst identi®ed, and in the transposases of
bacterial elements (Fayet et al. 1990). One of them, the
IS630 bacterial IS family, contains a DDE region very
similar to that of Tc1-mariner elements, suggesting that
these elements have a common ancestor (Capy et al.
1996). This superfamily is widely distributed in proto-
zoans (Jahn et al. 1993), and in animals (Avancini et al.
1996) as diverse as arthropods (Robertson 1993), platy-
helminths (Garcia-Fernandez et al. 1995), ®shes (Goodier
and Davidson 1994), amphibians (Lam et al. 1996) and
mammals (Auge-Gouillou et al. 1995). It appears to be
absent from plants (P. Capy, unpublished results). impala
was the ®rstTc1-mariner element identi®ed in ®lamentous
fungi, but two other fungal Tc1-mariner elements have
since been discovered ± Ant-1 in Aspergillus niger (Glay-
zer et al. 1995) and hupfer in Beauveria bassiana (Maurer
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et al. 1997) ± indicating that this superfamily is also
widespread in fungi. The Tc1-mariner superfamily in-
cludes a variety of related but distinct elements that fall
into separate subfamilies, several of which may coexist in
the same genome (Robertson andMacLeod 1993; Lam et
al. 1996). The relationships between elements belonging
to these subfamilies has been well studied in mariner-like
elements (MLEs) (Robertson 1995).

The impala-160 copy (imp160) that transposed into
the niaD gene, is 1280 nucleotides (nt) long, contains
27-bp inverted terminal repeats (ITRs) ± the terminal
nucleotides of which are similar to those of Tc1 ± and
is inserted at a TA dinucleotide (Langin et al. 1995).
Its central region contains three overlapping open
reading frames (ORFs). A 340-amino acid (aa) poly-
peptide, similar in size to the transposases of the Tc1-
mariner elements, can be derived from these ORFs but
only after introducing two frameshifts; for this reason
imp160 was thought to be inactive. This putative
polypeptide contains some blocks of amino acids that
are similar to segments of Tc1 or mariner transposases,
depending on the regions compared. A phylogenetic
analysis indicates that impala is closer to TLEs, albeit
basally branched (Robertson and Asplund 1996). The
impala element is represented by a small number of
copies in strain F24. Variations both in the number of
hybridizing bands in di�erent restriction digests, and in
signal intensity between the di�erent copies suggest
that this family is heterogeneous in structure. The ex-
istence in this strain of partially deleted copies or
highly divergent copies could explain the variation of
signal intensities. We have therefore cloned and se-
quenced the di�erent copies in strain F24 to analyse
the structure of this family and to identify autonomous
elements. This analysis revealed that full-length and
truncated copies coexist in this strain. Four copies,
each encoding a putatively active transposase, are good
candidates for autonomous elements. The copies can
be grouped into three subfamilies, whose origins are
discussed.

Materials and methods

Cloning of impala copies

Membranes replicated from a cosmid genomic DNA library pre-
viously prepared by partial Sau3 AI digestion (Diolez et al. 1993)
were hybridized with an imp160 probe. Positive clones were repli-
cated and re-hybridized to con®rm they were true positive clones.
The di�erent impala copies were subcloned by mixing 20 ll of each
cosmid mini-preparation (Sambrook et al. 1989), digested to
completion with EcoRI (Boerhinger), with 200 ng of plasmid
pMLC28 (Levinson et al. 1984), digested with EcoRI and treated
with alkaline phosphatase (Boehringer), following the manufac-
turers instructions. The DNA was then puri®ed with phenol/chlo-
roform, precipitated with ethanol and resuspended in 10 ll
of 100 mM TRIS-HCl, 5 mM MgCl2. It was ligated overnight at
16°C using the Amersham DNA Ligation system. DH5a bacteria
were transformed and chloramphenicol-resistant colonies carrying
impala inserts were identi®ed by colony hybridization on a nylon
®lter (Amersham) using impala probe.

Sequencing and sequence analysis

DNA was sequenced manually by the dideoxy chain-termination
method of Sanger et al. (1977), using a T7 and deaza G/A T7
sequencing kit (Pharmacia), or automatically, using a ABI Prism
373 sequencer and the ABIprism Dye Terminator DNA sequencing
kit (Perkin Elmer Applied Biosystems). Automatic sequencing of
imp160 revealed that the two frameshifts interrupting the ORF at
positions 329 and 690 (Langin et al. 1995) were in fact artifacts of
GC compression and low resolution.

The impala elements were sequenced on both strands using a set
of internal primers described by Langin et al. (1995) or with newly
synthesized primers. The ¯anking regions were sequenced using
primers located near, and directed towards, the end of the element.

ORFs were identi®ed with DNA Strider 1.2. Sequences were
aligned using ClustalV (Higgins and Sharp 1989) with ®nal manual
adjustment. A phylogenetic tree was built by the maximum parsi-
mony method, using the Heuristic option of PAUP 3.0s (Swo�ord
1991). Homologs were searched for using the blastx option of the
BLAST program. Secondary structure were predicted with PHDsec
(Rost and Sanders 1993).

Southern blotting and hybridization

Fungal genomic DNA was extracted as described in Daboussi et al.
(1989). Some 10 lg DNA was digested with EcoRI and fraction-
ated in 0.7% agarose gels. Samples were blotted onto Nylon N-
membrane (Amersham) and hybridized under standard conditions
(Sambrook et al. 1989). Probes were labelled with 32P by random
priming using the Pharmacia T7 QuickPrime kit.

Polymerase Chain Reaction

PCR was done with 50 ng of plasmid in a 100-ll reaction volume,
using Appligene bu�er and 800 nM of each primer, 100 lM of each
dNTP, 0.2 ll Appligene Taq polymerase, in a Braun thermocycler.
Cycling conditions were: 1 min 30 at 94°C, 1 min at 60°C and
1 min 30 at 72°C for 30 cycles, followed by an elongation step of
15 min at 72°C. imp160 was ampli®ed using a single primer based
on the ITRs (5¢-CAGTGGGGTACAATAAGTTTG-3¢). Flanking
regions were ampli®ed using universal or reverse primers (anneal-
ing to the vector) and customized internal primers.

Results

Cloning of F24 impala copies

Previous results revealed that the number of major hy-
bridizing bands in a Southern blot of F24 genomic DNA
varied with the enzyme used. EcoRI, an enzyme which
does not cut within imp160, gave rise to six major bands
that hybridized strongly with imp160, and at least two
low-intensity bands. A cosmid library of strain F24
(Diolez et al. 1993) was screened using the entire imp160
element as a probe to isolate the di�erent copies. Out of
3840 clones 40 gave positive signals. DNA samples from
20 of them were digested with EcoRI and probed with
imp160. The di�erent cosmids were grouped into eight
classes (1±8) depending on their restriction pattern
(Table 1). Six classes (1, 3, and 5±8) contained cosmids
having only one EcoRI fragment that hybridized to the
probe, whereas classes 2 and 4 contained cosmids having
two fragments that hybridized with di�erent intensities.
The ten EcoRI fragments were individually subcloned
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into pMLC28. Six inserts were di�erent in size and could
be assigned to the six major EcoRI hybridizing bands in
genomic DNA. These clones were named pImpE, pI-
mpG, pImpC, pImpB, pImpD, and pImpA (Fig. 1 and
Table 1). The large genomic fragment (about 20 kb)
(Fig. 1), which gave a weak hybridization signal, did not
correspond to any of the four remaining inserts on the
basis of size. As three of them were internal to the cos-
mids, the only insert that could correspond to this large
genomic fragment was the 4.5-kb insert, located at the
border of cosmid 6 and probably truncated (Table 1). It
was named pImpF and the truncation of this fragment
was con®rmed by sequencing. The three other fragments

hybridized very weakly and could not be detected by
Southern blotting. Two of them, in cosmids 4 and 8,
were identical in size (9.0 kb) (Table 1). Digestion with
BglII, which cuts ®ve times within the two inserts,
demonstrated that they had the same sequence, and they
were named pImpH. These two fragments, both internal
to the cosmids, were nevertheless the only fragments
common to the two cosmids, suggesting that they cor-
respond to the duplication of the same region. The last
one, 8.0 kb long, was cloned from cosmid 2 and char-
acterized by sequencing (see below).

Structure of impala copies

All the copies were sequenced (Fig. 1). Six copies ±
impF, impE, impG, impC, impD and impA ± corre-
sponded to complete elements with ITRs at both ends,
delimiting a region of approximately 1280 nt, except of
impG whose ITRs were 1500 nt apart. This larger size
was due to the presence of a 210-bp insertion within the
5¢ non-coding region. This short sequence had some
characteristics of a solo-LTR (5-bp duplicated target
site, short internal repeats, 5¢-TG and CA-3¢ terminal
nucleotide motifs). impB and impH were both truncated
in their 3¢ regions, at positions 889 and 490, respectively.
The 8.0-kb insert, subcloned from cosmid 2, contained a
truncated impala copy corresponding to the ®rst 500-bp
in impG, and was called impGD. This analysis demon-
strated that both full-length and 3¢ truncated copies of
impala can be found in F. oxysporum.

Analysis of the ¯anking regions of impala copies
revealed that, like all members of the Tc1-mariner su-
perfamily, impala copies are ¯anked by the dinucleotide
TA (Fig. 2), except for impD and impF, which are bor-
dered at the 5¢ end by the dinucleotide CA. For the
related Tc3 element the TA has been demonstrated to
result from the duplication of the target site (TSD) (van
Luenen et al. 1994). The simplest explanation for the
presence of a CA at the 5¢ end of impD and impF is that
a T was mutated to a C. As such a mutation in the TSD
has never been reported for Tc1-mariner elements, it
probably re¯ects ancient insertions rather than changes
during transposition. No consensus for the ¯anking se-
quence of impala integration sites has been found, sug-
gesting that the insertion speci®city is restricted to TA.

Approximately 200±500 bp on each side of each of
the 10 copies were sequenced. No large ORF was
detected. Searching of sequence databases revealed no

Table 1 Cosmids used in this investigation

Cosmid
classes

No. of
cosmids
per class

Size (in kb)
of hybridizing
EcoRI
fragmentsa

Position of
the inserts in
the cosmids

1 5 5.5 (impA) Internal
2 4 6.8 (impB),

8.0 (impGD)
Internal

3 2 8.4 (impC) Internal
4 2 7.2 (impD),

9.0 (impH)
Internal

5 1 >12 (impE) Internal
6 1 4.5 (impF) Border
7 2 9.4 (impG) Internal
8 3 9.0 (impH) Internal

a The names of the corresponding impala copies are indicated in
parentheses after the size of the EcoRI fragments. The size of the
duplicated fragments is shown in bold

Fig. 1 Structures of impala copies. ITRs are represented by black
triangles. ATG and stops are indicated in the three reading frames by
short and long vertical bars, respectively. The major ORFs are in dark
grey, the truncated ORF is in light grey. Insertion of the short
sequence in impG is depicted above the element. The panel and the left
shows a Southern blot of genomic DNA of strain F24 digested with
EcoRI with assignment of the copies to the imp160-hybridizing
fragments

Fig. 2 5¢ and 3¢ ¯anking regions of the nine impala copies. impala
sequences are in italics. The target site duplication is in boldface

356



signi®cant sequence similarity, except for the impA 5¢
region. This element is inserted near an ORF that has
signi®cant similarity with several histidinol dehydroge-
nase genes. However, the insertion of impA, 116 bp
downstream from the end of the coding sequence,
probably has no e�ect on the putative activity of this
gene. Several ¯anking regions of elements were ampli®ed
by PCR and used as probes on F. oxysporum genomic
DNA, to examine the nature of the regions in which
impala has inserted. This showed that impA, impB,
impC, and impE are inserted in single-copy sequences,
while impF, impD, impG, and impH are inserted in re-
gions containing repeated sequences (data not shown).

Coding potential of impala copies

ORFs were searched for in all the elements. One unin-
terrupted ORF, extending from nt 133 to nt 1153 and
potentially encoding a 340-amino acid polypeptide, was
detected in four of the copies: impA, impC, impD, and
impE. These putative transposases were similar in length
to those described for elements belonging to the Tc1-
mariner superfamily (Robertson 1995). An ORF
potentially coding for the C-terminal part (233 aa) of
the impala transposase, was also detected in impF and
impG. No signi®cant ORF was found in impB or impH,
due to the presence of numerous stop codons. Align-
ment of the amino acid sequences revealed two groups
of transposases (Fig. 3). The impA, impC and impE
transposases were very similar, di�ering by only two or
three amino acids. Nevertheless, there were more dif-
ferences between the nucleotide sequences of impA and
impE (14) than between those of impC and impE (2).

The fourth copy, impD, appeared to be more divergent,
with 36 amino acid changes, 16 being conservative
changes relative to impE. Most of the nucleotide chan-
ges (94/154) detected in the ORF occurred in the wobble
base of the codons.

Some functional domains are essential for trans-
posase activity in Tc1-mariner elements. The DDE sig-
nature has two aspartate residues (D) and a glutamate
residue (E). The second D is separated from the E by 34
or 35 amino acids. This domain was ®rst identi®ed in IS
transposases and retroviral integrases (Fayet et al. 1990;
Kulkosky et al. 1992), and has also been detected in the
Tc1-mariner superfamily, although the MLEs have a
third D instead of a E (Doak et al. 1994). This motif is
thought to correspond to a cation binding site necessary
for cleavage and strand transfer reactions. Mutation of
any of these residues in retroviral integrase abolishes
catalytic activity (Kulkosky et al. 1992). These are
important for the activity of elements belonging to the
Tc1-mariner superfamily, as shown for Tc1 and Tc3 (van
Luenen et al. 1994; Vos and Plasterk 1994). Interest-
ingly, the replacement of the last D by a E in the
transposase of the mariner Mos1 autonomous element
also leads to a loss of function (Lohe et al. 1997). The
four impala putative transposases all have an intact
DDE motif (Fig. 3).

Fig. 3 Amino acid sequences of the putative transposases encoded by
four copies. Sequence identity with the impE sequence is indicated by
the dashes. Changes are indicated by letters. Asterisks indicate amino
acids that are conserved in impala and Tc1 or mariner. The three
conserved amino acids of the DDE domain are shown by vertical
bars. Grey boxes correspond to the basic clusters of the putative
bipartite NLS and open boxes indicate the a-helices
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A nuclear localisation signal (NLS) conforming to the
consensus bipartite NLS (two basic aminoacids followed
by 10-aminoacid spacer and a cluster of ®ve amino ac-
ids, of which three are basic (Dingwall and Laskey
1991), is present in the N-terminus of transposases en-
coded by TLEs, including imp160, and has been detected
in the mariner Mos1 element (Ivics et al. 1996). This
NLS is functional in ®sh TLEs (Ivics et al. 1996), and
needed for the activity of the Mos1 copy of mariner
(Lohe et al. 1997). In impA, impC, impE, and imp160,
this motif is found at the same position, upstream of the
DDE domain. An amino acid change has destroyed this
motif in impD transposase, but other basic regions lo-
cated downstream of this site might play the same role,
although they ®t the consensus de®ned by Dingwall and
Laskey (1991) less well.

A third important domain, the DNA-binding do-
main, has been identi®ed in N-terminal regions of some
TLE transposases (Colloms et al. 1994; Vos and Plasterk
1994). This domain corresponds to a helix-turn-helix
motif (HTH) identi®ed in several Tc1-mariner trans-
posase ORFs by multiple alignment analysis (Pie-
trokovski and Heniko� 1997). In impala, several
conserved a-helices were detected in the N-terminal
region. The ®rst (residues 9±20) corresponds to helix 1 of
Tc3 transposase, which may be involved in the dimer-
ization of the protein (van Pounderoyen et al. 1997);
helices 4 and 5 (residues 86±94 and 99±111) correspond
to the helix-turn-helix motif in block C of mariner
transposase, that is similar to the HTH motif found in
block A in TLEs (Pietrokovski and Heniko� 1997). This
HTH motif binds to the ITRs, as determined from the
crystal structure of the Tc3 transposase (van Poudero-
yen et al. 1997). In impD, helices 4 and 5 are fused, and
an additional helix is found just dowstream. The HTH
motif is thus present, but at a di�erent position relative
to the ORFs in other copies.

Thus, the four full-length copies encoding a putative
transposase containing the intact functional domains
required for transposition could all be autonomous.

Comparison of the sequences of impala elements
de®nes three subfamilies

The DNA sequences were aligned for phylogenetic
analysis. The imp160 copy, corresponding to an addi-
tional copy speci®cally present in the niaD160 mutant,
was re-sequenced during this work and included in the
alignment. The phylogenetic tree obtained by the max-
imum parsimony method showed that elements were
clustered in three subfamilies (Fig. 4). The ®rst, the E
subfamily, contains impA, impC, impE, impB, and
imp160, while impD, impG and impH comprise the sec-
ond (D subfamily). The third, named the F subfamily,
contains only one element, impF. Table 2 shows the
pairwise divergences among the copies. The full-length
copies in each subfamily were very similar (0.0 to 1.1%),
whereas the two truncated copies, impB and impH, were

more divergent (about 7 and 14% nucleotide polymor-
phism relative to their respective subfamilies). In sub-
family E, impE and imp160 are identical. Therefore,
imp160 which is the additional copy detected in the niaD
gene in the mutant niaD160 is probably the result of
transposition of the impE copy. Nucleotide di�erences
are equally distributed along the elements in this sub-
family (Fig. 5B) and mainly represent transitions. This is
particularly true for the truncated impB copy, in which
transitions account for 97% of the nucleotide di�eren-
ces. These transitions are mainly G to A substitutions
often located in YpG dinucleotides and, to a lesser ex-
tent, C to T transitions, all located in CpR dinucleotides.
This bias was not observed in the D subfamily.

The subfamilies have quite di�erent nucleotide
sequences (17 to 29%) (see Table 2), but this does not
preclude cross-hybridization. The two copies impD and
impF, when used as probes, did not detect new copies in
genomic DNA or new positive cosmids in the library.
Sequence comparisons of representatives of the three
subfamilies (impE, impD and impF) revealed that many
of the di�erences are near the ends. For impF, the
polymorphism extends over the ®rst part of the coding
region (Fig. 5A). But there are few nucleotide changes in
the region containing the two functional domains (DDE
and NLS), suggesting the existence of selective pressure
on these domains, that could be indicative of recent
activity of these elements.

We then examined these subfamilies to see if they
showed speci®c structural characteristics. ITRs usually

Fig. 4 Phylogenetic tree obtained by the maximum parsimony
method. impF was used as the outgroup. The bootstrap values shown
on the branches are expressed in percentages per 1000 repetitions
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contain cis sequences important for transposition,
especially the binding site for the transposase. Their
divergence was therefore analysed (Fig. 6). impD con-
tains perfect 37-bp ITRs and the ITRs of the E sub-
family are perfect over a stretch of 27 bp. Allowing
for three mismatches at positions 28, 31 and 32 leads to
37-bp imperfect repeats. The ITRs in impF are also
37 bp long and seem more divergent. The lone ITRs of
the truncated elements appear to di�er more from those
of the members of their respective subfamilies. The ITRs
from elements belonging to di�erent subfamilies had
quite divergent sequences, and these di�erences are not
evenly distributed along the ITRs, since the ®rst seven
nucleotides are conserved. The ®rst four are identical to
those of Tc1, in which at least some of them are essential
for in vitro strand cleavage (Vos and Plasterk 1994).
This suggests these nucleotides are important for trans-
position. There are more di�erences in the sequences of
the innermost part of the impala ITRs between sub-
families; so the sequence itself in this region seems to be
less important than the ability of the two ITRs of an
element to match. Mutational analysis of the inverted
repeat of the bacterial transposon Tn7 showed that,

while some particular nucleotides of the ITRs are nec-
essary for transposition, restoring inverted repeats in
double mutants can lead to partial restoration of
transposition (Tang et al. 1995).

Discussion

We have cloned and analysed the di�erent copies of the
impala transposable element detected in the genome of
the F. oxysporum F24 strain. Ten full-length and trun-
cated copies were isolated. The four truncated copies (all
lacking their 3¢ part), included two of the same element,
lying in a duplicated region (impH). Another (impGD)
resulted from the duplication of a part of a full-length
copy (impG), which was itself interrupted in its 5¢ part by
a short sequence thought to be a solo-LTR. These ele-
ments were placed in three divergent subfamilies. The
full-length members of each subfamily are more similar
to each other than to the truncated copies. These trun-
cated copies could be ancient insertions which have ac-
cumulated many mutations. For impB, belonging to the
E subfamily, the high degree of sequence variation is due
to many G to A and C to T transitions. Interestingly, its
3¢ ¯anking region of 400 bp is extremely TA rich (82%).
Such features are reminiscent of RIP (repeat-induced
point mutation), a pre-meiotic inactivation process that
occurs in the ®lamentous fungus Neurospora crassa
(Cambareri et al. 1989). This process is very e�cient and
acts on duplicated sequences, at a precise time in the life

Table 2 Pairwise divergence of
the impala copies Copya E subfamily D subfamily F subfamily

imp160 impE impC impA impB impD impG impH impE

imp160 0.00 0.15 1.09 6.64 17.49 17.80 23.01 24.12
impE 0 0.15 1.09 6.64 17.49 17.80 23.01 24.12
impC 2 2 1.09 6.64 17.49 17.80 23.01 24.12
impA 14 14 14 7.42 17.33 17.64 23.01 24.27
impB 59 59 59 66 23.28 23.73 28.31 29.13
impD 224 224 224 222 207 1.09 14.34 27.71
impG 228 228 228 226 211 14 14.86 28.10
impH 113 113 113 113 139 69 73 27.49
impE 309 309 309 311 259 355 360 135

a Pairwise divergences are shown as percentages (upper diagonal) and number of nucleotide changes
(lower diagonal). Divergences between elements were calculated for the whole element (about 1280 bp),
except in the cases of impB (®rst 889 bp) and impH (®rst 490 bp)

Fig. 5A, B Distribution of nucleotide polymorphism between (A) and
within (B) subfamilies of impala elements. The structure of a typical
copy is shown at the top. ITRs (black triangles), ORF (grey box), the
three amino acids of the DDE signature and the putative NLS
(asterisks) are indicated. Silent alterations within the ORF are shown
as below the line vertical bars, and other changes are indicated above
the line. The position of the 205-bp sequence inserted in impG is
indicated by the grey triangle below the diagram

Fig. 6 Comparison of the ITRs. Inverted repeats are shown in bold.
The dots indicate identity with the reference sequence (impE, left ITR).
Di�erences are given by letters. Di�erences between left and right
ITRs of each subfamily are boxed in grey. The impala ITR consensus
is shown below
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cycle (between fertilization and karyogamy). Inactiva-
tion by RIP is associated with methylation and with C to
T and complementary G to A transitions, depending on
the strand RIPped. RIP is restricted to duplicated se-
quences, but can extend to ¯anking regions (Foss et al.
1991). The bias in impB could perhaps result from RIP.
However, several features do not ®t RIP characteristics:
®rst, F. oxysporum has no known sexual stage; second
impB belongs to a subfamily containing several mem-
bers, but is the only copy a�ected by this process; third,
mutations in impB can be explained by C to T transi-
tions occurring indiscriminately in CpG or CpA, while
RIP occurs mainly in CpA; and lastly, the TA-rich
region ¯anking impB, the sequence that could subjected
to RIP, appears to be unique in the genome. However,
intensive RIP-mediated mutagenesis leads to the rapid
divergence of the duplicated sequences, which could
prevent further cross-hybridization. In Aspergillus
fumigatus, another asexual fungus, a repeated trans-
posable element, Afut1, also appears to have su�ered
numerous CG to TA transitions, which, unlike the case
in RIP, occur mainly in CpG dinucleotides (Neuveglise
et al. 1996). As proposed for this latter element, the
accumulation of CG to TA transitions in impB and its
¯anking region could result from a new phenomenon,
somewhat di�erent from RIP, or it could re¯ect the
existence of something similar to RIP at a time when
F. oxysporum still had a sexual stage.

Insertion speci®city seems to be restricted to the TA
target site duplication. No larger consensus sequence
can be de®ned, unlike the case with the C. elegans Tc1
element, which inserts preferentially in 12-bp consensus
(Korswagen et al. 1996; Vos and Plasterk 1994) or for
hymenopteran mariner elements which are found in
large, degenerate palindromic sequences (Bigot et al.
1994). The impala elements are ¯anked by either single
or repeated sequences. Curiously, the elements inserted
in unique sequence contexts are all members of the E
subfamily, whereas members of the D and F subfamilies
are in repeated regions. Whether this is just coincidental
or re¯ects a subfamily-speci®c insertion preference is
unclear. Only a few insertion sites were analysed in this
study. These insertions might re¯ect ancient selected
transposition events, and the characteristics of impala
insertion sites should become clearer after analysis of a
large number of strains in which impala has recently
transposed, as has been done for the Tc1 and Tc3 ele-
ments (van Luenen and Plasterk 1994).

Four full-length copies encode a putative 340-amino
acid transposase that contains domains required for
activity (NLS, DDE and DNA binding domain). Three
belong to the E subfamily and di�er by only a few amino
acids. At least one of them (impE) is mobilisable, since it
has transposed into the niaD gene, but we do not know
whether it is transposed by its own transposase or if it is
complemented in trans by another genomic copy. The
fourth copy, impD, is very divergent from members of
the E subfamily. However, many of the mutations that
distinguish impE and impD are synonymous mutations,

and numerous amino acid changes are conservative.
This suggests that there have been selective constraints
on evolution of the coding sequence, as might be ex-
pected for active genes. The recent activity of this copy is
also suggested by analysis of its ITRs, which have
identical 37-bp motifs. This copy may however be no
longer mobilisable, because nucleotide changes in the
TSD that replace the sequence TACAGT by CACAGT.
Mutational analysis of the TSD of the related elements
Tc1 and Tc3, which have the same terminal sequence,
have shown that a mutation of the TA and CG abolishes
the endonucleotide cleavage of Tc1 in vitro (Vos and
Plasterk 1994). However, a mutation of TA to GC at
both ends has no signi®cant e�ect on Tc3 transposition
(van Luenen et al. 1994). Two other copies contain an
ORF that could encode a protein lacking the ®rst 108
residues. The DNA-binding domain is probably located
in this part of the transposase, as for Tc1 and Tc3
(Colloms et al. 1994; Vos and Plasterk 1994), so the
truncated impala transposases might be defective for
transposition. The sequence surrounding the putative
initiation codon ATG is compatible with the consensus
de®ned for ®lamentous fungi (Gurr et al. 1987). These
truncated proteins could a�ect the transposition fre-
quency, as has been shown for a naturally deleted P
element that encodes a truncated KP protein that acts as
a negative regulator or P element transposition (Black
et al. 1987).

A biological test is required to demonstrate the ac-
tivity of impala copies. Activity or inactivity of di�erent
mariner copies has previously been demonstrated in
D. melanogaster by transcomplementation of an inactive
element, peach, inserted in the white gene (Maruyama
et al. 1991). A similar test, based on the nitrate reductase
gene, has been developed in our laboratory and used to
demonstrate the autonomy of copies of Fot1, another
F. oxysporum element (Migheli et al., submitted). The
phenotypic assay will allow us to identify active and
inactive impala copies. Transposases carried by elements
from the E subfamily contain few variations in amino
acids. Some of them may be functionally important and
this could be deduced by comparing the activities of the
di�erent transposases, as for mariner elements (Maru-
yama et al. 1991; Lohe et al. 1997). This test could also
be used to determine whether two very divergent copies
such as impE and impD, can transcomplement, as seen
for P elements di�ering by 24% (Simonelig and
AnxolabeÂ heÁ re 1991).

The presence of three distinct subfamilies raises the
question of the dynamics and evolution of the impala
family. Several subfamilies have also been described for
MLEs and TLEs (Robertson and Asplund 1996). For
MLEs, at least ®ve major subfamilies, which can coexist
in the same species (i.e. in Ceratitis capitata), have been
identi®ed (Robertson and MacLeod 1993). The impala
elements described in this study are present in the same
strain, whereas MLE analyses were done on elements
sometimes belonging to very distantly related species.
These two families represent then two di�erent situations.
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However, several parallels can be drawn from the com-
parison of the two families. For both, the subfamilies are
de®ned by the distinct clades they form on phylogenetic
trees. The divergence within each mariner subfamily,
which can be relatively high when copies from distantly
related species are compared, does not exceed 10%
(Robertson 1993) ± generally 1±2% ± in Drosophila spe-
cies (Capy et al. 1992; Maruyama and Hartl 1991b;
Medhora et al. 1991) ± for elements in the same species, as
seen for impala (about 1%, but reaching 14% for the
truncated copies). Between subfamilies, nucleotide di-
vergence is higher for MLEs ± typically 45 to 60% ±
(Robertson 1993), than for impala (24% on average).

The widespread distribution of MLEs within insects
suggests that this family is an ancient component of their
genomes, that was present before the diversi®cation of
insects (Capy et al. 1994). Its evolution is believed to be
the consequence of three types of mechanisms: vertical
inactivation, stochastic loss and occasional horizontal
transmission (Lohe et al. 1995). impala could conform to
the same evolutionary scheme. Inactive impala copies
have been identi®ed. This family seems to be present in
most other strains of F. oxysporum (unpublished data),
but nothing is known about its presence in other species.
The simplest hypothesis is that impala is an ancient
element that has undergone two ampli®cations, an an-
cient one that gave rise to the three present subfamilies
and a more recent one that led to the di�erent copies
within E and D subfamilies. There could also have been
successive introductions of impala elements by horizon-
tal transfer. Horizontal transfer has been invoked for
several transposable elements: P from Drosophila mela-
nogaster (Kidwell 1992), but also for MLEs for which
the molecular phylogenies are sometimes not congruent
with their host phylogenies (Maruyama and Hartl
1991a; Garcia-Fernandez et al. 1995; Robertson and
Lampe 1995). Examination of the distribution of impala
and its subfamilies in other F. oxysporum strains will
help to de®ne the types of mechanisms responsible for
the present situation. The presence of the di�erent sub-
families in several formae speciales would favor their
ancient origin and vertical transmission of the subfam-
ilies, while the presence of one subfamily restricted to a
small number of strains, closely related to F24, would
favor horizontal transfer.

The results indicate that the active impala family is
composed of full-length and truncated copies. The in-
sertion speci®city is low. The activity of the four puta-
tively autonomous copies might be assessed in a
biological test similar to that developed for Fot1. Previous
results have shown that excision of impala is frequently
associated with its reinsertion at another genomic posi-
tion. Hence impala might be a powerful tool for tagging
genes, at least in F. oxysporum, a species in which the
absence of sexuality makes gene isolation very di�cult.
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