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ABSTRACT 
We have identified of set of related  transcripts  expressed in the  germ line of male Drosophila 

melanogaster. Surprisingly, while one of the corresponding genes is autosomal the  remainder  are 
located on the Y chromosome. The autosomal locus, at 77F on  chromosome arm  3L, corresponds to 
the previously described  transcription unit 18c, located in the first intron of the  gene for an RI 
subunit of CAMP-dependant protein kinase. The Y chromosome copies have been mapped  to region 
h18-hl9  on  the cytogenetic map of the Y outside of any of the regions required for male fertility. In 
contrast to D.  melanogaster, where Y-linked copies were found in nine  different wild-type strains,  no 
Y-linked copies were found in sibling species. Several apparently Y-derived cDNA clones and  one Y- 
linked genomic clone have been sequenced. The Y-derived genomic DNA shares the same intron/ 
exon structure as the autosomal copy as well  as related flanking sequences suggesting that it transposed 
to  the Y from the autosomal locus. However, this particular Y-linked copy cannot  encode  a functional 
polypeptide due to  a  stop codon at  amino acid position 7 2 .  Divergence among five different cDNA 
clones ranges from 1.5 to 6% and includes a  large number of third position substitutions. We have 
not yet obtained  a full-length cDNA from  a Y-linked gene  and  therefore  cannot conclude that  the D. 
melanogaster Y chromosome  contains functional protein-coding genes. The autosomal gene encodes  a 
predicted  polypeptide with 45% similarity to histones of the H5 class and  more limited similarity to 
cysteine-rich protamines. This protein may be a  distant relative of the histone H1 family perhaps 
involved in sperm  chromatin  condensation. 

S PERMATOGENESIS, the  production of highly 
differentiated  sperm cells from stem cell progen- 

itors, is a  complex process that is apparently similar in 
organisms as diverse as insects and mammals. In the 
case of Drosophila  melanogaster, single stem cell deriv- 
atives (gonia1  cells) each give rise to  16  primary  sper- 
matocytes by mitotic division [see LINDSLEY and TOK- 
UYASU (1  980)  for  a  comprehensive review]. The latter 
grow rapidly in size, during which time they accumu- 
late RNA and  protein  for  the postmeiotic phase of 
development.  Although  translation can be  detected 
postmeiotically, it is generally  accepted that  the ma- 
jority of gene  transcription is restricted  to  premeiotic 
stages (OLIVIERI  and  OLIVIERI  1966; DAS, KAUFMAN 
and  GAY  1964a). Postmeiotic development  can  thus 
be viewed as being,  for the most part, genetically 
preprogrammed.  After meiosis, the  64 spermatids 
embark  upon  a  complex  program of cellular  re- 
arrangement  and  differentiation, eventually becom- 
ing motile sperm. Elucidation of the molecular proc- 
esses underlying this extreme  example of cellular dif- 
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ferentiation  represents  a  considerable challenge for 
developmental biologists. 

As might  be  expected of such a complex process as 
spermatogenesis, many mutations are known that dis- 
rupt it.  It has been  estimated  that 10% of D.  melano- 
gaster genes can be  mutated by EMS to cause male- 
sterility (LINDSLEY and LIFSCHYTZ 1972). LIFSCHYTZ 
(1987) has divided  these  “fertility  genes”  into two 
broad classes: genes  that  express  products specific to 
the male germ line, and genes whose function is 
required in both the  germ line and soma. He suggests 
that  the  germ line is especially sensitive to  perturba- 
tion of gene activity required  for basic cellular func- 
tions. In support of this, some male-sterile mutations 
have been  found  to  be alleles of lethal mutations 
[reviewed by LIFSCHYTZ (1987)l. Despite the availa- 
bility of mutants, classical genetic analysis of sperm 
development can be  problematic due  to  the  prepro- 
grammed  nature of spermatogenesis. Pleiotropic ef- 
fects of mutations in genes  expressed premeiotically 
can cause a multiplicity of general  defects  later in 
sperm  development,  thereby  thwarting  a  traditional 
epistatic analysis (HARDY, TOKUYASU and LINDSLEY 

An alternative line of enquiry has been the charac- 
terization of genes  identified solely on the basis  of 
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their specific expression in the male germ line. Analy- 
sis  of the mst87F gene family, for  example, and of the 
gene  encoding testis-specific &tubulin, has identified 
sequences  that  confer germ line-specific transcrip- 
tional and translational  regulation on  reporter genes 
(SCHAFER et al .  1990; MICHIELS et al. 1989). There 
are also enhancer-trap lines in  which germ line-specific 
genes have been  tagged by P-galactosidase staining 
(GONCZY, VISWANATHAN and DINARDO  1992), and 
that in addition  provide valuable markers for  the 
various stages of sperm  development.  Coupled with 
immunological studies of germ line-specific proteins, 
studies such as these are likely to make an increasingly 
important  contribution. 

Only a very  small proportion of the D. melanogaster 
“fertility  genes” are male-specific in the sense of being 
on the Y chromosome. Despite accounting for  approx- 
imately 12% of the male genome,  the Y appears  to  be 
composed of  mainly satellite DNA sequences (BON- 
ACCORSI and LOHE 1991).  It is entirely  heterochro- 
matic (HEITZ 1933; KAUFMANN 1934; PIMPINELLI, 
SANTINI  and  GATTI 19’78), and is dispensable for 
normal somatic development. I t  is, however, essential 
for male fertility (BRIDGES 19 16), six relevant comple- 
mentation  groups  being  known.  Four of these fertility 
factors (Id-1, k1-2, kE-3 and k l - 5 )  are on the  long  arm, 
and two (ks-I  and ks-2)  are  on  the  short  arm  (KENNI- 
SON 198 1 ; HAZELRIGG,  FORNILI  and KAUFMAN 1982; 
GATTI and PIMPINELLI  1983). At least three ( k l - 3 ,  k1- 
5 and Ks-1) are associated with giant  “lampbrush” loops 
reminiscent  of  those  found in the spermatocyte nuclei 
of Drosophila hydei (BONACCORSI et al. 1988), a species 
that has been the focus of relatively intense  study 
because of its large  spermatocytes. The Y chromosome 
of D. hydei has between 7 and 16 complementation 
groups necessary for male fertility [see HACKSTEIN 
(1  987)  for a discussion], 5 of which are associated with 
lampbrush loops (HENNIG  1985). 

In  terms of its molecular structure  the Drosophila 
Y chromosome  remains poorly described. Most studies 
have focused on  the D. hydei lampbrush  loop  contain- 
ing fertility factors  where it has been shown that  the 
loops represent  large single transcription  units com- 
posed, in part, of loop-specific repetitive  sequences 
(GROND, RUTTEN and  HENNIG  1984; DE LOOS et al. 
1985; HARAVEN, ZUCKERMAN and LIFSCHYTZ 1986; 
WLASCHEK,  AWGULEWITSCH and  BUNEMANN  1988). 
In D.  melanogaster more limited studies suggest that 
approximately 80% of the Y chromosome is composed 
of simple satellite sequences. Here, however, the  re- 
petitive sequences are  not loop-specific (BONACCORSI 
and LOHE 199 1). LIVAK (1 990) has studied the Ste and 
Su(Ste) loci where  he has shown that  the  transcription 
and splicing of mRNA  from the X-linked Ste locus is 
regulated by related SuCSte) sequences  located in re- 
gion h l  1 of the Y chromosome. Su(Ste) contains  re- 

gions of  sequence  identity with Ste interspersed with 
nonhomologus  sequences  (LIVAK  1990). DANILEV- 
SKAYA and colleagues (1991) have sequenced DNA 
from  the Su(Ste) region which  shows homology to Ste 
and is also related  to  the  He-T family  of repetitive 
sequences (TAVERSE and  PARDUE  1989). Thus it may 
be  that X-linked Ste sequences have been transposed 
to  the Y chromosome  where they have diverged and 
been recruited  to  regulate Ste. Finally GOLDSTEIN, 
HARDY  and LINDSLEY  (1982)  presented evidence to 
suggest that the fertility  factors kl-3 and kl-5 encode 
polypeptide  components of the  sperm tail axoneme, 
the  structure  that provides the mechanical force  for 
sperm  movement.  However, they could not  entirely 
rule  out  the possibility that  the  relevant  genes  are 
elsewhere in the  genome  and  are merely regulated i n  
some way  by k l -3  and kl-5. In this respect it is of 
interest to  note  that male-sterile lesions in D.  melano- 
gaster loop-forming  fertility factors have been identi- 
fied which appear  to have no effect on the morphology 
of the loops (BONACCORSI et al. 1988). Thus it is still 
an  open question as to whether or not the Drosophila 
Y chromosome  contains  conventional  protein  coding 
genes. In summary,  for  neither D.  melanogaster or D. 
hydei are we certain of the molecular structure or 
function of the majority of the Y chromosome  and the 
role  that it plays  in spermatogenesis  remains  obscure. 

This  report describes the  characterization of a fam- 
ily of D. melanogaster transcripts specific to  the male 
germ line. Surprisingly, while one of the correspond- 
ing genes is on  the  third  chromosome,  the  remainder 
are located on the Y chromosome. We have deter- 
mined the  sequence of genomic DNA including  one 
Y chromosomal locus, and find  that its structure is 
very similar to  that  of  the  autosomal locus. It  appears 
unable to  encode  a  functional  polypeptide, however. 
The sequence of a  near full-length cDNA clone de- 
rived from  the  autosomal locus (KALDERON and RUBIN 
1988) translates  as  a polypeptide with similarity both 
to  the  vertebrate histone H 1 /H5 class  of proteins and 
to mammalian cysteine-rich protamines. 

MATERIALS AND METHODS 

Drosophila methods: Drosophila stocks were maintained 
at 25” on standard  cornmeal/yeast/agar  medium. Mutant 
nomenclature is as described by LINDSLEY and ZIMM (1 992). 
Agametic males were generated by crossing Oregon R males 
with  virgin bw tudWc8/bw  tudWC8 females (BOSWELL and MA- 
HAWOLD 1985). Genotypic females somatically transformed 
to maleness were generated by crossing cn t r a y  bw/CyO; BsY 
males with virgin DJ,?L)trix/CyO females (BELOTE and 
BAKER 1983; GORALSKI, EDSTROM and BAKER 1989).  Single- 
sex populations for Northern blot analysis were  generated 
by use of the cin strategy (DIBENEDETTO et ul. 1987). X 0  
and XXY individuals were generated by crossing p.YL, 
Zn(l)EN, y wfmales with virgin Oregon R females. Elements 
of T(X;Y)s were separated by crossing T(X;Y) males with 
virgin Oregon R females (KENNISON 198 1). For breakpoints 
in either YL or P, the pXp element segregates to male 
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progeny  and  the X D Y  element  to  female  progeny.  Males 
carrying Y chromosome  deficiencies  were  generated by 
crossing  attached X Y / D f l )  males t o  virgin y w f females, 
male  progeny  carry  the Y chromosome  deficiency.  Wild- 
type flies were  obtained  from  the  Cambridge  stock collec- 
tion. 

Nucleic  acid  isolation: Large  and small  scale  preparation 
of Drosophila  genomic  DNA  was  carried  out  essentially  as 
described by ASHBURNER (1989). Total  Drosophila  RNA 
from  various  developmental  stages  was  isolated,  with  minor 
modifications, by the  method of CHOMCZYNSKI a n d  SACCHI 
(1987). Purification of poly(A+) m R N A  by  oligo-dT  cellu- 
lose chromatography,  subcloning  of  cDNA  and  genomic 
DNA  fragments,  plasmid  DNA  and  bacteriophage X DNA 
isolation,  were all carried  out  as  described  by  SAMBROOK, 
FRITSCH and MANIATIS (1 989). 

Gel electrophoresis,  blotting  and  hybridization: DNA 
and  RNA  were  separated by electrophoresis  on  agarose and 
formaldehyde/agarose  gels  respectively,  and  were  blotted 
onto  Hybond-N  membranes,  as  described  by  SAMBROOK, 
FRITSCH and MANIATIS ( 1  989). Hybridization was carried 
ou t   a t  42" in 50% formamide, 1 %  sodium dodecyl sulfate 
(SDS), 5 X SSPE, 10 X Denhardt's  reagent 100 pg/ml 
denatured  salmon  sperm  DNA. "P-labeled DNA  probes 
were prepared from  gel-purified  restriction  fragments by 
random-priming  (FEINBERG  and VOCELSTEIN 1983). Blots 
were  washed  in 0.1 x SSC, 1 % SDS  at  65 O (high  stringency), 
or in 2 X SSC, 1% SDS  at  55" (low stringency). 

DNA  sequencing: Double-stranded  plasmid  DNA se- 
quencing  was  carried  out  by  the  Sequenase 2 method, 
according  to  the  manufacturers  recommendations (U.S. Bio- 
chemical  Gorp.).  Nested  deletions of plasmids  were  gener- 
ated  as  described  by HENIKOFF ( I  984). DNA  sequence  analy- 
sis  was performed  with  the  assistance of the CCG suite of 
computer  programs  (DEVEREUX, HAEBEREL and SMITHIES 
1984). 

Male-specific  genes: XgS8 and  XgS9, two EMBL3 deriv- 
atives  containing  fragments  of D. melunoguster genomic 
DNA,  were  isolated  in a screen  for  phage  that  hybridize 
with  cDNA  representing  male,  but  not  female,  third  instar 
larvae (RUSSELL 1989). Although  the  inserts  are  non-over- 
lapping,  restriction  fragments  that  hybridize  with  male 
cDNA  cross-hybridize  with one another  under  conditions  of 
high  stringency.  Two  cDNA  clones (cS1, 530 bp;  cS8, 479 
bp)  were  isolated  from a male  third  instar  larval  cDNA 
library (RUSSELL 1989) via homology  with a 3.2-kb  Hind111 
fragment of XgS9 that  encompasses  the  male-specific  region 
(Figure 1). 

RESULTS 

In the  course of screening  a D. melanogaster genomic 
DNA library  for  genes  expressed in male but  not 
female third instar  larvae, we isolated two clones (XgS8 
and XgS9; Figure 1) with substantial homology be- 
tween their male-specific regions,  despite  having  non- 
overlapping  inserts (RUSSELL 1989). As we show  below 
these two clones contain  related  sequences which show 
male restricted  expression. Furthermore we demon- 
strate  that in the  genome  these  sequences are found 
at a single autosomal site and  at several copies on  the 
Y chromosome. The sequence of a 2.0-kb BamHI- 
HindIII  fragment  including  the  entire male-specific 
region of hgS8 was found to be that of a previously 
characterized locus, 18c (KALDERON and RUBIN 1988; 
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FIGURE 1.-The Drosophila genomic DNA clones XgS8 (auto- 
somal; 77F) and XgS9 (Y-linked), their relationships to the cDNA 
clones c 18c and cS 1 ,  and  to  the gene  encoding the RI subunit of 
PKA (see also KALDERON and RUBIN 1988). Exons are shown as 
boxes (with the proviso discussed  in the text concerning what 
appears to be an extra exon of cS 1). Relative directions of transcrip- 
tion are indicated by arrows. c18c appears to represent an authentic 
transcript of the autosomal locus defined by  XgS8 (see text). XgS8 
also contains a  component of the functional RI gene from 77F as 
shown. Other relationships are not intended to imply the origin of 
a particular cDNA from the genomic locus  in question, merely a 
correspondence in terms of overall DNA sequence. Thin lines in 
the maps  of genomic DNAs represent vector arms. Shaded boxes 
in the maps  of cDNA clones represent putative coding sequences, 
open boxes represent 5' and 3' untranslated sequences. $mst77F 
represents  the conceptual mRNA from the XgS9 clone with the 
position  of the stop codon indicated. The hatched box above XgS8 
represents the first exon of the RI gene (note that  a small proportion 
of RI transcripts have sequences internal to  the box spliced out). In 
the case of the 77F locus, this exon is separated from subsequent 
exons by an  intron =12 kb in length (beyond the limits of the 
Drosophila DNA component of  XgS8). The 3.2-kb  HindIII frag- 
ment shown  in expanded  form below the map of XgS9 includes all 
of the homology with male cDNA. I t  has been sequenced in  its 
entirety. The region of known homology between XgS9 and the 77F 
locus begins at nucleotide position 47 and extends  for 24 I 1  bp and 
is shown  as a dotted line above the 3.2-kb Hind111 fragment (see 
also Figure 6).  The extent of homology with the PKA RI subunit 
is indicated with a black bar. The location of the 3' end of cS1 is 
shown and is also included in Figure 6. B, BamHI; E, EcoRI; H,  
HindIII; P, Pstl ;  S, SalI. Sizes of restriction fragments are given in 
kilobases. 

EMBL accession no.  X16962),  mapping to cytological 
region 77F on  the left arm of chromosome 3 (see 
Figure  6 for  the sequence). 18c is contained within 
the first intron of a  gene  encoding a regulatory (RI) 
subunit  of CAMP-dependent protein kinase (PKA). As 
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FIGURE 2.-Northern blots representing approximately 2 pg of 
poly(A+)  mRNA per lane from the indicated stages and  genotypes. 
(A) Putative Y-linked cS1 probe  and (B) same blot reprobed with 
cloned DNA from the actin 5C gene (FYRRERG et al. 1981). L3, 
third instar larvae. 

the transcription of 18c is restricted  to males we 
propose to  rename it mst77F (male-specific transcript) 
in accordance with accepted practice. 

Transcriptional analysis: The cDNA clone cS1 
was used to  probe  Northern blots of poly(A+) mRNA 
prepared from various developmental stages, as well 
as  from  agametic and sexually transformed individuals 
(Figure  2). A broad  band, suggestive of a  heteroge- 
neous collection of mRNAs of average size 1400 
nucleotides, is seen in lanes representing wild-type 
male, but not female, third  instar  larvae,  pupae and 
adults. The band is not seen in lanes representing 
adult male offspring of females homozygous for the 
mutation tudor (tud""'). Such males have n o  germ line 
(BOSWELL and MAHAWOLD 1985).  Nor is it seen in 
adult genotypic females homozygous for the  tra2 mu- 
tation (pseudomales) which, though  transformed so- 
matically to maleness, have a female-like or undiffer- 
entiated  germ line in which  few spermatocytes can be 
detected (STEINMANN-ZWICKY, SCHMIDT and NO- 
THIGER 1989). In both  agametic males and pseudom- 
ales the somatic component of the gonad is phenotyp- 
ically male, albeit  underdeveloped (BOSWELL and MA- 
HAWOLD 1985; BROWN and KING 1960).  Taken 
together these data suggest that  the  transcript(s)  de- 
tected by cS1 are  either expressed in the male germ 
line, or  are  dependent upon the male germ line for 
their expression. Support  for  the  former hypothesis is 
provided by preliminary results from in situ hybridi- 
zation to larval testis, in which  cS1 detects  transcripts 
present in spermatocytes (S. R .  H. RUSSELL, unpub- 
lished data). 

Figure  2 also shows the relative levels  of transcript(s) 
in XXY females (none  detectable), and in X 0  males 
(detectable but  at reduced intensity). Three possibili- 

ties could account  for  the  latter observation: (a) a 
general  reduction i n  cell met;~bolism, associ;~tecl wi th  
disruption of spermatogenesis i n  X 0  individuals, re- 
sults in reduced  transcription or stability of germ-line 
transcript(s);  (b) Y-linked copies are in some way re- 
quired  for maximal transcription of the arrtosom;~l 
locus; (c) Y-linked copies are themselves transcribed. 
giving rise to poly(A+) RNAs similar in size to  the 
autosomal transcript. Isolation o f  cDNA clones ap- 
pearing to represent Y-linked copies suggests that  the 
latter are indeed  transcribed (see below). Finally, 
KALDERON and RURIN (1988) presented evidence that 
the mst77F  family is transcribed i n  adult heads, a l -  
though at relatively low levels compared with those i n  
adult bodies. We have not formally ruled  out such a 
possibility, but given the  above  data it is probable  that 
their result w a s  due  to a contamination of  heacls w i t h  
bodies (D. KALDERON, personal communication). 

Y-linked sequences with homology to mst77F: 
KALDERON and RURIN (1 988) noted  that mst(77)F se- 
quences were repeated in the  genome and to investi- 
gate  their  distribution  carried out in situ hybridization 
to squashes of  salivary gland polytene chromosomes. 
Hybridization was seen only at  77F, suggesting to 
then1 that  the sequences related to mst7'iF are all 
clustered within this region of chromosome 3. Hy- 
bridization to the Y chromosome would not have been 
observed in these experiments. We have obtained 
evidence for Y-linked copies as follows. The cDNA 
clone cS1  was used to  probe  Southern blots of DNA 
isolated from Oregon R males and females. In addition 
to  a common band,  due to  a 5.1-kb EcoRI fragment 
that spans the mst77F locus, seven extra bands are 
detected in lanes representing male DNA (10 kb. a 
5.1-kb band which comigrates with the autosomal 
band,  4.5,  4.2,  3.8, 3.1 and 0.5 kb; Figures 3  and  4). 
Thus, sequences related  to cS1 are present on the Y 
chromosome,  a conclusion that is supported by similar 
analysis  of  DNA isolated from X 0  males and XXY 
females (Figure 4A). In the case  of three of the male- 
specific bands (0.5,  4.2 and 5.1 kb) fragments of the 
same sizes and hybridization characteristics occur 
within the genomic clone XgS9. Identical results are 
obtained when the KALDERON and RURIN cl8c clone 
is used as a  probe  (not shown). The lack  of overlap 
between the Drosophila DNA components of  XgS8 
and XgS9 genomic clones is therefore explained by 
the  latter being derived from the Y chromosome. 

T o  investigate the generality of our observations, 
we examined DNA prepared from D. melunoguster 
isolated from a  range of geographical locations, a s  
well  as from various sibling species. In the case  of nine 
additional D. melunoguster strains, both male and fe- 
male DNAs contain a 5.1-kb EcoRI fragment  that 
hybridizes with cS 1 ,  while additional  fragments are 
evident in male DNA. The hybridization patterns of 
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FIGURE 3.--Southern blot of EcoRI-cleaved male and female 
genomic Drosophila DNA probed with the putative Y-linked cS1 
cDNA clone. The first 18 lanes are DNAs from D. melanogaster 
strains; the blot was washed at high stringency. The remaining 
lanes, containing DNA from sibling species, were washed at low 
stringency. All lanes derive from the same blot, which has been 
rearranged  for clarity. Sizes  in kilobases refer to  the male-specific 
bands of Oregon R DNA. (Note  that the 0.5-kb fragment  referred 
to in the text is not visible on this exposure. The relevant band can 
be seen  in Figure 4A.) 

Canton S, m56i, Novosibirsk and Mentin DNAs (Figure 
3) are all similar to the Oregon R pattern. Keribiniou 
and Kreta 75 DNAs exhibit  a simpler pattern with 
four male-specific bands, two of which appear to have 
Oregon R counterparts  (Figure 3). Israel and Antigua, 
as well as the attached-XY strain used for  generating 
X 0  and XXY individuals, the T(X;Y) strains and  the 
D f l )  strains described below, exhibit  a more complex 
pattern of at least 10 male-specific bands,  some of 
which appear  to have Oregon R counterparts  (Figures 
3 and 4). In contrast,  none of the  three sibling species 
we have tested (Drosophila  simulans,  Drosophila sechel- 
lia and Drosophila  mauritiana) shows evidence of Y- 
linked copies (Figure 3), their DNAs exhibit only a 
single band in both males and females. In  situ hybrid- 
ization to D.  simulans polytene  chromosomes  indicates 
a single site of hybridization at  77F  (not shown). In 
summary, the Y-linked sequences appear  to be  unique 
to D.  melanogaster, and  thus may have "transposed" to 
the Y chromosome after present day D.  melanogaster 
and its sibling species diverged  from  a  common ances- 
tor. 

We have also prepared DNA from males lacking 
different  regions of the Y chromosome. The entirely 
heterochromatic Y of D.  melanogaster consists of a  long 
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FIGURE 4.-Restriction site and cytogenetic analyses.  (A) South- 
ern blot of EcoRI-cleaved male and female DNA isolated from D. 
melanogaster strains as indicated and probed with the putative Y- 
linked cS1  cDNA clone. The blot was washed at high stringency. 
Sizes in kilobases refer to the male-specific bands of Oregon R DNA. 
(B) Southern blot of  EcoRI-cleaved  DNA from males carrying the 
indicated Y chromosome deficiencies. The blot was probed with the 
autosomally derived cDNA clone cl8c (KALDERON and RURIN 1988) 
and washed at high stringency. The intensity of the 5.1-kb fragment 
in DAyjSI2 is of lower intensity than expected whether the cl8c or 
cS1 probes are used; however, we note a substantial portion of the 
DNA remains undigested, and we have obtained the same result on 
two separate occasions and believe that it is an experimental artifact. 
(C) A cytogenetic map of the Y chromosome (redrawn after BON- 
ACCORSI et al. 1988). showing the T(X;Y) and DAy) breakpoints. 
Lampbrush loopforming regions (A, B and C) are indicated above 
the map. The locations of fertility factors are shown  with the lines 
representing  their maximal extent and  the open boxes their minimal 
extent. The centromere and  the region containing the mst77F 
homology are also indicated. 
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H15a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CS8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CSl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B4a TTTTTgTTGT  ATAATTCTGA  GTAACAAATT  TGTTagTGAA  AATTTtTGTC  GAtCAAGaat  ttaccaaatA  ATTGGTaGCA  AAATGAGcAA  TCTGAAACAA 

hgS9  TTTTTTgTGT  ATAATTCTGA  GTAACAAATT  TGTTTGTGAA  AATTTtTGTa  tAtCAAGaat  ttaccaaatA  ATTGGTaGCA  AAATGAGcAA  TCTGAAACAA 
mstllf TTTTTTTTGT  ATAATTCTGA  GTAACAAATT  TGTTTGTGAA  AATTTCTGTC GAGCAAG... . . . . . . . . .  A  ATTGGTTGCA  AAATGAGTM  TCTGAAACAA 

M S N  L K Q  
1 6 

493  592 
H15a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CS8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B4a  AAGGATAtCA  AGCCGGAcGT  GGCAGTttCA  AAATCAGTaA  AAACCTcTAg  AAAAgCAATT  GAATATGTTA  AgTCCGACGC  tTCCGACATT  GACGAAGATA 
CSl 

hgS9  AAGGATAtCA  AGCCGGAcGT  GGCAGTttCA  AAATCAGTaA  AAACCTcTAg  AAAAgCAATT  GAATATGTTA  AgTCCGACGC  tTCCGACATT  GACGAAGATA 

K D S K  P E V   A V T   K S V K   T Y K  K S I  E Y V N  S D A  S D I   E E D I  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

mst77f AAGGATAGCA AGCCGGAGGT  GGCAGTAACA AAATCAGTGA AAACCTATAA AAAATCAATT  GAATATGTTA  ATTCCGACGC  CTCCGACATT  GAAGAAGATA 

7 40 

593 692 
H15a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CS8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B4a  TCAATAGGaC  AGAGtACGAA  TACGCCTCAT  CGTCTGGCTT  TGTTAATTTT  CTGAGGGACT  TTAAGAAaCG  aTAtGGAGAA  TATTACTCGA  ATtAtcAGAT 
csl GA  ATtAtcAGAT 

hgS9  TCAATAGGaC  AGAGtACGAA  TACGCCTCAT  CGTCTGGCTT  TGTTAATTTT  CTGAGGGACT  TTAAGAAaCG  tTAtGGAGAA  TATTACTCGA A T t A t w T  
mst77f TCAATAGGGC  AGAGGACGAA TACGCCTCAT CGTCTGGCTT TGTTAATTTT CTGAGGGACT  TTAAGAAGCG  CTACGGAGAA  TATTACTCGA  ATAACGAGAT 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

N R A   E D E   Y A S S   S G F   V N F   L R D F  K K R  Y G E   Y Y S N   N E 1  
41 73 

693 
H15a . . . . . . . . . .  
CS8 . . . . . . . . . .  
Csl  AAGACtGGCT 
B4a AAGACtGGCT 

mstllf AAGACGGGCT 
hgS9 AAGACGGGCa 

R R A  
74 
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
GCTGAAACCC  GaTGGAACGA  AATGTCATTC  tGTCATCaAT  GCCAGTATTC  TGCG...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
GCTGAAACCC  GgTGGAACGA  AATGTCATTC  tGTCATCaAT  GCCAGTATTC  TGCG.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
GCTGAAACCC  GATGGAACGA  AATGTCATTC  CGTCATCGAT  GCCAGTAcTC  TGCGGTAAaT  TAttGGTGTC  GAATACAAAt  GAAATGCACA 

A E T R  W N E  M S F  R H R C  a y s  A 
GCTGAAACCC  GATGGAACGA  AATGTCATTC  CGTCATCGAT  GCCAGTATTC  TGCGGTAAGT  TA..GGTGTC  GAATACAAAC  GAAATGCACA 

91 

191  890 
H15a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CS8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Csl . . . . . . . . . . . . . . . . . . . . . . . . . . . .  GA  ACCATTGGAC  ACTTTTCATG TAcAGCCgAA  CAGTaTGAGC  AGTCTTCAGC  GcTCTAGTaA  GGGCGAGCAC 
B4a . . . . . . . . . . . . . . . . . . . . . . . . . . . .  GA  ACCATTGGAC  ACTTTTCAcG TAcAGCCqAA  CAGTaTGAGC  AGTCTTCAGC  GcTCTAGTaA  GGGCGAGCAC 

hgS9  TtTATGCAAT  CGTAATGCAC  TTCCGCAGGA  ACCATTGGAC  ACTTTTCAcG TAGAGCCqAA  CAGaGTGAGC  AGTCTTCAGC  GcTCTAtTGA  GGcCGAGCtC 
mstllf TGTATGCAAT  CGTAATGCAC  TTCCGCAGGA ACCATTGGAC ACTTTTCATG TAGAGCCCAA  CAGTGTGAGC  AGTCTTCAGC  GTTCTAGTGA  GGGCGAGCAC 

E P L D  T F H V  E P N   S V S  S L Q R  S S E   G E H  
95 118 

891 990 
H15a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CS8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  CT  TtGGTGCCtG  TGGCTCCAAT  AGCTGCACTC  CAAGAAAGGA  GAACAAGTGT  TCCAAGCCCA 
Csl  AGAATGCACT  CTGAAATAAG TGGCTGC...  GACACTTTCT  TCGGTGCCGG  TGGCTCCAAT  AGCTGCACTC  CAAGAAAGGA  GAACAAGTGT  TCCAAGCCCA 
84a  AGAATGCACT  CTGAAATAAG  TGGCTGC. . .  GACACTTTtT  TCGGTGCCGG  TGGCTCCAAT  AGCTGCACTC  CAAGAAAGGA  GAACAAGTGT  TCCAAGCCCA 

hgS9  AGAATtCACT  CTGAAATAAG TGGCTGC...  GACACTTTCT  TtGGTGCCtG  TGGCTCCAAT  AGCTGCACTC  CAAGAAAGGA  GAACAAGTGT  TCCAAGCCCA 
mstllf AGAATGCACT  CTGAAATAAG  TGGCTGCGCA  GACACTTTCT  TCGGTGCCGG  TGGCTCCAAT  AGCTGCACTC  CAAGAAAGGA  GAACAAGTGT  TCCAAGCCCA 

R M H S  E I S   G C A   D T F F  G A G  G S N   S C T P   R K E   N K C   S K P R  
119 152 - 
991 

H15a  tGC  GCCCGACCCC  GtAAGcCATG 
1090 

Cs8  GGGTctGGAA  GAGTTGCCCa  AAACCgCGGc  CaAAgtCCTt  GAAGCAACGT  CGCAaTTGCG  cCAAACCGAG  GCCCAAGtGC  CGCCCGACCC  GaAAGGCATG 

B4a  GGGTGCGGAA  GAGTTGCCCa  AAACCgCGGc  CcAAgtCCTt  GAAGCAACGT  CGCAaTTGCG  cCAAACCGAA  GCCCAAGtGC  GCCCGACCCC  GtAAGGCATG 
Csl GGGTGCGGAA  GAGTTGCCCa  AAACCgCGGG  CcAAgtCCTt  GAAGCAACGT  CGCAaTTGCG  cCAAACCGAA  GCCCAAGtGC  GCCCGACCCC  GtAAGGCATG 

hgS9  GGGTCtGGAA  GAGTTGCCCa  AAACCgCGGG  CcAAgtCCTC  GAAGCAACGT  CGCAaTTGCG  CCAAACCGAA  GCCCAAGtaC  GCCCGACCCC  GtAAGGcCAT 
mstllf GGGTGCGGAA  GAGTTGCCCC  AAACCACGGG  CGAAAACCTC  GAAGCAACGT  CGCAGTTGCG  GCAAACCGAA  GCCCAAGGGC  GCCCGACCCC  GGAAGGCATG 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

V R K   S C P  K P R A  K T S  K Q R  R S C G   K P K   P K G   A R P R  K A C  
153 185 

1091 
H15a  TCCCCGCCCC  AGaAAcAqtA  TGGAATGCGG  CAAGcCGAAG  .CAAAGCCM  GGTGTCTTAA  GCCCAAGAGC  TCCAAGCCCA  AGTGCTCGqT  GTAATCGGAG 

1190 

CS8  TCCCCGCCCC  AGaAAcAgtA  TGGAATGCGG  CAAGCCGAAG  .CAAAGCCAA  GGTGTCTTAA  GCCCAAGAGt  TCCAAGCCCA  AGTGCTCGg.  GTAATCGGAG 
CSl  TCCCCGCCCC  AGaAAcAAtA  TGGAATGCGG  CAAGCCGAAG  GCAAAGCCAA  GGTGTCTTAA  GCCCAAGAGt  TCCAAGCCCA  AGTGCTCGqT  GTAATCGGAG 

xqS9  GTCCCGCCCC  AGaAAcAgtA  TGGAATtCGG  CAAcGCGAAG  GCAAAGCCAA  GGTGTCTTAA  GCCCAAGAGt  TCCAAGCCCA  AGTGCTCGgT  GTAATCGGAG 
mstllf TCCCCGCCCC  AGGAAGAAGA  TGGAATGCGG  CAAGGCGAAG  GCAAAGCCAA  GGTGTCTTAA  GCCCAAGAGC  TCCAAGCCCA  AGTGCTCGAT  GTAATCGGAG 

P R P  R K K M  E C G  K A K  A K P R   C L K   P K S   S K P K   C S M  * 
186 

B4a  TCtCCGCCC.  AGaAAcAAtA  TGGAATGCGG  CAAGcCGAAG .CAA 

215 

H15a  GTTTCATCTC  CCACACCCTT  aCCctCACCA  CTTTTCGGCC ATTTTTATT-TCAGGAAC CAGTtAAAAT  TTC.CAAATG  ATGTAAACAA  Cqg 
1292 

C98  GTTTCATCTc  CCACACCCTT  aCCctCACCA  CTTTTCGGCC  ATTTTTATTt  GATCAGGAAC C A G T g t m T  TT.tCAAATG  ATGTAAACAA  Cqq 

1191 

Csl  GTTTCATCTC  CCACACCCT 
..~ ~~~~~ ~ 

mst77f GTTTCATCTT  CCACACCCTT  TCCTACACCA  CTTTTCGGCC  ATTTTTATT. cAGTCAAAAT TTCCCAAATG ATGTAAACAA CTT 
t s g  GTTTCATCTC CCACACCCTT aCCctCACCA  CTTTTCGGCC  ATTTTTATTt  GATCAGGAAC  CAGTCtAAAT  TT.tCAAATG ATGTAAACAA 

FIGURE 5.-Alignment of indicated genomic  and cDNA sequences with respect to the  sequence of mst77F using GCG PILEUP with 
default parameters. Differences  from mst77F are indicated in lower case. Numbering is taken from KALDERON and RUBIN (1988). The 5’ 
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arm, YL, and  a  short  arm,  (Figure 4C). Radiation- 
induced  translocation  between the Y and  the X gen- 
erates  hybrid  chromosomes [T(X;Y)’s] of two types. 
YDXp chromosomes (D, distal; P ,  proximal)  have  a 
centromere-less  portion of the Y appended  to  a cen- 
tromere-containing  portion of the X. Conversely, XDF 
chromosomes  have  a  centromere-containing  portion 
of the Y appended  to  a  centromere-less  portion of the 
X. We analysed a series of strains  carrying  different 
reciprocal  translocations  between either  the long or 
the  short  arm of the Y chromosome  and  centromeric 
heterochromatin of the X (KENNISON 1981). Males 
having both  hybrid  chromosomes lack no genetic in- 
formation and  are fertile if the Y breakpoint  does  not 
interrupt  a fertility factor (see Figure  1 of GOLDSTEIN, 
HARDY  and LINDSLEY 1982  for  a diagrammatic  rep- 
resentation). Crossing such males with wild-type fe- 
males, however, causes p X p  chromosomes to segre- 
gate in male progeny and XDF chromosomes to seg- 
regate in female progeny. Six T(X;Y)’s were  studied in 
all,  representing  breakpoints  throughout  the Y chro- 
mosome (Figure 4C). We followed the sequences of 
interest by hybridization as  above  to  Southern blots 
of the respective DNAs (Figure 4A). In the case of YL 
breaks (R17,  V17,  G25  and  F15), homology segre- 
gated with female  progeny. Thus, all  of the Y-linked 
members must lie proximal to (ie., on the  centromere 
side of) the  F15  breakpoint. In the case  of breaks 
(W 19  and V8) homology again  segregated with the 
female progeny. Thus all  of the Y-linked members 
must lie proximal to  the  W  19  breakpoint. 

T o  localize the Y linked copies more precisely we 
investigated males bearing  three  different Y chromo- 
some deficiencies (Figure 4C). Compound XY/Dfl) 
males were crossed with virgin y w f females and  the 
DNA from male progeny analyzed by Southern blot- 
ting  (Figure 4B). While the normal  complement of 
male-specific fragments is present on the Df(Y)EI and 
Dfly)S6 chromosomes none is present on the Df l )S12  
chromosome. In summary, all of the Y-linked mem- 
bers of the mst77F family reside on the  short  arm of 
the Y chromosome,  between  the  proximal  boundaries 
of D f l ) S 1 2  and DfCy)El. This  region, h18-hl9  on  the 
cytogenetic  map (GATTI and PIMPINELLI 1983), is 
indicated in Figure 4C. It  does  not  include any known 
fertility  determinants. 

A gene “family”: That KALDERON and RUBIN’S 
(1988) clone  c18c  represents an  authentic transcript 

of the autosomal mst77F locus is suggested by the  fact 
that  the two sequences differ at only a single, noncod- 
ing,  position. They also sequenced two other cDNAs 
(B4a and  H15a)  that,  although clearly related  to 
mst77F, are sufficiently different  both  from it and 
from each other  that they seemed likely to  represent 
independent loci. We have also isolated and sequenced 
two cDNA clones (cS1 and cS8), and have sequenced 
a  segment of XgS9 DNA (see legend to Figure  1)  that 
includes the  entire male-specific region.  Taken to- 
gether these sequences appear  to  represent five addi- 
tional loci which our Southern blot data indicate de- 
rive from  the Y chromosome. An alignment of the 
various sequences with respect to  that of mst77F, 
together with the sequence of the  2 15-amino acid 
product  deduced  for mst77F  (via the  sequence of 
cl8c), is shown in Figure 5. 

The member of the family represented by genomic 
clone XgS9 retains the  intron/exon  structure of the 
autosomal locus (the single intron comprises residues 
757-818),  but is unable to  encode  a full-length poly- 
peptide due  to  a stop  codon at  amino acid residue 72 
(equivalent to residues  688-690 of the mst77F  se- 
quence  and  underlined in Figure 5). There is also an 
insertion of 12  bp  just  5’ to the  putative initiation 
codon,  an in-frame  deletion of nucleotide residues 
918-920 (that would cause deletion of an  alanine 
residue if a full-length translation  product was gener- 
ated),  and  a  number of single-base substitutions. 

cDNA B4a (698 bp)  extends  5’  to  include  the 
mst77F translation initiation codon,  and  the  12-bp 
insertion  observed in XgS9. In the  other direction the 
homology with mst77F extends  to  nucleotide position 
1134 where the B4a cDNA terminates (KALDERON 
and  RUBIN  1988).  It is not known whether  the cDNA 
showed evidence of a poly(A) tail since the 3’ end of 
the clone was not  sequenced in full (D. KALDERON, 
personal  communication). As in the case  of XgS9,  B4a 
has an  in-frame  deletion of residues 918-920, to- 
gether with a  number of single-base substitutions. 
There  are also deletions of residues 1  100  and  1 13  1, 
the effect of which is a  change of reading  frame 
beyond amino acid residue  188.  According  to KALD- 
ERON and  RUBIN,  the putative B4a product would 
terminate  after  a  further 10 amino acids. Taking  into 
account  the  in-frame  deletion,  the B4a product would 
thus  be 18 amino acids shorter  than  the mst77F prod- 
uct. 

boundary represents residue 48, the  3’ boundary residue 863  of the polyadenylated cDNA  clone  c18c (total length  1031  bp). The sequence 
of  c18c can be derived merely by removing  the  intron (residues 757-818)  from  the mst77F sequence.  Homology  between mst77F and XgS9 
extends considerably further  both 5’ and  3’ (see Figure 6). B4a extends 5‘ to position 399, and  3’  to position 1 1  24. cS1 diverges from 
mst77F beyond position 1209 and terminates after  a  further 60 bp with evidence of a  poly(A) tail. cS8  diverges  beyond position 1340 and 
terminates after  a further 69  bp with no  evidence  of  a  poly(A) tail. H 15a diverges  both upstream of position 1068,  and  beyond position 1280 
(terminating after  a  further  27  bp). The sequence of the putative mst77F translation product (deduced from c18c) is also shown. The 
translation stop  codon is indicated by an asterisk (*), and  the putative phosphorylation site is underlined. Also underlined is the premature 
stop  codon in the XgS9 sequence  (residues 688-690).  See  text  for  other  details. 
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TAAAAGATAAAAAGCAGTAGCTATGTGGATGTTAGATTTCAAAGCGTGTGTGAGCCAATCAACGGAGGTGGGATAACTTAGTATTTTTCCCTT 2458 

ATAAAGAT.RAAAGCAGTAGCAATGTGGATGTTAGATGTCAAAGCGTGTTTGAGCCAATCAACGGAGGTGGGTTTACTTGGGATTTCCCTCTT 2503 
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GGGATTCTTGTTGTTGTATTTCTATTTTTTAATGAAAGGCTGATATATTATTAAATCGAACTTATTGGCAACATAACATCT~TTCGCAATTCGACTTTT 2558 

GTGAAAATTTAAAAATGTGTAGAGATATGAGCTTGGCAATTATATTAAATTCGTTAACTAAAGTATTTCTGCAGTTATCACCTTTTGCT~CGCCTCC 2658 

T G G T T A A C T C T A C T T T T T A T ~ G T G G T C T G T G T G A T C C T T A A A T A G A T C T T C ~ C G A G T C C A A T A T A ~  2758 

CGCCTCTTTAGGTATTTCTGCATTTCCTTTAGTTCATTCCAAAC~CATTTTT~CTTAAAGCGCG 2858 

CATTTCATGTGGCTTTTGTCAGGTAATACTCTGATATCAGGCAATCAAATTAATCATT~CTTTTCAAACAAATGCAGGAGTA~GCTGCAACTTCGGA 2958 

ACTATTTCGATGTAATTGCTAGTTTTGGTACAGTACAAGTCTTAATTACCGCTGCAACAGTGTGGCTCAGTGTCTGAGTTGCCAAACATACGCGTAGCAG 3058 

AGCATCGAACATGGCTGCGTCCACTGCAATGTTGCTGATTCTGCTGATGATGATGGTGGGTGGTGGACACCACGCCCTCCGAGAACG~CGGATCGCACG 3158 

GCGCCATTGGCATTGGTGGTCAARACCACCGAGCGGAAGCGATCGATGACCGCATCCTGGATGCTGTTCACACTCAACTGGTTGCCCATCGCGCGAGTTA 3258 

CAATCCTGTGACTGAGGGAAAGCTT 3283 

FIGURE 6.-Extended homology between the  77F locus (bottom strand, KALDERON and RUBIN 1988) and XgS9 (top strand)  derived with 
the GCG BESTFIT  program using default  parameters.  Numbering is from left to right with respect to  the sequence of the 3.2-kb Hind111 
fragment of XgS9 shown  in expanded  form in Figure 1. Negative numbers denote nucleotides upstream of the limit of KALDERON and 
RUBIN’S sequence in that  direction. The mst77F intron is shown  in lower case. Translation initiation and termination codons for  the putative 
mst77F translation product (mst start  and mst stop), and  the putative polyadenylation signal of cl8c (AATAAA) are underlined (KALDERON 
and RUBIN 1988). The asterisks under  the T at position 421 and  the C at position 1558 are respectively the 5’  and 3’ boundaries of c18c, 
the most extensive cDNA of the mst77F  family (KALDERON and RUBIN 1988). The gene for the RI subunit of  PKA  is transcribed in opposite 
orientation to  the mst77F gene and  the  extent of the longest cDNA for this gene is indicated by the thin underlining. The  end of the 
homology between 77F and XgS9 (position 2189) lies  within a region that includes heterogeneous RI transcription initiation sites (KALDERON 
and RUBIN 1988). Homology between the 3‘ end of the cS1 cDNA clone and the genomic DNA is indicated by the thick underlining note 
that  the sequence of  this portion of cS1 is identical to  that of XgS9, downstream of this position cS1 contains A residues. 

cDNA cS1 (530  bp) is incomplete at its 5‘ end.  It 
has the  91 8-920  deletion and a number  of single-base 
substitutions.  Correspondence of cS1 with mst77F 
ceases beyond  nucleotide position 1209, within the 
mst77F 3’ untranslated  region (see also Figure  1). 
Thereafter, cS1 diverges for a further  60 nucleotides 
before it terminates with evidence of a poly(A) tail. 
The  60 divergent  3’  nucleotides of cS1 correspond  to 
a  region of XgS9 approximately  1.6 kb downstream 
of  the  boundary  of homology with cl8c (Figures 1 
and 6). Since there is no evidence of a  sequence  related 
to  the 5’ splice junction consensus at  the point of 
divergence it is simpler to think of cS1 as representing 
a  transcript of an internally  deleted locus, rather  than 
to invoke alternative splicing. At 25 bp upstream of 
the cS1 poly(A) tail is the sequence AATATA,  not 
the most common of polyadenylation signals but  one 
that is used on occasion (MANLEY 1988). 

cDNA cS8 (479 bp) is also incomplete at its 5’ end. 
It has the  91 8-920  deletion,  the  11  31  deletion,  a 
deletion of nucleotide 1180,  and a number of single- 
base substitutions. Any cS8 polypeptide would termi- 
nate  24  amino acid residues  downstream of the mst77F 
product  (Figure 5). cS8 diverges  from the mst77F 
nucleotide  sequence beyond position 1340 (not 
shown), and  terminates  after a further  69 nucleotides 
with no evidence of a poly(A) tail. As the clone weakly 
detects  an  additional  transcript on Northern blots and 
an additional  band in genomic Southern blots (not 

shown), it is possible that its 3’ end  represents  a cDNA 
cloning  artifact. 

cDNA H 1 5a (2  13 bp) is described  as  diverging  from 
mst77F upstream of nucleotide position 1068, as hav- 
ing  a  change of reading  frame  at  amino acid residue 
199  and as diverging  from mst77F for 27  nucleotides 
beyond nucleotide position 1280 (KALDERON and 
RUBIN 1988).  Although KALDERON and RUBIN did  not 
specify the nucleotide position corresponding  to  the 
frameshift, for the sake of data  presentation we have 
taken it to be position 1 13 1. The effect of the frame- 
shift would be  to cause the putative  translation  prod- 
uct to  terminate  after a further  19 amino acid resi- 
dues.  It was not  reported  whether  the cDNA showed 
evidence of a poly(A) tail. 

Meaningful pairwise comparison of the six nucleo- 
tide  sequences of Figure  5 is complicated by their 
various degrees of completeness,  as well as the signif- 
icant divergence from  the “canonical” mst77F  se- 
quence  at  some 5’ and 3‘  ends.  Looking closely at  the 
differences between the six sequences,  however, it is 
apparent  that some  nucleotide  substitutions, inser- 
tions and deletions are  shared between  different fam- 
ily members, whereas others  are unique. In particular, 
the XgS9, B4a, cS1, cS8 and  H15a sequences (the “Y 
group”; see DISCUSSION) share a number of changes 
with respect to  the mst77F sequence.  Over  the  region 
corresponding  to  the  putative mst77F coding  domain, 
a significant number of these are  third base substitu- 
tions. 
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How many of the  sequences  represent  functional 
loci? Assuming that mst77F is indeed  functional, and 
that cl8c represents its transcript,  the locus repre- 
sented by  XgS9  is unlikely to encode  a  functional 
polypeptide due  to  the  premature  stop codon  at  amino 
acid residue  72. Both H15a  and cS8 show no homol- 
ogy  with  mst(77)F at  their  3’  ends  and If  translated, 
both would result in polypeptides having carboxy 
termini  that are longer and substantially different in 
character  than  that of the mst77F polypeptide. Until 
we have full-length cDNA clones we cannot  comment 
further on  the  genes  encoding  these cDNAs. cS1 
which  may be incomplete at its 5’  end  due to  prema- 
ture termination of cDNA synthesis shares  the same 
termination  codon and basic structure as mst77F, and 
thus may represent  a  functional locus. Finally, B4a, 
despite having a  frameshift at  amino acid residue 189 
and diverging  from mst77F within the coding  domain, 
is able  to  encode  a  polypeptide  that is neither radically 
different in length  from  the mst77F product,  nor 
altogether  different in terms of the  nature of its 
terminal residues. Thus it too may encode  a polypep- 
tide with functional similarity to mst77F. 

Structure of the  locus  represented by XgS9: T o  
learn  more about  the  nature of the event(s)  that gave 
rise to mst77F-like genes on  the Y chromosome, we 
have sequenced the  entire 3.2-kb Hind111 fragment 
of XgS9, shown in expanded  form in Figure 1. This 
fragment,  containing all  of the homology with male 
cDNA and only a single member of the mst77F family, 
has more extensive similarity with DNA in and  around 
the mst77F  locus than  might have been  expected. The 
extended  77F  and XgS9 sequences,  aligned in Figure 
6, have approximately 92% sequence  identity.  5‘ to 
the mst(77)F gene the homology extends  at least 500 
nucleotides upstream of the initiation codon.  In  ad- 
dition the intron-exon structure of the male-specific 
gene is conserved, there  are only 5 base changes 
within the 62-bp  intron  (Figure 5). This indicates, at 
least in the case  of this particular Y-linked copy,  that 
presence  on the Y chromosome is not  due  to  integra- 
tion of a  reverse-transcript of a mst77F mRNA. At 
the 3‘ end, homology between the  77F locus and XgS9 
extends  for several hundred base pairs beyond the 
poly(A) addition site of c18c,  and into  transcribed 
sequences of the  gene  for  the  RI  subunit of PKA. 
Polymorphism (notably  insertion/deletion) is most ev- 
ident 3‘ to the mst77F gene.  It may be that sequence 
drift in the 5’ region has been subject to  more  con- 
straint due to  functional selection of some kind, for 
example  important  regulatory  sequences may need to 
be conserved for  appropriate  expression. Assuming 
that  c 18c represents  a  prematurely  terminated  cDNA 
of a 1.4-kh polyadenylated mRNA (see below), some 
of the 5’ region is likely to  correspond  to  5”untrans- 
lated sequences. A search for  promotor motifs up- 

stream of  the c18c  5’ end provides little compelling 
evidence  for  standard  promoter  elements.  A 5/8 
match to  the  TATA-box consensus is found  centered 
around nucleotide  320, 30 bp  upstream of the cl8c 
5’ end  and  a  7/9 match to  the  CAAT-box consensus 
is present around position 197,  153  bp upstream of 
the c18c 5’ end. In the absence of primer  extension 
data, however, we cannot firmly identify the  transcrip- 
tion start-site of mst77F. We have also searched for 
promoter elements  present in other male germ line- 
specific genes such as &tubulin and mst87F but failed 
to detect any similarities. 

We have also investigated the  nature of XgS9 se- 
quences which flank the  region with autosomal ho- 
mology. The 2.2-kb BamHI-Sal1 fragment of Figure 
1  detects  a family  of repetitive DNA sequences con- 
taining  a few Y-linked and many autosomal copies 
(Figure 7). The two relatively intense  bands visible in 
lane  1  (male  DNA) have not  been investigated further. 
The 1.8-kb EcoRI fragment of Figure 1 detects  a 
fragment of its own  size  in both male and female 
DNAs (Figure 7). The intensity of the  corresponding 
band suggests that  the  1.8-kb  fragment lies internal 
to  a  repetitive DNA sequence. Data from limited 
restriction  mapping are consistent with the repetitive 
sequence  being  a  transposable  element of the calypso 
class (COTE et al. 1986).  In summary XgS9 DNA, 
outside of the  region of extended homology with the 
77F locus, has characteristics  that  might  be  expected 
of the  heterochromatic Y chromosome. 

The mst(77)F gene product: The  cl8c cDNA clone 
sequenced by KALDERON and RUBIN  (1  988)  contains 
a  long  open  reading  frame (ORF) which translates as 
a 2 15-amino acid polypeptide. They assigned no func- 
tion to this putative  translation  product  but  noted  that 
it contained  a basic C-terminal  domain. We have used 
the  computer  programs Prosrch and BLAST to search 
the  protein databases with the  sequence of the mst77F 
polypeptide. Using Prosrch  (COLLINS, COULSON and 
LYALL  1988)  to search the  Pir28  protein  database, 
highest scores (100-120) were obtained against var- 
ious examples of the  vertebrate histone H  1 /H5 fam- 
ily. Chicken erythrocyte H5, in particular, can be 
aligned with the mst77F polypeptide to display 26% 
identity and  45% similarity when conservative 
changes are allowed (Figure 8A). It  should  not be 
overlooked,  however,  that  correspondence over the 
C-terminal 75  amino acids is  in large  part due  to  the 
predominance of  basic residues in this region of both 
proteins. The contribution of amino acid constitution 
to the match is further emphasized by relatively high 
GCG-BESTFIT quality scores between a  randomized 
mst77F polypeptide and chicken H5. Finally, the 
mst77F polypeptide is  only  slightly more like chicken 
H5 than like chicken H1 or Drosophila H1 (=20% 
identity, 35% similarity). In  contrast, likeness between 
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FIGURE 7."Southern blots of EcoRI-cleaved male and female 

Oregon R DNA  washed at high stringency. The left hand two lanes 
were probed with the 2.2-kb BumHISolI  fragment of XgS9, and 
the right  hand lanes with the 1.8-kb EcoRI fragment (Figure 1). 
The two probes were of comparable specific activity and  the two 
blots, each representing the same amount of the same pair of 
cleaved DNAs, were exposed for autoradiography for the same 
time. 

chicken H5 and  either chicken H1 or Drosophila H1 
is significantly greater (?35% identity, 50% similar- 
ity). 

If it is a relative of H 1 and H5, the mst77F polypep- 
tide is a rather distant  one.  Secondary structure pre- 
dictions,  however,  made using the  computer  pro- 
gramme ALB (PTITSYN and FINKELSTEIN 1989), tend 
to support  the identification of the mst77F polypeptide 
as  a  member of the H 1/H5 family. The  first 10 amino 
acids are very polar.  Subsequent  sequence suggests a 
globular  head  region  (residues 11-1 35) in  which the 
dominant  secondary structure is a-helix. This is fol- 
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50 
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FIGURE 8.-Alignments of polypeptide sequences. (A) Alignment 
of the indicated polypeptide sequences using the GCG PlLEUP 
program with default parameters. The mst77F sequence, to which 
the numbering  refers, is the putative translation product of cDNA 
clone c 18c [KALDERON and RUBIN (1 988); Swissprot  accession num- 
ber: P169091. Identities between the c18c translation product and 
the  other polypeptides are boxed. PIR accession numbers are as 
follows: chicken H5,  A29179; goose H5, A02588; Xenopus H5, 
JT0403. (B) Alignment of the putative mst77F polypeptide with 
mature mammalian protamine 1 sequences using GCG PILEUP 
with default parameters. Cysteine and basic (arginine and lysine) 
residues shared with the mst77F polypeptide are boxed. Numbering 
above the figure refers to  rat protamine P1. Numbering below the 
figure  refers to the mst77F polypeptide. Swissprot  accession num- 
bers are as follows: rat,  PlOl18; mouse, P02319; human, P04553; 
pig, P19757. 

lowed by a basic tail (residues 136-21  5) in  which 
lysine, arginine  and proline are frequently  clustered, 
and  that would be  unstructured in free solution. Over- 
all the  structure is reminiscent of the those of H 1 and 
H5, both of which have disordered N- and C-terminal 
domains  flanking  a  central  globular  domain [see Is- 
ENBERG (1979) and BRADBURY (1992) for reviews]. 
Phosphorylation of members of the H 1 family, occur- 
ring  at serine or threonine residues in coordination 
with the cell  division  cycle is thought  to activate their 
chromatin-condensing  functions (HOHMANN 1983; 
BRADBURY 1992). In addition  a consensus kinase  motif 
of the  form  S(T)PK(R)K(R) has been identified in the 
N and C  termini of histone H1, it is expected  that 
phosphorylation of this site would abolish the  inter- 
action between H1 and DNA (CHURCHILL and SUZUKI 
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1989). The mst77F polypeptide  contains one such 
sequence  (residues  14 1-1 44,  underlined in Figure  5), 
close to  the  predicted  boundary between the  globular 
domain and  the basic tail. 

Using the  computer  program  BLAST  (ALTSCHUL 
et al.  1990)  to  search  the Swissprot protein  database 
with the  sequence of the mst77F polypeptide gave 
slightly different results. As  well as identifying mem- 
bers of the  H1/5 class high scores were also obtained 
between a  segment of the basic  tail  of the mst77F 
polypeptide and cysteine-rich protamines  from rat, 
pig, mouse and man. Similarities were approximately 
50% (Figure  8B), in large part reflecting the  predom- 
inance of basic residues but also involving cysteines. 
Protamines are  short  and predominantly basic  poly- 
peptides  that complex with DNA. They  are  the major 
component of the sperm  chromatin of many orga- 
nisms (BLOCH 1969),  their  role being to assist compac- 
tion of the  genome  into the restricted volume of the 
sperm  head. The cysteine-rich variety is typical  of 
protamines  found in mammalian sperm  (SUBIRANA 
1983; YELICK et al.  1987). The cysteines are  thought 
to stabilize compacted  chromatin via disulfide bridges 
(BEDFORD and  CALVIN  1974). Although it is rare  for 
cysteine residues to  occur within histones H1  and H5, 
the mst77F polypeptide has 10, 8 of  which are fairly 
regularly spaced throughout its basic  tail (see Figure 
8A). 

Phosphorylation of serine residues by protamine 
kinase is thought  to  stimulate  the  binding of prota- 
mines to DNA where they replace histones or transi- 
tion proteins, become dephosphorylated and con- 
dense DNA (BELLVE,  ANDERSON and HALEY-BOW- 
DOIN 1975;  OLIVA  and  DIXON  1991).  Although  serine 
residues make up 10% of the basic  tail and 12% of 
the full-length mst77F polypeptide,  a relatively high 
serine  content is also a  feature of the HI/H5 family 
as a whole. 

In  summary,  the mst77F polypeptide has character- 
istics suggestive of a  distant  member of the histone 
H  1/H5 family. The C-terminal basic  tails of H1  and 
H5 (“linker” histones) play a  role in chromatin  con- 
densation via interaction with DNA. In H1 the basic 
residue is almost exclusively lysine. In H5, associated 
in chicken erythrocytes with chromatin  inactivation, 
there  are significant amounts of the  more basic resi- 
due,  arginine. In this respect the mst77F polypeptide 
is more like H5 than H1. The relationship  between 
the mst77F polypeptide and cysteine-rich protamines 
seems relatively tenuous. It does,  however,  serve  to 
point  out the interspersion of cysteine residues within 
the basic tail, a  feature  that distinguishes the mst77F 
polypeptide from all other members of the  H1/H5 
family. 

DISCUSSION 

Male-specific  transcripts  with  autosomal  and Y- 
linked  genes: We have identified  a family of genes 

transcribed in male but  not female D. melanogaster. 
Transcription of any of the copies requires  the pres- 
ence of a male germ  line, and preliminary in situ 
hybridization data suggest that this is restricted to 
spermatocytes (S. R. H. RUSSELL, unpublished). The 
member of the family that has been characterized in 
greatest  detail is mst77F, present at cytological posi- 
tion 77F  on  the left arm of chromosome 3 (KALDERON 
and RUBIN  1988).  It is contained within the  large 
intron of the gene  for  an RI subunit of  CAMP-de- 
pendent PKA (Figure 1). Southern blot analysis  of 
male and female DNAs (Figures  3 and  4) points to 
mst77F-like sequences  being  present on the Y chro- 
mosome of D. melanogaster. Evidence that  these  rep- 
resent  members of an mst77F gene family is provided 
by genomic DNA clone XgS9, and by cDNAs B4a, 
cS 1 ,  cS8 and  H 15a (the Y group). The insert of XgSS 
(Figure I ) ,  clearly derived  from  the Y chromosome, 
contains  a single mst77F-like gene ( ~ 8 %  divergence) 
having the  intron-exon  structure of the autosomal 
locus embedded within related flanking sequences 
(Figures  5 and  6). Each  of the  four cDNA sequences 
differs sufficiently from  the  sequence of the autosomal 
transcript (-5% divergence)  that they too must rep- 
resent Y-linked members  (Figure 5). 

As to  the  number of Y-linked  loci  we can consider 
the  number of bands  detected by cS1 in Southern 
blots of male Oregon R DNA (Figures 3 and 4). There 
are eight  bands in total, one of which represents  the 
autosomal mst77F  locus (5.1 kb). Three of the  remain- 
ing bands  (0.5,  4.2 and  5.1 kb) represent  the family 
member  present within XgS9 (Figure I), leaving four 
(3.1, 3.8, 4.5  and  10 kb) to accommodate further 
members of the family. Thus we estimate  that there 
are five  Y-linked  loci assuming that each non-hgS9 
band  represents  a single locus. It  appears be the case 
that some Canton S derivatives have additional Y- 
linked members, since the Ychromosomes of  the XXY, 
T(X;Y) and Dfl) individuals represented in Figure  4 
were  derived  from  a Canton S background (M. GATTI, 
personal  communication). 

Although  members of the Y group  are all more 
closely related  to  one  another  than they are  to  the 
autosomal mst77F locus (apparent  at  the DNA se- 
quence level in terms of shared  nucleotide substitu- 
tions,  insertions and deletions),  divergence still varies 
between 1.5  and 6% over the region of available 
overlap between any two members of the  group (Fig- 
ure 5). Can this be  taken to indicate  that each DNA 
clone from  the Y group  represents an independent 
locus, or might it be argued  that some of these clones 
represent  strain  differences  at  a single locus? Our own 
sequences (XgS9,  cS1 and cS8) all represent an Oregon 
R population  maintained in  Glasgow  while the cDNA 
clones c  18c B4a and H 15a and  the genomic clone 1 8 ~  
are derived  from  a Canton S background (KALDERON 
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and RUBIN 1988).  Although  the  pattern  generated by 
hybridization of cS1 to Canton S DNA resembles that 
of Oregon R DNA (Figure  4A),  sequence  polymor- 
phisms of this level  may  still be  present which would 
not  be  revealed by the sensitivity of the  Southern 
blotting  experiments. Thus we cannot  determine how 
many Y loci are represented by the cloned DNA. In 
conclusion,  although there is more  that  one family 
member  on  the Oregon R Y chromosome,  strain  differ- 
ences at a single locus may account  for  the  differences 
between some of our cloned  DNA. 

Are the Y-linked  members functional? In all of the 
preceding discussion, the assumption has been  made 
that  the autosomal mst77F locus is functional,  and we 
have  thus used its sequence as a  standard against which 
to compare  sequences  representing Y-linked members. 
This assumption cannot  be  proven  on  the basis of the 
available data.  It is relevant,  however,  that of several 
sibling Drosophila species we have investigated, all 
except D. melanogaster have a single member of the 
mst77F Family (Figure 3), and in the case of D. simulans 
it resides at  the cytological position equivalent to  77F 
of D. melanogaster. For reasons of karyotype similarity 
the same is likely to  be  true  of D. maurztiana and D. 
sechellia. Presumably it is a  functional locus in these 
species. 

Accepting mst77F as  functional, we must conclude 
that  the locus represented by XgS9 would be unable 
to  encode  a  functional  polypeptide due  to its prema- 
ture  stop codon  (Figure  5).  Moreover,  for  reasons of 
either  truncation or divergence,  none of the cDNAs 
representing Y-linked members  contains  a full-length 
coding  domain  (Figure 5). We may reasonably ques- 
tion,  therefore, whether  any of the Y-linked members 
are capable of producing  a  functional  polypeptide. 
Only in the case of the loci represented by cS1, and 
possibly that  represented by B4a, does this seem likely. 

Expression of Y-linked  members: KALDERON and 
RUBIN  (1  988) discussed a  second  gene within the large 
R I  intron,  though they did  not report its sequence. 
This is 13a, transcribed in the same  direction as 
mst77F. Its 3‘  end lies approximately 350  bp upstream 
of the most 5’ nucleotide  present in 18c,  a  cDNA 
representing  the  autosomal mst77F locus (KALDERON 
and RUBIN 1988).  This places the 3’ end of 13a very 
close to  the 5’ boundary of the sequence shown in 
Figure 5 ,  and delimits the initial 350 bp as  a  region 
that  one might reasonably investigate for mst77F pro- 
moter activity. Motifs suggestive of known promoter 
elements are not  convincing;  however,  a  complete 
analysis awaits primer  extension and transformation 
studies. 

Isolation of cDNA clones representing Y-linked 
members  demonstrates  that at least some of the  latter 
are transcribed. The prevalence of the clones within 
cDNA  libraries implies transcription at levels compa- 

rable to  the autosomal locus, in agreement with the 
reduced levels of transcripts in X 0  males (Fig. 2). 
Moreover,  a  Northern blot of poly(A+) RNA isolated 
from XY individuals has no  more bands  than  does the 
blot of X 0  RNA, suggesting  that Y-linked transcripts 
are all polyadenylated mRNAs of approximately the 
same size as  transcripts of the autosomal  gene  (Figure 
2). There is evidence  for polyadenylation from  at least 
some cDNA sequences.  Although the Y-linked mem- 
ber  represented by  XgS9 has a  domain  corresponding 
to  the putative mst77F promoter  region,  there  are a 
number of insertions and deletions  (Figure 6). Single 
base substitution, by comparison, is not significantly 
more  apparent  than within the coding  domain.  These 
data  tend to suggest that Y- linked members are ex- 
pressed conventionally from mst77F-like promoters, 
and with the same  temporal and developmental spec- 
ificity as the autosomal locus. 

Genetic  screens  for male-sterile mutations  (either 
deletions or EMS induced) have provided no evidence 
for essential fertility functions in the region of the 
chromosome  where the Y-linked members  map (Fig- 
ure 4C; KENNISON 198 1, 1983; GATTI and  PIMPINELLI 
1983). Even if one  or  more Y-linked members were 
able  to give rise to a  functional  polypeptide, however, 
this could  be  accounted  for by full or partial comple- 
mentation of fertility by the autosomal locus.  We are 
initiating  a  mutational analysis of the autosomal locus 
in order  to  address this question. 

Finally, the  apparently  normal expression of the 
autosomal copy in X 0  males observed on Northern 
blots (Figure 2) would tend  to  rule  out any role  for Y- 
linked copies in splicing transcripts of the autosomal 
locus. This is  in contrast with the Y-linked  Su(Ste)  locus 
of D. melanogaster,  which is required  for  appropriate 
splicing of transcripts of the X-linked  Stellate locus 
(LIVAK 1990). 

Origin of Y-linked  members: Members of the Y 
group  are all more closely related to  one  another than 
to mst77F suggesting  that they result from gene  du- 
plication following the transposition of a single copy 
of the mst77F locus to the Y. This is particularly 
apparent in the case of the  in-frame  9  18-920 deletion 
which is present in all of the  putative Y copies (Figure 
5). In this respect it is worth  noting  that  the autosomal 
locus is itself  in an unusual genomic location within 
the  intron of another gene. As the  autosomal location 
appears  to  be  the same in the case of D. melanogaster 
and D. simulans it is probable  that the autosomal copy 
transposed to  the 77F locus in a  common  ancestor 
and  then  to  the D. melanogaster Y after divergence. 
The significant proportion of third base changes  over 
the mst77F coding  domain,  reflecting  a high propor- 
tion ofsynonymous/conservative changes, implies that 
there may have been at  one time selection for  function 
of the Y loci. 
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Transposition to  the Y involved not merely the 
mst77F locus. The family member  represented by 
xgS9, for example  (Figures 1 and 6), is embedded 
within a 77F-like domain that  extends  downstream  to 
include  the first exon of the  gene  for  the RI subunit 
of PKA. In the case of other family members,  corre- 
spondence with 77F may extend  at least several 
hundred base pairs further in this direction (S. F. 
GOODWIN, unpublished).  Upstream  correspondence 
between XgS9 and  the autosomal locus extends  for  at 
least several hundred  bp beyond the most 5’ nucleo- 
tide  found in cDNAs of the mst77F family (Figure 6). 

Although transposition must have played a  role in 
generating  the Y-linked members of the mst7’7F fam- 
ily, there is a fairly high degree of conservation of 
their genomic organization across a range of D. mela- 
nogaster isolates from  different  geographic locations. 
Such conservation would not  be  expected  for actively 
transposing  sequences, which tend to show consider- 
able variation between strains (RUBIN 1983; ISINC and 
BLOCK 1984),  and  might be taken to suggest some 
form of functional  constraint. On  the  other  hand, 
since we are  ignorant of the mechanism by which 
transposition has taken place, it may merely be  an 
accident of history. This situation is  in sharp  contrast 
to  the Y-associated sequences isolated from D. hydei 
which are  not conserved  between  different hydei 
strains (BRAND and HENNIC 1989; HARAVEN, ZUCK- 
ERMAN and LIFSCHYTZ 1986). 

Y-linked copies are  not present in the sibling species 
D. simulans, D. mauritiana and D. sechellia. D. simulans 
and I). mauritiana also have a substantially lower copy 
number of Y-linked  Su(Ste) sequences  than  does D. 
meZanogaster (LIVAK 1984),  and  the D. simulans Y is 
devoid of functional rRNA genes (LOHE and ROBERTS 
1990). Thus  the Y chromosomes of even very closely 
related species can be substantially different.  Such 
differences may  in some way drive or consolidate 
reproductive isolation. 

The mst77F gene product: The putative mst77F 
product has a  sequence and predicted  secondary  struc- 
ture suggestive of a  distant  relative of the histone H 1 / 
H 5  (“linker”  histone) family, complemented by an 
array of cysteine residues in  its  basic tail that invites 
comparison with mammalian cysteine-rich protamines 
(Figure  8). We are  not aware of such a structure 
having been described previously. Indeed, cysteines 
are notable by their  absence  from all but  the occa- 
sional member of the H1/H5 family, and have never 
been previously observed in the basic  tail (WELLS and 
MCBRIDE 1989). By analogy with the cysteine-rich 
protamines,  their  role in the mst77F polypeptide may 
be  tight compaction of chromatin via disulfide 
bridges. In this context it is also worth  noting  the 
relatively high arginine:lysine ratio of the basic tail. 
Such a  feature is characteristic of H5 rather  than H I ,  

and again may reflect  a  role in relatively tight com- 
paction of chromatin since chicken erythrocyte €35, 
the archetypal  member of the H5 group, is implicated 
in chromosome  inactivation. 

A role in sperm chromatin condensation? Prior  to 
this report, only two D. melanogaster histone  genes 
lying outside the somatic histone  gene  cluster on chro- 
mosome 2 had  been  described. These  are  the H2A 
variant,  H2vd (VAN  DAAL et al. 1988),  and  the H3 
variant,  H3.3 (FRETZIN et al. 1991).  For many other 
organisms, in contrast, several variants of both  core 
and linker histones are known, often developmentally 
regulated (STEIN,  STEIN and MARZLUFF 1984; Wu et 
al. 1986). The range of variation is generally greater 
for  linker histones than  for  core histones (ISENBERG 
1979).  Though  the physiological basis of this variation 
is, on  the whole, poorly understood,  a  substitution of 
somatic histones for sperm-specific DNA-binding  pro- 
teins during  the  latter stages of spermatogenesis has 
been described  for many species (SUBIRANA 1983). 
Sperm-specific substitutes  range  from relatively slight 
variants of the somatic histones as seen in  sea urchins 
and starfish, through  to  the  short basic protamines 
found in mammals and some species of fish. They 
appear  to  mediate  the compaction of chromatin  into 
the small volume of the sperm  head. In  the case of D. 
melanogaster, several studies have suggested a histone 
transition during spermatogenesis (DAs, KAUFMANN 
and GAY 1964a,b; HAUSCHTECK-JUNCEN and HARTL 
1982). In D. hydei, moreover, somatic H1 immuno- 
reactivity is undetectable during postmeiotic stages of 
spermatogenesis (KREMER,  HENNIG and DIJKHOF 
1986), suggesting replacement by some other pro- 
tein@). The mst77F polypeptide is the first candidate 
for a specialized DNA binding  protein involved in 
compaction of Drosophila sperm  chromatin. 

Clearly further  experimentation if required  to  de- 
termine  the precise role of the mst77F polypeptide. 
One possibility is that, like the cysteine-rich prota- 
mines, it is involved in the terminal stages of sperm 
chromatin  condensation. Alternatively, it may func- 
tion as a  transition  protein to assist partial  chromatin 
condensation  prior to  the  appearance of protamines. 
Such  proteins  have  been  described  for  rat (GRIMES et 
al. 1977). Yet another possibility is that  the mst77F 
polypeptide is a precursor  that is subsequently proc- 
essed to yield an active polypeptide, as in the case of 
mouse and human  protamine 2 (YELICK et al. 1987; 
AMMER, HENSCHEN and LEE 1986).  A  combination of 
biochemical and immunohistochemical studies will 
help  to resolve these questions. 
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