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ABSTRACT

We have found that defective gypsy retrotransposons are a major constituent of the lampbrush loop
pair Nooses in the short arm of the ¥ chromosome of Drosophila hydei. The loop pair is formed by male
fertility gene Q during the primary spermatocyte stage of spermatogenesis, each loop being a single
transcription unit with an cstimated length of 260 kb. Using fluorescent in situ hybridization, we show
that throughout the loop transcripts gypsy elements are interspersed with blocks of a tandemly repetitive
Y-specific DNA sequence, ayl. Nooses transcripts containing both sequence types show a wide size range
on Northern blots, do not migrate to the cytoplasm, and are degraded just before the first meiotic
division. Only one strand of ayl and only the coding strand of gypsy can be dectected in the loop
transcripts, However, as cloned genomic DNA fragments also display opposite orientations of ayl and
gypsy, such DNA sections cannot be part of the Nooses. Hence, they are most likely derived from the
flanking heterochromatin. The direction of transcription of ayl and gypsy thus appears to be of a

functional significance.

BOUT 40 families of transposable elements reside
in the genome of Drosophila melanogaster (BERG
and Howe 1989; FINNEGAN 1990). The most abundant
type of transposable elements are called retrotranspo-
sons, as they have structural similarity with retroviruses.
At least 19 different families of retrotransposons have
been identified in this species. They are implicated 1n
the majority of spontancous mutations (GREEN 1988),
and a wealth of data exists on their structure and their
genomic and phylogenetic distribution. Also studies on
the mechanisms by which they aflect normal patterns
of gene expression have been carried out.

To cause heritable changes, retrotransposons must
transpose within cells of the germ line. This requires
an RNA intermediate, as has been shown for the IAP
sequence of the mouse (HEIDMANN and HEIDMANN
1991) and also for several retroposons, as for example
the L1 element of the mouse (EVANS and PALMITER
1991) and the I factor of D. melanogaster (JENSEN and
HEIDMANN 1991; PELISSON et al. 1991). Therefore, such
elements must be transcribed during ocogenesis or sper-
matogenesis. The [ factor is transcribed in the female
germ line cells (LACHAUME et al. 1992; MCLEAN et al.
1993), and the gypsy retrotransposon of this species is
transcribed in the somatic follicle cells that surround
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the oocytes (PELISSON et al. 1994). However, little 1s
known about the expression of retrotransposons in
male germ line cells of D. melanogaster, even though
the promoters of several retrotransposons have been
identified (see for mdg? ARKHIPOVA ¢t al. 1986, for copia
SNEDDON and FLAVELL 1990, for mdgl ARKHIPOVA and
ILviN 1991, for gypsy JARRELL and MESELSON 1991).
Some retrotransposons display localized expression
during embryogenesis (BROOKMAN et al. 1992; FROM:-
MER et al. 1994; BRONNER el al. 1995). For some families
of retrotransposons, the developmental pattern of ex-
pression has been determined (PARKHURST and CGORCES
1987), but since these studies were based on RNA ex-
tracted from entire animals, with males and females
mixed, they reveal nothing about retrotransposon tran-
scription in either the male or the female germ line.
Previous investigations of our laboratory on the mo-
lecular structure of the lampbrush loop-forming male
fertility genes on the Y chromosome of N. Ayder (re-
viewed by HENNIG e al. 1989; HENNIG 1990) have re-
vealed thatretrotransposons of the micropiatamily (LAN-
KENAU 1993) are transcribed in the lampbrush loop
pairs Threads and Pseudonucleolus in primary spermato-
cytes (HUIJSER ¢ al. 1988). More recently, it has been
demonstrated that an antisense transcript of micropia is
found in spermatocytes (LANKENAU et al. 1994). This
transcript might be involved in the regulation of trans-
position frequencies of micropia in the male germ line.
In this paper we show that defective members of the
gypsy retrotransposon family are abundantly transcribed
in the germ line of wild-type D. hydei males. These gypsy
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elements are located in the lampbrush loop pair Nooses
that 1s associated with male fertility gene () on the short
arm of the Y chromosome. The gypsy elements are co-
transcribed with repeats of the Y-specific ayl family of
repetitive DNA sequences that was earlier identified as
the major constituent of the Nooses DNA (VOGT et al.
1982; VOGT and HENNIG 1986a,b; HOCHSTENBACH et al.
1993a,b, 1994a).

MATERIALS AND METHODS

Drosophila stocks: Both the D. hydei Thbingen wild-type
strain and the D. eohydei wild-type strain were from our labora-
tory collection. D. hydet males of the genotype X/ ms(Y) Q1 were
used as a control, since they lack the short arm of the Y
chromosome, and therefore, they lack fertility gene Q, Follow-
ing its inducnon by EMS in 1979, the ms(Y)Q! ¥ chromosome
was cytologically normal, carrying a sterile allele of gene Q
on the short arm (HACKSTEIN e al. 1982: HACKSTEIN and
HENNIG 1982). During subscquent maintenance of the chro-
mosome in males of the genotype T(X;Y)39/ms(Y)Q1, the
short arm became deleted (J. H. P. HACKSTEIN, personal com-
munication). 7(X; ¥Y)59is a translocation of the short arm of
the Y chromosome to the euchromatic arm of the X chromo-
some, complementing the absence of gene Q. It carries the
markers yellow, miniature, and cherry (HACKSTEIN ef al. 1982).
The X/ms(Y)Q1 males used for isolation of RNA were ob-
rained by crossing T(X;Y)59/ms(Y)Q1 males to virgin wild-
typc fcmales. Absence of the short arm was confirmed by
inspection of neuroblast metaphases of X/ ms(Y)Ql third in-
star larvae and by the failure of an ayl repeat probe to hybrid-
ize to Southern blots of gcnomic DNA of X/ ms(Y)Q1 adults.
Repeats of the Y-specific ayl family are located exclusively on
the short arm of the Y chromosome (VOGT and HENNIG
1983). Flies were grown at 18° or 24° as described (HOCHSTEN-
BACH et al. 1993a).

Isolation of nucleic acids: RNA was isolated from testes of
3- to 5-day old adult males by the method of CHIRGWIN ¢t al.
(1979) as described by BRAND and HENNIG (1989). Plasmid
DNA was isolated according to a bailing procedure recom-
mended by Stratagene.

Nucleic acid probes: Two probes were used for the detec-
tion of Nooses transcripts. As a probe for detecting transcripts
of the Y-specific ayl family of repetitive DNA sequences we
used an EcoRI DNA fragment of 393 bp that represents the
sequence complexity of this family (VOCT and HENNIG 1986a).
This particular repeat is called ayl. As a probe for detecting
transcripts of the Y-associated DNA sequences of the Nooses
loop pair we used the 5.8-kb BamHI-EcoRI DNA fragment of
the genomic clone DhNo90 (HOCHSTENBACH ef af, 1993a).
Both DNA fragments were subcloned in pBluescript II KS
plasmid vectors (Stratagene). Integrity of RNA samples was
verified using DmK2-30, a 1.2-kb cDNA clone containing parts
of exons 16 and 17 of the D. melanogasier muscle myosin heavy-
chain gene (GEORGE et al. 1989). This probe (kindly provided
by Dr, K. MiEpEMA) hybridizes to major transcripts of 6.6 and
4.5 kb, and to less abundant transcripts of 6.1 and 4.2 kb in
testis RNA of D. hydei (MIEDEMA 1994).

DNA sequence analysis: Restriction fragments for DNA se-
quencing were subcloned in M13mpl8 or M13mpl9 vectors,
and sequences were determined using the dideoxy chain-ter-
mination method, all following procedures provided by Amer-
sham, DNA sequences were analyzed using the software pack-
age of the University of Wisconsin Genetics Computer Group
(DEVEREUX ef al, 1984). For sequence database searches and
DNA sequence alignments we used the programs FASTA and
LFASTA, respectively (PEARSON and LIPMAN 189838).

Labeling of probes: Strand-specific RNA probes for in situ
hybridization were prepared by in vitro transcription using
either T3 or T7 polymerase (Stratagene) from linearized plas-
mid DNA, following protocols from Boehringer Mannheim.
Such probes were labeled either by incorporation of digoxi-
genin-11-UTP or biotin-16:UTP (both from Boerhringer
Mannheim). Control hybridizations of these probes to plas-
mid DNA indijcated comparable labeling of both strands (data
not shown). RINA probes for hybridization to Northern blots
were labeled by incorporation of [@-**P]-UTP. Equal amounts
of probe of each strand, labeled to comparable specific activi-
ties, were used. In some experiments singlestranded DNA
probes were used for this purpose. Such probeswere prepared
from plasmid DNA using the Klenow fragment of Escherichia
coli DNA polymerase, and they were [abeled by incorporation
of [a-**P]-dCTP, following conventional methods (SAMBROOK
et al. 1989).

Hybridization to Northern blots: Samples of testis RNA
were denatured by glyoxal/dimethylsulfoxide, separated on
1-2% denaturing agarose gels, transferred to Hybond mem-
branes (New England Nuclear), hybridized, and washed as
described by BRAND and HENNIG (1989). Approximately 20
ug total RNA was loaded in ¢ach lane.

Transcript in situ hybridization: ‘|'ranscript ¢z situ hybrnidiza-
tion on squashed testis was performed by a modification of
the method of TauTz and PFEIFLE (1988), as described in
detail by HOCHSTENBACH ¢! al. (1993a). 1f only a single probe
was hybndized, we used digoxigenin for probe labeling. In
this case probe detection was by an anti-digoxigenin antibody
conjugated with alkaline phosphatase (Boehringer Mann-
heim), and the probe was visualized by conventional phase
contrast 1microscopy. If two probes were hybridized simulta-
neously, one probe was labeled with digoxigenin and the other
with biotin. In this case probe detection was by indirect immu-
nofluorescence, following essentially the procedure described
by HOCHSTENBACH et al. {1993b), except that digoxigenin was
detected by successive incubations with rhodamin-conjugated
sheep anti-digoxigenin Fab-fragments (Boehringer Mann-
heim, 1:20 dilution), Texas Red-conjugated rabbit ant-sheep
antibodies (Jackson Immunoresearch Laboratories, West
Grove, PA, 1:100 dilution), and Texas Red-conjugated donkey
anti-rabbit antibodies ( Jackson Immunoresearch, 1:100 dilu.
tion). Probe visualization by fluorescence microscopy, digital
image recording, and computer-assisted image processing
were as described (HOCHSTENBACH ef al 1993b).

RESULTS

Cotranscription of ayl and Y-associated DNA se-
quences in the Nooses lampbrush loop pair: The gypsy
elements were identified in genomic clones that were
isolated as potential segments of the lampbrush loop
pair Nooses. Our earlier molecular studies revealed that
the Y-spccific ayl family of repetitive DNA sequences
accounts for about two-thirds of the 260 kb of DNA
transcribed in this loop pair, but that, in addition, other
DNA sequences are transcribed in the loops that are also
present on other chromosomes. These sequences were
therefore designated as Y-associated (VOGT and HENNIG
1983, 1986a,b; HOCHSTENBACH el al. 1993a,b) . Using ayl
repeats as a probe to screen genomic libraries, we recov-
ered 300 kb of genomic DNA in plasmid, lambda and
cosmid clones containing both ayl and Y-associated
DNA sequences (HOCHSTENBACH et al. 1993a).

Three of the lambda clones are shown in Figure 1.
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FIGURE 1. —Alignment of 1. hydei Y-associed gypsy clements with the gypsy element of D, melanogaster. Restriction maps of
three ayl-containing lambda clones are shown. In each clone @ypsy sequences are indicated as open rectangles, and restriction
fragments hybridizing to ayl probes ave indicated by dark shading. Individual ayl repeats, as identified by sequence comparison
with the basic 393-bp a)I repeat defined by Voor and HENNIG (1986a), are cluplctccl as bluck arrowheads, which also indicate
the direction of transcripuon of ayl in the Nooses lampbrush loop pair. Restriction fragments that hybridize neither to ayl nor
gpsy probes are hatched. The sequenced parts of these fragments have no obvious similarities to any sequence in the EMBL
database (Relcase 40, September 1994). For cach Fassociated gypsysequence, the direction of transcription of the coding strand is
indicated by an arrow. The numbers below the gypsy [ragments indicate the percentage of sequence similarity to the corresponding
sequences from the gypsy clements ol . melanogaster (upper numbers) and D. wvirilis (lJower numbers). In the D. melanogaster
gypsy element at the wop, the LTR, open reading frames (ORF), as well as the positions of the protease (PR), reverse wanscriptase
(RT), ribonuclease (RN), and integrase (IN) activities encoded by ORF2 are indicated. The start site of gypsy wanscription is
marked by the small arrow above the 5° LTR. The vertical lines in the gypsy elements demarcate the himits of the different ORFs.
The A in the largest gypsy sequence in DhNo 19 indicates a poly (A)-tail that is located between ORF2 and ORF3. A more detailed
analysis of these and other Fassociated gypsy sequences has been presented elsewhere (HOCHSTENBACH ef al. 1994b). Restriction
cnzyme abbreviations are as follows: A, Avaly B, BamHI; L, KeoRL H, Hindlll; P, Pst and S, Sell. The complete nucleotidle
sequence of DhiNol9 has been submitted 1o the EMBL database under accession number X74538, the partial sequence of
DhNo86 has been submitted under mcmsmn numbers X74539, X74540, X74541 and X74542, and the partial sequence of
DhNo090 under accession numbers X74536, X74537 and X74543.

These clones have diflerent restriction maps and
hence, they do not overlap. Kach ol them containg ayl

repeats that are 01'g;mi'/.c(l m one to several clusters of

tandem repeats. In addition, they share Y-associated
DNA sequences. In clone DhNosb the shared se-
quences are located in a 3.8-kKb BamFI-I{indlll frag-
ment, in clone DhNo90 in a 5.8-khy BamblI-IueoR]I [rag-
ment, and in clone DhNolY m a 3.7-kb EcoRI-LocoR]
fragment. These DNA [ragments were designated
DhNo86BH3.8, DhNoY0BESL.8 and DhNolYEE3.7, re-
spectively, On Southern blots of these clones, the Y-
associated fragments cross-hybridize with one another
after washing under nonstringent, but not under strin-
gent conditions (HOCHSTENBACH ¢f al. [993a). Most
ol the copies on the other chromosomes are in the
centromere-associated heterochromatin of the X chro-
mosome and the autosomes. Using highly stringent
conditions for in situ hybridization, the Y-associated
DNA sequences hybridize to Nooses transeripts in pri-
mary spermatocytes (HOCHSTENBACH el al. 1993a).
The hybridization pattern of the shared Y-associated
DNA sequence on Nooses transcripts is hughly similar to
that of ayl. This was shown by [luorescent transcript in
sitw hybridization, using a hiotin-labeled, surand-specific
RNA probe for ayl and a digoxigenin-labeled strand-

specific RNA probe for DhNoY90BES.8. This fragment
was chosen because it is present in atleast four different
ay l-contaming genomic clones (HOCHSTENBACGH el al.
1993a), and it may therefore occur in muluple copies
within the tanscribed DNA of the loop. As shown in
Figure 2, the two signals almost completely overlap and
cover the entire Nooses loop pair. The slight differences
in the patterns we due w the different sensitivities of
detection at the different wave lengths. The overlap in
signals indicates that both types of DNA sequences are
interspersed throughout the Nooses loop pair, consistent
with our analysis of the genomic DNA of the lampbrush
loop. Moreover, no major parts of the transcription
unit are devoid of cither sequence. In this case partially
differing patterns would be expected. Also in D. eoliyde,
a species closely related o D, hydei (WASSERMAN 1982),
both sequences arce cotranscribed in a lampbrush loop
pair. This loop pair does not correspond to any of the
four loop pairs previously described for this species
(FIENNIG 1978).

The results of the transcript in situ hybridization
experiments were confirmed using Northern blots pre-
pared [rom total testis RNA of D. hydei (Figure 3). Both
probes hybridize in a similar pattern to RNA fragments
heterogencous in size, with the largest fragments 10~
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FiouURE 2. —Cotranscription of ayl and gypsy in the Nooses loop pair of D, hydet and i 2 loop pair of D, eohyeled, In A and D a
primary spermatocyte nucleus s shown for each species (phase contrast). Unfixed unstained nuclel are shown because cytology

is severely distorwed by o sicn hybridizanon, The loop pairs of £,

.

feyelei {A\) are as follows: Th, Threads; 's, Dsewdonucleolus; Cl,

Clubs; Tr, Tubuwlar ribbons; INs, Nooses (Fless and Mever [968). Those of DL eohydei (13) ave as tollows: g, granular loop; <l, clubrlike

o

loop; dl, diffuse loop and pu, proximal loop (Hesxic 1978} Nucleolus organizers are marked, Fixed tests tssue of D, hydeid (B and
C) and D. eohydei (E and ) was hybridized siiulincously with the biotin-labeled ayl probe and a digoxigenin-labeled probe

for the DhNoQOBEH.8 fragment, which containg o gybsy sequence

. The avl probe was detected by Huorescein isothiocyanate

L=
\

fluorescence (B and E), and the gypsy probe was detected by Texas Red fluorvescence (Cand IF) (see MATERIALS AND METHODS) .
Two nuclei, cach containing one labeled Toop pair, are shown {or each species. The vpposite suand ol both probes both fail o
give detectable signals on tests vanscripts o situ (see for ayl LIFsCHYTz and HAREVEN 198D; TRAPITZ ¢f of, 19838 and for gypsy

(ad

t-.

HOCHSTENBACH o al. 19934) or on Northern blows of testis RNA (Figure 3). In all figures bar, 0 ym.

¥

20 kb and the smallest only a few hundred bp m
length. Using probes of the ayl Lunily, such patterns
were also observed in our earlier sindies (VOGT ef al,
1982) and by other investigntors as well (LIFSCHYTZ ¢f
al. 1983; TrAvrrz el al. 1938). The size heterogeneity
1s expected given the fact that the growing nascent
loop transcripts of the 260-kl Nooses tramseription unit
display a large size gradient (GROND of ol 1983), In
addition, current biochemical methods of RNA 1sola-
tion are not suited to 1solate transeripts of several hun-
dred kb in length without substuntal degradaton,

.

However, hybridization with a [). hyder myosin-cDNA

probe stull allows the recognition ol testis transcripts
with sizes >0 kb (Figure 3). The patterns, therefore,
indicate that both ayl and the Fassociated DNA seg-
ments are components of much larger pronary tran-
scripts. In testis RNA [rom mades lacking an actve gene
(2, no hybridization is scen with either probe (Figure
3). Moreover, only once strand of DhNo90BES.S could
he detected on the Northern blots, consistent with our
carlier i situ hybrichizaton experiments (HOCHSTEN-
BACH ¢f al. 19934). Thus, within the Nooses transcrip-
tion unit not only the ayl repeats (LIFSCHYEZ and FAR-
EVEN 1985: TRAPITZ ef al. 1988; PAPENDBROCK [Y91),

but also all (7(‘)1‘;>i<:s of the Y-associated DhNoYUOBREH.Y

sequence, seem to have the same oricntadon. In addi-
tion, we have also found that the heierogeneous ayl-
containing tests transcripts are not polyadenylated
Hocrsrenpaci 1994,

Yaassociated DNA scequences of the Nooses loop pair
are defective gypsy elements: We sequenced DhNo90-
BESHS, and the related sequences from DhNolY and
DhNo86, As shown in Figure 1, each of the three
lambda clones contains a 4- to b-kb-long DNA sequence
with a high degree of similarity to the gypsyretrotranspo-
son, known from D, melanogaster (MARLOR ¢t al. 19806)
and 0. wenlis (M1izrOKHT and Mazo [991). These pgypsy
elements, as well as all other Y-associated gypsy elements

of 1), hydet that have been sequenced so far, are defec-
tive. [n particular, they have lost their protein coding
capacity, since all open reading frames are destroyed by
deletions or trame shifts, as shown by detailed sequence
analysts (HocHsTeNBACH e al 1994b). In addition,
those DNA sequences that in complete gypsy elements
control transcription are ahsent due to truncations at
either the 3 end, the 3 end, or at both ends. For
example, the 5 long terminal repeat (I'TR), which con-
tains the pypsy promoter ( JARRELL anc MESELSON 1991

as well as the binding sites for the protein encoded by
the suppressor of Haiy-wing (su(Hw)) gene (SPANA el al.
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FIGURE 8. —Only one strand ol avl and only one suand of gypsy can be detected in westls transeripts, Twenty micrograms total
testis RNA of wild-type D, hydei males (lanes 1, 2, 4,5, 6, 8, 9 and 10) or of males of the genowype X/ ms(Y) Q1 (lanes 3 and 7)
were loaded in each lane, The blots shown in lanes 1-8 were hybridized with [P]-labeled strand-specific RNA probes for ayl
(lanes 1-4) or for DhiNoQUBED.SN (lanes H=8), Thuse blots were stringently washed in 0.02 M sodium phosphate butler at H0°
and exposed for 48 hr using two intensifying screens, The blots shown in lanes T and b are shorter exposures of those in lanes
2 and 6, respectively. The ayl probe hybridizes 1o testis transcripts of a heterogeneous size [but only if the short arm of the ¥
chromosome is present (lanes 1-3) ] and so does the probe for the coding strand of gypsy (lanes 5=7), At a level of ~2 kb
comigrating ribosomal RNA ciuses a distortion ol the signals. The blots shown in fanes 2 and 6 were stripped and subsequently
hybridized under identical conditions with cqual amounts of probes for the opposite strand of ayl and the noncoding strand
of gypsy, and also exposed for 48 hr using wwo intensifying screens (lanes 4 and 8, respectively). As a control for the integrity of
the RNA we used a probe for the Do melanogaster muscle myosin heavy chain gene, The blot shown in lane 9 was hybridized with
a [“Pl-labeled strand-specilic DNA probe for ayl, stripped, and then hyvbridized agun with the myosin probe (lane 10).

1988), are absent in the gypsy element of DhNo%0 and
in the large gypsy element of DhNolb.

Y-associated gypsy elements outside of the Nooses tran-
scription unit have random orientations relative to adja-
cent ayl repeats: The orientations of the gypsy clements
in DhNo90BLSH.8 and DhNoROBH3I.E with respect to
the T3 and T7 promoters of the pBluescript vectors

used for subcloning implicd that the coding strand of

gypsy is represented in the Noows transeripts. To conbirm
this finding, we determined the orientation of the ayl
repeats mmmediately flanking the gypsy clements
clones DhNo90 and DhNo&G6 by partal sequence deter-
mination of ayl repeat clusters. DhiNo 19 was completely
sequenced as its restricton map revealed the presence
of at least three separate clusters of ayl repeats (HOCH-
STENBACH ef al. 1993a). Compurisons of the orientations
of adjacent gypsy and ayl sequences show that the gypsy
fragments 1in DhNo90 and DhNo86 are indeed tran-
scribed from the same strand ol DNA as the ayl repeats
in these clones (Figure 1), sugzesung that DhiNo90 and
DhNo86 represent genuine segments ol the Nooses.

In contrast, DhNo 19 contans six difterent gyvpsy frag-
ments, with only two in the sime orientation as the ayl

repeats, which, on the other hand, all have the same
orientation within the clone (kygure 1), Since only one
strand of gypsy is cletectable in Nooses transcripts, both
by i situ hybridization (HOCHSTENBACH ef al. 1993a)
and by hybridization to Northern blots (Figure 3), it is
unlikely that the genomic clone DhNol9 represents a
part of the Nooses transcription unit. This finding em-
phasizes that ayl repeats that are interspersed by Y-
associated DNA sequences are not necessarily located
within the loop. Consistent with this conclusion, we
have shown that the Y chromosome contains more DNA

with interspersed ayl repeats than predicted by the 260-

kb length estimate for the Nooses transcription unit
(FlocrhsteNnnacit of af. 1993a,b). However, clones such
as DhNol9 are exceptional, since from nine lambda
and three cosmid clones in which both gypsy and ayl
have been identified, 1t s the only clone with gybsy se-
quences in the opposite orientation relative to ayl
(HocHsTeNpACH 1994; HOCHSTENBACH ¢f al. 1994b),
Distribution of Nooses transcripts during male germ
cell development: Because retrotransposon transcripts
encode protems, we investigated whether the Nooses
transcripts are transported from the nucleus to the cyto-
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FIGURE 4. —Distribution of Nomes lramseripts during spermatogenesis, as followed by in situ hvbridization using the digoxigenin-
labeled ayl probe. The probe was detected using an anti-digoxigenin antibody conjugated with alkaline phosphatase (see

4

MATERIALS AND METHODS) . (A) Tn the tp ol the tesus tube, spermatogonia (5G) fail o become labeled, whereas the nuclet of

adjacent primury spermatocytes (SPC) contain o labeled Nooses loop pair (indicated by avrows). This is more clearly seen in B,
Label is only dewcted in the nucten of primary spermatocytes, bhut notin the evtoplasim of these cells. In the center of the figure,
a cyst of secondary spermatocyies (containing almost the complete number of 16 cells) during anaphase 1l of metosis is seen
(MEL), and ac the teft, there ss a complete evst of 32 spermatids of an early postmeiotic stage (PM), with round or slightly oval
Nebenkern derivatves. All cells ol both eysts are completely free of label. Dewiled descriptions of the different stages of
spermatogenesis in L. fivder have heen given by Hess and Mever (1968), Hexsio (1985) and Hessie and KREMER (1990), Phase

contrast. Bar, 100 pom,

plasm, We used the avl probe 1o follow the distribution fully expanded, During the short stage IV (4 hr) the
of the loop trinscripts during spermatogenesis i wild- nuclel become round and RNA synthesis ceases. In cells
lype males of 00 Ayder Tdenteal results were obtained of this stage the signal of the ayl probe is reduced
using the DhiNGOQOBIOO .S gypsy probe (data not shown), in intensity and residual Nooses transcripts can be seen

d

Spermatogenesis starts i the tp of the testls tube between the fragments ol the other loop pairs (Figure
where primorvdial germ cells differentate into spermato- HE, left nucleus). Thus, together with the transcripts of
gonia, which subsequently proliferate by nmtoue divi- the four other {oop pairs, the Nooses transcripts are rap-
stons. Insuch cells the Ychromosome s notacnve (FEN- lly degraded w the end ol metotuc prophase, While
NIG 1967, 1955), and, as expected, we did not detect some, probably proteinaceous, remnants of the Pseudo-
Lranscripts contuning avh i such cells (Figure 4A), nucleolus and the Clubs may still be detectable during the

Spermatogonia develop o primary spermatocytes first metotic division (Hess and MEYER 1968), almost no

and they enter the meaewouce prophase. Because the pri- ayl-contaning tanscripts have remained at the end of
mary spermatocyte development mcludes more than primary spermatocyte stage 1V (Figure bL, right nu-
half of the total time necded Tor spermatogencesis (HeN- cleus). As expected, such transcripts are also not found
NIG and Kreaer 1DY90) we studhed this phase momore i cells undergomg the second meiotic diviston and in
wids undergoing postmeiotic development (Fig-

«

detatl (Figure 5). The dilterent stages ol primary sper- sperms
matocyte development have been defined by Hesnio ure 41)
1967) on the basis of thelr tvpical eytology, During

stage I, which tasts ~ 24 hy, the loop patrs start to unfold. T Tt A

I Ezhc: nucler ol such cells the ..-\'}lm,]w catt e seen as PISCESSIOR

small round loop pair in close proximity o the nucleo- The Nooses loop pair contains defective gypsy ele-
lus (Figure ). Subsequently, the Nooses untold, to- ments: We have idenufied defective truncated mem-

i

'

b I [ SN S

gether with the other loop pairs (Figure b, I and G). bers of the gypsy retrotransposon family as transcribed
During stage H, lasting ~890 e, all loops have reached constituents i the Ychromosomal lam [ brush loop paitr
their maximunn size, and the primary spermatocytes en- Nooses ol D. hiyder and in a velated loop pair of D. eohyde.
ter a period of intense ranscriptonal actvity (Figure Within the loop-florming transcription unit the gypsy
5D). Transcriptional activity decreases somewhat dur- elements occur interspersed between members of the
g stage HI (27 br), even though the loops reman ayl tamuly of Yspecitic repetitive DNA sequences. The
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hybridization patterns of ayl and gvpsy to the loop tran-
scripts i situ are highly similar i both species, sug-
gesting that both sequence opes are mtermingled
throughout the entire ranseription unit,

We can detect only the coding strand of gypsy and
only one strand of ayl in the loop ransceripts. It seg-
ments of the other strand ave present as well, they are
either too short or oo highlv diverged. Alternatively,
they may escape detection becinse they are located at
the very end of the transcription unit. It may also be
argued that the mverted avl or gypsy sequences are
undetectable because they are spliced out from a glant
primary loop transcript. However, trom Miller spreads
of nascent loop chromatin therve s no incdication that
Nooses transcripts undergo splicing {GROND ef al. 1983).
In addition, such an explanaton would also require
that the iverted repeats are prelerentally spliced out,
Therefore, we conclude that most, if not all, copres of
ayl and gypsy are presentim only one orientation within
the Nooses.

Probes containing gypsy sequences result in strong
signals on Noowes transcripts, both e st (Figure 2, also
see HOCHSTENBACH et al. 199%0) and on Northern blots
(Figure 3), suggesung that gvfisy scquences represent a

'

major part of the loop. We have no means to accurately
assess the copy number ol the pypsy elements i the
Nooses loop. However, all Ychromaosomal gypsy clements
are clustered together v a distal regton on the short

4
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Froure b —=Gradual unfolding
ol the Noases loop pair during the
successive stages of primary sperms-
atocyte development. The Nooses
loop pawr was visualizedd by uan-
script o sty hybridizagion using
the digoxigenin-labeled ay | probe.
(A) In garly Stage T primary sperin-
atocytes, the NMooses loop pair (Ns)
starts to unfold from a positon
close 1o the round nucleolus (INu),
The other loop pars cannot be
seen in this nucleus. (B and )
Subsequent, gradual untolding of
the Nooses, together with the other
loop pairs, during stage I Other
foop palrs seen are the Threads
(T'h) and the Pserdonucleolus (Ps).
(1)) During stages I and [, the
Nooses, as well as the other loop
pairs, are seen at their maximum
cxpansion. (E) During stage 1V,
the nucler hecome round, and the
loaps are degraded. In the nucleus
on the left, some residual ayl-con-
GUNING  Wanscripis  are  present
(indicated by the white arrow).
In the nucleus oy the right, which
is about to enter metaphase |,
such tanscripts (indicated by the
black arrow) are barely detectable.
Phase contrast. Bar, 10 gm,
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arm  (Hocusressacit ef al. 1993b). From genomic
Southern blots we estimated that this region contamns
~10 coples of DhNoIOBEDL.S, 10 of the related se-
quence i DhNoSOBHS.8 and at least two of the related
sequence m DhNoOEES7  (HOCHSTENBACH ¢l al.
1993a). If all these Y chromosomal copies of gypsy, as
recognized by their hybricdization to either DhNo90-
BED.E or DhNoSGBHZ3.S, are located within the tran-
scription unit, gypsy would represent more than half of
the estimated 80-90 kb of Yassociated DNA of the 260-
kKb-long loop.

gypsy does not interfere with fertility gene func-
tion: Male fertitity gene (), forming the loop pair Nooses,
is not the only loop-forming fertility gene of D, hydei
containing defective retrotransposons. Members of the
micropia Tamily, found in the loop pairs Threads and Pseu-
donucleolus, that are formed by ferulity genes A and ¢,
respectively, have also lost their protein-coding capacity
(Huygser el al, 1988). It s remarkable that also in the
case of micropia only the coding strand of the rewo-
transposon can be detected m the loop transcripts (LAN-
KENAU ¢/ al. 1994), Thus, each loop-forming fertility

cene appears to contain a few, or even only one tamily
of retrotransposons, with all membersin the same orien-
tation within the loop-forming transcription umit.

An immediate question raised by these observations
1s why these retrotransposons do not interfere with the
function of the respective fertility gene. Insertions of
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retrotransposons into genes usually result in mutations
(GREEN 1988). In gypsyinduced mutations, the binding
of the su(Hw) protein, an ubiquitous nuclear zinc-finger
protein (PARKHURST éf al. 1988; SPANA et al. 1988; HAR-
RISON et al. 1993), to its binding sites in gypsyis sufficient
for mediating the mutagenic effects of the element on
the expression of adjacent genes (GEYER et al. 1988;
PEIFER and BENDER 1988; MaAzo e al. 1989; GEYER and
CORCES 1992; SMITH and CORCES 1992; ROSEMAN et al.
1993). We have shown that at least the gypsy element in
clone DhNo090 has lost the binding sites for the su(Hw)
protein (also see HOCHSTENBACH et al. 1994b). The
gypsy element of this clone was also identified in three
additional ayl-containing clones (HOCHSTENBACH et al.
1993a), and therefore, several copies related to this
cloned fragment occur in the Nooses loop. We do not
know whether all the gypsy elements in the Joop have
lost their capacity to bind the su(Hw) protein. However,
a probe containing the su(Hw)-binding sites from the
D. melanogaster element failed to reveal male-specific
DNA fragments in D. hydei (HOCHSTENBACH et al.
1994b), suggesting that there are no such DNA se-
quences on the Y chromosome. This would make plausi-
ble why the gypsy elements do not interfere with gene
function.

In Miller spreads the Nooses loop can be seen as a
single transcription unit (GROND et al. 1983). Hence,
the gypsy elemnents within the loop do not serve as sec-
ondary initiation sites for loop transcription, nor do
they impede the normal progression of the RNA poly-
merase along the loop DNA., This suggests that the
promoter sequences in the 5" LTR of gypsy and the
transcriptional termination signals in the 3" LTR (ARK-
HIPOVA et al. 1986; JARRELL and MESEISON 1991) are
either deleted, mutated, or nonfunctional in the con-
text of lampbrush loop transcription. Consistent with
the first possibility, the gypsy element in DhNo90 has a
deletion of the 5 LTR, and the element in DhINoB6
has almost completely lost its 3" LTR.

Significance of the gypsy elements for fertility gene
function: Mutations or delctions in fertility gene (),
forming the Nooses loop pair, cause a developmental
arrest of spermatogenesis at the end of the elongation
stage, before spermatid individualization (HESS and
MEYER [968). Since the molecular basis of this effect is
unknown, it is difficult to assess the role of the gypsy
elements transcribed in the Nooses for the function of
the associated fertility gene (). However, mutant alleles
of fertility genes that do not form a loop are sterile
(LEONCINI 1977; HACKSTEIN ¢t al. 1982, 1991). There-
fore, the transcription of the repetitive loop constit-
uents, such as ayl and gypsy, seems to be required for
gene funcuon.

The detailed sequence analysis of ayl repeats and }-
associated gypsy elements indicates that, in general,
point mutations or deletions of these sequences are
unlikely to interfere with the function of gene Q. The

gypsy elements, such as those shown in Figure 1, are
randomly accumulating point mutations and deletions,
and they have lost their protein coding potential
(HOCHSTENBACH et al. 1994b). The ayl repeats are het-
erogeneous in size and they do not share an extended
conserved DNA region (VOGT and HENNIG 1986a,b;
WLASCHEK ¢f al. 1988; PAPENBROCK 1991: HOCHSTEN-
BACH 1994).

In this context it is of interest that ayl and gypsy are
absent in the lampbrush loops of most other Drosophila
species. The ayl repeats are present only in D. hydei and
its closest relatives D. neohydet and D. eohydet (HAREVEN
et al. 1986; VOGT et al. 1986). Gypsy is also transcribed
In a loop pair of D. eohydei (Figure 2) and in a loop pair
of D. vinlis (data not shown), but we failed to detect
transcription of gypsy in the lampbrush loops of other
species with gypsy elements in the genome, as for in-
stance D. repleta (HOCHSTENBACH ef al. 1994b). Thus, it
seems that the function of the loop-forming male fertil-
ity genes does not depend on the particular type of
repetitive DNA sequences that are transcribed in the
loops (also see HENNIG 1990 for discussion).

Following earlier suggestions by HARDY ¢t al (1981)
and GOLDSTEIN ¢t al. (1982) that the loop-forming fertil-
ity genes k/-5 and kI-3 on the Y chromosome of D.
melanogaster encode dynein-like proteins, GEPNER and
HAys (1993) have shown that one member of the dyn-
ein J-heavy chain gene family is located in the region
containing k1-5. AYLES et al. (1973) have isolated EMS-
induced temperature-sensitive alleles of several of the
loop-forming fertility genes of D. melanogaster, kl-5 be-
ing one of these genes (GOLDSTEIN e al. 1982), and
such alleles have becn isolated by LEoNcINt (1977) for
several of the loop-forming genes of D. Ayde:, including
gene Q (HACKSTEIN et al. 1982). At the restrictive tem-
perature the temperature-sensitive allele ms(Y)Q4" of
gene () forms a morphologically normal Nooses loop
pair, at least ac the level of the light microscope, in
which both ayl and gypsy are transcribed (HOCHSTEN-
BACH et al. 1994c). This would be expected if the mutant
lesion is a point mutation or a small deletion in an exon
of a protein-coding gene.

From our limited sample of DNA sequences from
putative segments of the Nooses loop pair, we have no
indication that this loop contains protein-coding se-
quences (HOCUSTENBACH 1994). As discussed by HEN-
NIG (1993), such exons may be clustered at the very
beginning or at the very end of the loop. It 1s even
possible that the exons are distributed throughout the
entire loop, separated by much larger introns that con-
tain the rapidly evolving repetitive loop constituents,
as proposed by HACKSTEIN ¢! al. (1991). Our finding,
however, that the transcripts of the Nooses, as detected
by ayl or gypsy probes, lack a specific size, are not poly-
adenylated, remain within the nucleus, and are absent
postmeiotically, when most proteins of the sperm are
being made (HENNIG 1967), does not seem to be com-
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patible with protein coding. Also the observation that
loop transcription i$ sensitive to acunomycin-D but not
to a-amanitin (HENNIG 1967) argues against protein
coding by loop transcripts.

As shown by hybridization to loop transcripts in situ
and on Northern blots, the repetitive loop constituents
of D. hydei occur in one orientation within the loop-
forming transcription units (LIFSCHYTZ and HAREVEN
1985; TRAPITZ &f al. 1988). We do not know whether
this merely reflects the evolutionary history of the loops,
which were most likely gencrated by successive rounds
of sequence amplification (see for discussion VOGT and
HeEnNIG 1986b; HOCHSTENBACH ¢t al. 1993a, 1994b).
It is also possible that the distinct orientations of the
repetitive DNA sequencesis of a functional significance,
as opposite orientations may lead Lo the formation of
hairpin structures that could impede the progression
of the transcriptional apparatus or induce heterochro-
matin formation (ZUCKERKANDL and HENNIG 1995).
With respect to the Nooses, the oricntations of the ayl
and gypsy sequences within the transcription unit will
greatly assist the reconstruction of the entire loop in
an ordered set of overlapping genomic clones.
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