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Abstract. We characterized an insertion mutant of the evokes the question about the possible role of baculovi-
baculovirus Cydia pomonellagranulovirus (CpGV), ruses as an interspecies vector in the horizontal transmis-
which contained a transposable element of 3.2 kb. Thision of insect transposons.

transposon, termed TCp3.2, has unusually long inverted

terminal repeats (ITRs) of 756 bp and encodes a defedkey words: Cydia pomonellagranulovirus — Bacu-
tive gene for a putative transposase. Amino acid selovirus — Insect transposons — Tcl

guence comparison of the defective transposase gene re-
vealed a distant relationship to a putative transposon in
Caenorhabditis eleganshich also shares some similar-
ity of the ITRs. Maximum parsimony analysis of the
predicted amino acid sequences of Tcl- and mariner-like

transposases available from the GenBank data bagdccumulating data on the phylogenetic distribution of
grouped TCp3.2 within the superfamily of Tcl-like transposable elements revealed interspecific discontinu-
transposons. DNA hybridization indicated that TCp3.2ity of many transposon families. From the presence of
originated from the genome @ydia pomonellawhich  closely related transposons in taxonomically distantly re-

is the natural host of CpGV, and is present in less than 1¢ated hosts it was hypothesized that transposons are not
copies in theC. pomonellagenome. The transposon only vertically transmitted but that they also might be
TCp3.2 most likely was inserted into the viral genome horizontally transferred across taxonomic borders. Some
during infection of host larvae. TCp3.2 and the recentlyevidence for a horizontal transposon transfer has been
characterized Tc1-like transposon TC14.7 (Jehle et alprovided for P-elements ddrosophila spec(Daniels et
1995), which was also found in a CpGV mutant, repre-al. 1990; Hagemann et al. 1996), mariner (Maruyama
sent a new family of transposons found in baculovirusand Hartl 1991; Robertson 1993; Brunet et al. 1994),
genomes. The occasional horizontal escape of differentcl-like elements (Robertson 1995), jockey (Mizrokhi
types of host transposons into baculovirus genomeg&nd Mazo 1990) or hobo elements (Calvi et al. 1991). A
horizontal transposon transfer, however, necessitates at
least an ecological relationship between the species con-
cerned. Shared parasites and pathogens have been sug-
* Present addressStaatliche Lehr- und Forschungsanstalt (SLFA), gested as transposon vectors (Kidwell 1992; Houck et al.
Breitenweg 71, 67435 Neustadt a. d. Weinstrae, Germany 1991), however, the molecular mechanisms involved in

Note: The nucleotide sequence reported here will appear in the EMBL,

GenBank, and DDBJ Nucleotide Databases under Accession No.SuCh a horizontal transfer have not yet been elucidated.

795154, A possible candidate acting as a vector of insect trans-
Correspondence tal.A. Jehle; e-mail: slfa.jehle@t-online.de posons might be baculoviruses. Baculoviruses form a
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large group of dsDNA viruses which primarily infect and sequence analysis of the insertion of a further CpGV
insect larvae (mainly Lepidoptera), but also occur on amutant, which appeared to harbor a lepidopteran trans-
few Crustacea. A unique characteristic of baculovirusegosable element with inverted terminal repeats of more
is that they spontaneously accommodate host transpo#han 750 bp. This element also contains a transposase-
able elements into their genome (for review, see Fraselike open reading frame of the Tcl/mariner-type. Our
1986; Friesen 1993; Jehle and Vlak 1996). To date, théindings demonstrate the horizontal escape of Tcl/
best characterized transposable element foundiun mariner-like transposons from the genome of the host
tographa californicanucleopolyhedrovirus (AcMNPYV) into the baculovirus genome and supports the hypothesis
[Baculoviridae: Nucleopolyhedrovirus], is the class | ret- that baculoviruses might be involved in horizontal trans-
rotransposon TED, a 7.5-kb Ty3-like retroelement,fer of insect transposons.

which exhibits transcription and expression activities

even after insertion into the viral genome (Miller and

Miller 1982; Lerch and Friesen 1992). Beside this retro-Materials and Methods

transposon, a number of class Il transposons, which orig-

inated from Trichoplgsia nior Spodoptera frugipe_rda Virus and Larval Stocks

cells, were detected in mutants of ACMNPV &@dlleria

melonella nucleopolyhedrovirus (GmMNPV). Most Viral DNA used in this study derived from differemt vivo cloned

of these are characterized by short inverted repeat Sgenotypes ofCryptophlebia leucotretagranulovirus CrleG\-CV3)
guences of 13-15 bp, the duplication of a TTAA tetra- (described in Jehle et al. 1992) and fr@ydia pomonellgranulovirus
nucleotide target site and the lack of open reading(CpGV-M) (Tanada, 1964). The insertion mutant CpGV-MCp4 as well

. . s the other mutants (CpGV-MCp5, CpGV-MCp10, CrleGV-MC13)
frames, which could encode for a functional transF)Osa‘s(\%ere isolated from an infection experiment@fleucotretdarvae with

gene (Carstens 1987; Cary et al. 1989; Wang et al. 198%,Gv.- and CrleGV-CV3 and a subsequémtvivo cloning procedure
Beames and Summers 1990; Schetter et al. 1990). The C. pomonelldarvae, which was previously described in Jehle et al.

only of these transposons, which was shown to be activél995).
is IFP2 (Fraser et al. 1995). Most of these transposons

were detected when plaque. morph.ology mutant; Obloning and Sequencing of the Insertion

AcMNPV and GmMNPV, which derived from serial

passages through cultured insect cells, 'Wer'e E}nalyseg-s.?-kb BanHI/EcaR| fragment which encompassed the complete
These plaque morphology mutants contain significantlyinsertion, termed TCp3.2, in the mutant CpGV-MCp4 was cloned into
less polyhedra per cell than do cells infected with wild- vector pGem-Zf(+) using standard methods (Sambrook et al. 1989). For
type virus (Fraser et al. 1983) nucleotide sequence determination, nested deletion clones were pre-

M tv. it d trated that hori t Ipared (Henikoff 1987) and sequenced as double-stranded plasmid tem-
ore recently, it was demonstraté at horizonta plates using the dideoxy-chain termination method (Sanger et al. 1977).

escape of a host transposon into a baculovirus genome gth strands of the plasmid DNAs were sequenced. The sequence data
not restricted to cell culture systems but also occurs durwere compiled and analyzed using the software packages of UWGCG
ing infection of host larvae. Jehle et al. (1995) co- (Devereux et al. 1984) and PAUP v3.1.1 (Swofford 1991).

infected larvae of the false codling mof@ryptophlebia

Ieucptreta,with C. Ieucotre_tagranulovirus (CrleGV) anq Southern Hybridization

Cydia pomonellagranulovirus (CpGV) [both Baculovi-

ridae: genus Granulovirus]. Single CpGV a@ulleGV  kor southern hybridization, a cloned fragment, which derived from one
genotypes were then isolated using ianvivo cloning  of the exonuclease clones was prepared and labelled with DIG-dUTP
procedure in the course of which larvae®@fleucotreta (Boehringer Mannheim) using the random primer labelling protocol

or C. pomonellavere infected with very low doses of the (Feinberg und Vogelstein 1983). This fragment, whlch .dld not contain
any CpGV sequences, was used as a TCp3.2-specific probe and hy-

progeny virus of the mixed infection. These experimemsoridized to viral and larval genomic DNA, which was blotted to Nylon
resulted in several CpGV mutants carrying insertions bemembrane (Southern 1975). Viral and larval DNA were prepared ac-
tween one and several kb. One of these insertions, deserding to Jehle et al. (1992; 1995). Detection of DNA hybridization
ignated TC14.7, was characterized to be a 4726_bp_|0ngas accomplished by using chemiluminescence methods.
transposable element containing 29-bp-long inverted ter-

minal repeat sequences. It was integrated at a TA dipCR Analysis

nucleotide into a noncoding region of the CpGV genome

(Jehle et al. 1995). TC14.7 contained a defective OpeRne 5 region of the transposase genes of host copies of TCp3.2 was
reading frame with striking homologies to members of amplified by employing the polymerase chain reaction. The amplifica-
the Tcl-like transposons found i@aenorhabditisand tion was performed according to standard conditions usingglof

Drosophilaspecies, which belong to the recently estab-9¢nomic DNA of C. pomonellaas template, the primers’5
. : ) : GAAGCATTTGCGATCTTAGTA, 5-GTAGTGAAATGCGTG-
lished superfamily of Tcl/mariner-like transposons

. CATGTT, and SuperTag polymerase (HT Biotechnology). After am-
(Doak et al. 1994; Radice et al. 1994; Robertson 1995)gjification (30 cycles: 1 at 90°C, 1 at 50°C, 1 at 72°C), the PCR

In this study we present the detailed characterizatiorproducts were phenolized, ethanol precipitated, and cloned=st-
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Fig. 1. Restriction map of mutant

CpGV-MCp4 containing the TCp3.2
transposon. The inverted terminal repeats
IR transposase ITR (ITR) and the transposase pseudogene are

BamHI 756bp  pseudogene |\ 756 bp EcoRl TCp3.2 indicated byarrows. The sequence used as
2 4"[;; - 2'9_']"”1‘“. p>. hybridization probe for analyzing the origin
o of TCp3.2 is indicated as a black bar
I (compare Fig. 3). kb= kilo base pairs,
hybridization probe m.u. = map unit.

erichia coli using the pGemT vector system (Promega). Eight trans-al. 1995), the question arose as to what the origin of this

formed colonies were rar_ldomly picked, anq plasmid DNA was Pre-alement is. This was determined by a Comparative South-

pared and sequenced using standard techniques. ern hybridization of the transposon TCp3.2 to viral DNA
and genomic insect DNA, respectively. For this, a 1900-
bp fragment, which derived from an exonuclease llI

Results treated sequencing subclone and did not contain any
CpGV-specific border sequences, was prepared, DIG-

Identification and Sequence Analysis of the labelled, and used as a hybridization probe. As shown in

Transposon TCp3.2 Figure 3, this fragment only hybridized to the digests of

CpGV-MCp4 (as a positive control) as well as to the

Recently, Jehle et al. (1995) reported on im&ivoiso-  Hindlll digest of Cydia pomonellaDNA. It did not hy-
lation of C. pomonellagranulovirus mutants which con- bridize to the DNAs of CrleGV and CpGV (the parental
tained genomic insertions of nonvirus origin. We char-Vvirus genotypes used in the infection experiment, Jehle et
acterized one of these mutants (CpGV-MCp4) byal. 1995), nor to DNA ofC. leucotreta(the other host
restriction mapping and found that a fragment of 3.2 kbused in the infection experiments), nor to DNA of the
was inserted at about 28 map units of the CpGV restricother virus mutants, which were isolated during the in-
tion map (Fig. 1). For a detailed analysis of this insertion,fection experiments (Jehle et al. 1995). This result pro-
a BanmHI/EcoRI fragment covering this region was vided strong evidence that TCp3.2 originated from the
cloned intoE. coli and sequenced. In this region we genome ofC. pomonella.When the TCp3.2-specific
identified an insertion of 3239 bp with characteristics of probe was hybridized t&€. pomonellaDNA digested
a transposable element: it carried inverted terminal rewith EcoRl and Ndd, which both do not cut inside of
peats (ITRs) of 756 bp and contained a putative transTCp3.2, only four to six hybridization signals were ob-
posase gene (Figs. 1 and 2). This element was namegerved. Each of these signals could be caused by single-
TCp3.2. copy genes, suggesting that TCp3.2 is present in only a

The ITRs of TCp3.2 are 756 bp long and mismatchedfew copies, presumably less than 10 in the genon@. of
in only seven positions. The ITRs are flanked by a TApomonella.
dinucleotide at both ends, as is typical for many members
of the Tcl/mariner transposon superfamily (Doak et al.
1994). Their length is reminiscent to the transposons Tcg
(ITRS: 462 nt), Tc6 (765 nt), Minos (255 nt), Quatzal
(236 nt), or Paris (242 nt), which all have rather atypical
long ITRs among the Tcl/mariner-like transposons,
whose ITRs generally count between 26 and 54 bpﬁ
(Dreyfus and Emmons 1991; Collins et al. 1989; Franz
and Savakis 1991; Radice et al. 1994).

he Transposase Gene of TCp3.2 Is Defective

Within TCp3.2, we identified three open reading frames
(Fig. 2, ORF1-3). Data base comparison using the pro-
rams BLAST and FASTA revealed significant similari-
es of the predicted amino acid sequence of ORF2 and
ORF3 to the transposase genes of the 1IS630-Tcl/mariner
transposon superfamily (Fig. 4). The observed similari-
ties included the recently characterized “D,D35E" motif
The Origin of Transposon TCp3.2 consisting of three highly conserved glutamic acid (D)
and aspartic acid (E) residues (Doak et al. 1994). How-
Since the TCp3.2-carrying mutant CpGV-MCp4 was ob-ever, the distance between the second glutamic acid resi-
tained after a serial passage of CpGV &GV, first  due and the aspartic acid residue of the D,D35E motif
in C. leucotretalarvae and then if€. pomonelldarvae  counts 43 amino acid residues and, hence, it slightly
(for detailed description of these experiments see Jehle etxceeds the “35-amino-acid-rule.” Interestingly, both
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<---BamHI (27.4 m.u.)

C
TTTTGTAAATTGATCGATTATACAGGGTGTTTGGTGCATCGTTAGCCAAAAAAAATTGGAGGATTGCTGGGGTTATTTTCTATCAC TTA 90
G CcG c
CG CCTCTAAAAAATTCTTGGGCCCACGTATAATTTTTTTT TTTTTCTTGTAATTTATGAAAAATCTTCAGG CCGATATGCTTAAAC 180
TTCATTAAAAARATAAGTAAGTGATAAAGAGATGCAATTTTTACTGCATCGTAATCTCTAACGTTGCACGGCTCGAATAATGCCAAATTT 270
ACTGACACGTAACGTCTAATTTTTTTTTTTATTGGCCCTCAAATGTTTACAACGTGTAAAAATTTAGTCTAATGTCAACTTTGATTTGCA 360
ATGAAAAAAAAAAATTAAAGAGACAGCGGTCTTGAAACTGTTTAAAAAAAACTGTGTTTTGTGTTCTTTCTAACGATGTACAATTATCTT 450
A
AAAAAAACCTTTCATAAACTTC TTTTTTTCACGATTTAGTAACGAACGCAACGGTAAAGTTATCGAGATTCAAACATTGACACTGTTCC 540

A
CTTTTGCTGCCAGCTTTGAAGTCCCCATTTTCTTTCAACACACAGGTTGATCTACA GTTGTAAAGATTTGAAACTTATCTTTCGTAAAT 630

TTGGACGTCAAGGTCAACTTTCACAAATTTGAGCGTAAGCGATTAGGCATGATAAGATAAGAAAAAAATCATGAAAACAACACGTGCGAA 720
GCAGGTAAAGACTGCTATCTCTCTCTTACACAGCCAGCTCAATTAAGTGCAGTTGTCTCTCTCTTTTACTCGACGTTTAACCCAAGAACC 810
CAGCAAAGATGAACCTGGGGGGTGGTGGTGGTATCAATTAGACATTAGTCGTGATTTGACTGTCTCTTGTGGTTGAAGCATTTGCGATCT 900

>ORF1
TAGTACTGTTGTTTTTTTGTTAGTTTTCTGTTGTTTTTGTTAATATCTGTTTTGTTGAGTTTTGATCGTTCAAAAATGGCTGCCTTTACG 990

M A A F T
AATGAAGAGTATGCGGACATGTTGATGGCGTACGGTAAAGCTGATGGTGTAGCACGAGCAGCGCAAAGAATCTACCAGGAACGATTCCCC 1080
N E E YA DMTILMAY G K AD GV AR AAOQ R I Y Q E R F P

>ORF2
AATAGACGCTTACCAAACCGCAATACGTTTCAAAACACTTACCGACGCTTAAGGGAAACTGGTAATTTGAACGTAGGTAAATGAACCGAG 1170
N R R L P N RNTF Q N T Y R R L R E T G N L N vV N E P R

AGGAATTGTAGTTCGACACAATGTTGCAGTTGATGAAAGGATCTTAGCCATAATGGAAGAAGACCCGAATAAGAGCATCAGAGATGTAGC 1260
G I v VR HNV AV D ER I L A I M EED PN K S I R DV A
TGGACAACTGGAAATTTCAATCTGGAAGGTGTGGAAAGTTCTTCGCCAAAACAACATGCACGCATTTCACTACACTCCAgtccaaggtat 1350
G ¢ L E I 8 I W K V W K V L R Q NNMUHAVF H Y T P :Eutative intron
taaacgctagaattacttttaatccataccaattgactagagaactgaacctcagecttttecgegtttattttgetgttattgacttegaa 1440
>ORF3
acgtaacgtcactgtgtcctttacgttatcgtgtatgtacctaattaccecacatttcatttcacaaaccttgtcagATTCTTATTTGTC 1530
I L. I ¢ L

TTTCTTTCTTTGCAGGTCTTGAAGATAACGACTTTGGAAATCGTGTCCGGTTTTGTCGTTTATTGCTGCACACGGATTTAGAGGACCGTG 1620
s F F AG L EDNDVF G NIRV RPF CRUL L L HTDUL E D R D
ACTTTTTAAGAAGCATTCTTTGGACAGACGAGTCCAAATTTACACGAGAGGGGATACTAAATTTACACAATCTGCACCACTGGTCGCCGA 1710
F L R $s I L w T D E S8 K F T R E G I L N L H N L H H W s P I
TAAATGAAAATCCACACGTGAAAAGAGCTAGAGGTTTCCAGAGAAGATACGGCTTCAATGTATGGGCGGGAGTTATTGGCGATCAAGTGG 1800
N E N P HV K R ARGPF QU RRY G F NV WA GV I G D Q V V
TTGGGCCACACTTCCTACCCGATAATTTGAATGGAGACAACTACCTTCATTTTTTACAACATGATCTACCTGAATTACTAGCTGATGTAC 1890
G P H F L P DNLNGDNYL HVPF L Q H DL P E L L A D V P
CTCATTTCAATGAAGATAGGCGTATCGTTTTTCAACAAGATGGTTGTCCCGCACACTGGAGGATAACAGTCAGGGAGCACCTAGACAACG 1980
H F N E DRI R I V F Q Q D G C P A HWW R I TV R EHTUL DN A
CTTTCCCTAATTCATGGATTGGAAGAGACGGCCCCATTCCATGGCCCCCACGGTCCCCGGACCTAGCTCCCTTGGACTTTCACATCTGGG 2070
F P N S W I G R D G P I P WP PR S P DL AP LDVF H I W G
GACGGGCAAAGGAACTCGTCTACGCAACGGAAGTAGAATCACCAGAAGATTTGTCCCAGCGGATATTGGCGGTGTTTGATGTGATCAAAG 2160
R A K EL VYATEV E S P EDIL S Q R I L AV F D V I K G
GAGAAATCCGAATGCGAACAACTACGGTCGAAATAAGAAACAGGTGCTACGCATGCATTCGCAACGAAGGTCGTCAGTTGGAGCAAGATT 2250
E I R M R T T T V E I RN R CY A CI U RDNEGUR Q L E Q D L
>end ORF3 >polyA
TGTAGTGTAAAAGATTTGATTTAATAAAAAAAACTTGAAAGCTTACAAAAACTTTTATTGCATGTCGACAATTCAATGATTTCCCAAAAT 2340
CTGAAGAAGTTCATGAAAGGTGTTTTGGGATTATTGTACATCGTGTTAGAAAGAAGTCAGAATTATGAAATCACGGTCTTTCTGCCAATA 2430
TCCAATTATCTCAAAAAGAAACCTGTCATAAACTTGGACTTTAAGTTCAAGGTCATCTTTCAGTTCAACACAAAAAGACAACTGCACTTA 2520
ATTGAGCTGGCTGTGTAAGAGAGAGATAGCAGTCTTTACCTGCTTCGCACGTGTTGTTTTCATGATTTTTTTCTTATCTTATCATGCCTA 2610

C
ATCGCTTACGCTCAAATTTGTGAAAGTTGACCTTGACGTCCAAATTTACGAAAGATAAGTTTCAAATCTTTACAAC TGTAGATCAACCT 2700
GTGTGTTGAAAGAAAATGGGGACTTCAAAGCTGGCAGCAAAAGGGAACAGTGTCAATGTTTGAATCTCGATAACTTTACCGTTGCGTTCG 2790

A
TTACTAAATCGTGAAAAAAA GAAGTTTATGAAAGGTTTTTTTAAGATAATTGTACATCGTTAGAAAGAACACAAAACACAGTTTTTTTT 2880

AAACAGTTTCAAGACCGCTGTCTCTTTAATTTTTTTTTTTCATTGCAAATCAAAGTTGACATTAGACTAAATTTTTACACGTTGTAAACA 2970
TTTGAGGGCCAATAAAAAAAAAAATTAGACGTTACGTGTCAGTAAATTTGGCATTATTCGAGCCGTGCAACGTTAGAGATTACGATGCAG 3060

C
TAAAAATTGCATCTCTTTATCACTTACTTATTTTTTTAATGAAGTTTAAGCATATCGG CCTGAAGATTTTTCATAAATTACAAGAAAAA 3150
TT

G C
AAAAAAAATTATACGTGGGCCCAAGAATTTTTTAGAGG CGTAA GTGATAGAAAATAACCCCAGCAATCCTCCAATTTTTTTTGGCT 3240

AACGATGCACCAAACACCCTGTATTGTTAATAAATCAGTTGTGTATATATAGTGTGTATA 3300
EcoRI (29.1 m.u) --->

Fig. 2. Nucleotide and amino acid sequence of transposon TCp3.24-bp insertion at position 1153-1156 is underlined, and the invariant
The suggested TA insertion sites are underlined. The inverted repeaplicing borders of the suggested intron are double underlined. The
sequences of TCp3.2 are boldface and the mismatching nucleotides atecation of the primers (position 885-995 and 1313-1333) used for the
indicated by superior. Three open reading frames (ORF1-ORF3) ar®CR of genomic DNA are underlined.

indicated and translated into the amino acid sequence. The putative
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A. B. using the pGemT vector, and the inserts were sequenced.
The sequence alignment and the resulting consensus of
eight randomly picked and sequenced clones is shown in
Figure 5. Only the sequence of clone TCp02 was iden-

_23.1 231 tical to TCp3.2. The other clones showed heterogeneity
- at various nucleotide positions, which might be caused
- 94 N 94 by genetic heterogeneity among the different transposon
6.6 6.6  copies in theC. pomonellagenome. More notably, all
- B s other clones missed 3—4 nt, which are located within the
- 44 - overlap of ORF1 and ORF2 (Figs. 2 and 5). The con-
- sensus of the sequenced PCR clones suggest a 4-bp in-
< . _ 23 sertion within exon-1 of the TCp3.2 transposase gene. A
" 20 conceptual deletion of these 4 bp from the sequence of
_ 23 § TCp3.2 results in a continuous exonl, whereby ORF1
2.0 : and ORF2 are in frame.
. Phylogenetic Inference of Transposon TCp3.2

Fig. 3. Southern hybridization of the biotinylated TCp3.2-specific The phylogenetic relationship of transposon TCp3.2 to

probe to(A) EcaRl digests of prepared DNA of MCp4 (lane 1, positive . a
control), CpGV (lane 2), CrleGV (lane 3), MCp5 (lane 6), MC13 (lane other Tcl/mariner-like transposons was analyzed by

7), MCp10 (lane 8) (each fig DNA), andHindlll digests of genomic ~Maximum parsimony analysis of the aligned sequences
DNA of C. pomonellalane 4), andC. leucotreta(lane 5) (each 1qg  Of Fig. 4 using PAUP v3.1.1 (Swofford 1991). We re-
DNA). (B) Southern hybridization of the biotinylated TCp3.2-specific frained from including the N-termini of the transposases
probe toEcaRlI (lane 1) and\Ndd (lane 2) digests of genomic DNA of into our analyses, since the N-terminal part of Tcl/
C. pomonelia. mariner transposases are uncertain to align due to their
great divergence and, hence, they are of doubtful value

the TCp3.2 transposase and the related Tc108 trand®" phylog_eneti_c inference (Robe_rtson 1995). A _single
posase (see below) did not contain a glutamic acid resil"'0St parsimonious tree was obtained by performing the

due (E) but a further aspartic acid residue (D) in theheu_ri;tic search algorithm of PAUP, employing Ta”dom

D,D35E motif as it is typical for many mariner elements addition of sequences a"f‘d TBF,Q bran_ch swapping. The

(Fig. 4) sequence of transposon ‘impala’ledisarium oxysporum
The 3 end of ORF1 (which covers the N-terminus of was included for outgroup rooting and 100 bootstrap

the predicted transposase gene) overlaps with ten8 replications were done in order to analyze the support of
: : - - the data on the tree topology.

of ORF2 in a stretch of 5 nt (Fig. 2). In this region, a . . o

frame shift mutation between ORF1 and ORF2 may have The most parsimonious tre_e fShOWS a clear d|st|ncft|on
occurred suggesting that the putative transposase gene gfo two subtree_§ each cont_aunlng t_he Tel and mariner
TCp3.2 is defective. ORF2 and ORF3 are separated b ansposon famllle_s, _respectlvely_ (Fig. 6). TCp3.2 splits
an intron of 178 nucleotides with the invariant splicing ff as a branch within .the TCl_l'ke. tran.sposons..How-
borders (GT ... AG). Apparently, the transposase ofVer, the topology of this most parsimonious tree is only

TCp3.2 is encoded by two exons, exon-1 consisting oi‘l’)ve” supp(r)]rted by téocr)]tstrap.anallcysi;l-for ghgi béanching
ORF1 and ORF2, and exon-2 consisting of ORF3. etween the Tcl and the mariner families (99% bootstrap

value), as well as for the branching among the mariner

families itself. On the other hand, bootstrap analysis us-
Location of the Frame-Shift Mutation in TCp3.2 ing the 50% majority-rule (Swofford 1991) was not able

to resolve the tree branching within the Tcl-subtree in-
The overlap between ORF1 and ORF2 and the very limdicating a low robustness of the branching topology
ited homology of the N-termini of the Tc1l/mariner-like among these transposons. Only the sister grouping of
transposases did not allow a precise prediction of the sitdCp3.2 and Tc108, as well as the S elementDob-
of the supposed frame shift mutation within exon-1. sophila melanogastesind transposon Paris &f. virilis
Therefore, we analyzed the sequences of further TCp3.are reasonably supported by bootstrap values of 38% and
transposon copies from the haSt pomonellaby em-  100%, respectively. Apparently, TCp3.2 is most closely
ploying the polymerase chain reaction (PCR). DNA frag-related to a Tc1-like element of the free-living nematode
ments of about 450 nt (corresponding to nucleotide po-C. eleganswhich we termed Tc108 (indicating the Gen-
sition 885-1333 in Fig. 2) were amplified from genomic Bank ID1086846 of the amino acid sequence). This el-
DNA of C. pomonellausing two primers that covered the ement was sequenced upon the nematode sequencing
5 end of exon-1. The fragments were clonedEincoli  project and is located of. eleganscosmid T14G12.



TCp3.2 TIHSKFTREGI L LHNLHHWSPINENPHVKRARGFQRRYG . FN GVIGDQVVGPHFLPD
Tcl08 GAHRK) LFjDEKIFClEQSF§TQNDRVYAKTQPNSRVQRT

Hb1l : .. .SKWR iLWiD'EKIMLFGG GSLQYIZRPPNTEYHPKHPVKTFNHGGP I

S : ...EYWDD,IF'D T MLFYN.%GPS.RVWRKPLSALETQNIIPTIKFGKL

Paris : EYWDD {FCII TKIML Y YH #GPS . KVWRKPNTALEQKNIIPTVKFGKL

Bari DEWFNza# INISAFQ . YOG gYSKHFMHLKNNQKHLAAQPTNRF . GGG

Tssl-1 TEWRN;A# SDETKEELFGH $DHC . YVWRKKGETCKPKNTILNMKHGGGS;

TCl4.7 EN.EIVS{FTOKCEFK . . SD . KDGRKILWRRSGERFNPKNSNFFSAYYGWS

Uhu :IFEDESKFNIFDS %GRN.YVWRQSNTELNPKHLKATVKHGGG

Quatzal ’LF,DEJKFNIFGW.RGTI.KVWRPPGEGLNPKYTAKTVKHNGG

Minos A gTRK RVIRKRSETYHKDCLKRTTKF . PAS

Tesl S KFEIFVS.SRRV., FVRCZVGKRIVPHCVTPTVKHGGG

Tecl QDE%KFNLFGS WGNS.WVRRPVGSRYSPKYQCPTVKHGGG

Tec3 TNWS v FSDE KFNLDGP. @G CRYYWRDLRKE . Vi

MLE INXKWELY #RKRSSQWLNPGDP AKSCPKRZLTQKKLL

Dm-mariner: SFLHR T DEKWﬁFF PKRKKSYVDPGQP . ATSTARPNRFGKKTM#EC)

Ce-mariner: DWLNNi Y TGIAKWVLY .W SRKROWLPIGEK. GIPTPKPDLHPKKIMEC

Desmarl TGIJFKWIHY DggKRKKSYVKRGGR AKSTPKSNLHGAKVM

Dt-mariner: TCIAKWIMY . . . DMRKRSSQWLDPDEP . PKHCPKRKVHQKKLM%T

Cp-mariner: EFLRR TlDETWLHHYTPE KRQSAEWTATGEP . SPKRGKTQKSAGKVMASH: :
Hsmar?2 DE] WLYQYNPENKAQSKQWLPRGGS GPVKAKVDWSRAKVMATHFWDAQGILLVDFLE .
Hsmarl TCINAKWILY . gRRRPAQWLDREEA PKHFPKPNLHQKKVM%T X

Impala RR QOGMRPIWTFLSPREPYAYRMFKKLGGRSCRQi#FWAAFGH . RSRTPLVPLVGKLNAT
TCp3.2 OHDL . PELLA DVPHFNEDRRIVF‘OPGC...Eﬁ%WRITVREHWDNAFPNSWIGRDGP”P&?E" EF
Tcl08 KTELMPWV: (HFK PALKHKNVOAWCESNEFPD . FIAFN. . . QWiEPSKIZNR
Hbl SDVLLSYSEZNI........ QK RCKSAKNRFTONRI . ......

S KTNLKASAERFGLFSNNKPN . iz iKEYNVRN FLYNCG. ......

Paris KNELSRSAI;FGFVDPQNPSKQRYKL QDNI * FLCRT LYNCS.......

Bari NHAFTSGN@LFP. . ..... CHK RIPTKF: NDLNL. ......

Tssl-1 VDIMKOHLKTSVRISLKL . . . . . . . GRKWVE( . T KDVAK KDNKV . . .. ...

TCl4.7 gﬁ\\ DVMLPSVRVAYP. ...... EGQIYLV@N: AV3 VVQNWHSSQTD ...... I

Uhu RIWKENLLQSAEMLGI i GLVQSWﬂIWNCP .......

Quatzal TN T KQNLGPSLEELGM FNSRLF LYNTP. ......

Minos gﬁNI QDSLLPSIPLLD SS!@ KRTKN OYNQOM. . .....

Tesl ¥“SI QRHAIPSGLELVG PK%T RLCQNDgRREEQD.‘.

Tecl ” ETTMRPWALQNVG . .PKETELHVRSW QRRRV .......

Tc3 Q! ELELSKYLRHYSR ..TI% STRDYFKLKKI.......

MLE : ¥ ) QAMKEELAA%HPR.‘. ..RP«T KQTTTKWNKLQL. . .....
Dm-mariner: } INLNRALQRi$RPE . . . ..PSHT RAVRDTIETLNW .......
Ce-mariner: RVAEKTNGH. . . ... ..RPgVﬁKKTFQ 'ODLGW. . .. ...

Desmarl B T .RPi S LPVKN ENSGW .......

IRLKQALAEgRPE...

Dt-mariner: MCSOEDDMMEKLAINOQPK. . .

Cp-marinex: i ERLKVEIAA&RPH... LRTMA HELGF
Hsmar2 ESYMRKLAKALAESRPG . . . ) s HQTRAILREFRW
Hsmarl gA DEMHRKLQRTQPA ‘.an QPTLQK;EELGY
Impala IYEQVSFILP. . ......... .SV@TRRIVKAL'EELGV
TCp3.2 GRAKEL . .YATEVESPE pmSQRgLAVFDVIKGEIRMRTTTVE R
Tc108 s?xnskxwaDELDINy.LRATVDS P
Hb1 8§W rTWAK;PPKAPCZEQV e

S MAAMTISEWEKTPLEYDLK K
Paris Agl QEEWIKIPEIYDLH TOSiS
Bari GAIIE IWSKLTLEF.AQT?VRS@
Tssl-1 QFHOLCQEEWAKTIHPTY . CG 1VEG
TCl4.7 g%gﬁggﬂ TWELLRNTDTCSNYVT

Uhu LEEWSKISPE . TTR SSEN
Quatzal Di ENKJ KZAWITISEDY . TONIE

Minos Dﬁxxxh SMWDSTSQEH . CKNiET

Tesl .KAKQPTSAT. .. .... WELHOBSREELSEQYLI . SHVE

Tel .GGIRASNAD....... ARFNOUESAWKATPMSY . THKTDS P
Te3 \VAONKTYPTVA . . . . ... WKQG LEAWKSIPD . NOLKS] |
MLE : . _HGKKFNSYS....... V%QTA 2P IDRRPHAEFNKGHN .
Dm-mariner: . .AEORFDSYE. . ..... Sl KKWi#D - WFAAKDD v
Ce-mariner: % . .RDKQFDDEE. . ..... KTELSTFFSSRSP

Desmarl QND#..AGKRFTSEQ

Dt-mariner: DNFit . . SGKNFTSSG .
Cp-mariner: KRMit . . AGKKFGCNE N Lﬁ_
Hsmar2 KKIF. KGHPFFLVN ) WLOKCLELE .
Hsmarl ) DNFig. . QGKRFHNQO. . . . . . . D ENAFQ“FVESRSTDFYATGIi KI8T SIQWOKCEDCI .
Impala : gEMAL KAE@YRLHPELTHTEDTVATQHAgVLAAMhAWDNI EDRVLKNxCETﬁp SVTAVETAL

Fig. 4. Alignment of the C-terminal part of the predicted amino acid
sequences of different Tc1- and mariner-like transposases: TEHaS (
norhabditis elegansU41268), Hb1l Drosophila melanogaster,
X01748), S elementd. melanogasterlJ33469), Paris, Drosophila
virilis, Z49253), Bari D. melanogastenX67681), Tss1-1%almo salar,
L12206), TC14.7 (CpGV, X79733), UhuD¢osophila heteroneura,
X63028), QuatzalAnopheles albimanu,76231), Minos Drosophila
hydei, Z29098), Tesl Eptatretus stoutiB46189), Tcl C. elegans,
Z70783), Tc3 C. elegans,U41105), MLE Hyalophora cecropia,
L10444) Dm-mariner Prosophila mauritiana,M14653), Ce-mariner

.RPHS”KNTVA QQLGL

(Caenorhabditis elegansZ50874), DesmarlMayetiola destructor,
U24436), Dt-marinerugesia tigrina,X71979), Cp-marinerGrysop-

erla plorabundaU11650), Hsmar2Homo sapiensJ49974), Hsmarl

(H. sapiens,U52077), Impala (Fusarium oxysporum, S75106). The
alignment starts at amino acid 155 (hucleotide position 1620 in Fig. 2)
in respect to the TCp3.2 transposase. The “D,D35E” moitif is indicated
above. The alignment was generated using PILEUP and was manually
adjusted. The shading was performed by GENEDOC software at shad-
ing levels (95%, 70%, and 50% amino acid similarity). Stop codons or
frame shift mutations were denoted by “Z.”
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ops .2 1138 1167 different lengths of the ITRs of Tc108 and TCp3.2, the

. .. .ACTGGTAATTTGAAC GTAG GTARATGAACC... H H H imi
Tep02u | ACTGGTAATTTGAAC GTAG GTAAATGAACC. . most terminal 7 bp are |(_jent|cal and are more similar to
TCPO1u .. .ACTGGTAATTTGAAC ---- GTAAATGAACC. . . each other than the terminal sequences of any of the other
TCpO3u .. .ACTGGTAATTTGAAC ---- GTARATGRACC. .. transposons (Fig. 7). The homology between the trans-
TCp04u - - -ACTGGTARTTTGRAC ---- GTAAATGRACC... posase genes of TCp3.2 and Tc108 is apparently also
TCp0O5u .. .ACTGGTAATTTGAAC ---- GTAAATGAACC... . : H

TCposu  ACTGGTAATTTGAAC ---- GTAAATGAAGG. reflected in the conservation of the most terminal se-
TCpOTu . . .ACTGGTAATTTGAAC ---C GTAAATABRACC. .. quences of the ITRs.

TCp08u .. .ACTGGTAATTTGGAA ---C GTAAATGARACC...

Consensus ...ACTGGTRAATTTGAAC ---- GTRAATGAACC...

Fig. 5. Alignment of eight randomly cloned and sequenced PCR __ .
fragments (TCp01u—TCp08u) of genomic DNA ®f pomonellawith Discussion
the sequence of the viral TCp3.2 copy. The nucleotide positions in

respect to the TCp3.2 sequence are given above, the consensus se- | .
quence is given below. Differing nucleotide positions are in boldface.vve identified a novel tranSposable element, termed

TCp3.2, which is present in the genome of CpGV.
TCp3.2 has ITR structures of 756 bp and contains a

s oL TCp3.2 (CpGV, C. pomonella) Tcl/mariner-like transposase pseudogene. The most ter-
9 Tc108 (C. elegans) minal sequence of the ITRs consists of sequere€/%
94 HBI (D. melanogastery ~ CAG .. -3. This can be interpreted as a possible du-

plication of a transposition target site TA and the trans-
poson borders CAG, as it is typical for many Tcl1- and
mariner-like transposons (Fig. 2, Fig. 7) (Radice et al.
Quatzal (4. albimanus)  1994; Robertson 1995). The putative transposase gene of
Tes1 (E. stouti) TCp3.2 is defective because of a frame shift mutation
Tcl (C. elegans) near the 5end. This frame shift was confirmed by PCR
S element (C. elegans) analysis which showed that this mutated form is present
in at least one of the copies in the genome of the CpGV
hostC. pomonellaApparently, this mutated copy is al-
ready present in the host genome, suggesting that this
frame shift mutation was not acquired upon the transpo-
TCI4.7 (CpGV, C. leucotreta) sition into the viral genome. Hence, it is likely that the
Te3 (C. elegq;ts) transposition of the defective TCp3.2 copy into the

> MLE (H. cercopia) CpGV genome was mediated by an active transposase.
Mariner (D. rigrina) Functional studies of the transposase genes of Tcl and
Tc3 showed that the N-terminus of their transposases
TclA and Tc3A, respectively, is involved in the specific
recognition of ITRs of the transposons, whereas the more
conserved C-terminal DDE motif of Tc1A is involved in

Bari (D. melanogaster)
Tss1-1 (S. salar)

Paris (D. virilis)
Uhu (D. hetroneura)
Minos3 (D. hydei)

82

Hsmarl (H. sapiens)
Mariner (C. elegans)

Mariner (D. melanogaster)

220 ]
. Desmarl (M. destructor) endonuclease and phosphoryl transfer activity of this en-
= Hsmar2 (H. sapiens) zyme (Vos et al. 1993; Vos and Plasterk 1994; van Lu-
%2 ___ Mariner (C. plorabunda) enen et al. 1993; Colloms et al. 1994). The heterogeneity
Impala (F. oxysporum) of the N-termini of these transposases might be ex-

) I ] ] _plained by its specific binding function to the corre-
Fig. 6. Most parsimonious tree of the aligned transposase amino aci

sequences obtained from the alignment of Figure 5 by heuristic searc ponding |n\{erted repeats, which beside the highly C.0n_
with random sequence addition (10 replicates) using PAUP v3.1.1$erved terminal 5-TA CAG ... TG ... CAA-3 motif

(Swofford 1991). The tree was constructed using “Impala” as an out- (Fig. 7) do not share further homologies among the Tc1/
group. Numbers above the lines are the numbers of changes betweenariner-like transposons. This is supported by our find-
the node and the species. ing that transposon Tc108 @. elegansfo which the
transposase gene is most closely related to that of
Tcl08 is clearly distinct from othe€. elegansTcl or  TCp3.2, also has the most similar terminal ITR sequence
Tc3 elements because of its internal transposase sevith seven identical nucleotides.
guence, inverted terminal repeats, and represents a new In Southern hybridization, TCp3.2 hybridized to
family of Tcl-like elements irC. elegansinterestingly, preparations of genomic DNA of the haSt pomonella
the lepidopteran transposon TC14.7, which was also isobut not to DNA preparations of wild-type viruses of
lated from a CpGV mutant but originated fro@ leu- CpGV or CrleGV. This finding clearly indicates that
cotretaappears to be less related to TCp3.2 than Tc108TCp3.2 originated from the host genome, where it is
When the sequences of the ITRs of the various transpresent at a low copy number as deduced from the very
posons are compared, it is striking that irrespective of thdew hybridization signals. This finding is remarkable
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TCp3.2 .. .ta-CAGGGTGTTTGGTGCATCGTTAGCCAAAAAAAATTGGAGGATTGCTG .
Tc108 ...ta-CAGGGTG-~==-========~ AGTCAAAATTATGGTAAGTCG. .. ...

Hbl ...ta-CAGC-TG--------=m—- TGTTCAGAAAAATAG-CAGTGC. .. ...

Bari ...ta-CAGTCAT---~----=-=--- GGTCAAAATTATTT-TCACAA. .. ...

Tssl-2 .. .ta-CAGTTGA-~--~=--=-=-=-~~ AGTCGGAAGTTTAC-ATACAC. . .. ..

Quatzal ...ta-CACTTCT====-======-=~ CCACAAAAG- -TGA-ATACACAGCAA.

Tesl ...ta-CTCTACC-=~=mmmmmmmmmmn GGTCGAAAGTTTTA-GAACACCCCCA.

Tcl .. .ta-CAGTGCT---=--=-=====~ GGCCAAAAAGATAT - CCACTTTTGGT.

S element ... ta-CAGTTTG-----mmmmmmmmm == TCAAGAAACTGT- TTACACACCGC.

Paris ... £ta-CAGTTTG--------=-==== -~ TCAAGTAATTGT - TTGCAAAGTGA.

Uhu ...ta-CAGTGTC--------=-=--- TCACAGCTCAACTG-GAACAGTGCCT.

Minos3 ...ta-CGAGCCC---=--=-=-=-~ CAACCACTATTAATTCGAACAGCAT. . .

TCl4.7 ...ta-CAGTCAG---~---=------ CTTCAGAGATATGT-GACCCCCC. . . .

Tc3 ...ta-CAGTGCG-=~====m=mm===== CCCAACTTCTATA-GCGCCCCCCTA.

Ce-mariner ...taTCAGGTTG-~-~=---=-=----~-~ TCCCATAAGTTTTTGTACTATTTT. .

Desmarl .. .taTTGGEG-TG----===mmmm === TACAACTTAAAAACCGGAATT. . ... i )

Dm-mariner R Ve o) Nec i c T TACAAGTAGGGAATGTCGGTT. . . . . Fig. 7. Alignment of the most 5
Cp-mariner .. tATTAGGTTG-------—-======~ GCTGATAAGTCCCCGGTCT. . . . .. sequences of the inverted termina
Dt-mariner .. .taTTAGGTTG------=--=—=-=-~ TTCGATATGAAACGGGTCAAACTT. . repeats of different Tcl/mariner-like
Hsmarl ... taTTAGGTTG-------=--=--- GTGCAAAAGTAATTGCGGTTTT. . . . . transposons. The consensus is indicated
Hsmar2 ...taCAAGGGGT--------=====~ CTTCAAAAAGTTCATGGAAAATG. . . . below. Note the similarity of the
Impala ...ta-CAGTGGG-------------- GTACAATAAGTTTGAATACATCTGC. . terminal nucleotides of TCp3.2 and
Consensus ...ta-CAG. .TG. . st et e e e CAA.A...T...... CA....... Tc108.

since another CpGV mutant (MCp5) isolated in themutated transposase sequences of Tcl-like transposons
course of the same experiment also contained a Tcl-liken the phylogenetic analyses. It is also expressed by the
transposon, TC14.7 (Jehle et al. 1995). TC14.7 andariability of transposon lengths (1.6—-4.7 kb), the vari-
TCp3.2 are completely different in size, ITR, and trans-ability of ITR lengths (30—several 100 bp), as well as by
posase sequence. Even more notable, TC14.7 originatable presence or absence of introns within the transposase
from the lepidopteran hosiC. leucotreta,in which  genes. Compared to this heterogeneous puzzle mariner
CpGV was also passaged during the infection experitransposons appear to be structurally much more homog-
ment. enous and less prone to variability.

Our phylogenetic analyses of the transposase gene A number of different insect transposons have been
using most parsimony methods suggested that TCp3.2 i®und in baculovirus genomes so far, but they all were
a member of the Tcl-subtree of the Tcl/mariner transgenerated in cell culture systems. The physiological cir-
poson superfamily (Fig. 6). It appeared to be mostcumstances and the frequency of transposition have
closely related to a transposon of the nemat@desl- never been determined. The novel Tcl/mariner-like
eganswhich we termed Tc108. This relationship is rea- transposon TCp3.2 may have escaped from the host into
sonably supported by bootstrapping as well as by sethe CpGV genome during the infection of host larvae.
guence similarity of the ITRs (Figs. 6, 7). Tc108 differs Together with TC14.7, it belongs to a new family of host
from other Tcl elements by size, transposase, and ITRansposons found in baculovirus genomes. Its capture
sequence and appears to be a further family of Tcl-likeduring a single round of virus replication suggests that
elements in theC. eleganggenome. Among the numer- horizontal transmission of insect transposons into bacu-
ous Tcl sequences only this unique Tc108 sequence wésviruses is an occasional event which is not restricted to
found, so far, in the nematode suggesting that within itsa specific type of transposons. Although the question
genome the copy number of Tc108 might be much lowewhether baculoviruses are able to shuttle host trans-
than that of Tcl. posons still remains to be experimentally proven, there

Bootstrap analysis of the Tcl/mariner superfamily re-are some specific characteristics of the biology of bacu-
sulted in a clear distinction of two subtrees, Tcl-, andloviruses that conform with this potential role. First,
mariner-like transposons. It also well supported the lo-baculoviruses have a large dsDNA genome of 80-230
cation of TCp3.2 within the Tcl subtree. Whereas thekb, which is able to accommodate additional sequences
topology of the mariner subtree is robust, the Tc1 subtresvithout interfering with viral functions. Its frequent use
is only poorly resolved. Only the bifurcation of TCp3.2 as an expression vector for foreign proteins underscores
and Tcl108, on the one hand, and S element and Parthis role (King and Possee 1992). For example, the
were reasonably supported. Radice et al. (1994) an€pGV mutant harboring the transposon TCp3.2 did not
Robertson (1995) already noticed the difficulties of ashow any differences in the median lethal dose compared
reliable resolution of the phylogeny of Tc1-like elementsto wild type CpGV (Jehle et al. 1995). Second, baculo-
by most parsimony analysis. Possible reasons for thigirus DNA replication takes place in the host nucleus
might be that Tcl-like elements are much more divers§Granados and Williams 1986), where there is a good
than mariner transposons. This apparent heterogeneity chance to pick up transposable elements from the host
not only due to the use of inactive and possibly highlygenome or deliver transposons into the host genome.
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Third, baculoviruses have been shown that during ariraser MJ (1986) Transposon-mediated mutagenesis of baculoviruses:

abortive infection of a nonsusceptible host, transcription transposon shuttling and implications for speciation. Ann Entomol
Soc Amer 79:773-783

and e_xpressmn of at l?aSt a few viral gene§ can OCCI'llEraser MJ, Cary LC, Boonvisudhi K, Wang H-G (1995) Assay for
(McClintock et al. 1986; Carbonell et al. 1985; Carbonell  ovement of Lepidopteran transposon IFP2 in insect cells using a

and Miller 1987). It is also conceivable that during such  baculovirus genome as target DNA. Virol 211:397-407
an abortive infection of a host by a transposon-carrying-raser MJ, Smith GE, Summers MD (1983) Aquisition of host cell

virus, the transposon is mobilized and transferred into the DNA sequences by baculoviruses: relationship between host DNA
insertions and FP mutants éltographa californicaand Galleria
new host genome.

mellonellanuclear polyhedrosis viruses. J Virol 47:287-300
Friesen PD (1993) Invertebrate transposable elements in the baculovi-
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