
Proc. Nati. Acad. Sci. USA
Vol. 87, pp. 9615-9619, December 1990
Genetics

A long terminal repeat-containing retrotransposon is mobilized
during hybrid dysgenesis in Drosophila virilis

(mutagenesis/transposable element/DNA mobilization)

V. SH. SCHEINKER*, E. R. LOZOVSKAYA*, J. G. BISHOPt, V. G. CORCESt, AND M. B. EVGEN 'EV*
*Institute of Molecular Biology, Academy of Sciences of the U.S.S.R., 32 Vavilov Street, Moscow 117984, U.S.S.R.; and tDepartment of Biology, The Johns
Hopkins University, 34th and Charles Streets, Baltimore, MD 21218

Communicated by M. M. Green, September 14, 1990

ABSTRACT A hybrid dysgenesis syndrome similar to
those described in Drosophila melanogaster occurs in Drosoph-
ila virilis when a laboratory stock is crossed to a wild strain
collected in the Batumi region of Georgia (U.S.S.R.). Muta-
tions in various loci obtained during these crosses are presum-
ably induced by the insertion of DNA sequences. We have
cloned an induced white mutation and characterized the in-
sertion sequence responsible for the mutant phenotype. This
sequence is a 10.6-kilobase (kb) transposable element we have
named Ulysses. This element is flanked by unusually large
2.1-kb long terminal repeats. Ulysses also contains other land-
marks characteristic of the retrotransposon family, such as a
tRNA-binding site adjacent to the 5' long terminal repeat and
open reading frames encoding putative products with homol-
ogy to the reverse transcriptase, protease, and integrase do-
mains typical of proteins encoded by vertebrate retroviruses.
Some of the mutations obtained do not contain a copy of the
Ulysses element at the mutant locus, suggesting that a different
transposable element may be responsible for the mutation.
Therefore, Ulysses may not be the primary cause of the entire
dysgenic syndrome, and its mobilization may be the result of
activation by an independent mobile element.

The term "hybrid dysgenesis" was first used by Kidwell et
al. (1) to describe a series ofphenomena, such as high sterility
and mutation rate, male recombination, segregation distor-
tion, and chromosome breakage, that appeared in the prog-
eny of crosses between certain Drosophila melanogaster
strains. The male recombination and mutagenesis phenom-
ena associated with hybrid dysgenesis had been described by
Hiraizumi (2, 3) as associated with the presence in the
genome ofMR elements. These MR elements then provide a
genetic basis for the mutational and mitotic recombinational
components of these events and have now been shown
functionally equivalent to the P transposable element respon-
sible for the P-M hybrid dysgenesis syndrome (4, 5). The
phenotypic characteristics associated with hybrid dysgenesis
appear in the progeny of crosses between P males, which
contain intact P elements in the germ line, and M females, in
which this transposon is defective or absent. Some of the
distinctive dysgenic traits can still be detected when the
reciprocal cross is performed but at much lower levels. The
P element contains two 31-base-pair (bp) inverted repeats and
four open reading frames that encode a transposase involved
in the mobilization of both intact and defective P elements
(5).
A second hybrid dysgenesis system designated I-R gives

rise to similar characteristics, such as transient female ste-
rility, X-chromosome nondisjunction, and increased muta-
tion frequency, when an inducer male (I) containing I factors
is crossed to a responsive (R) female lacking these factors.

The genetic determinant responsible for this phenomenon is
the I transposable element, which differs from the P element
in that it encodes a protein with sequence similarities to
reverse transcriptase (6). Thus, although the dysgenic traits
that arise in P-M and I-R crosses are very similar, the nature
of the transposable elements involved is very different.
Whereas the P element encodes transposase and repressor
activities (7, 8) that account for the mechanisms of P mobi-
lization and directionality ofthe dysgenic cross, the I element
is a poly(A)+ retrotransposon that encodes two putative open
reading frames, the second one with homology to the poly-
merase and RNase H domains of the reverse transcriptase
found in vertebrate retroviruses (6). Some of the dysgenic
traits have also been observed in systems involving the hobo
family of transposable elements, which can promote high
rates of chromosomal instability (9).
Some of us have recently described a dysgenic system that

takes place in Drosophila virilis in unidirectional crosses
between two different strains and results in characteristic
traits in the F1 progeny similar to those seen in the P-M and
I-R systems in D. melanogaster (10, 11). However, contrary
to these, hybrid dysgenesis traits in D. virilis such as gonadal
sterility in males and females, male recombination, chromo-
somal nondisjunction, transmission ratio distortion, and the
appearance of numerous visible mutations, were observed
when males from an established laboratory strain were
crossed to wild-type females from strains recently caught
from the wild in the USSR. Here we present evidence
suggesting that the dysgenic syndrome in D. virilis is asso-
ciated, in part, with the movement of a long terminal repeat
(LTR)-containing retrotransposon structurally similar to the
proviral form of vertebrate retroviruses.

MATERIALS AND METHODS
Wild-type strain 9 was collected in Batumi (Georgia,
U.S.S.R.) in 1975, and wild-type strain 2 was collected in
Kutaisi (Georgia, U.S.S.R.) in 1970. Strain 160 was con-
structed by introducing a chromosome 6 from stock 104
(USA) containing the glossy mutation into an old laboratory
stock (strain 149) from Japan that carries recessive markers
in all large autosomes. Wild-type strains of Drosophila tex-
ana and Drosophila lummei that belong to the virilis group
were also used in these studies.
DNA from D. virilis was prepared as described (12).

Construction of genomic libraries in A47.1 and EMBL3,
library screening, DNA restriction and labeling, Southern
analysis, etc., were carried out by standard procedures (13).
DNA was sequenced by the dideoxynucleotide chain-
termination method using Sequenase (14). Computer analysis
of DNA sequence homologies was done by using the Pc/
GENE programs from Intelligenetics. In situ hybridization to
polytene chromosomes was performed essentially as de-
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FIG. 1. Southern analysis ofgenomic DNA from different stocks.
Ten micrograms of total DNA D. virilis stock 160, wd9 mutant, and
stock 9 from Batumi, was digested with HindIll, electrophoresed on
1% agarose gel, and blotted onto nitrocellulose paper. The filter was
then hybridized with a 2.0-kb BamHI-Sal I fragment of D. melano-
gaster white locus labeled with [32P]dNTP. Numbers on left repre-
sent kb size of the corresponding restriction fragments.

scribed by Bonner and Pardue (15). All cytological localiza-
tions of the mutations obtained have been done by using
photographic maps of D. virilis chromosomes (16).

RESULTS
Isolation ofMutants from Dysgenic Crosses. The occurrence

of numerous mutations and other abnormalities, such as
female sterility and gonadal dysgenesis, in the progeny of a
cross between two strains of D. virilis have already been
described in detail (10, 11). These abnormalities were seen
only when unidirectional crosses were carried-i.e., when
females of wild-type strain 9 were crossed with males of the
old laboratory marker strain 160. Numerous mutations were
recovered among the F2 and F3 generations resulting from
these crosses, including alleles of yellow (y), white (w),
singed (sn), Delta (DI), and Beadex (Bx). The approximate
frequency of mutations occurring at the white locus was
estimated to be 1/103 (11). In particular, a white allele
designated wd9 arose in a single male in the F2 generation from
a cross between the strains described above.

As a first step to determine the molecular basis of this
mutation, genomic DNA was prepared from the wd9 allele and
both parental strains. The DNA was digested with HindIII
and subjected to Southern analysis with a 2.0-kilobase (kb)
BamHI-Sal I fragment from the D. melanogaster white locus
used as probe. This fragment contains the second and third
exons of the D. melanogaster white gene. The result of this
experiment is shown in Fig. 1. The melanogaster probe
hybridizes to a 6.8-kb fragment in both parental strains. This
band is absent in the mutant and is replaced by a 10.5-kb
fragment, suggesting that the mutant gene has been rear-
ranged or contains an insertion of DNA sequences. To
determine the nature of this DNA, genomic libraries were
constructed from partial Sau3A digests of wild-type parental
and wd9 DNA, and the white gene was isolated from both
strains. One of the clones obtained from mutant flies appar-
ently contained a complete copy of the inserted sequences
because both the left and right ends of this clone hybridized
to DNA from the white locus of D. melanogaster (data not
shown). Restriction analysis of parental and wd9 clones
confirmed the insertion of DNA sequences in the mutant
white gene (Fig. 2).
DNA Sequences Inserted in the w'9 Mutation Identify a

Transposable Element. To determine whether the DNA se-
quences inserted into the white gene in the wd9 mutation are
repeated in the D. virilis genome and are present in related
Drosophila species, we carried out Southern analysis of
genomic DNA isolated from three D. virilis strains and one D.
lummei strain. Fig. 3A shows the result of this experiment
and indicates that there are -15-20 copies of this sequence
in D. virilis and 8-10 copies in D. lummei. Furthermore, the
pattern of restriction fragments is different in all three D.
virilis strains, suggesting that this repeated sequence is mo-
bile and represents a transposable element, which we named
Ulysses, the existence of which had been proposed (10).
To determine whether different members of this family of

mobile elements are structurally conserved, the pattern of
hybridization of different internal restriction fragments in
genomic DNA from strains 9 and 160 was analyzed. Fig. 3B
illustrates such an analysis and represents hybridization of
the 2.4-kb HindIII-EcoRI internal restriction fragment with
DNA isolated from D. virilis and D. lummei strains digested
by HindIlI and EcoRI. The HindIII/EcoRI digest shows that
almost all hybridization in D. virilis is located in two specific
bands of the size predicted from the restriction map of the
element. This result suggests that most members ofthe family
have the same internally conserved molecular structure. A
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FIG. 2. Detailed structure of Ulysses element. The restriction map of Ulysses is indicated. Solid boxes represent LTRs. Transcription of
white gene and Ulysses element is indicated by arrows above map. Sequences of white gene are cross-hatched. The sequences of the insertion
site of Ulysses element are displayed below; boxed sequences designate the 4-bp duplication that originated upon insertion of Ulysses in the
chromosome.
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FIG. 3. Southern analysis of Ulysses element. (A) Genomic DNA
from strains 160, 9, and 2 of D. virilis and wild-type strain of D.
lummei was digested with HindlIl, electrophoresed on 1% agarose
gel, blotted onto nitrocellulose, and probed with the 2.4-kb HindIll-
EcoRI fragment of Ulysses element labeled with [32P]dNTP. (B)
Genomic DNA from strains 160, 9, and 2 of D. virilis and D. lummei
was digested with HindIll and EcoRI and subjected to Southern
analysis as described above.

few additional light bands evident in D. virilis and, in par-

ticular, in D. lummei suggest the presence of Ulysses copies
with an altered structure.
To gain further insight into the nature of the sequences

responsible for the w'd9 mutation, we carried out in situ
hybridizations to polytene chromosomes of the parental
strains with the insertion sequence used as probe. Fig. 4A
shows the pattern of this hybridization in strain 9. Sequences
are present in 15 different euchromatic sites, confirming that
the sequences are repeated. In addition, heavy labeling of the
centromeric heterochromatin can also be observed. The
same type of cytological analysis in strain 160 revealed
equivalent intense hybridization at 11 euchromatic sites plus
the chromocenter (data not shown). Only 1 site was common
in these two strains. Parallel analyses of other Drosophila
species indicate that Ulysses elements are also present in all
species that belong to the virilis group, such as D. texana and
D. lummei, although for these, hybridization is concentrated
mainly in the chromocenter and only diffuse grains appear in
the euchromatin (Fig. 4B). In situ hybridization as well as
Southern analysis failed to detect similar sequences in D.
melanogaster, Drosophila funebris, and Drosophila hydei
(data not shown).
To test whether all mutations on the X chromosome

obtained from crosses between strains 9 and 160 are caused
by insertion of the Ulysses transposon we looked for this
element in different mutations by in situ hybridization to
polytene chromosomes. Ulysses hybridization at the cyto-
logical location of the respective loci provides strong evi-
dence for association of this element with the mutation.
Results from these experiments indicate that Ulysses inser-
tion took place at the mutant locus in two mutations of white
obtained, one of five singed mutations studied, and the only
mutation ofBx isolated. On the other hand, neither the single
yellow nor forked mutations recovered contain Ulysses se-
quences. We have recently isolated from a yellow and a
singed mutation a repeated DNA sequence-in all probability

a transposable element different from Ulysses (M.B.E. and
V.G.C., unpublished work). This finding suggests that at
least one other transposable element may also be mobilized
during hybrid dysgenesis in D. virilis.

Ulysses Element Belongs to the Retrotransposon Family.
Further analysis of the insertion sequences was carried out
by determining the DNA structure of the boundary between
the Ulysses element and the surrounding white gene in the
wd9 mutation and in the normal allele. This analysis showed
that the insertion occurred at at cluster of the simple se-
quence poly[d(G-T-T)]-poly [d(C-A-A)J in the intron region,
between the second and third exons of the white gene. This
insertion is such that transcription of the element is opposite
in direction to that of the white gene (see below). Moreover,
the insertion of foreign sequences resulted in a 4-bp dupli-
cation in the mutant DNA, a characteristic of transposable
elements generated during the integration process (Fig. 2).
The nature of the Ulysses element was determined by

analyzing its DNA structure. The element isolated from the
wd9 mutation was sequenced and found to be 10.6 kb long with
two LTRs 2.1 kb each (Fig. 2). Length of the LTRs is unusual
among Drosophila transposable elements, which are generally
=0.5 kb. The sequence of the central region of Ulysses
indicates the existence of additional structural characteristics
typical of retrovirus-like transposable elements. For example,
a lysine tRNA primer-binding site can be found immediately
adjacent to the 5' LTR. In addition, open reading frames that
encode putative proteins homologous to vertebrate retroviral
products, such as reverse transcriptase, protease, and inte-
grase, can also be found within Ulysses. Fig. 5 shows the
amino acid sequence of these regions and a comparison with
similar regions of other transposable elements from Drosoph-
ila and mammals (18-24). The order ofthese homologies in the
Ulysses genome is protease-reverse transcriptase-integrase.
This order resembles that found in retroviruses and other
retrotransposons, such as gypsy and 17.6 from D. melano-
gaster and Ty3 from yeast, but different from that in the
Drosophila copia element and the Tyl and Ty2 elements from
yeast (25). These results establish that Ulysses belongs to the
family of LTR-containing retrotransposons.
An Autosomal Inversion Mediated by Ulysses Elements. The

occurrence of rearrangements with breakpoints coincident
with mobile elements is a key feature of the dysgenesis
systems described so far (26, 27). We carried out extensive
polytene-chromosome cytological analysis in search of rear-
rangements that may be associated with the mutations ob-
tained in dysgenic crosses. We studied all five singed muta-
tions obtained, two white mutations, and the single alleles of
miniature, bithorax, yellow, forked, abnormal abdomen,
etc., up to a total of 15 mutant stocks. With a single
exception, we failed to find any rearrangements in any of the
mutants. A stock bearing a singed mutation (located in
chromosome 1) was found to have a large heterozygous
inversion in chromosome 3 with breakpoints at polytene
chromosome sites 32A and 39F, respectively (Fig. 4C). In
situ analysis of the asynapsed rearranged chromosomes
demonstrated copies of Ulysses at the vicinity of both
breakpoints (data not shown). Rearrangements of this type
may be explained by intrachromosomal pairing and exchange
between Ulysses elements located in opposite orientations,
as has been demonstrated for the hobo transposable element
in D. melanogaster (28). It should be emphasized that the
finding of this single inversion in D. virilis is of importance
because spontaneous rearrangements are yet to be reported
in the wild populations or laboratory strains of this inten-
sively studied species (29).

DISCUSSION
We have described a series of genetic phenomena that take
place in the progeny of crosses between defined strains of

Genetics: Scheinker et al.
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FIG. 4. In situ hybridization of 3H-labeled Ulysses element to polytene chromosomes from D. virilis (A), D. lummei (B), and the sn strain
containing the inversion in chromosome 3 (C). Arrow in C indicates inversion breakpoints labeled by Ulysses. Exposure time was 7 days.

virilis (10, 11) and parallel those displayed in the P-M and I-R
hybrid dysgenesis syndromes in D. melanogaster but differ
from them in the nature ofthe transposable element involved.
At least four among ten mutations arising from the D. virilis
dysgenesis system are caused by insertion of the retrotrans-
poson we have named Ulysses.
Movement of LTR-containing retrotransposons has not

been seen during either P-M or I-R hybrid dysgenesis (30).
Furthermore, neither transposition bursts nor other known
cases of coordinate movements of LTR-containing retro-
transposons lead to hybrid dysgenesis in D. melanogaster
(31, 32). Therefore, the phenomenon described here repre-
sents the particular instance ofa hybrid dysgenesis syndrome
induced or accompanied by mobilization of an LTR-
containing retrotransposon.
We have also found a single heterozygous inversion in

chromosome 3 in the progeny of a dysgenesis-induced singed
mutant. The inversion breaks coincide with Ulysses ele-
ments, a situation reminiscent of some D. melanogaster
dysgenesis systems in which other transposable elements
have been found at the inversion breakpoints (25, 26). One of
us has previously shown the presence in the D. virilis genome
ofpDv elements that occupy -200 sites in the chromosomes.
DNA sequence analysis revealed that the pDv elements
contain tandemly arranged 36-bp repeat units flanked by
imperfect direct repeats (11). Moreover, it has also been

shown that the 36-bp sequences in D. virilis genome exist in
three different orientations relative to one another-i.e.,
tail-to-tail, tail-to-head, and head-to-head (33). Asymmetrical
pairing ofpDv elements and exchange might create a variety
ofchromosomal rearrangements that were never observed in
nature. It thus appears reasonable to assume that some type
of constraints are imposed against pairing and exchanges
between intrachromosomal segments in D. virilis. These
constraints, probably imposed by selection, were overcome
by intrachromosomal interactions of Ulysses elements some-
how activated by the dysgenic cross that led to the restruc-
turing of chromosome 3 of this D. virilis singed stock.

Dysgenesis in D. virilis was seen after crossing strains that
do not differ significantly in number of Ulysses copies. Thus,
one may propose the existence in D. virilis of a special copy
of the Ulysses element playing the same role as the MR
element in P-M dysgenesis or the Mos factor promoting
excisions of the transposable element mariner in Drosophila
mauritiana (34, 35). On the other hand, the Ulysses element
may not be directly responsible for the dysgenesis phenom-
enon in D. virilis because some mutations obtained in the
dysgenic crosses did not show hybridization of this element
at their normal cytological locations. It is thus formally
possible that a second element different from Ulysses directly
causes the dysgenic syndrome and that Ulysses mobilization
is only a secondary effect of this phenomenon. The move-
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gypsy 309
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MoMLV 308
HIV-2 333

MPFGLC NAAQHFEAHD IKVIPANLR SNVFV YLDDLLIISADFPTHLKYLELVAEC RNANLTIGMAKSKFLFRNLNYLG
LPFGLK IAPNSFQ RNMTIAFSGIEPSQAFL YMDDtTVIGCSEKHMLKNLTEVFGKCREYNLKLHPEKCSFFMHEVTFLG
MPFGLK NAPATFQ RCMNDILRPLLNKHCLV YLDDIIVFSTSLDEHLQSLGLVFEKLA LDKCEFLKQETTFLG

MPFGLR NAPATEQ RCMNNILRPLLNKHCLV YLDDItIIFSTSLTEHLNSIQLVFTKLADANLKLQLDKCEFLKKEANFLG
LPFGLRNASSIFQ RALDDVLREQIGKICYV YVDDVIIFSENESDHVRHIDTVLKCLIDANMRVSQEKTRFFKESVEYLG

LPQGISCNSD NVCKLNKAIYGLKQAA YVDDWATGDMTRMNNFKRYLMEKFRI4TDLNE IK HFIG
LPQGFK NSPTLFDEALHRDLAD FRIQ HPDLILLQYVDDLLIAATSELDCQQGTRALLQTLGNLGYRASAKKAQICQKQVKYLG
LPQGWK GSPAIFQHTM RQVLEPFRKA NKDVIIIQYMDDZLIASDR TD LEHDR VVLQ LKELLNGLG

AEVEVAGAKMKGLLDTGASVSLLGQG
FIHAKTGVKLVFLLDTGADISILKEN
ITIKYKENNLKCLIDTGSTVNMTSKN
IKIVYKGRSYKCLtLdGTINMINEN
IERRLAGRTLKMLIDTDAAKNYIRPV
VNNTSVMDNCGFVLDSGASDHLINDE
ITLKVGGQPVTFLVDTGAQHSVLTQN
VTAYIEGQPVEVLLDTGADDSIVAGI
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H 7aa H 21aa CDTC 118aa SPQSNAAER
HR7aa H 29aa CQKC 118aa HQTVGVVER
H 4aa H 29aa CSIC llOaa KTGVADIER
H 4aa H 29aa CNIC llOaa KNGVADVER
H 3aa HK29aa CRVC 113aa SSSNGQVER
H 4aa H 27aa CEIC 124aa PQLNGVSER
H 3aa H 32aa CKAC 116aa PQSSGQVER
H 3aa H 23aa CAQC 147aa GIGMTPSER

FIG. 5. Comparison of amino acid sequences of conserved regions of reverse transcriptase (A), protease (B), and integrase (C) domains
encoded by Ulysses and other retroviral elements (number of initial codon shown in alignment immediately follows element name). Amino acid
sequences (single-letter code) of conserved motifs are in the amino- to carboxyl-terminus direction. Positions at which five or more sequences
share identical or chemically similar amino acids are shaded. Gaps were introduced in A to maximize alignment. Chemically similar amino acids
are grouped as follows (17): A, S. T, P, and G; N, D, E, and Q; H, R, and K; M, L, l, and V; and F, Y, and W. MoMLV, Moloney murine
leukemia virus; aa, any residue.

ment of the Ulysses retrotransposon under controlled con-
ditions during D. virilis dysgenesis, either as an effector or as
a consequence of this syndrome, will afford the opportunity
to study molecular mechanisms underlying the mobilization
of LTR-containing retrotransposons in Drosophila.
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