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ABSTRACT

We report here the isolation of Foret1, a repeated DNA
sequence cloned from the fungal plant pathogen
Fusarium oxysporum. This clone exhibits a high degree
of sequence similarity with the retroviral pol genes.
Sequences homologous to protease, reverse
transcriptase, ribonuclease H are found in that order.
The overall structure is homologous to the ‘gypsy’
class of LTR-retrotransposons. Its similarity to
elements present in widely different organisms may
result from its horizontal transmission in recent
evolutionary time.

INTRODUCTION

Transposable genetic elements have been studied extensively in
yeast (1), Drosophila (2) and have been found in numerous other
organisms subjected to molecular scrutiny (3). Detection and
analysis of transposable elements in filamentous fungi have begun
recently; most of them were discovered either as a consequence
of mutational transposition (Neurospora crassa : 4) or as members
of repetitive sequences (Magnaporthe grisea: 5) or fortuitously
(Podospora anserina : 6; Cladosporium fulvum: 7).

The considerable variation and diversity observed in the plant
pathogen Fusarium oxysporum led us to postulate that the
presence of transposable elements might be responsible for a wide
variety of genetic effects including chromosomal rearrangements
and genome evolution. In our laboratory, the two quoted
strategies have been developed to trap transposable elements.
Daboussi and coworkers have successfully used the inactivation
of the niaD gene to isolate a new family of fungal transposable
elements (8). The analysis of dispersed repetitive DNA sequences
has allowed us to clone a reverse transcriptase-like element. We
report here the isolation of p2481, a DNA sequence which
exhibits homology to viral and retrotransposon sequences and
therefore represents a newly discovered member of this class of
elements.

MATERIALS AND METHODS
Fungal strains and culture media

The strain of Fusarium oxysporum f.sp. melonis used is Fom 24
belonging to race 1,2 (9) and was obtained from the Station de
Recherches sur la flore pathogéne dans le sol, INRA, Dijon,
France. It was maintained on PDA (potato-dextrose agar) (10).

For DNA isolation, Fom 24 was grown 48 h at 26°C in Roux
flasks containing 100 ml of potato-dextrose broth supplemented
with 0.1% (w/v) yeast extract and 0.1% casein hydrolysate
(Difco, Detroit, USA).

Bacterial strains

Escherichia coli DH5a was used for construction, propagation
and amplification of recombinant plasmids as described by
Sambrook and coworkers (11).

Isolation and manipulation of DNA
Fom 24 DNA was isolated as described by Daboussi and

" coworkers (12). Plasmid DNA was purified by the method of

Holmes and Quigley (13). Restriction enzyme digestions,
ligations, electrophoreses, in vitro 32P-labelling of plasmid DNA
by nick-translation (Amersham kit) and membrane hybridizations
with 32P labelled DNA probes were performed following
standard procedures (11). DNA transfer to nylon membranes
(Hybond N, Amersham UK) was achieved using a vacuum
blotting system (Pharmacia, Uppsala, Sweden).

Construction of minilibraries

Fom 24 total DNA was digested with Xho I and electrophoresed
on a low-melting point agarose gel. Under U V light, six adjacent
slices of agarose were cut out from the gel covering the range
from 8 to 3 kb . Each slice, containing DNA fragments differing
by approximatively 1 kb, was separately electroeluted and inserted
by ligation into Sal I-cut pUCI8.

Minilibraries were obtained after transformation of E.coli
DHS5a by these sets of ligation products.

DNA Sequencing

DNA sequences were determined by the dideoxyribonucleotide
chain termination method (14) using modified T7 polymerase
(Pharmacia kit) (15). Either universal primers or primers deduced
from sequencing and synthesized on an Applied Biosystems
Apparatus 381 A were used.

The Fom 24 sequence was compared with those of various
retroid elements. For each domain, the amino acid sequences
were aligned by eye and each one was compared to the others
using the MULTALIN program (16). The nucleotide sequence
reported in this paper appears in the EMBL, Genbank and DDBJ
Nucleotide sequence Databases under the accession number
X65452.
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Figure 1. Upper part: Position of relevant restriction sites of the plasmid p2481.
The symbols used to represent the restriction enzymes are: E=FEco RI, B=Bam
HI and B2= Bg/ II. Boxed area represents pUC18 sequence. Lower part: Southern
blot of genomic DNA of Fom 24 probed with the fragments represented by the
hatched boxes and obtained after enzymatic digestion of the plasmid DNA,
electroelution and labelling by nick-translation. Genomic DNA was digested by
Cla 1 (lanes1,5,9), Cla I and Bgl II (lanes 2,6,10), Bgl 1I (lanes 3,7,11), Xho
I (lanes 4,8), Bam HI (lane 12).

RESULTS
Cloning of dispersed repetitive DNA sequences

When Fom 24 total DNA digested with different restriction
endonucleases was run on a 0.8% agarose gel and stained with
diluted ethidium bromide solutions, a few discrete bands became
visible over a smear indicating the presence of repeated
fragments. In filamentous fungi there are few classes of repeated
DNA sequences, the ribosomal DNA muitigene family being the
most represented. Since our aim was to clone non ribosomal
repeated sequences, we first located rDNA among the fragments.
Southern blots of Fom 24 DNA restriction digests were probed
with either 32P- labelled Fom 24 ribosomal RNA or 32P nick-
translated plasmid pPN2 containing the ribosomal unit of
Podospora anserina (17). This experiment located the ribosomal
restriction fragments for each restriction endonuclease (data not
shown). The digestion of DNA by Xho I appeared to be the most
appropriate because the ribosomal probes showed hybridization
to a single band located at a size about 9—10 kb whereas other
repeated bands corresponding to sizes of 8, 5.5, 4.5 and 3 kb
respectively were detected under UV. In order to clone the DNA
from these 4 bands, minilibraries were constructed as described
in Materials and Methods.

The minilibrary containing the 8 kb fragments provided several
recombinant clones. Each recombinant plasmid was extracted and
tested for the presence of repeated DNA sequences by probing
a Southern blot of Fom 24 genomic DNA. One of them, p2481,
which yielded an obvious repetitive banding pattern, was selected

1 C GAG AAG TGG CAG AAT TCA ATT ACA CTA TCA ATT AAT TTT AAG CCA
1 glu lys trp gln asn ser ile thr leu ser ile asn phe lys pro

47 ATA AGA GGG CAT AAA AGT CAT GCG TCT GAA AGG ATC ATC CGT CTG IAG CCA AAA CAT CAT
16 ile arg gly his lys ser his ala ser glu arg ile ile arg leu AMB pro lys his his

107 GCG TCT CTA GTC ATT GCC TAA CTA AAT ACT IAG ATT AAT TAT AAA GCT AAA TTA GAA CTT
36 ala ser leu val ile ala OCH leu asn thr AMB ile asn tyr lys ala lys leu glu leu

167 TAT IAA CTT AAA AAT AGT TAT ATA GCT AAA ACT ACC ATA GAG AAA GAA ATA AAA CCC CTA
56 tyr OCH leu lys asn ser tyr ile ala lys thr thr ile glu lys glu ile lys pro leu

227 CTT ACT ATG CAA TAC AGA AGG GCA ACT TTT IGA CTA IAA IAA CGG AAT TAT AAA TTA AGA
76 leu thr met gln tyr arg arg ala thr phe QPA leu QCH OCH arg asn tyr lys leu arg

287 AAT IAA TTA CCT IAA GGT CTT TAT CCA AGG AAA AAA TCA AGG AAT AAG TTT IAA TAT CCT
96 asn OCH leu pro OCH gly leu tyr pro arg lys lys ser arg asn lys phe OCH tyr pro

347 TCT AGA IAA GGA AAT AAA TAT CCT CCT TGG TAT AGA TTA GCT ATA AGT AAA AAA ACC CAT
116 ser arg QCH gly asn lys tyr pro pro trp tyr arg leu ala ile ser lys lys thr his

407 ATA TTA ACT GGA GGA CTA GCC AAG TCA CCT TTT CCA GTG ACG CCG ATA GTG ATA ATA ARA
136 ile leu thr gly gly leu ala lys ser pro phe pro val thr pro ile val ile ile lys

467 CGA TTT ACG ATT AAC ACA AGA GAT CTT AAC CTG ACT GAA GAG GAC AGC AAG GGA AAG GCT
156 arg phe thr ile asn thr arg asp leu asn leu thr glu glu asp ser lys gly lys ala

527 TTA AAG IAA AAT TAC TAT CCT TAT AGA GCG TAT TGT TTA AAG GCA GAA TAT AAA CTA CTA
176 leu lys QCH asn tyr tyr pro tyr arg ala tyr cys leu lys ala glu tyr lys leu leu

587 GTC CTA GGC CTC CTG AGA CTT IAA CTA TAT AAC CTA GAT AAA ATA ATT AAA ATT ATA AAA
196 val leu gly leu leu arg leu QCH leu tyr asn leu asp lys ile ile lys ile ile lys

647 GTA ACT TCA AGG AGA AGG AAT AGC AGG GAA AGA CTT AAG AAC ATT CTA GAA GAA TAC CAT
216 val thr ser arg arg arg asn ser arg glu arg leu lys asn ile leu glu glu tyr his

707 ATT TAT AAG AAA CTA TTT AAG GAA GAA CTT AAA AAT AAA AGG TAT TAT AGT ATA GTT ACT
236 ile tyr lys lys leu phe lys glu glu leu lys asn lys arg tyr tyr ser ile val thr

767 AAG ACT ATA AAA ATA TGG CTT AAA ATA GAT AAC TTG CCA TTC CAG AAG ATC TAT AAC CTT
256 lys thr ile lys ile trp leu lys ile asp asn leu pro phe gln lys ile tyr asn leu

827 AAT GAA AAA GAA CTT ACC ACC TTA AAA GAA TAC CTA GAA ATA AAA [TTA GCA AAA AGA AAT
276 asn glu lys glu leu thr thr leu lys glu tyr leu glu ile lys {leu ala lys arg asn

887 ATT AGG ATA TCA CAT TAT TCA GCA GGA TTT CTA GTA ATA TTT ATT CCA AAA AGA ATT AAG
296 ile arg ile ser his tyr ser ala gly phe leu val ile phe ile pro lys arg ile lys

947 AAA CTA TAA CTT GTT ATA GAT TAT AGA AAA ACT AAC GCC CTT ATA ATT AAA GAT AGG ACC
316 lys leu OCH leu val ile asp tyr arg lys thr asn ala leu ile ile lys asp arg thr

1007 CTA CTG CTG CTT ATT ACG GAA CTT AAG GAC CGC TAT AGG CAA ATA GAT CTT TTT ACC GCT
336 leu leu leu leu ile thr glu leu lys asp arg tyr arg gln ile asp leu phe thr ala

1067 TTA GAC CTT AAG GGA GCC TAT AAC CTA ATC TGC ATT AAA GAA GGA GAT AAA TAG AAA ACG
356 leu asp leu lys gly ala tyr asn leu ile cys ile lys glu gly asp lys AMB lys thr

1127 GCA TTT AGA ACT AAG TTC AGA CTC TTT AAA TAT CTG GTA ATG CTA TTC GGG CTT ACT AAT
376 ala phe arg thr lys phe arg leu phe lys tyr leu val met leu phe gly leu thr asn

1187 GCA TCT GTA TGT TTA CAG ATA ATT AAT AAT ATA CTT CTA ATA GTT TAC TTA GAT GTC TTT
396 ala ser val cys leu gln ile ile asn asn ile leu leu ile val tyr leu asp val phe

1247 ATA GTA TCC |[TAC CTA GAT GAT|ATC CTA ATC TTC TTA GAT AAT AAA GAA GAA CAT AAG GAA
416 ile val ser|tyr leu asp aspjile leu ile phe leu asp asn lys glu glu his lys glu
1307 TAT ATC TAT AAG GTT TTA AAA GCC CTA TAA GAT ACT AAC CTA CTA] GTT AAA CCG GAG AAA
436 tyr ile tyr lys val leu lys ala leu OCH asp thr asn leu leuJ val lys pro glu lys

1367 AGT TAC TTC TAC GTA AAA GAA GTA GAC TTC TTA GGA TAT ACT ATT ACC CTC GGC GAA ATC
456 ser tyr phe tyr val lys glu val asp phe leu gly tyr thr ile thr leu gly glu ile

1427 AGA ATA AAA CAA AAG AAA ATC TCA GTA GTA GCA GAT TAC CCC CTA CTA ATA ATA ATA AAA
476 arg ile lys gln lys lys ile ser val val ala asp tyr pro leu leu ile ile ile lys

1487 GAA GTA TAG AGC TTC TTA GGG TTT ACT AAC TAC TAC IGA CGA TTT ATC AGA GAC TTC AGT
496 glu val AMB ser phe leu gly phe thr asn tyr tyr QPA arg phe ile arg asp phe ser

1547 AAA ATT ATA AAC CCT CTT ACT AAA CTT ATA AAG AAA GAT AGA AAA TTT ATA IAG AAA TAA
516 lys ile ile asn pro leu thr lys leu ile lys lys asp arg lys phe ile AMB lys OCH

1607 GAT GCC CAA GAA GCG TTT AAA CAG CTA IGA TAA GCT ATC CTT AGC GAA CCT ATA TTA GTT
536 asp ala gln glu ala phe lys gln leu QPA OCH ala ile leu ser glu pro ile leu val

1667 ATA TTC GAC CCT AAT AAG GAA ATA AAA CTC GAA ACC AAC TTA TTA GAC TTC ATA CTA GGA
556 ile phe asp pro asn lys glu ile lys leu glu thr asn leu leu asp phe ile leu gly

1727 GGA CAA ATT AGA TAA CGC AAT AAC IAA GGC AAG CTA TAC CCT ATT ACA TTC TAC TTG CAT
576 gly gln ile arg QCH arg asn asn QCH gly lys leu tyr pro ile thr phe tyr leu his

1787 AAG TAT /AT AAA CTA GAA CTT AAT TAC CCT ATT TAC AAT AAG GAG TTT CTG CA/ /CA ATT
596 lys tyr lys leu glu leu asn tyr pro ile tyr asn lys glu phe leu ile

1844 ATT AAC TAC TTT AAG GAA TTT AGA TAC TAC CTT ATA GGA AGT ATA TAC CAA ATC AAA GTC
613 ile asn tyr phe lys glu phe arg tyr tyr leu ile gly ser ile tyr gln ile lys val

1904 TAT ACT AAC TAT CAG AAC ATT TAT ACT TTA C// TAT GAC CTA AGA ACT TTA ACT AAA TAA
633 tyr thr asn tyr gln asn ile tyr thr leu tyr asp leu arg thr leu thr lys QCH

1962 TAA CTA TGC TAT ACT AAA TAC CTT TAT AAA TTT AAC TTT ATA ATT ATT TAT AGA AAA GAA
652 OCH leu cys tyr thr lys tyr leu tyr lys phe asn phe ile ile ile tyr arg lys glu

2022 TTA GAT AAT AGA AGA GTA GAT ATA ATT AGT AGA IAA CTA GAT TAT AAC ACT GAA GCA CCG
672 leu asp asn arg arg val asp ile ile ser arg OCH leu asp tyr asn thr glu ala pro

2082 ARA ATA AAA GAA TAA CTC CTA GAA AAG AAC CAG AAA GGA GAA TAC TAA TTC ACC IAA CTA
692 lys ile lys glu OCH leu leu glu lys asn gln lys gly glu tyr OCH phe thr OCH leu

2142 ATG CAA ACA TTA GGA TAG ATA TAG TAA GGA ACG GAA TCT GAG ACT AGA GTT ATC TGG AAT
712 met gln thr leu gly AMB ile AMB OCH gly thr glu ser glu thr arg val ile trp asn

Figure 2. The DNA sequence of the cloned Eco RI-Eco RI 2.2kb. The amino
acid sequence is shown below the proposed reading frame. Stop codons are
underlined. The RT domain is bracketed and the tyr-X-asp-asp motif boxed.
Frameshifts indicated by slashes (/ at nucleotide1793,1839 and 1936) are proposed
to gain a better alignment in Fig.4.

for further study. In order to analyse this more precisely, genomic
DNA was probed with three internal fragments of the insert as
depicted in Figurel. In parts A and B, the probes used were two
fragments isolated from the left side of the insert. For various
enzymatic digestions, both probes displayed a complex banding
pattern consistent with related sequences being present at a variety
of sites within the genome. Different band intensities may be due
to sequence variation between some related sequences;
nevertheless, in each lane the strongest signal is located at a size



phhhK hRh
DIRS1 EQVLPNHYSKRVFYSNVFTVPKPGIN ----- L HRPVLDLKRLNTYINNQSFKMEGIKNLPS
Ty 3  LDNKFIVPSKSPCSSPVVLVPKKDGT -----! F FRLCVDYRTLNKATISDPFPLPRIDNLLS

412 IKDKIVEPSVSQYNSPLLLVPKKSSP NSDKKK WRLVIDYRQINKKLLADKFPLPRIDDILD
17.6 LNQGIIRPSNSPYNSPYWVVPKKQDA -SGKQK FRIVIDYRKLNEITVGDRHPIPNMDEILG

» PIRZRODE

Gypsy LKDGIIRTSRSPYNSPTWBVDKKGTD AFGNPN KRLVIDFRKLNEKTIPVRYPMPSIPNILA
297 LNQGLIRESNSPYNSPPWVVPKKPDA ~SGANK YRVVIDYRKLNEITIPDRYPIPNMDEILG
del LNKGF IRGSTSPWGAHVLFDPKKDDS -=----= KRMCIDY*KLNSVTVKNKYPLPRIDDLFD
Cf Tl LAKGWIRRSTSSAGTPCMFVPKANGK —------ LRLVQDYRKLNEITIKNRYPLPNIEEAQD
Foretl LAKRNIRISHYSAGFLVIFIPKRIKK ------ L*LVIDYRKTNALIIKDRTLLLLITGLKD
AF
hDh GY h

VQQOGYYMVKLDIKKAYLHVLVDPQYRDLFRFVWK
Ty 3 IGNAQIFTTLDLHSGYHQIPMEPKDRYKTAFVTP
412 LGRAKYFSCLDLMSGFHQIELDEGSRDITSFSTS
17.6 LGRCNYFTTIDLAKGFHQIEMDPESVSKTAFSTK
297 LGKCQYFTTIDLAKGFHQIEMDEESISKPAFSTK
LGKAKFFTTLDLKSGYHQIYLAEHDREKTSFSVN
del LNGA*YFSKIDLRFRYHQLRIRA*DIPKTAFRTR
LTGSDWYTKIDLRDAF YAIRMAEGEEWKTAFRTR

Foretl YRQIDLFTALDLKGAYNLICIKEGDKWKTAFRTK

4 5

hPFG pP hh h h Y DDhhh

DIRS1 GSHYRWKTMPFGLSTAPRIFTNLLRPVLRMLRDIN vs VIAYLDDLLIVGSTKEE -
Ty 3 SGKYEYTVMPFGLVNAPSTFARYMADTFRDLRF -- - VNVYLDDILIFSESPEE -
412 NGSYRFTRLPFGLKIAPNSFQRMMTIAFSGIEPSQ - AFLYMDDLIVIGCSEKH -
17.6 HGHYEYLRMPFGLKNAPATFQRCMND I LRPLLNKH - CLVYLDDIIVFSTSLDE -
Gypsy GGKYEFCRLPFGLRNASSIFQRALDDVLREQIGKI - CYVYVDDVIIFSENESV -
297 SGHYEYLRMPFGLRNAPATFQRCMNNILRPLLNKH - CLVYLDDIIIFSTSLTE -
del YGHYEFLVMPFGLTNVPTAFMNLMNRVFREYLDKF -- IVVYFDDVLIYSRTQKD -
Cf Tl YGLYEFLVMPMGLTNAPASCQDLVNETLRDLLDVC -- VVAYMDDILVYTKGSLQ E
Foretl FRLFKYLVMLFGLTNASVCLQIINNILLIVYLDVF -- IVSYLDDILIFLDNKEE -

Ghh cK h hLG h
DIRS1 CLSNLKKTMDLLVKLGFKLNLEKSVL EP TQSITFLGLQI
Ty 3 HNKHLDTVLERLKNENL IVKKKKCKF A- SEETEFLGYSI
412 MLKNLTEVFGKCREYNLKLHPEKCSF F- MHEVTFLGHKC
17.6 HLQSLGLVFEKLAKANLKLQLDKCEF L- KQETTFLGHVL
Gypsy HVRHIDTVLKCLIDANMRVSQEKTRF F- KESVEYLGF IV
297 HLNSIQLVFTKLADANLKLQLDKCEF L- KKEANFLGHIV
del HEHHLRISLQLLRNNQLYAKLSKCEF W- LQEVEYLGHIV
Cf Tl HTKQVQDVFERLTKSGFKTAPEKCEF H- KKEVKFLGFII
Foretl HYEYIYKVLKAL*DTNLLVKPEKSYF Y- VKEVDFLGYTI

Figure 3. Optimal alignment of inferred Foret1 RT amino acid sequence with
other retroid elements shown in N to C terminus order. The single letter code
for amino acids is used. Other sequences are from: DIRS-1 (20) from Dictyostelium
discoideum;, Ty 3 (21) from Saccharomyces cerevisiae; 412 (22), 17.6 (23), Gypsy
(24), 297 (25) from Drosophila; del (26) from Lilium henryi; Cf T1 (7) from
Cladosporium fulvum,. Numbers 1 to 7 refer to domains 1—7 identified by Xiong
and Eickbush. Largely unvaried or chemically similar residues are shown at the
top of the alignment: h, hydrophobic residue; p, small polar residue; c, charged
residue. Amino acids in bold type are invariant among presented RTs . An asterisk
(*) indicates a stop codon.

expected from the restriction map. On the contrary, the probe
used in part C revealed only one or two bands (depending on
the restriction enzyme used) indicating an absence of
polymorphism for this part of the insert .

DNA sequencing and analysis of deduced polypeptide
products

These results led us to carry out the sequencing of the 2.2 kb
Eco R1- Eco R1 fragment located on the left end of the insert
in p2481. The nucleotide sequence obtained (with the
corresponding amino acid sequence in the best reading frame)
is given in Figure 2: striking features are the presence of
numerous stop codons and the identification of the amino acid
motif tyr-X-asp-asp (nucleotides 1256 to 1267) known to be
characteristic for polymerases (18). This led us to undertake a
comparison to retroid elements.
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Table 1. Identity percentage of amino acid sequences in Foret1 regions with those
in other retroid elements.

Element RT% RNase H%
Ty 3 35 30
412 27 27
17.6 33 36
Gypsy 34 26
297 35 28
del 36 30
G Tl 44 38
DIRS-1 25 20

The covered domains are for RT, 178 amino acids (domains 17 fig.3); for
RNase H, 109 amino acids.

Reverse transcriptase

The hypothetical polypeptide deduced from the sequence from
nucleotide 872 to nucleotide 1411 ignoring two stop codons
(nucleotides 1118 and 1334) was found similar to retroviral
reverse transcriptases (RT). Xiong and Eickbush (19) have made
extensive comparisons of RT of various origins and identified
seven blocks of amino acid homology that appear to be diagnostic
for RT. In the sequence which we isolated from Fom 24 and
called Foret1(for Fusarium oxysporum retroid element), all seven
of these blocks of homology are present with the appropriate
spacing and with the appropriate location (Figure 3). Alignment
of the amino acid sequence of Foretl and those of eight
representative elements of the LTR-containing retrotransposon
branch is also presented in Figure 3. Close conservation in order
and spacing of the seven motifs is observed. In addition, the 178
amino acid sequence of Foret1 was compared pairwise with those
of members of the gypsy group (Table 1: DIRS-1 sequence does
not fit in the gypsy group and is used as an outer reference).
The percentage of identity ranges from 27% to 44% which is
significant for related sequences (27). This lends support to the
proposal that Foretl is a member of the LTR-retrotransposon
branch and more precisely of the gypsy group. It is noticeable
that the most related sequences Cf T1 (44%), del (36%), 297
(35%) originate from fungi,plants and animals, respectively.

Ribonuclease H

Doolittle and coworkers (3) have published evolutionary trees
based on the comparison of the amino acid sequences of retroviral
proteins. RNase H sequences are estimated to change at a faster
rate than RT ones. The phylogeny determined by these authors
from the alignment of 26 RNase H sequences is consistent with
the gypsy group previously defined and gives prominence to
remarkable resemblances in amino acid sequences between the
RNase H from E.coli and the RNase H domain of many
retroelements. Figure 4 presents the best alignment of the RNase
H amino acid domain of Foretl (from nucleotide 1412 to
nucleotide 2087 in fig. 2) with those from elements of the gypsy
group. Amino acid identities between Forer] and the gypsy family
are easily observed in the regions close to C and N termini of
the sequence (first and last rows). The percentage of identity
calculated for the 120 first amino acids downsteam of the RT
(first and second rows in fig.4) is given in Table 1. For five out
six stop codons in this region, a single nucleotide change would
substitute an amino acid present in the corresponding Cf T1
sequence. In order to gain a better alignment of the putative
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Ty 3 GIQKIAPLQHKCAAIRDFPTPKTVKQAQRFLGMINYYRRFIPNCSKIAQPIQLFI-----
412 TDKGILPDDKKYDVIQNYPVPHDADSARRFVAFCNYYRRFIKNFADYSRHITRLCK-~---
17.6 TPDGIKPNPEKIEAIQKYP IPTKPKE IKAFLGLTGYYRKFIPNFADIAKPMTKCLK---~

Gypsy  SKDGTKSDPEKVKAIQEYPEPDCVYKVRSPLGLASYYRVFIKDFAAIARP ITDILKGENG
297 TPDGIKPNP IKVKAIVSYP IPTKDKE IRAFLGLTGYYRKFIPNYADIAKPMTSCLK---~
del SREGIVVDPVKVKAVMNWELPKNIFE IRSFLGLAGYYRRFIKGFSKLAALMT -~~~

CfT1 STTGITIDPAKTQS IREWPEPKTVKDVQSFPLGLANYNRKFIKDYSKTAAPMT -~ - ~—---—

Foretl TLGEIRIKQKKISVVADYPLLIIIKEVQSFLGFTNYYrRFIRDFSKIINPLTKLIK--—--

Ty 3 -------- CDKSQHTEKQDKAIDKLKDALCN—SPVLVPFNNKANYR{TT%ASKDGIGAVL
412 --=---- KNVPFEWTDECQKAF IHLKSQLINPT-LLQYPDFSKEFCITTDASKQACGAVL
17.6 --KNMKIDTTNPEYDS--~-AFKKLKY-LISEDP ILKVPDFTKKF TLTTDASDVALGAVL
Gypsy  SVSKHMSKKIPVEFNETQRNAFQRLRNILASEDVILKYPVFKKPFDLTTDASASGIGAVL
297 --KRTKIDTQKLEYIE----AF--LKA-LIIRDP ILQLPDFEKKFVLTTDASNLALGAVL
del -=-QLTKKGENFNWTKKYQNSFDELKRXLTTV-PVLTIPISG*PFVVYTDASLAGLEGVL
CfT1 —=-MLTAKDVNWKWGKEQTEAFKRLKEQCASA-PTLRLFDGSKEVHIETDASDMAIGACL
Foretl ------- KDRKF IwKkDAQEAFKQL*eAILSEPILVIFALIRKeNSKPTY *TSY*EDK~L

v v o v
Ty 3 EEVDNKNKLVGVVGYFSKSLSSAQKNYPAG!{ELLEIIKALHHFRYMLHGKHF¥LRTDHH
412 TQNHNGHQLPVAYASRAFTKGESNKSTTEQELAATHWATIHFRPYIYG-KHF TVKTDHRP
17.6 SQ--DGH--PLSYISRTLNEHEINYSTIEKELLAIVWATKTFRHYLLG-RHFEISSDHQP

Gypsy  SQ--EGR--PITMISRTLKQPEQNYATNERELLAIVWALGKLQNFLYGSREINIFTDHQP
297 SQ--NGH--PISFISRTLNDHELNYSAIEKELLAIVWATKTFRHYLLG-RQF LIASDHQP
del MQ--DGR--VVAYASRQLKVHENNYPTHDLELAVVIF ILKLWRHYLGG-EDFELYCDHKS

CfT1 TQTHDGKRHPVAYYSAKMTTAEQNYD IHDKELLAIVAAMQHWRVYVEGPPKLTILSDHKN

Foretl DNAITKASYTLLHSTCISI*TRTyLPYLQ*GVSAGLLTTLRNLDTTL*EVYTKSKSILTI

Ty 3 ¥SLLSLQNKNEPARRVQRWLDDLATYD;TIB;LAG%KIVVA;AISRAVYTITPETSR
412 LTY--LFSMVNPSSKLTRIRLELEEYNFTVEYLKGKDNHVADALSRITIKELKDIT~
17.6 LSW--LYRMKDPNSKLTRWRVKLSEFDFDIKYIKGKENCVADALSRIKLEETYLSEQ
Gypsy  LTF--AVADRNTNAKIKRWKSYIDQHNAKVFYKPGKENFVADALSRIQNLNALQNP-
297 LRW--LHNLKEPGAKLERWRVRLSEYQFKIDY IKGKENSVADALSRIKIEENHHSE-
del LKY--ISTQKDLNLRQR*WIEVLKDFDFSIFYHPGKANVVADALSRKSQISHLISAR
CfT1 LTY--FTTTKELTRRQARTSELLGQYKFE IKYTPGTENGPADALSRRSDYMEGKEPV

Foretl RTFILYYDLRTLTK*QLCYTKYLYKFNFIIIYRKELDNRRVDIISRrLDYNTEAPKI

Figure 4. Optimal alignment of sequences corresponding to RNase H domain
shown in N to C terminus order from retroid elements presented in Fig.3 (except
DIRS-1 which does not fit in the gypsy group). Closed circles indicate residues
which are crucial for the activity of E.coli RNase H and which are well conserved
in most RNase H. Closed triangles are conserved hydrophobic and aromatic groups.
Amino acids in bold type are invariant among sequenced RNase H . An asterisk
(*) indicates a stop codon. A slash (/) indicates a frameshift. Lower-case letters
are used when a single mutation allows to replace a stop codon by the amino
acid present in the Cf T1 sequence.

product, it is necessary to introduce three frameshifts (see legend
fig2). Numerous stop codons as well as frameshifts may be the
indication of in vivo mutations in a formerly active element.
Structural models of ribonuclease H from retroviruses were built
by Nakamura and coworkers (28). These authors concluded that
the essential amino acids for the activity in E.coli RNase H are
not only well conserved in all sequences but residues constructing
a hydrophobic core are also located at the same position as those
of E.coli RNase H (see fig.4). Therefore Foretl contains
sequences related to RNase H particularly in the regions close
to C and N termini of the sequence even though key motifs have
apparently disappeared.

Protease

The protease polypeptide product corresponds to the translation
from the DNA stretch between nucleotide 233 and nucleotide
871 (figure 2). The Foret1 sequence exhibits nine stop codons.
For two out of the nine stop codons, a single nucleotide change
would substitute an amino acid present in the corresponding Cf
T1 sequence. An attempt to align that amino acid sequence with
those of the gypsy group is presented in figure 5. There is no
easily recognized protease-like sequence. This is not surprising
as the protease is one of the fastest changing proteins in
retroviruses (3). Sequence homology can be detected only in the
C terminus region directly upstream of the RT region. The best
fit is between Foret] and Cf T1 (20 out of 60 amino acids are
identical).

17.6 ENNLKCLIDTGSTVNMTSKNIFD-LPIQ-~-NTSTF----IHTSNGPLIVNKSIIIPSKT
del SSLCHVLIDTGSTHSFITPRIIKMLEIPV--QPLGYILSVISP IGTSTEVNQVCKGCMIT
Cf TI  GHKTDAMIDSGASGNFASESFVTRNRIATCKKKEGYELIAVDGSSLPSVERETIPLPL-A
Foretl MQYRRATF*L**RNYKLRN*LP*GL-YPRKKSRNKF *YPSR*GNKYPPWYRLAI----~- s
17.6 LEPTTNEFLLHPFS-ENYDLLLGRKLLAEAKATISYRDQEVTLY -~ — NNKYKLIEG
del IGNQELTVDLIILDLEDPDILLGMDWLAAYHVVLDCF SKKVTFH-~--LPGIPEFHFH-~
Cf T1  IQRHHEEITLDVTDMASHDIVLGMPTLRKHNPVIDTRRGVLTFRECECVIDIQPAQTQRS
Foretl KKTHILTGGLAKSPFPVTPIVI-IKRFTINTRDLNLTEEDSKGK----ALK*NYYPYR-A
17.6 IATHEQSHFQNVNMIPDTMLRQPNKISP ILESDLYRLEHLN-—————~ NEEKQRLCALL
del ~-GETQHTFFRT-F THOPNLSYLASLASE INITPSTDLSL~ === === ———— = v
Cf T1  LADEARKQLNRIQLAPTRRTEEPPSTGTDTGVGPPGHGVTGSDGSNAPSKDTNISELSIP
Foretl YCLKAEYKLLVLGLLRL-*LYNLDKIIKIIKVTSRRRNSRERLK--=-==-~=-=-- NIL
17.6 QKYHD-~IQYHEG---DKLTFTNQTKHTINTKH-NLP-LYSKYSYPQAYEQEVESQIQDM
gel REYIN---VFDDDLP--GLPPPREIEFQINLLPGTSPISITPYHMAPSELQELKEQLEDL

Ccf Tl KEYRKTSRLFEEERGKDALPKHQP TDHKINIQP GKEPP TGPLYQMSEKELQTLRETLKEK

Foretl EEYHIYKKLFKEELKNKRYYSIVTKTIKIWLKIDNLP-FQKIYNLNEKELTTLKETLEIK

Figure 5. Alignment of sequences corresponding to protease domain shown in
N to C terminus order from Foret] and 3 elements presenting the best similarity
for the RT domain. Amino acids in bold type are invariant in the four presented
proteases. Lower-case letters are used when a single mutation allows to replace
a stop codon by the amino acid present in the Cf T1 sequence.

DISCUSSION

Fusarium oxysporum infects over 100 botanical species. The
cloned Foret1 element is probably a significant part of the panoply
of mobile elements that give rise to repeated sequences and cause
important evolutionary variation including the ability of Fusarium
oxysporum to overcome novel sources of plant resistance.
Experiments are in progress in which DNA isolated from various
strains is probed with the Forer1 element. That will give us data
for its occurrence in different formae speciale and information
on a possible role in variability.

The order in which catalytic functions are encoded in LTR-
retroelements divides the group into two subsets (19). The first
one corresponds to the arrangement protease, integrase, reverse
transcriptase, ribonuclease H found in copia of Drosophila, Ta
1 of Arabidopsis thaliana, Tnt1 of Nicotiana tabacum, Ty1, Ty2
of Saccharomyces cerevisiae. The second one corresponds to the
arrangement protease, reverse transcriptase, ribonuclease H,
integrase found in the gypsy group of Drosophila, Ty3 of
Saccharomyces cerevisiae, del of Lilium henrii and Cf T1 of
Cladosporium fulvum. Foret1 and Cf T1 are the filamentous fungi
elements in this set. Integrase was not identified in the sequenced
2.2kb Eco R1-Eco R1 fragment of Foretl; its location on the
plasmid p2481 can be predicted adjacent to the right Eco R1 site
and will be sequenced in the future.

Accumulation of stop codons in required coding regions
observed in Forer] has been already described for some clones
corresponding to individual retroviral-like elements belonging to
families where the copy numbers are quite variable such as del
from Lilium henryi (26), Tad from Neurospora crassa (29) and
SURL from sea urchin (30). This suggests that the inferred
elements are remnants of ancient functions or pseudogene
sequences. As reviewed recently in higher plants (31) only a very
small number of plant retroelements have been shown to be
active. In Fusarium oxysporum, the study of other individual
clones will give information on the dispersed elements present
in the same genome and lead to a possible isolation of an active



element if it is present. In Cladosporium fulvum, full-length copies
of Cf T1 element and virus-like particles (VLP) have been
observed but there is no direct evidence that the elements are
capable of further transposition (32).

Emergence of LTR-elements from divergent host species:
yeast, insects, plants indicates that either the progenitors of these
groups of elements are very ancient or there has been extensive
horizontal transfer of elements between species implying lost
functions or independant vectors. Also indicative of horizontal
transfer is the grouping reported for Arabidopsis thaliana where
LTR-elements closely related to insect ones coexist with other
distinct LTR-elements in the same plant species, suggesting a
recent extrachromosomal origin for the first set of elements (31).
In case of the retrotransposons, the presence of VLP would
provide favourable vectors for possible horizontal transfers
involving plants and others organisms such as insects or fungi
that are evolutionary distant but ecologically related.
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