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Abstract. RT-PCR was applied to analyze the splicing fasciataandS. pallidafollows the classical rules of tis-
patterns ofP-element-derived mRNAs iBrosophila bi-  sue-specifid® element regulation: transposase mMRNA is
fasciata, D. helveticaand Scaptomyza pallida. D. mela- produced exclusively in the germline whereas repressor
nogasterwas used as a control. The experiments re-mRNA is formed in somatic cells. Thus O-type elements
vealed thatP elements are transcribed in all speciesare thought to be still transpositionally active in both
investigated. However, there are differences in the splicspecies. This finding is in accordance with the postulated
ing patterns of IVS3, which has to be removed in orderrecent transfer of O-type elements between the gene
to produce transposase mMRNA instead of repressgpools of D. bifasciataand S. pallida. In addition, we
MRNA. These differences are observed among species agere able to show that the IVS3 double-spliced variants
well as between thE element subfamilies, the M and the of both P element types are produced regularily in all
O type, which coexist in the genomes Df bifasciata  species of the genu3rosophilainvestigated so far, but
and S. pallida. In D. helveticaM-type transposase notinS. pallida.

MRNA was found in the germline and repressor mRNA

in the soma, as has been previously described for th&ey words: Drosophila — Scaptomyza— P ele-
canonical (M-type-relatedp element ofD. melanogas- ment — RT-PCR — Expression — Splicing pattern

ter. In contrast, inS. pallidaonly repressor mRNA of
M-type elements was detected in all tissuesDlrbifas-
ciata, M-type IVS3, although activated both in the soma Introduction
and the germline, is never completely excised. Instead,

two alternative double-spliced variants occur in which
two small introns are removed within the 1VS3 region.
One of these variants codes for a protein 12 aa longef
than the regular transposase. Taking these findings to,
gether, transposase production and transpositional actiy-
ity of M-type elements seem to be limited@o helvetica
andD. melanogastenvhereas M-type elements have be-
come immobile inD. bifasciataand S. pallida. Unlike
the M type, the splicing of O-type transcripts I bi-

The evolutionary history oP elements, a family of DNA
transposons widely distributed in the gerii®sophila,

has been intensively studied over the last two decades
for reviews see: Engels 1992; Kidwell 1994). Two main
eatures of their evolutionary behavior have become ap-
parent: rapid propagation in newly infected gene pools
(Kidwell 1983; AnxolabBéere et al. 1988) and the occa-
sional horizontal transmission between genetically iso-
lated species (Daniels et al. 1990; Hagemann et al. 1994,
1996a; Clark et al. 1994). Analyzing element se-
quences isolated from various members of whkistoni
Abbreviations:aa, amino acids; VS, intervening sequence; nt, nucleo—"de_sa_ltansSpecles _grouP’ Clark et al. (1995) were able
tides; RT-PCR, reverse transcription—polymerase chain reaction  t0 distinguish two different classes of elements. The ca-
Correspondence taw. Pinsker;e-mail: a5171dae@vm.univie.ac.at  honical elements which closely resemble Belement
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of D. melanogasteshow only a low degree of sequence  In spite of the 30% divergence at the sequence level,
divergence and are thought to be active transposons aritle basic molecular structure of full-sized elements is the
relatively recent additions to the respective genomes. Iisame in all three types. The termini are formed by in-
contrast, the noncanonidalelements show considerably verted repeats and the coding region comprises four ex-
more sequence variation. They may represent ancestrahs (numbered from 0 to 3). ID. melanogastetwo
elements having been transmitted vertically in the re-different proteins can be produced from the primary tran-
spective lineages for rather long time periods. script. The transposase, coded by exons 0-3, is made
In the obscuraspecies group the diversification Bf only in germline cells. In somatic tissue the third intron
element sequences appears more pronounced. Three di§¥S3) is not removed and therefore the mature mRNA
tinct subfamilies differing by about 30% nt divergence codes for a shorter protein, coded by exons 0-2, which
from each other have been described so far: acts as a repressor of transposition (Rio et al. 1986; Rio
1990). The mechanism of differential splicing restricts

1. T type:P elements of this subfamily have been iso- transpositional activity to the germline, thus minimizing
lated from D. ambigua, D. obscuraand D. tristis ~ deleterious effects on the host organism by insertional

(Hagemann et al. 1996b). According to sequencdnutations (Laski et al. 1986; Laski and Rubin 1989).
similarities the terminally truncate® homologues Somatic inhibition of IVS3 splicing involves the assem-

from D. subobscurdParicio et al. 1991)D. guanche ~Ply of & multiprotein complex on a regulatory sequence
(Miller et al. 1992), and. madeirensigParicio et al. in the IVS3 38 exon (Siebel and Rio 1990; Siebel et al.

1996) have to be considered as immobilized deriva-1992)- One of these host-encoded proteins isRtese-

tives of T-type transposons. Thus the T type may havdnent somatic inhibitor (PSI) that acts as a tissue-specific

been present at the basis of the lineage leading to th_@gulator of IVS3 splicing in vivo and is required for

Palearctic species of thabscuragroup inhibition of IVS3 splicing in vitro (Siebel et al. 1994,
2. O type: AlthougiD. bifasciataandD. imaii belong to 1995; Adams e_t al. 1.997.)' .
the Palearcticobscuraclade, T-type elements are Up to now, investigations of expression and regula-

o . . tion have been exclusively carried out with tbe me-
missing in these species. Instead, their genomes con-

tain members of two other subfamilies, the O type anajanogaster Pelement. In the present study we analyze

. the expression patterns of M- and O-type elements in
the M type.P elements of the O-type subfamily seem _. . 4 .
to be transpositionally active (Haring et al. 1995). Thed|ﬁerent species at the mRNA level.  bifasciataand

hiah imilarity (599%) to O-t | i S. pallidafull-sized P elements of two distinct subfami-
Igh sequence simifan y_( ) to O-type elemen Slies coexist in the same genome (Hagemann et al. 1994,
of Scaptomyza pallidandicates that the O-type ele-

h d i bifasciata/D. imaiili 1996a). It is not known, however, if both types of ele-
:Ziz:ilyave entered t ifasciata/D. imailineage ments are transcribed and if the mature mRNA has the

. . coding capacity for functional proteins (repressor and

3. M type: Among the three subfamilies the M type IS y5ngnosase). Furthermore, we wanted to see whether the
the closest relative of the canonidalelement ofD.  isqe-specific splicing pattern described for Deme-
melanogasterO’Hare and Rubin 1983) and the  |3nqgaster Pelement is the same in all species. Finally,
elements described so far in species of wiliistoni i \vas our aim to elucidate the differences between trans-
andsaltansgroup (Lansman et al. 1987; Daniels et al. positionally active (O type?) and inactive (M type?) sub-
1990; Clark et al. 1995). In thebscuragroup M-type  families and how their mobility is regulated. For this
elements are found in three speciés: bifasciata  pyrpose we used RT-PCR to investigdReslement-

(Hagemann et al. 1992 imaii (Haring et al. 1995),  derived mRNAs irD. bifasciata, S. pallida, D. helvetica,
andD. heretica(Haring 1997) At least iD. bifas- and' as a ControD_ me|anogaster_

ciataandD. imaii M-type elements are thought to be

transpositionally inactive (Haring et al. 1995), al-

though one complete element with intact readingpaterials and Methods
frames has been isolated (Hagemann et al. 1992). Se-

quence similarity to the M-type elementsifpallida Fly Stocks. D. melanogastéfarwich, USA; standard P-strairi).

(Simonelig and Anxolaldgre 1991) is rather high bifasciata(Pavia, Italy),D. helvetica(Zirich, Switzerland)S. pallida
(90%). It is assumed that the M-type elementdof (laboratory strain obtained from P. Capy, Gif-sur-Yvette, France).
bifasciata/D. imaiihave been acquired by horizontal
transfer from the genuScaptomyzaThis invasion Amplification of MRNA Sequences (RT-PCRje lysate mRNA
probably predates the more recent invasion of O-typeapture kit (Amersham) was used for specific amplificatiorPagle-
elements (Hagemann et al. 1996a). The potential orimer_ﬂ mRNA; af:cording to m_anufacturer‘s instruc_tion; with the fol-
gin of M-type elements irD. helvetica,a species Iqwmg mod|f|(_:at|0ns: I_Dreparatlons of hea(_js (frpm five f!les), te_stes (20
. . . . . flies), or ovaries (15 flies) were homogenized in 100lysis solution.
which has split off at_the basis of _the lineage Ie"jmlm(\:]The mRNA was bound selectively to poly-T membranes according to
to the other Palearctiobscuraspecies (Lakovaara et manufacturer's instructions. Elution of mRNA was done injdQre-
al. 1976), is discussed elsewhere (Haring 1997).  action buffer at 90°C for 3 min. Reverse transcription was carried out
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Table 1. List of PCR primers used in this stutly

Reference
Primer Sequence Position sequence
MeO+ CCAGGCAAATAAAAGAAGGCGA 337-358 a
Me3.1- CGATGTCTGCAGGTATGTTGTT 2332-2311 a
Me2+ GCCGTCTTAACCAAGACATAGT 1851-1872 a
Me3.2- TCGTCATCTTCAGGCTCAACAT 2276-2297 a
Mil+ TACGCAAACAGAGTGCTGTT 436-447, 512-519 a
Mi2+ GTGTATCAGAATCAAAAACCTG 1168-1174, 1242-1251 a
Mi3- TTCTGTATTCTTGGCTATTAAA 1960-1967, 2159-2172 a
Mi3b- TCTGTATTCTTGGATTCTCG 2062-2068, 2159-2171 a
Mi3b’~ CTGTATTCTTGGCTACATTCTC 2063-2072, 2159-2170 a
Oe0+ GAAAGAGGATGAAAGTGTTA 400-419 b
Oe3.1- TAAATCCAGATTGCGTTGAT 2463-2482 b
Oe3.2- CATAGCGTCCTCCGTTAGTT 2397-2416 b
Oil+ TACGGAAACTGAGGACACAG 443-454, 543-550 b
Oi2+ TATCTGAAGAAAAAACCTGG 1212-1222, 1289-1299 b
0i3- CTCTGTATTCTTGGCTACAAT 2008-2212 b
Oi3b- CTGTATTCTTGGATTCACAA 2112-2119, 2199-2210 b
Oi3b'- CTGTATTCTTGGCAACATTCAC 2114-2123, 2199-2210 b
mel-il+ TACACAAACAGAGTCCTGTT 431-442, 501-508 c
mel-i2+ = Mi2- 1157-1168, 1222-1231 c
mel-i3- CATTTCTGTATTCCTGGCTATT 1943-1947, 2138-2154 c
mel-e3— TGTCCTCTTCGATATTTCCC 2166-2185
mel-i3b- CTGTATTCCTGGATTCTCAA 2041-2048, 2138-2149 c
mel-i3b'— = Mi3b'~ 2043-2052, 2138-2149 c

@ Primer sequences are given left to right fromt& 3' ends. Primer designation: M, O, mel stand for the respe@ieéement type; the letters e
and i denote the binding region ¢ primer binds within exon, i= intron-spanning primer); the number refers to the exon or intron number; +
and - indicate the orientation with respect to thelement. Positions refer to the reference sequences:lbifM-3 (M type of D. bifasciatg, b

= |bifO-1 (O type ofD. bifasciatg, ¢ = pm25.1 P element ofD. melanogastgr

according to the manufacturer’s protocol using20nRNA solution Results
for each reaction. Reverse transcriptase was then inactivated by phenol
extraction followed by chloroform extraction. mMRNA was precipitated
with 1/10 vol 3m NaAc and 2 vol EtOH (100%).

PCR was done in a volume of 1Q0 with 2 units Dynazyme DNA
polymerase in polymerase buffer (Finnzymes OY), s of each
primer, and 0.2 m of each dNTP. The solutions were heated to 95°C The aim of the present study was to investigate whether

for 5 min and then put through 30 reaction cycles: 95°C for 30 s,and how the twoP element types (M and O) are ex-
primer-specific annealing temperature for 30 s, 72°C for 2.5 min, fol- pressed inD. bifasciataand S. pallida. We especially

lowed by a final extension at 72°C for 10 min. Annealing temperature: e
T, — 4°C; if the T, values of the two primers differed, the annealing wanted to know if different types of mature mRNAs are

temperature was set as, F 2°C of the primer with the lower T, The  Produced through tissue-specific splicing, as is the case
primers used in this study are listed in Table 1. in D. melanogastern addition, we tested the expression
of recently discovered M-type elementsIn helvetica
Elution and CloningPCR products were separated on 1% agarose(|_|arlng 1997)' which is, “l.“D' bifasciata,a member of
gels. After elution by means of the Sephaglas BandPrep Kit (Pharmatheé obscuragroup. For this purpose RT-PCR (reverse
cia) fragments were cloned into the pT7Blue T-Vector (Novagen).transcription followed by PCR amplification) was car-
Sequencing was accomplished by the dideoxy chain termination techried out with RNA samples prepared from both somatic
nigue using the Sequenase ImagesTM Non-Isotopic DNA Sequencin%md germline tissues According to the Splicing pattern
System (USB). Nomenclature of clones follows the designation syster;i dinD | ) RNA (IVS3
introduced by Hagemann et al. (1996b). The first letter stands for th (_)un nb. me anogastert,ransposase m ( ex-
geographic origin followed by an abbreviation of the species name, th€€iS€d) was expected to occur in ovaries and testes only.
subfamily type, and the clone number. The letter c signifies that theAs the gonads are composed of both germline and so-
clone is derived from cDNA. matic cells, repressor mMRNA (containing IVS3) also was
expected in ovaries and testes. On the other hand, so-
SequencesPositional information for the variou® element types ~ matic cell lysates obtained from heads should contain
refers to the following reference sequences: M type,bifasciata: repressor mRNA only.
IbifM-3 (Hagemann et al. 1992; GenBank accession number X60990), Figure 1 depicts the primers applied and their respec-

O type, D. bifasciata: 1bifG1 (Hagemann et al. 1994; X71634), . . . L
melanogasterpm25.1 (O’Hare and Rubin 1983; X06779). The clone tive binding sites within the M- and O-tyiéelements of

PS18was used as a representative of M-type elementS.gfallida  D- bifasciata (IbifM-3, 1bifO-1) and D. melanogaster
(Simonelig and Anxolatigre 1991; M63342). (pm25.1), respectively. Reverse transcription was carried

Experimental Strategy
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Table 2. PCR products from O-type repressor and transposase

mRNASs?
1 174 454 543 1222 1289 2014 2199 2782 2987
EXONO—__ EXONT H EXON 2 e}i_-l- EXON 3 Fragments obtained (bp)
i1 0it+ 03, Fragment size
Oe0+ 0Oe3.2- Oe3.1- Primer expected (bp) Heads Ovaries Testes
B. D. bifasciata M-type P element D. bifasciata
Oil+/0e3.2- R: 1820 Yes Yes Yes
1 155 447 512 1179 1242 1967 2159 2730 2935 T: 1636 — Yes Yes
EXON 0H EXON 1 H EXON 2 }—{" EXON3 | D: — 1,200 950, 1,200 950, 1,200
virs T M Oi2+/ Oe3.2- R:1137 Yes  Yes Yes
Neo+ Vior Mesz- Mol T: 955 —  Yes Yes
Oil+ / Qi3- R: — — — —
C. D. melanogaster P element T: 1432 — Yes Yes
D: — — 800 550, 800
T 153 442 501 1168 1222 1947 2138 2706 2907 Oi2+ / Oi3- R — _ _ _
'€¢—EXON O EXON | H EXON 2 —{ EXON3 P T: 749 — Yes Yes
mel-i [+ meliZ+ Tel-i3, S. pallida
mel-c3- Oil+/ Oe3.2- R: 1820 Yes Yes Yes
Fig. 1. Primer binding sites in the differeft elementsA D. bifas- ) T. 1636 N Yes Yes
ciata O type (bifO-1), B D. bifasciataM type (bifM-3), andC D. Oi2+/0Oe3.2- R: 1137 ves o ves ves
melanogastefpn25.1). ) ) T: 955 - Yes Yes
Oil+ / Oi3- R: — — — —
T: 1432 — Yes Yes
; ; ; Fo A TR Oi2+ / Oi3- R: — —_ — —_
out with an antisense primer binding within exon 3. T 749 B Ves Ves

Then, in a first round of PCR amplification, this exon-
3-specific primer was combined with a primer binding in 2“yes” denotes that the expected fragment was observed- Re-

exon 0, generating a PCR product which comprises albressor mRNA, T= transposase mRNA, B- fragments derived from
three splicing junctions (of IVS1, IVS2, IVS3) known transcribed elements with internal deletions

from theD. melanogaster Rlement. Since the transcrip-

tion rate of P elements is rather low, another round of tensive in ovaries than in testes, where it was even found
PCR amplification with internal primers was necessaryto be absent in some PCR experiments. This might be
to obtain enough product to be visualized in agarose gelsiue to the higher proportion of somatic tissue in ovaries
These reamplifications were accomplished with intron-compared to the testes. On the other hand, the fragments
spanning primers on the Side (spanning either IVS1 or corresponding to transposase mRNA were obtained only
IVS2) combined with primers binding to the interior sec- from ovaries and testes but never from heads. With
tion of exon 3 at the 3side. Since intron-spanning prim- primer Oil+ additional shorter fragments were produced
ers are complementary to thé &nd 3 adjacent se- sporadically. These fragments probably stemmed from
quences of the respective intron, they bind to processegtanscripts of internally deleted O-type elements. In order
mRNA only but not to contaminating genomic DNA or to confirm that the supposed transposase-derived frag-
pre-mRNA. The PCR products obtained in these reamments of 1,636 bp (Oil+ / Oe3.2-) and 955 bp (Oi2+ /
plifications include the entire IVS3 region, allowing one Qe3.2-) are not amplification products from deleted el-
to differentiate between alternative splicing variants. Inements, the specific IVS3-spanning primer Qi3—- was
addition, IVS3-spanning primers (Oi3— and Mi3-, re- employed. With this primer, products can be obtained
spectively) were designed for the specific detection ofonly from mRNA lacking IVS3. As with primer Oe3.2-,
transposase mMRNA and for control experiments withfragments matching the sizes expected for transposase
PCR-derived clones. Tests with genomic DNA revealednRNA were exclusively obtained from ovaries and tes-
that none of the intron-spanning primers bind nonspeciftes, whereas no products were detected in RNA samples
ically to DNA (data not shown). from heads.

All fragments from presumptive transposase and re-
pressor mRNAs listed in Table 2 were cloned and ana-
lyzed by PCR experiments. Sequence analyses were car-
RNA samples from heads, ovaries, and testes were preied out with three cDNA clones derived from
pared. After reverse transcription with the primer reamplification with primers Oil+ / Oe3.2-. These
0e3.1-, the first PCR amplification was carried out with clones contain the complete IVS3 region. Two clones
the primer pair Oe0+/0e3.1-. Reamplification was donerepresent repressor mRNAifcO-9, IbifcO-31) and one
with several primer sets. Table 2 shows the PCR prodelone transposase mRNAb{fcO-28). Analysis of the
ucts obtained after reamplification. Fragments of the sizesplicing sites of IVS2 and IVS3 (the splice site of IVS1
expected from repressor mMRNA were found in all tissuesis covered by primer Oil+) revealed that the three splic-
The band derived from repressor mMRNA was more in-ing junctions are located at positions homologous to

O-Type Transcription irD. bifasciata
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Table 3. PCR products from M-type repressor and transposase Mi1+/Me3.2- Mi2+/Me3 .2-
MRNAS* AR RPN SRR |
oo | H O T
Fragments obtained (bp)
Fragment size
Primer expected (bp) Heads  Ovaries Testes 1. 7kb
D. bifasciata -1.5kb
Mil+ / Me3.2- R: 1,736 Yes Yes Yes 1.1 kb~
T: 1,545 >1,545 >1,545 >1,545 0.9kb-
Mi2+/ Me3.2- R: 1,068 Yes Yes Yes
T: 877 >877 >877 >877
Mil+ / Mi3— R: — — — —
T: 1,420 — — —
Mi2+ / Mi3— R: — — — — Fig. 2. RT-PCR fragments obtained from hea#§,(ovaries Q), and
T: 752 — — — testes ) of D. bifasciatausing two different M-type specific primer
S. pallida pairs for reamplification. Fragments approximately match the sizes
Mil+ / Me3.2- R:1,721-1,766 Yes Yes Yes expected for repressor (1.7 and 1.1 kb) and transposase (1.5 and 0.9 kb)
T:1,545-1,590 — — — mRNAs.
Mi2+/ Me3.2- R:1,053-1,098 Yes Yes Yes
T: 877-922 — — — . . . . .
Mil+ / Mi3— R: — _ _ _ Both fragments obtained in the reamplification with
T: 1,420 — — — Mil+ / Me3.2— were cloned and analyzed by PCR ex-
Mi2+ / Mi3- R:— — — — periments. Two clones were selected for sequence analy-
T: 752 — — —

sis: IbifcM-9 (larger fragment, obtained from heads) and
a“Yes” denotes that the expected fragment was observe®3t8of lb_'fCM'ls (shorter fragment, obtained from_ testes).
S. pallidaprimer Me3.2- binds to a tandem repetitive region with up to IDifctM-9 was sequenced completely. It contains 1VS3,
five repeats of a 15-bp unit. Therefore different fragments could bewhereas IVS2 is spliced as expected (splicing junctions
generated from a single type of MRNA. The size range of the expectegyf |\/S1 are covered by the intron-spanning primer
fragments is indicated. R repressor mRNA, T= transposase mRNA Mi1+). Thus the 1,736-bp fragment comes from a repres-
sor mRNA with excised IVS1 and IVS2.

For IbifcM-15 only the IVS3 region was analyzed
(PCR control with primer Mi2+ had shown that IVS2
was excised as expected). The sequence revealed a novel
splicing pattern: A double splice that leads to the re-
moval of two introns within the boundaries of IVS3,
leaving behind a rather short exon of 36 bp. Activation of
splicing occurs at the expected &plice site of IVS3 at
M-Type Transcription irD. bifasciata pos. 1968, but instead of the expectédsBlice site at

pos. 2158 another junction is used, leading to the re-
The same RNA samples (from heads, ovaries, and testes)oval of a 69-bp intron. Activation of another donor site
that had been analyzed with the O-type primers werg37 bp downstream) in combination with an acceptor site
employed for investigation of M-type mRNAs. Primer homologous to that of IVS3 leads to the removal of a
Me3.1- was used for reverse transcription; the first PCR36-bp intron.
amplification was done with the primer pair MeO+ /  The reading frame of this novel type of mRNA is
Me3.1-. The PCR products obtained after reamplifica-intact and codes for a protein 12 aa longer than the pre-
tion with different primer pairs are listed in Table 3. With dicted transposase. A similar mRNA was foundDn
the primer pair Mil+ / Me3.2- the fragment sizes ex- melanogaste(Chain et al. 1991). However, in that case
pected from repressor and transposase mMRNAs are 1,736e second intron within the IVS3 region had a different
bp and 1,545 bp, respectively. With primer pair Mi2+ / 5 site. Splicing at this position leads to a frame shift and
Me3.2- the corresponding fragments are 1,068 bp anthus to a truncated protein. Chain et al. (1991) assumed
877 bp. At first sight the sizes of the PCR products inthat this protein may serve as a repressor contributing to
both experiments matched the expectations (Fig. 2). Yethe P cytotype in the germline &. melanogasterThe
surprisingly, both presumed mRNAs, repressor and’ site of this second intron is located 4 bp upstream with
transposase, were found in somatic and germline tissuespect to that found iD. bifasciata.Although it seemed
as well. In the specific tests for detection of transposas¢hat the two different modes of double splicing occur in
MRNA using the IVS3-spanning primer Mi3— for ream- a species-specific manner, the sequence analysis re-
plification, no products were obtained. This finding in- vealed that the two alternative splice sites are present in
dicates that irD. bifasciatalVS3 of M-type transcriptsis  both species. To find out whether tiie melanogaster
not spliced, at least not in the way described for transsplicing variant is also made iD. bifasciata,a new
posase mMRNA oD. melanogaster. series of RT-PCR experiments from total fly homog-

those described for the. melanogaster Rlement (Fig.
1A). Moreover, the tissue-specific differential splicing of
O-type transcripts also resembles the processeB.in
melanogasterlVS3 splicing occurs exclusively in the
germline.
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Intron Exon

3a
A TGTCAAATTTAGAAAAATG—~-——AATTA—CAAA—TTAATTCATTTTATTAATTA%E"I.‘_'.I_TTTTAAATGTT AQCTATATGTTTCAGCAAAGTGTGG
ATGTCAAATTTAGAAAAATG---~-AATTA-CAAA- TTAATTCATTTTATTAATTA%TAATTGTTAAATGTT AQCTATATGTTTCAGCARAGTGIGA
ATGTCAAATTTAGAAGAATG----AATTA-CAAAATTAATTCATTTTATTAA TA;TAATTGTTAAATGTT AQCTATATGTTTCAGCAAAGTGTGT
ATGACAAATTTAAAAGAATGCGTAAA----CAAAAATG--TAAT CCATGATTTA;’I’AATTGTTTAATGTT AQCTATATGTTTCAGGAAAGTTTCA
AAGACAARACTAAAACAATTTGTTAATTAGCAAA--TAATTGATT|ITTAA ]AATAA;TAATTGTCAAATGTC QATTTATGTTTCAGCAAAGTTTGA

Stop

bifM
hel
palM
mel
bifO

bifM ATCGAGAATGTIAGGTAGTTATGTGGTGTCTTATGTGTTTTGTCTTTTATATGTTTCTTTTAATTTTATTATTTACTAA TTCTTATACTTTATC
hel ATCGAGAATGTAGGIYAGTTATGTGGTCTCTTTTGTGTTTTGT~——~~——==—=——— CTTTTAATTTTATTATTTATTAA' TTCTTATACTTTATC
palM ATCGAGAATGTIAGGTAGTTATGTGGTGTCTTATGT ~~~~~=====—=—=—— GITTCTTTCAATTTTATTATIT TAATRATAATTTTTATACTTTATC
mel  GTTGAGAATGIAGQGNAGTTATGTGCTGTCTATTGTGTTTTGTCTTTTATCTGTTTCTTTTCATTTTATTATT TAATICATTATCCTTTTGC-TTATC
bifO ATTGTGAATGITJGNAGTTATGTGTTGTC--CTGT~~~~~~=~~ TTTATGTGTTTATTTGATTATTTTCATTTAMAACCCTTAAATATTATT

Fig. 3. Alignment of the IVS3 region in th& elements oD. mela- the 3 splice junction) are marked tsolid boxesan alternative branch
nogaster(mel)), S. pallida(palM), D. helvetica(hel), D. bifasciataM type  point (closer to the 3splice junction) is indicated by dotted boxThe
(bifM) and O type 6ifO). The alternative splicing sites 3a, 3b, and 8le  stop codons in the respective exon 3a sequencdsf©fand hel are
conserved in all sequences. Splice junctioB§ (AQ are boxed.The double underlined.

most likely branch points (within the section -21 to —-38 from

enates was performed. Reamplification was done witrlternative splicing mode of IVS3 also exist for O-type
the primer pair Me2+ / Me3.2— which flanks the IVS3 €lements?
region. The three clones sequenctaif¢M-1, IbifcM-2, To answer these questions, type-specific primer sets
IbifcM-6) proved to contain the splicing variant found in were designed: one for M-type transcripts, one for O-
D. melanogasterThus, withinD. bifasciatathree differ- ~ type transcripts, and one for tii2 melanogaster Rle-
ent M-type mRNAs are made: beside the repressoment. For eaclP element type two primers were made
mRNA, two double-spliced variants are produced, one othat recognize specifically one of the two splicing vari-
them retaining an intact reading frame. The classicabnts by spanning IVS3b and 1VS3lrespectively. Fur-
transposase mMRNA with complete removal of IVS3 isthermore, intron-spanning primers fér. melanogaster
not found. were made to detect the conventional repressor and
With respect to the established designation ofEhe transposase mRNAs (Fig. 1).
melanogasteiintrons and exons, we modified the no-  To investigate tissue specificity of the double-splice
menclature in the following way (with the sections M-type variants irD. bifasciata,the primer pairs Mil+ /
downstream of exon 2 in parentheses). (1) repressoi3b— and Mi2+ / Mi3b— were used to detect the splice
MRNA (IVS3 + exon 3); (2) transposase mMRNA (exon 3;variant with interrupted reading frame. For the other
excised: 1VS3); (3) double-spliced variant with frame variant Mi1+ / Mi3b— and Mi2+ / Mi3b— were em-
shift (exon 3a + exon 3; excised: IVS3a + IVS3b); (4) ployed. All four expected fragments could be amplified
double-spliced variant with intact reading frame (exonfrom heads, ovaries, and testes, indicating that donor site
3d +exon 3; excised: IVS3a + IVS3p The two double-  selection of IVS3b vs. [VS3bis not tissue specific.
spliced variants were named IVS3a / IVS3b splicing and  Reverse transcription of mRNA from. melanogas-
IVS3a / IVS3B splicing, respectively. Figure 3 shows ter heads, ovaries, and testes was done with primer me1-
the alignment of the 1VS3 regions of five elements.  e3- followed by PCR amplification with me1-il+ / mel-
The various splicing sites are perfectly conserved an@&3-. In the reamplifications primer mel-i2+ was
possible branchpoint sequences are found within the excombined with me1-e3- for detection of transposase and
pected distances from the splice sites (minimum: 38 ntepressor mRNAs, or mel-i3- for specific detection of
from the 5 splice site and 15 nt from the' 3plice site)  transposase mRNA. In this control experiment the frag-
according to Mount et al. (1992). ment expected from repressor mRNA was obtained from
all tissues, whereas the PCR products derived from trans-
posase mRNA were only found in ovaries and testes. To
Double Splicing of IVS3 identify the two alternative splicing variants B mela-
nogaster,mel-i2+ was combined with mel-i3b— and
The observation of double splicing raises several quesmel-i38—, respectively. With both primer pairs PCR
tions: First, is there any tissue specificity concerning theproducts were exclusively obtained from ovaries and tes-
double-spliced variants? Since no M-type transposastes. These data suggest that the double splicing of IVS3
MRNA was detected iD. bifasciatathe variant with the  occurs regularly inD. melanogastegermline and that
intact reading frame could perhaps encode a transposasieeth donor sites of IVS3b are used.
like protein which is expressed in the germline only. For the O type the following four primer pairs were
Second, is the double-spliced variant with intact readingused: Oil+ / Oi3b-, Oi2+ / Oi3b-, Oil+ / Oi3b, and
frame also produced iD. melanogasterThird, doesthe Oi2+ / Oi3b—. The fragments corresponding to the two
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splicing variants were detected in testes only, whereas i Qi1+/0e3.2- Oi1+/Qi3-
heads and ovaries no PCR products were obtained. Ir I If ]
terestingly, both splicing variants originating from O- HO T 'HOT
type elements have interrupted reading frames.

M-type Transcription irD. helvetica

1820 bp
The P element ofD. helveticaclearly belongs to the 1636 pp—
M-type subfamily. No otheP element types are found in
this species. A full-lengtt? element copy has been al-
ready cloned and sequenced (Haring 1997). Therefor
the binding properties of the various prlmer-s COUId_beFig.A. RT-PCR fragments obtained from heat,(ovaries Q), and
deduced from the sequence of that copy: Primers Mil+estes T) of D. bifasciatausing two different O-type-specific primer
Me3.1-, and Mi3- bind without mismatch, Mi2+, pairs for reamplification. The fragments correspond to repressor (1,820
Me3.2-, Mi3b—, and Mi3b- with one, and MeO+ with bp) and transposase (1,636 and 1,432 kb) mRNAs. Transposase-
two mismatches. Reverse transcription, first PCR amp“_derived fragments are found only in PCR amplifications from ovaries
. ) e ’ . and testes.
fication, and reamplifications were done in the same
manner as wittD. bifasciata. The results indicate that

the splicing patterns iD. helveticaare identical to that primer: Oi2+ / 0e3.2-), andpalcO-8 (from testes,

of D. melanogasterwhere IVS3 activation is restricted primer: Oi2+ / Oe3.2-). As indicated by the presence of

to th_e germline. Repressor mMRNA was found to be presTVSS, FpalcO-1, FpalcO-2, and FpalcO-4 are derived
ent in heads, ovaries, and testes, whereas transpos

. : . S86m repressor mRNA. In contrast, cloRealcO-8 lacks
MRNA with spliced IVS3 was detected exclusively in S o
. : e . . IVS3 and thus has to be considered as an amplification
germline tissue. Reamplification with the two primers

specific for the double-spliced mRNAs revealed thatprOdUCt from transposase MRNA. In summary, O-type

. . . . transcription and splicing irs. pallidameets the basic
both variants are made in germline cellsxf helvetica . .
. I . . model of P element expression iD. melanogastegiven
but not in somatic tissue. Both double-spliced variants . . )
. . . . In most textbooks: repressor in somatic cells and trans-
have interrupted reading frames, as is the case with the

i . posase in the germline.
O-type elements (Fig. 3). The M-type elements db. bifasciataand S. pallida

are closely related (90% identity). Thus several primers
P element Transcription i$. pallida designed forD. bifasciatacan also be utilized foiS.

pallida. Me3.1-, Mil+, and Mi3- bind to th&. pallida
The O-type elements o08. pallida were found to be M-type elementPS18without mismatch. MeO+, Mi2+,
nearly identical to those d. bifasciata(Hagemann et and Me3.2- bind with one or two mismatches only and
al. 1996a). Therefore, the same primer sets could be useglere supposed to recognize tBe pallidaM-type ele-
for both species. The results obtained in all reamplifica-ments, too.
tions were the same as I bifasciata(Table 2) except For reverse transcription Me3.1- was used. The first
that no transcripts from internally deleted elements werdPCR amplification was done with the primer pair MeO+
found. PCR products from transposase mRNA (either Me3.1-. For reamplification the following primer pairs
with primer Qi3- or Qi3.2-) were obtained from germ- were employed: Mil+ / Me3.2—, Mil+ / Mi3—, Mi2+ /
line tissue only, whereas fragments derived from represMe3.2—, and Mi2+ / Mi3—. Whenever the primer Mi3-
sor mRNA were found in heads, and sometimes in ovawas used, no PCR products were obtained, indicating
ries and testes, too (Fig. 4). I bifasciatathe presence that IVS3 splicing of M-type elements does not occur in
of additional smaller fragments was ascribed to tran-S. pallida.Reamplification with Me3.2- produced single
scription of internally deleted elements. The absence ofragments in the sizes expected from repressor mRNA.
shorter fragments i®. pallidaconfirms this assumption Sequence analyses of several clones confirmed the pres-
and excludes the alternative possibility that the shorence of IVS3:FpalcM-9 (from heads, primer Mil+ /
fragments inD. bifasciatamight represent PCR artifacts Me3.2-), FpalcM-5 (from testes, primer Mi2+ /
derived from larger transcripts. It has been shown preMe3.2-),SpalcM5, andSpalcM8 (from ovaries, primer
viously (Hagemann et al. 1996a) that our laboratoryMi2+ / Me3.2-).
strain of S. pallidaharbors only one size class of small  Although inS. pallidano additional fragments (beside
internally deleted O-type elements, whereas the strain afhose attributed either to repressor or transposase
D. bifasciatacontains several truncated O-type copiesmRNA) were detected in the PCR experiments described
with smaller deletions. The IVS3 regions of the follow- above, a specific search for double-spliced variants was
ing clones were sequencelpalcO-1, FpalcO-4 (from  carried out. The IVS3b and IVS3ikspanning primers
heads, primer: Oil+ / Oe3.2-palcO-2 (from ovaries, designed for the M-type sequencedf bifasciatabind

—1432 bp
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Table 4. Proteins and IVS3 splicing in different tissues and spécies

D. bifasciata S. pallida D. helvetica D. melanogaster
M type
Soma R No R No R No R No
R-like 3a+3b — — — — — —
T-like 3a+ 38 — — — — — —
Germline R No R No R No R No
— — — — T 3 T 3
R-like 3a+3b — — R-like 3a+3b R-like 3a+3b
T-like 3a+ 38 — — R-like 3a + 38 T-like 3a+ 38
O type
Soma R No R No
Germline R No R No
T 3 T 3
R-like 3a+3b — —
R-like 3a+3b — —

#Presumed proteins: R repressor; T= transposase; R-like= splicing variant with frame shift in exon 3; T-like= splicing variant with intact
reading frame in exon 3. IVS3 splicing: Ne no splicing of IVS3; 3, 3a + 3b, 3a + 3b= introns removed

to the S. pallidaM-type elementPS18and PS2without  protein 12 aa longer than the predicted transposase. This
mismatch. In order to test whether thi® bifasciata mode of IVS3 double splicing is found iD. bifasciata,
primers Oi3b— and Oi3b could be also used foB. D. helveticaandD. melanogasterhbut not inS. pallida.
pallida, the cloneFpalcO-1 derived from repressor In D. helveticaand D. melanogastedouble splicing is
MRNA was sequenced. The analysis showed thabthe germline specific, like the complete excision of IVS3. In
bifasciataprimers Oi3b— and Oi3k- bind perfectlytothe D. bifasciata germline-specific double splicing is ob-
S. pallidaO-type element. These intron-spanning prim-served only with O-type transcripts, whereas double-
ers were used in combination with Mil+, Mi2+, Oil+, spliced M-type variants are found in all tissues. Theoret-
and Oi2+. In contrast to the other species tested, no PCRally, one could imagine splicing variants where only
products were obtained. Thus double splicing withinone of the internal introns of IVS3 is removed. Yet, none
IVS3 obviously does not occur i8. pallida,neither in  of these two possible splicing products (neither with O
M-type nor in O-type transcripts. nor with M type) was observed. Thus it can be assumed
that IVS3a splicing is an obligatory step in the double
splice reaction. Another interesting question is how the
Discussion splicing of IVS3b (IVS3b) is repressed in the soma. One
possibility would be that the’Ssplice sites of both intron
The RT-PCR experiments clearly show thatOnbifas-  3a and 3b (3h are inhibited by the multiprotein complex
ciataandsS. pallidaboth O-type and M-type elements are binding to the pseudo*Splice sites in the '5exon region
transcribed. The M-type elements Bf. helveticaare of IVS3 (Laski and Rubin 1989; Siebel et al. 1992).
transcribed, too (Table 4). Alternatively, an additional pseudo-Ssplice site
O-type transcripts are spliced differentially, in the (AAAGTGTGG) located in the miniexon 3a at the ap-
same manner as tHe. melanogaster Relement: InD. propriate distance from the IVS3b (36’ splice sites
bifasciataas well as inS. pallida,repressor mRNA is could be responsible for splicing repression of IVS3b
found in somatic tissue, whereas transposase mRNA i&3b’).
made only in germline cells. M-type repressor mMRNA  The splicing patterns differ not only betweénele-
containing the complete 1IVS3 is found in somatic tissuement types but also between hosts, dxygsophilaand
(including the somatic parts of the gonads)nfbifas-  ScaptomyzaFirst, M-type mRNAs ofS. pallidaalways
ciata, D. helvetica, D. melanogasteandS. pallida.M- contain 1VS3, indicating that the’5Ssplice site of this
type transposase mRNA with completely excised IVS3 isintron is not used at all. We cannot say whether this is
produced only in the germline dd. helveticaand D. due to IVS3 inhibition in all tissues or to the lack of some
melanogastenn S. pallidano activation of M-type IVS3  unknown activating factors. Second, double splicing of
was observed at all, indicating that in this species onlyiVS3 is not found inS. pallida, neither in O- nor in
repressor proteins are produced. In contrast, an alternd-type mRNAs. For the M type this is in accordance
tive splicing pattern was found iD. bifasciata: Two  with the lack of IVS3 activation: If no cleavage occurs at
introns are removed within the boundaries of 1IVS3,the IVS3 donor site at all, we cannot expect any of the
whereby for the second one the usage of two alternativelouble-spliced variants. The fact that IVS3 is never re-
5' sites results in two double-spliced mRNA variants. moved inS. pallidaM-type transcripts suggests that this
One of them retains an open reading frame coding for aubfamily is transpositionally inactive. Nevertheless, at
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least the copyS18was found to transpose when trans-  Finally, we have to consider how the proteins encoded
ferred into aP element-free strain oD. melanogaster by the double-spliced mMRNAs may function. First, the
(Simonelig and Anxolalieere 1991). Therefore we have variants with interrupted reading frames (both O-type
to assume a host-specific, tissue-independent 1VS3 invariants, the 1IVS3a / IVS3b variant of th2. bifasciata
hibiting factor inS. pallida.However, this factor exerts M type, and both double-splice variants of tbe hel-
its effects only on M-type elements since O-type 1VS3veticaM type) could encode a repressor-like protein con-
shows somatic inhibition but is activated in germline tributing to the P cytotype in the germline as proposed by
cells. The absence of IVS3 double splicingSnpallida ~ Chain et al. (1991). Second, the IVS3a / IVS8hariants
may be due to another host-specific repressing mecha&oding for transposase-like proteins that are produced in
nism, e.g., some factor that binds to the branch site ofhe germline (M type oD. bifasciataand D. melano-
IVS3a, thus inhibiting its usage. gaste) could function either as a transposase equivalent
In Drosophilathe splicing pattern seems to be uni- OF (e.g., because of different folding or dimerization
form in those specie®. helveticaandD. melanogaster) pro.perties) asan additiongl repressor involvgd in .the fine
harboring only ond® element type. In contrast, withd, ~ tuning of germline specific regula_non. ID. pn‘asqata
bifasciataM- and O-type transcripts are spliced in dis- the presence of a transposase-like protein with trans-
tinct ways. Whereas activation of O-type IVS3 is re- POsase fupqt!on in somatlp tissue is difficult t.o imagine.
stricted to germline cells, the donor site of M-type Ivs3 One possibility is regulation at the translational level
is used in soma and germline as well.Dn melanogas- preventing the production of a transposase-like protein in
ter, Laski and Rubin (1989) identified theis-acting e soma. _
regulatory sequence for germline specificity which in- _If we try to 'T‘terpr?t the results from an evolutionary
cludes a region upstream from the gplice junction of point of view, including the effects of host-transposon

IVS3. Later it was shown that regulation of IVS3 splic- interactions on the life cycle d? elements, we come to

ing is the result of somatic repression and that pseucjo_ﬂ?oﬁo?glltisrlr?antis\;elzI;Stl’iéihne p”g‘;'gl?:egfselggﬁgi r)e %L:)I d
splice sites in the 5exon region of IVS3 are involved picing, g b Y

(Siebel and Rio 1990; Chain et al. 1991: Tseng et aItrue irrespective of th® element subfamily or host spe-

1991; Siebel et al. 1992). Specific RNA binding factors K/'Iets Zogliﬁgﬂe{:ﬁﬁ‘;}e?;g(y‘:)'vilrgsgﬁﬁeﬁ’gg’;’esvne?1;“"’/‘2"
such as PSIR element somatic inhibitor) interact with yb g i '

- hown that O-type elements behave in the classical man-
these regulatory elements and thereby prevent binding 03 yp

) . . er in members of two genera. It seems to be an impor-
U1 snRNP to the accurate splice site (Siebel et al. 1994, 1t property ofP elements to be able to retain their
1995). If the pseudo-Ssplice sites in the Sexon region

- o - mobility and regulation patterns after horizontal trans-
of IVS3 were responsible for inhibition of IVS3 splicing, 1ission into a new host species. Second, the presence of

we would expect to find sequence differences betweeny, p glement types within one species seems to result in
the twoP element types in this section. However, amongye inactivation of one type. For the M-type elements of

all P element types, no matter from which species, theg pajlidawhich are thought to be old components of the

entire region is highly conserved. The only substitution isgenome of this species (Simonelig and Anxdlaie

found in the O-type sequence, destroying one of the twQ 994 it has been shown that they are able to transpose in

pseudo-5splice sites. Interestingly, just the splicing pat- p, melanogasterYet, in S. pallida, their activity obvi-

tern of O-type elements matches exactly that of the  gysly is shut off. For the M type db. bifasciatawe still

melanogaster Pelement. So the question remains: If have only indirect hints that it is down-regulated. Nev-

germline specificity of O-type IVS3 splicing is due to ertheless, the splicing mode of M-type transcripts in this

somatic inhibition (as iD. melanogastgr why has this  species is exceptional. Further investigations including

mechanism no effect on M-type elements? Sequence ditransformation experiments @. melanogastewith D.

ferences between the twl element types cannot be bifasciataM-type elements will show how they act in a

responsible for this phenomenon: Germline specificityP-element-free host species.
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