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ABSTRACT 
The Drosophila melanogaster ovo gene is required for survival  and differentiation of female germline 

cells, apparently  playing a role in germline sex determination. We recovered 60 kb of genomic DNA 
from  its genetic location  at 4E1,2 on the X chromosome. A transcription  unit coding for an  apparently 
female-specific germline-dependent 5-kb poly(A)+ RNA size  class  is  located  substantially  in a 7-kb 
region, within  which three DNA-detectable lesions for mutations  that  inactivate  the ovo function are 
located  at two sites =4 kb apart. The breakpoint of a deficiency that removes the neighboring lethal 
complementation group shavenbaby (sub) but  leaves the ovo function intact  maps =5 kb to the molecular 
left of the leftmost ovo mutant site. A class of mutations  that  inactivates both the sub function and  the 
ovo function affects genomic DNA between the two ovo sites. Sequences required for the two genetic 
functions are  partly overlapping. In  spite of this overlap, P element-mediated gene transfer of a 10- 
kb genomic DNA segment containing the  5-kb poly(A)+ RNA transcription  unit  rescues  the  female 
sterility  phenotypes of ovo mutations,  but not the svb lethality. 

G REAT progress has been  made in understanding 
the genetic mechanisms responsible for somatic 

sex determination in the laboratory fruit fly Drosophila 
melanogaster. The X chromosome-to-autosome bal- 
ance, or X A  ratio,  determines sex in Drosophila 
(BRIDGES 19  16, 1925). Female Drosophila possess two 
X chromosomes, and males a single X chromosome 
and a Y chromosome; the Y chromosome is required 
only  for the completion of sperm  differentiation 
(BRIDGES 191  6) (reviewed by LINDSLEY and TOKU- 
YASU 1980). Each somatic cell measures the X A  ratio 
early in development, stably determines its sex in a 
cell-autonomous manner,  and stably sets the  appro- 
priate level of X  chromosome  gene  transcription (re- 
viewed by BAKER and BELOTE 1983;  BAKER  1989). 
X A  ratio assessment is at least partly dependent  on 
the relative amounts of two DNA-binding  proteins 
coded by the X-linked sis-b  (scute T4) gene  (PAR- 
KHURST, BOPP and ISH-HOROWICZ 1990)  and  the sec- 
ond-chromosomal daughterless ( d a )  gene (CLINE 1976; 
CRONMILLER, SCHEDL and CLINE 1988).  Once  the X:A 
ratio is assessed, the Sex-lethal  (Sxl) gene is activated 
in  2X2A female  embryos, and its mRNAs are trans- 
lated  into  a  set of RNA-binding  proteins (BELL et al. 
1988; BOPP et al. 199 1). Their function is to activate 
a gene  regulatory cascade operating  at  the level  of 
alternative  RNA splicing (BAKER and WOLFNER 1988; 
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MCKEOWN, BELOTE and BOGGS 1988; NAGOSHI et al. 
1988; BELL et al. 1991). The effector of the cascade 
is the bifunctional doublesex ( d m )  gene (BAKER and 
RIDGE 1980), which codes for two related DNA-bind- 
ing  proteins (BURTIS and BAKER 1989; BURTIS et al. 
199 l), one male-specific, the  other female-specific, 
which exert opposite effects on sexual differentiation. 
Thus, in the somatic cells of Drosophila, regulation of 
transcription and of alternative  RNA splicing acts to 
establish and  to maintain sexual identity. 

In contrast to this detailed knowledge of the somatic 
sex-determination pathway, relatively little is known 
about germline sex determination (reviewed by PAULI 
and MAHOWALD 1990). Pole cell transplantation ex- 
periments showed that  the somatic sex-determination 
loci da (CRONMILLER and CLINE 1987), transformer, 
d sx  and intersex are not  required  for  germline sex 
determination (MARSH and WIESCHAUS 1978; SCHUP- 
BACH 1982,  1985). Sd, however, is required in female 
germ cells. Some Sxl mutations are female-sterile; 
females homozygous for these  mutations, as well as 
females carrying  germline cells homozygous for lethal 
mutations of the Sxl locus, fail to  produce eggs (SCHUP- 
BACH 1985; SALZ,  CLINE and SCHEDL 1987). Measure- 
ment of the X:A ratio in germline cells does  not result 
in germ-cell-autonomous sexual differentiation.  Chro- 
mosomally male germ cells die in chromosomally fe- 
male host embryos, and vice versa, when the host 
embryos possess functional  germ cells (VAN DEUSEN 
1976; STEINMANN-ZWICKY, SCHMID and NOTHIGER 
1989).  In  addition, somatic cells can alter  germline 



792 M. D. Garfinkel, A. R. Lohe and A. P.  Mahowald 

sexual identity and differentiation through  the action 
of a signal or signals of unknown biochemical nature 
(STEINMANN-ZWICKY, SCHMID and NOTHICER 1989). 

Another  participant in the sex dimorphism of germ- 
line cells is the X chromosome ovo locus (polytene 
bands 4E1,2). Females homozygous for  apparent null 
mutations of ovo (ovo-) are sterile because germline 
cell death begins during gastrulation,  resulting in ova- 
ries completely lacking germ cells (OLIVER,  PERRIMON 
and MAHOWALD 1987). These ovo- mutations have no 
detectable effect in the male germline or in somatic 
tissues. Females homozygous for  partial loss-of-func- 
tion  mutations or heterozygous  for  dominant  anti- 
morphic  mutations (ovoD) are also sterile; the  germline 
cells survive, however, and populate the developing 
ovary, only to fail  in oogenesis (BUSSON et a l . .  1983; 
OLIVER, PERRIMON and MAHOWALD 1987).  In  certain 
genotypes the ovo-defective germline cells adopt a 
morphology that resembles male germline cells 
(OLIVER,  PAULI  and MAHOWALD 1990). The ovarian 
phenotype of ovoD heterozygotes  can be modified by 
mutations at  other loci, including several of the genes 
known to be involved in somatic cell sex determina- 
tion  (OLIVER, PAULI and MAHOWALD 1990). X-ray- 
induced mitotic recombination in the female  germline 
demonstrated  that  the  requirement  for ovo function 
is germline cell autonomous  (PERRIMON and GANS 
1983; PERRIMON 1984).  Thus, by morphological and 
genetic  criteria, ovo mutations  disrupt  a process active 
only in female germline cells, and  the results of the 
disruption  include cell death  during embryogenesis, 
failure to complete oogenesis, or a  germline sex trans- 
formation. 

An additional class  of ovo mutant  chromosomes 
exists that is homozygous- and hemizygous-lethal by 
virtue of the loss of the shavenbaby  (sub) function. The 
shavenbaby phenotype was named because of the  de- 
fect in ventral  denticle belts and dorsal  hairs  observed 
in cuticle preparations of late  embryos (WIESCHAUS, 
NUSSLEIN-VOLHARD and JURGENS 1984); it is a poly- 
phasic lethal, and occasionally mutant males survive 
to adulthood. The svb escaper males develop slowly, 
have  thin bristles, rough eyes, and dusky wings, and 
yet are fertile. The comutability of the ovo function 
and  the sub function is independent of the mutagen 
and screen used. For  example,  ethyl  methanesulfonate 
(EMS) mutagenesis of a wild-type X chromosome, 
followed by a  screen  for recessive lethal mutations, 
has yielded mutant  chromosomes chosen on  the basis 
of sub lethality which are female-sterile when hetero- 
zygous with viable ovo tester  chromosomes  (OLIVER, 
PERRIMON  and MAHOWALD 1987). Likewise, in 
screens for loss  of the  dominant  female sterility caused 
by the ovoD1 mutation, P-M hybrid dysgenesis, EMS, 
or y-rays all  yield mutant  chromosomes which have 
become ovo- and also possess sub lethal mutations 

(OLIVER, PERRIMON and MAHOWALD 1987). The pos- 
sibility that ovo and sub are separate genes lying in 
close proximity on  the X chromosome is raised by the 
fact that  the cytologically  visible deficiency, Df(l)biD2, 
removes the sub function but retains the ovo function. 
However, the frequency with  which the sub- ovo- class 
arises, even under conditions likely to  produce  “point” 
mutations, suggests that  the two genetic  functions are 
either partially overlapping  transcription  units, or de- 
rive  from  alternative  RNA splicing of a single tran- 
scription  unit  containing  both  sex-independent so- 
matic exon sequences and female-specific, germline- 
specific, exon sequences. 

The cloning of the ovo locus will provide molecular 
tools for  the analysis  of ovo function in the specifica- 
tion of germline sexual identity and oogenesis, and 
explain the genetic basis for the comutability of the 
sub function and  the ovo function.  In the work we 
report  here, we have  recovered nearly 60 kb of ge- 
nomic DNA from  the svb-ovo region at 4E1,Z. We 
show that P element-mediated  gene  transfer of a  10- 
kb genomic DNA segment rescues the female sterility 
of ovo mutations, but  not  the sub lethality. Within this 
1 O-kb segment, three DNA-detectable lesions for mu- 
tations that inactivate only the ovo function are located 
at two points  near  opposite  ends of a  transcription 
unit  coding  for  a  5-kb poly(A)+ RNA size  class that 
appears  to  be female-specific and germline-depend- 
ent,  properties compatible with the ovo female fertility 
function.  Mutations that inactivate both  the sub func- 
tion and  the ovo function fall into three classes: those 
that affect DNA between the two ovo sites; those that 
affect DNA to  the molecular right of the rightmost 
ovo site; and those with no readily detectable  change 
in DNA structure.  Thus, we observe a complex inter- 
digitation of sequences required  for  either or both of 
the genetic  functions. As  we neared completion of 
this  manuscript,  data on the  transcription,  transfor- 
mation  rescue and partial  sequence of the ovo locus 
were  independently published by MBVEL-NINIO, TER- 
RACOL and KAFATOS (1 99 1). 

MATERIALS AND METHODS 

Fly strains,  culture  and  methods: Drosophila was cul- 
tured  on  standard fly food in  vials or bottles according to 
standard  procedures  at 25“ unless otherwise indicated. 
Strains mutant  for ouo and/or sub used  in  this study, their 
sources and references, are listed  in Table 1. Polytene 
chromosome in situ hybridization was carried  out using  nick- 
translated biotinylated-1 1-dUTP-labeled probes (LANGER, 
WALDROP and  WARD  198 1). Hybridizations were  visualized 
using the horseradish peroxidase-diaminobenzidine system 
(ENZO Biochemicals), and chromosome preparations were 
mounted in Euparal. Germline transformation was carried 
out essentially as described by SPRADLING and RUBIN (1982), 
using the host strain y w”’*. Test constructs were built using 
the w+ vector pCaSpeR4 (see PIRROTTA 1988).  They were 
designated pOWx, signifying a P element-bearing plasmid, 
containing an x-kilobase-long segment of the putative OUO 
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TABLE 1 
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sub and ovo mutant strains used in this study 

Strain sub-ouo mutant properties  Origin  Source  and  references 

ovo“‘/FM3 

OVODlrSl  l F M 3  

OVODlrPl  

ovo 7E/FM7 

ovoAK/FM7 

ovo”’/FMO 

ovorMZ/FMO 

I C ( 1 ) m  Y f 

ovoDlrCZ l F M 7  
ovo””””/FM7 

In(l)ovoD’*’/FM7 

D ~ I ) ~ V O ” ” ~ ~ / F M ~  

D f l l ) o ~ o ~ ” ~ ~ / F M 7  

O u o ~ l ~ ~ a  lFM7 

o ~ o ” ” ~ ’ ~ / F M 7  
O V O ” ’ ~ ~ ’ ~ / F M ~  
0vo”””~’/FM7 
0vo”’”~/FM7 

0vo”””~/FM7 

O V O ” ” ‘ ~ J / F M ~  

ovoD2/C(I)DX, y f 
s ~ b ~ ~ ’ ~ ~ / F M 7  

oVODlrC4 l F M 7  

OVODlrCY l F M 7  

,bYD3Y / F M 7  

DJl)biD2/FM7 

sub+ ovo-; recessive, complete loss 
of function; cold-sensitive eye 
defect; gypsy element insertion 

sub+ mo-;  recessive, complete loss 
of function 

sub+ ovo-; recessive, complete loss 
of function 

sub+ ovo-; recessive, partial loss of 
function 

sub+ ovo-; recessive partial loss of 
function 

sub- ovo-; recessive, partial loss of 

sub+ ovo-; recessive, partial loss of 

sub- ovo- 
sub- ovo- 
sub- ovo- 
sub- ovo-; cytology In(1)4E1,2; 

function 

function 

5A1,6 
sub- mo-;  cytology Df( 

4E2,3 
sub- ovo-; cytology Df( 

4E2,3 
sub- ovo- 
sub- ovo- 
sub- ovo- 
sub- ovo- 

sub- ovo- 

. -  

oVOreduced 

1)4C5,6; 

1)4C5,6; 

sub- 000- 

sub- ovo- 

sub+ ovo dominant  antimorphic 
sub- ovo+ 

sub- ovo-; isolated as lethal 

sub- ova+; cytology Df( 1)4B6,C 1 ; 
4D7,El 

Spontaneous M. SAMUELS and M. GANS 

Spontaneous OLIVER, PERRIMON and MAHOWALD (1 987) 

P-M hybrid dys- OLIVER (1 989) 

EMS mutagenesis SALZ (1 992) 

EMS mutagenesis SALZ (1 992) 

EMS mutagenesis MOHLER (1977); OLIVER, PERRIMON and MAHOWALD (1987) 

EMS mutagenesis MOHLER (1977); OLIVER, PERRIMON and MAHOWALD (1987) 

y-Irradiation OLIVER, PERRIMON and MAHOWALD (1 987) 
y-Irradiation OLIVER, PERRIMON and MAHOWALD (1 987) 
y-Irradiation OLIVER, PERRIMON and MAHOWALD (1987) 
y-Irradiation OLIVER, PERRIMON and MAHOWALD (1987) 

y-Irradiation OLIVER, PERRIMON and MAHOWALD (1 987) 

y-lrradiation OLIVER, PERRIMON and MAHOWALD (1 987) 

y-Irradiation OLIVER, PERRIMON and MAHOWALD (1987) 
y-Irradiation OLIVER, PERRIMON and MAHOWALD (1 987) 
y-Irradiation OLIVER, PERRIMON and MAHOWALD (1 987) 
y-Irradiation OLIVER, PERRIMON and MAHOWALD (1987) 
y-Irradiation OLIVER, PERRIMON and MAHOWALD ( 1  987) 
P element muta- This work 

genesis ( ~ 2 )  

genesis 

genesis 

genesis 

P element muta- This work 

P element muta- This work 

EMS mutagenesis KOMITOPOULOU et al. (1 983); BUSSON et al. (1 983) 
EMS mutagenesis WIESCHAUS, NUSSLEIN-VOLHARD and JURCENs (1984): 

EMS mutagenesis WJESCHAUS, NUSSLEIN-VOLHARD and JURCENS (1 984); 

y-Irradiation BANCA et al. (1 986); OLIVER, PERRIMON and MAHOWALD 

OLIVER, PERRIMON and MAHOWALD ( 1  987) 

OLIVER, PERRIMON and MAHOWALD (1 987) 

(1 987) 

The mutations attributed  to SALZ (1 992), to WIESCHAUS, NUSSLEIN-VOLHARD and JURCENS (1 984), and  to BANCA et  al. ( 1  986) were 
induced on independently isogenized white chromosomes that were initially sub+ ova+. ovorMi and OVO‘.‘’~ were induced by MOHLER (1977) on 
an isogenized y cv v f chromosome. ovoDZ was induced by KOMITOPOULOU et al. ( 1  983) on  a vermilionz4 chromosome. All other n ~ u t a n t  
chromosomes were derived from ova"', which  was also induced on v Z 4  (KOMITOPOULOU et al. 1983; BUSSON et  al. 1983). 

gene,  and  the white+ marker  gene.  Test  constructs were 
injected at 500 pg/ml,  mixed with the  helper plasmid phsr 
(STELLER and PIRROTTA, 1986)  at 100 pg/ml. 

Single P element  mobilization to obtain  revertants of 
ovoD’:  New recessive loss-of-function ouo- alleles derived 
from ovo”’ were isolated as follows. W. GEHRINC provided 
the stock CyO, P[lArB]/b Adh cn lethal; ry506, containing  the 
P[IArB] element described by BELLEN et al. (1989). In  the 
P generation, CyO/Sp; P[ry+, A2-3](99B) Sb/TM6 (ROBERT- 
SON et a l .  1988) females were crossed to OUO”’ vz4/pY; CyO, 
P[IArB]/+ males. FI female progeny  that were ouo”’ u“/+; 
CyO, P[IArB]/Sp; P[ry+, A2-3](99B) Sb/+ were crossed to 
FM7a/Y males. The FI females are  sterile unless an  intra- 
genic loss-of-function mutation has occurred in the OVO”’ 

allele, or a germline  exchange eliminated the OUO”’ allele 

from some germ cells; @Y allowed the  detection of  fertile 
females  arising from  maternal nondisjunction. The muta- 
genized chromosomes of fertile F S  progeny were  tested for 
new 0210- mutations by complementation tests with ouor““ 
and ouorM2. Of  8761 OUO”’ v”/+; CyO, P[IArB]/Sp; P[ry+, A2- 
3](99B) Sb/+ females tested, 85 were  fertile. Three  carried 
new ouo- mutations,  designated O U O ” ” ~ ~ ~  and ovo- 
fl’rRSA, the last proving  to  be unstable and was lost. In a 
control cross using  females  of the  genotype OVO”’ u * ~ / + ;  CyO/ 
+; P [ r + ,  A2-3](99B) Sb/+ ( i . e . ,  producing P transposase, 
but lacking a mobilizable P element),  one additional ouo- 
derivative, O U O ” ’ ~ ’ ~ * ,  was isolated. All four ovo- chromosomes 
were lethal, producing  rare escaper males with the charac- 
teristic sub morphology.  In no case did in situ hybridization 
detect a P[IArB] element  at  the 4E1,2 polytene chromosome 
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site of the ovo locus. Previous studies have also  shown the 
ovo locus to be refractory to P element insertion during P- 
M hybrid dysgenesis screens for ovoD' reversion events 
(OLIVER, PERRIMON and MAHOWALD 1987; M~VEL-NINIO, 
MARIOL and GANS 1989). 

DNA gel blots,  RNA gel blots and other molecular 
biology methods: Recombinant DNA methods-Southern 
blot preparation and hybridization, RNA  gel  blot prepara- 
tion and hybridization, gel purification of  DNA fragments, 
nick-translation labeling with [(u-~*P]~CTP, growth and pu- 
rification of bacteriophage X and plasmid  DNAs, among 
others-are described in  DAVIS, BOTSTEIN and ROTH (1980), 
MANIATIS, FRITSCH and SAMBROOK (1982),  SAMBROOK, 
FRITSCH and MANIATIS (1989),  and  the references cited 
therein. Additional details are in the figure legends. 

Inverse  polymerase chain reaction (PCR) of the gypsy 
junction fragments  from  the 4E1,2 element present in the 
OVO'*' mutant  chromosome: DNA from ovoL" adult flies was 
extracted by the BENDER, SPIERER and HOGNESS (1983) 
procedure. For each ligation and PCR amplification, DNA 
from three flies was digested with either BglII or PstI, 
diluted,  and ligated at room temperature  for  1 hr  to cyclize 
the DNA. Following ethanol precipitation, primers (1.5 PM 
each final concentration), dNTPs (0.2 mM each), and Tag 
polymerase  were added  (OCHMAN,  GERBER  and  HARTL 
1988).  Thirty cycles  of  PCR were conducted with denatur- 
ation at  94"  for  1 min, annealing at 55' for  1 min, and 
extension at  72" for 2.5 min. The BglII cyclization product, 
corresponding to the left junction of the gypsy inserted in 
ovo"' (based on M~VEL-NINIO, MARIOL and GANS 1989), was 
amplified using primers from positions  46 to 23 and posi- 
tions 392 to 41 5 of the gypsy long terminal repeat (MARLOR, 
PARKHURST  and CORCES 1986). The PstI product, corre- 
sponding to  the  right  junction of the gypsy inserted in ovohi 
(M~vEL-NINIO, Mario1 and GANS 1989), was amplified using 
primers from positions 392 to  415  and positions 2356 to 
2332. Amplified  DNAs were excised from a  1.4% low 
melting point agarose gel, labeled and used to screen a wild- 
type genomic DNA library. Counter-screening with a gypsy 
probe eliminated genomic DNA  clones that were homolo- 
gous only  with the gypsy portion of each amplification prod- 
uct. 

Lambda library construction and screening: DNA from 
OUO'~' adult flies was further purified by  CsCl gradient cen- 
trifugation in the presence of ethidium bromide. After 
complete digestion with  EcoRI, fragments were separated 
by  size  using 10-40% sucrose gradients as described by 
MEYEROWITZ and MARTIN (1984). Genomic DNA frag- 
ments 7-10-kb long were pooled, ethanol-precipitated, and 
ligated to EcoRI-digested XNMll49 vector DNA (MURRAY 
1983)  under  the conditions recommended by HUYNH, 
YOUNG and DAVIS (1 985).  Stratagene GigaPack  Gold  pack- 
aging extract was used to assemble infectious particles. Re- 
combinant phage were selected for  their plaque-forming 
ability on Escherichia coli C600 hfA150. Twenty-two thou- 
sand recombinants were screened by hybridization (BENTON 
and DAVIS 1977) with the 6.8-kb XhoI fragment containing 
the prototype gypsy element from Xb~~~"-6a2 (BENDER et al. 
1983; MODOLELL, BENDER and MESELSON 1983). Twenty- 
four strongly  positive plaques were plaque-purified. Of 
these, one clone, designated XnDm9500, contained thegypsy 
element responsible for  the oval*' mutation and adjacent 
DNA unique to the ovo locus at  4E1,2 as determined by 
identity to the map published for this mutant allele, and  the 
ability of the adjacent single-copy  DNA fragment to detect 
several ovo mutant lesions  in  genomic DNA blotting exper- 
iments. 

Cosmid  library  screening: Approximately 25,000 colo- 

nies of the "Iso-1" genomic DNA cosmid library constructed 
by J. W. TAMKUN and M. P.  SCOTT  (University  of Colorado, 
Boulder) were screened and positive  clones purified essen- 
tially  as described by J. W. TAMKUN (personal communica- 
tion). Hybond-N filters (Amersham) were used to  prepare 
colony  lifts; they were prehybridized at 65-68' in 5 X SSPE, 
5 X Denhardt's solution, 0.5% sodium dodecyl sulfate (SDS), 
100 pg/ml denatured salmon sperm DNA, and then hybrid- 
ized  with nick-translation-labeled 4E1,2-specific 1.2-kb 
EcoRISalI fragment from XnDm9500. After hybridization, 
filters were  washed  in 0.1 X SSPE, 0.1 % SDS at  50"  (Tn,- 
20 ' conditions). Plasmid minipreps were performed accord- 
ing to standard procedures, and restriction digests  were 
done in order to determine  the  degree of overlap of the 
inserts. Large-scale  plasmid preparations were made  using 
the lysozyme-Triton procedure; cosmid  DNAs were purified 
and concentrated by two rounds of  CsCI-EtBr gradient 
centrifugation. 

RESULTS 

Entry into polytene region 4E1,2: In  their initial 
report  on  cloning a portion of the ovo locus, M ~ V E L -  
NINIO,  MARIOL and  GAM  (1989)  demonstrated  that 
the "lozenge-like" class of ovoD1 pseudorevertant  arose 
from  the  insertion of the  transposable  element gypsy 
into a specific site  at  the ovo locus. We  made use of 
this  observation  first  to  show  that  an ovofz' allele ob- 
tained  from M. SAMUELS and M. GANS  also  possessed 
a gypsy at  4E1,2,  and  second  to  recover  unique  DNA 
sequences  adjacent  to  the  element.  The  unique  probes 
were  identified  in  two ways. In  the first approach,  the 
inverse  polymerase  chain  reaction  (OCHMAN,  GERBER 
and  HARTL  1988),  using gypsy element-derived syn- 
thetic  oligodeoxynucleotide  primers,  generated  am- 
plification products  that  corresponded  in size to  the 
predicted  left  junction  and  right  junction of the gypsy 
element  inserted  into the ovo locus. T h e  PCR products 
were  then radioactively labeled and  separately  hybrid- 
ized to  plaque  filters of a  wild-type genomic  DNA 
library. T h e  second  method  made use of  bacterio- 
phage X library  construction,  plaque-purification of 
distinct gypsy element-containing  clones,  restriction 
mapping,  and  hybridization analysis to  identify  the 
clone  XnDm9500,  which  bears the gypsy element  re- 
sponsible for the ova"' mutation.  Both  methods re- 
sulted in the  recovery of DNA  sequences  from  the o m  
locus at  4E1,2. 

Chromosome walk in 4E1,2: T h e  starting  point  for 
our  chromosome walk in  4E1,2 is the  1.2-kb EcoRI- 
Sal1 fragment  of non-gypsy DNA  adjacent to the  trans- 
posable  element  present in the  clone  XnDm9500, 
which was gel-isolated and  radiolabeled  to  screen a 
cosmid  library  of  genomic  DNA  from  the  whole- 
genome isogenic  strain "Iso-1 ." Four  overlapping POS- 

itive  clones,  called wDm9501,  wDm9502,  wDm9503 
and  wDm9504,  were  identified,  restriction  mapped 
and  the  distribution of repetitive  DNA (localized in 
two  blocks:  coordinates +2.3 to  + 5 . 5 ,  and  coordinates 
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-25  -20 -15 -10 -5 0 +5 +IO +15 +20 +25 +30 
I I I I 1 I I 1 

wDm9501 134.2kbl 

wDm9502 (34.7 kb) 

wDm9503 (36.8 k b )  

wDm9504 (29.7 kb) 

Bg I 9.4 I =25 I 
R 6.3  12.0 I 2.6 I 9.8 I 11 5.2 b.91 5.7 I 9.4 

H 11.711.6(  3.9 I 7.2 I 11.0  12.6 1 1  
N I 12.7 I 
PS 11.8 I 3.5 1 2.6 I1111 10.4 p ,4111 
sc I 3.0 I 3.5  11.81  6.1 I 11.1 

S I 3.7 I 2.5 I 10 I 9.5 I 13.3 I 4.0 1.01 7.5  14.6 + 0.8 I 

xh 11 3.7 I 7.4 I 6.3 1.1 6.0 I 

FIGURE  1,“Chronlosome walk in 4E1,2. The  top line represents  the genomic DNA. The  triangle below this  line represents  the gyfisy 
insertion  present in the ouoiz‘ allele. The  thickened  part  represents  the EcoRI fragment isolated in the XnDm9500  clone. The coordinate 
system, i n  kilobase-pairs, follows from M ~ W - N I N I O ,  MARIOL  and  GANS  (1989). T h r  extents of the  genomic DNA inserted in four cosmid 
clones,  wDm950 1,  wDm9.502, wDm9503 and wDmY.504, are shown. The  bottom  part of the  figure shows the positions of restriction sites 
rn;~ppcd in the cosmic1 clones: B, EamHI;  Bg, BglII; R ,  EcoKI; H, HzndIII; N,  Notl; Ps, Pstl ;  Sc, Sacl; S, SalI; Sf, S’I; Xb, Xbal;  Xh, XhoI. 
KpnI was also used and  no sites were found  anywhere within the walk. Ambiguity in the  order of restriction  fragments is indicated by the 
“+” symbol. Several  polymorphisms  distinguish the  restriction  map of the “Iso-1” strain  from  that  of  other X chromosomes used in this work. 
The  XbaI site at  coordinate -0.2 is absent  from ouo’)’ and  pseudorevertants  derived  from  it. An additional BglII site at  coordinate -0.17 is 
present i n  ovo‘” and its derivatives; it is located to  the left of the  coordinate  zero Sal I site. The BglII and XbaI site differences  are  not 
responsible for  the ouo’)’ mutation since at least one  other female-sterile mutation  induced by GANS, AUDIT and MASSON (1975)  on  the same 
uz‘ parental  ct1rorr~oson~e,fs(I)AZ07, which maps  to  polytene  region  3F-4A, also shows these  differences (for XbaI this is shown in Figure 2). 
An additional Pstl site at  coordinate -6.4 was observed in the w parent  chromosome of Df(l)bi”’ (BANGA et  al. 1986). A BamHl site present 
o n l y  in wDm9.503 was found  at  the  extreme  right  end of the  insert. Finally, we note  that  wDm9504  suffered a deletion of ~ 0 . 4  kb removing 

I 

the EuJRI site at  +4.0. 

+ 13.3 to +17.3) was determined. The repetitive DNA 
is high copy number  but poorly conserved. A com- 
posite restriction map for  these  clones, which cover 
approximately 60 kb of the D. melanogaster genome, 
is given  in Figure 1. 

Molecular analysis of ovo mutations: We mapped 
three mutations  that affect only the ovo function. They 
arose  independently during ovonl reversion screens. 
The ovo‘)I allele is not  detectably  different by restric- 
tion analysis from  the  parental ova+ allele ( M ~ v E L -  
NINIO, MARIOL and GANS 1989; Figure 2). The mu- 
tations  mapped are ovo’IrpI, shown in Figures 2 and 
3 ,  which was recovered as a stable ovo- allele following 
1’-M hybrid dysgenesis (OLIVER 1989); avoD1rS1 , de- 
scribed by OLIVER, PERRIMON and MAHOWALD 
( 1  987), which arose spontaneously (Figure 3);  and  the 
ovo“’ allele already described as a gyflsy element inser- 
tion at coordinate +0.9 (M~vEL-NINIO,  MARIOL and 
CANS 1989; Figure 3). Both ovo”IrS’ and o ~ o ~ ~ ~ ~ ’  alter 

the EcoRI-Hind111 fragment between coordinates 
+4.0 and +4.6, approximately 4 kb away from the 
site altered by the ova'"' gypsy insertion  (summarized 
in Figure 3 ) .  o ~ o ’ ! ” ~ ~ ’  is most simply explained as a 5.8- 
kb long  insertion; the  apparent restriction  map resem- 
bles an almost full-length copy  of the retrovirus-like 
transposable element H.M.S. Beagle (SNYDER et al. 
1982). The ovoD1rpl mutation is most  simply explained 
as a  6.7-kb  insertion.  In spite of the P-M hybrid- 
dysgenic origin of this allele, the  appended DNA 
sequence is not  a P element. 

Molecular analysis of svb ovo double mutations: 
The most numerous class  of revertants  obtained fol- 
lowing mutagen treatment of avo1” are X chromo- 
somes that  are  both ova- and svb-. We examined 14 
sub- ovo- double  mutations  derived from two different 
ovaD1 reversion screens (gamma  irradiation,  and P 
element mutagenesis using an  element marked with 
ry+ and lacZ) by whole-genome Southern blot hybrid- 
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FIGURE 2.-Representative  whole genome  Southern of Xbal- 
digested Drosophila DNA demonstrating DNA lesions associated 
with ouo and sub ouo double mutations. Lane 1, “Iso-l”; lane 2, 
fS(l)A107/Y male; lane 3. ouo”’/Y male; lane 4, ~ u o ” ” ~ ’ / Y  (male; lane 

tion probe is the 1.3-kbXbaI fragment. In  u2‘-derived chromosomes, 
such  as OUO”’ andfs(l)A107,  the Xbal site at -0.2 is absent, so that 
the DNA found in the 1.3-kb fragment is joined to DNA of the 
8.4-kb fragment. The insertion present in O U O ” ’ ‘ ~ I ,  which inactivates 
ouo function while leaving svb intact, is located between coordinates 
+4.0 and +4.6. The insertion, which inactivates both ouo 
and sub functions, maps between coordinates 0 and +3.6,  a position 
between the sites that affect only wo function. 

ization. Three of the y-induced  revertants were pre- 
viously known to be cytologically abnormal. Two  are 
deficiencies which remove the  entire 60-kb cloned 
segment: Dfll)ovoD1rG6 and  both possess 
breakpoints in 4C5,6 and in 4E2,3 (OLIVER, PERRI- 
MON and MAHOWALD 1987),  and lack ovo, sub and 
other neighboring loci. The third cytologically aber- 
rant chromosome is the inversion chromosome, 
I n ( l ) ~ v o ~ “ ~ * ,  which is broken in 4E1,2  and  5A1,2 
(OLIVER, PERRIMON and MAHOWALD 1987). The in- 
version fails to complement ovo alleles and sub alleles. 
The  distal breakpoint is in the 6.3-kb XhoI fragment 
and is associated with a  deletion of some  4E material 
as well (summarized in Figure 3). 

The remaining eleven sub- ovo- double  mutations 
are cytologically normal  (Table 1). Nine have no 
readily detectable  alterations within a 35-kb section 
of the cloned walk when analyzed using the set of 
restriction enzymes listed in Figure  1  (data not shown). 
Eight of these were induced by ?-irradiation [ovoDlrCZ, 

and O V O ~ ~ ~ ~ ~ ~  (OLIVER PERRIMON and MAHOWALD 
1987)],  and  the  ninth by single P element mobilization 

and O V O ” ~ ~ ~ ,  have DNA lesions detectable within the 
ovo cosmid walk. Both were recovered following ex- 
posure to P element transposase (0v0D1r47/ in the pres- 
ence of the mobilizable P[IArB] element), yet neither 
possesses any P element  sequences  inserted at  the ovo 

5,)  ouo”~*l~. /FM7 female; lane 6, FM7/FM7 female. The hybridiza- 

OVODlrC3 Ov0DlrC4 OVODlrC8 0v0DlrC9 OVODlrCIO OVODIrCll  , , , 9 , 

(OvOD1r38D , this work). The remaining  pair, 0 ~ 0 ” “ ~ ~ ~  

locus  based on polytene in situ hybridization and 
whole-genome Southern hybridization. O V O ~ ’ ~ * ~ .  is 
most  simply explained as an insertion of 6.3 kb be- 
tween the Sal1 site at  coordinate 0 and the Not1 site 
at  +3.6 (shown  in Figures 2 and  3),  the same region 
broken by I n ( l ) o ~ o ” ” ~ ~ .  ovoDlr4’/ is most  simply ex- 
plained as an insertion of 1.5 kb into  the 0.7-kb XhoI 
fragment located at coordinates +5.5 to  +6.2 (shown 
in Figure 3). 

Adult  transcription units in the cloned region: 
Since ovo mutations are female-sterile, have no effect 
in the  soma, and  are germline cell-autonomous, a 
candidate  for the ovo transcript should be specific to 
the female germline. I t  should overlap the DNA re- 
gion where  mutant lesions map; ovo-mutant animals 
heterozygous for alterations in gene  structure may 
produce  a second transcript with altered  structure 
from  the  mutant allele. Finally, the  candidate  tran- 
scription unit possessing these  properties should res- 
cue ovo mutant  phenotypes following DNA-mediated 
genetic transformation of Drosophila. 

The cosmid wDm9503  detected  three poly(A)+ 
RNA classes (Figure  4). Two size  classes,  with appar- 
ent sizes  of 5 and 6 kb, are found in adult females but 
not in adult males; one poly(A)+ RNA size  class, 0.4 
kb, is found in adult males but  not in adult females. 
All three transcript classes are germline  dependent. 
Of  the two different  transcript classes  possessing the 
properties of female specificity and germline  depend- 
ence, only the 5-kb size  class  has the additional  prop- 
erties of an ovo candidate  mRNA. 

By using gel-isolated restriction  fragments, we have 
found  that  the 5-kb adult female R N A  size  class and 
the 0.4-kb adult male RNA size  class map within the 
ovo mutant  cluster  (Figure  5A), while the 6-kb adult 
female RNA size  class is homologous with  DNA  sev- 
eral kilobases  away (Figure 5B). The 6-kb RNA  size 
class appears to be much less abundant  than  the 5-kb 
transcript size  class. The 0.4-kb male RNA hybridizes 
with the repetitive DNA-containing 2.6-kb PstI frag- 
ment  (coordinates +1.1 to +3.7). The 5-kb RNA  size 
class hybridizes with genomic DNA fragments such as 
the  0.7-kb XhoI fragment  (coordinates  +5.5  to  +6.2) 
which is unique in the genome,  as well as the repetitive 
DNA-containing 2.6-kb PstI fragment  (coordinates 
+ l .  1 to +3.7) and 0.9-kb EcoRI fragment  (coordinates 
+4.0 to +4.9). Sequences hybridizing with the 5-kb 
transcript size  class map within  DNA fragments al- 
tered by ovo- mutations and by sub- ovo- double 
mutations,  confirming  the results of M~VEL-NINIO, 
TERRACOL and KAFATOS (1 99 l).. 

Because some of the ovo mutations are  due to trans- 
posable element insertions, we tested for  the presence 
of altered RNAs using gel blots prepared from het- 
erozygous-mutant females (homozygous-mutant fe- 
males  lack germline cells). In Figure 6, we show that 
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FIGURE 3."Summary restriction map of the mutations with detectable changes in gene structure. The coordinates correspond with those 
in Figure 1. Above  the line are restriction maps of the inserted DNA responsible for  the sub+ ova- mutations avoDlrS', O V O ~ ~ ' ~ ~  and avo"' (our 
data  for this last mutation confirms M~VEL-NINIO, MARIOL and CANS 1989). Below the line are restriction maps of the inserted DNA 
responsible for  the sub- ovo- double mutations present in ovoDirOL and O V O ~ " ~ ~ J .  The thickened lines indicate the uncertainties of the insertion 
points. DNA present at the 4E1,2 breakpoint of I ~ ( ~ ) o v o ~ " ~ ~ ,  another mb- ova- double mutant chromosome is also shown as a solid line, with 
novel  DNA  sequences shown by the  dotted  line.  The DNA present at the 4E1,2, breakpoint of Df(l)biDZ, a sub- ova+ chromosome is shown as 
a solid line, with the uncertainty in the endpoint indicated by a  box filled with diagonal lines. 

females heterozygous  for the  mutation accu- 
mulate, in addition to  the ovo candidate 5-kb RNA 
size class, a second transcript size  class, 3.2 kb  long, 
with homology to  the ovo locus probe (Figure 6, lane 
1). The 3.2-kb transcript size  class, apparently  derived 
from  the ovoD1rsJ-bearing chromosome, is also germ- 
line dependent since females homozygous for  the 
ovoD1rsl mutation,  and  therefore lacking germline cells 
altogether, fail to accumulate either  the 5-kb  RNA 
size class or  the 3.2-kb RNA size  class (Figure 6, lane 
2). We conclude  that the ovoDirsi mutation, which 
affects ovo gene  structure, apparently  alters the  struc- 
ture of the  5-kb  transcript size  class too. Females 
heterozygous  for the OVO"' allele accumulate only the 
one, 5-kb, ovo candidate size  class. Neither of these 
ovo mutations  alters the 0.4-kb male transcript  (Figure 
6, lanes 3 and  6). 
P factor  transformation of the 5-kb transcription 

unit  rescues ovo but  not sub: A  1 O-kb segment  (located 
between  coordinates -3.3 to  +6.7),  obtained by gel 
electrophoresis following limited digestion with 
BamHI, was cloned  into the pCaSpeR4  vector, which 
contains  a w+ minigene and polylinker between P 
element  termini. The 1 O-kb BamHI segment was cho- 
sen as likely to contain all of the  5-kb ovo candidate 
mRNA size  class. Following microinjection of y w i f f 8  
uvo+ embryos with a  mixture of the plasmid pOW10.0 
and the transposase-source plasmid, phsn,  three in- 
dependent  transformed lines were  obtained. One in- 
sertion is on  the X chromosome, the  other two are  on 
autosomes. The transformation  events will be  re- 
ferred  to as TfTl)OWl0.0-17, TfTA)OWIO.O-12 and 
TfTA)OWIO.O-13 (following the terminology  coined by 
CROSBY and MEYEROWITZ 1986). 

The autosomal  transformant sublines were tested 
for  their capacity to rescue the female  germline  de- 
fects associated with five different ovo mutations. 
These included two recessive partial loss-of-function 
ovo alleles, and O Y O ~ ~  (SALZ 1992),  and two ap- 
parent  complete loss-of-function alleles, ovo'" and 

mutant alleles and also carrying the 10.0-kb BamHI 
fragment  transposon are fully fertile; stocks homozy- 
gous  for the ovu mutations and carrying the autosomal 
transformant  chromosomes have been  produced. 

In  the case of o~lo'~', we also noted  that  a single copy 
of the  transformed  10.0-kb BamHI fragment, while 
able to rescue the recessive female-sterility, is unable 
to modify the "lozenge-like" eye phenotype associated 
with this mutant allele. Two copies of the transformed 
10.0-kb BamHI fragment partially suppress the "loz- 
enge-like'' eye phenotype. This agrees with the results 
presented by M~VEL-NINIO, TERRACOL and KAFATOS 

The dominant  female sterility of the ovoD2 mutation 
is suppressed by two doses of ova' (BUSSON et al.. 
1983).  In  agreement with this result, we have found 
that  the TfT1)0WI0.0-17, y w11J8 ovo+ chromosome is 
also able to restore fertility to female flies heterozy- 
gous for ovoDz. This  supports  the  interpretation  that 
ovoD2 functions  as  an  antimorphic  mutation. 

Both of the autosomal  transformant  chromosomes 
were  tested  for  their capacity to rescue  the sub lethal- 
ity. Virgin females heterozygous  for the FM7 balancer 
and  either or subYD3' (WIESCHAUS, NUSSLEIN- 
VOLHARD AND JURGENS 1984) were mated to y wJlJ8  
males heterozygous for  either of the TJTA)OWIO.O 

ovoDIrSJ . Females homozygous for any of these ovo 

(1991). 



798 M. D. Garfinkel, A. R. Lohe and A. P. Mahowald 

1 2 3  4 

"c 

"c 

FIGURE 4.-Adult RNA gel blot hybridization. Lane 1, adult 
female; lane 2, daughters of tudor-homozygous mothers; lane 3, 
adult male; lane 4, sons of tudor-homozygous mothers. Females 
homozygous for tudor mutations lay eggs in  which germplasm 
formation is defective; the germline precursor cells never form in 
the embryos, resulting in adult flies completely lacking germline 
tissue (BOSWELL and MAHOWALD 1985). Lanes 1 and 2 contained 
10 pg poly(A)+  RNA each; lanes 3 and 4 contained 3  pg poly(A)+ 
RNA each. Relative loading was verified by hybridization with a 
Drosophila ribosomal protein rpAl  gene  probe (D. ODOM, personal 
communication) and a Drosophila clathrin heavy chain gene  probe 
(C.  BAZINET, personal communication). Hybridization is shown  with 
nick-translated cosmid wDm9503, performed as described in MA- 

TERIALS AND METHODS; the filter was washed in 0.2 X SSPE, 0.1% 
SDS at 65". T w o  female-specific transcript size  classes, length 5 and 
6 kb, and one male-specific transcript, length 0.4 kb, are seen 
(arrows). The accumulation of each transcript type is germline 
dependent. 

chromosomes. Progeny  from the crosses were scored 
for the  appearance of males carrying the maternally 
derived y+ w sub X chromosome. As summarized in 
Table  2, these males appeared in the sub"p'7B crosses 
at a low frequency. The y+ w sub X chromosome- 
bearing males were slow to develop and possessed the 
morphological characteristics of sub escaper males, 
independent of the presence of the paternally derived 
Tf(A)OWIO.O chromosome  bearing the w+-marked 
10.0-kb ovo gene  segment  (OLIVER,  PERRIMON and 
MAHOWALD 1987).Thus,  the 10.0-kb BamHI frag- 
ment, while able to complement the ovo female sterile 
phenotypes, fails to complement the sub lethal phe- 
notype. 

Repetitive DNA in the  cloned  region  and  evidence 

A B 

1 2 3 4  1 2 3 4  

FIGURE 5.-Localization of adult female RNAs. The filter shown 
in Figure 4 was stripped of hybridilation signal, and subjected to 
further cycles  of hybridization, washing, autoradiography and strip- 
ping. Lane 1, adult female; lane 2, daughters of tudor-homozygous 
mothers; lane 3, adult male; lane 4, sons of  fudor-homozygous 
mothers. Panel A, hybridi~ation with the 6.3-kb Xhol fragment. 
Panel B, hybridbation with the  9.4-kb EcoRl fragment. Conditions 
of filter hybridization and washing as in Figure 4. The autoradi- 
ograph in panel A was exposed for one-third the exposure time 
used for panel B. 

for an  ancient  gene  duplication: Within the 60-kb 
long  segment of genomic DNA from the sub-ovo re- 
gion there  are two regions  that  score as repetitive 
when cosmid clone blot filters, hybridized with '*P- 
labeled Drosophila DNA, are washed under T,-20" 
conditions. When the filters are rewashed at T,-10" 
conditions, most of the hybridized signal is released 
from  the  repetitive  restriction  fragments. Thus, these 
regions  contain DNA sequences that  are apparently 
high copy number within the D. melanogaster genome, 
but poorly conserved. The repetitive regions are lo- 
calized to  the section between coordinates +2.3 and 
+5.5,  from within the ouo mutant  cluster  that is tran- 
scribed into  the 5-kb ovo mRNA,  and  the section 
between coordinates  +13.3 and  +17.3, from the re- 
gion transcribed  into the 6-kb female-specific mRNA. 
Both of the  repeated sequences are divided by the two 
genomic NotI restriction sites. The two NotI sites are 
found 12.7 kb apart  and each is 4.6 kb to  the right of 
a XhoI site. The two 4.6-kb long NotI-XhoI double- 
digest fragments  comigrate during agarose gel elec- 
trophoresis. The evidence-two adjacent regions con- 
taining  transcription units producing several kilobase 
long female-specific germline-dependent  RNA, pos- 
sessing repetitive DNA with similar properties  and 
which cross-hybridize to each other-is suggestive of 
an ancient  gene  duplication. Mutations in the 6-kb 
female-specific germline-dependent  transcription unit 
are  not yet known. 

DISCUSSION 

We have cloned the ovo gene  region of D. melano- 
gaster. Within a  60-kb  segment of the  genome, we 
have identified the DNA lesions responsible for  three 
ovo loss-of-function mutations  and  three sub- ovo- 
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FIGURE  6.-Adult  RNA gel blot  hybridization o f  animals carrv- 
ing  DNA  lesions  demonstrating  abnormal RNA structure. 25 pg 
total  RNA  were  loaded in each  lane.  Lane I ,  ouo”””/FM3 female: 

FM3 female:  lane 5 .  OUO’”/OUO‘~’ female:  lane 6, ouo’”/Y male. Gel 
blot  filter  hybridized with the  8.4-kb Xbal fragment  and  washed 
under  the  same  conditions as in Figure 4. Arrowheads  indicate  the 
positions of  transcripts. Note that, in addition to the  5-kb  female 
transcript. ouo”””’-heterozygous females  produce a second  3.2-kb 
RNA,  and that neither transcript is present in the  germline-de- 
prived  ouo””.~’-homozygous  female RNA preparation. Note  also 
that  the  0.4-kb RNA is present in both  mutant  male  RNA  prepa- 
rations. 

I;,ne 2 ,  ouo”l..sl/ouol)l..sI female;  lane 3, OVO””~~”/Y  male:  lane 4, OUO”~/ 

double  mutations at  the locus. The mutations  cluster 
within a 7-kb region. Homologous with this 7-kb 
region is the female-specific, germline-dependent, 
transcription  unit  for a 5-kb poly(A)+ RNA size  class. 
At least one mutation that alters the  structure of the 
template DNA for this transcript also alters the ap- 
parent RNA structure. Finally, a cloned 10-kb seg- 
ment, which includes the  mutant  cluster  and  the  tran- 
scription unit for  the 5-kb RNA size  class but  no  part 
of  the neighboring  6-kb  RNA  transcription  unit, when 
reintroduced  into  the D. melanogaster genome by P 
factor-mediated  transformation is capable of rescuing 
the defects in germline survival and oogenesis caused 
by one  dominant  and  four recessive ovo mutations, 
but not the somatic defects caused by either of two 
sub mutations. In accord with this molecular and ge- 
netic evidence, we will henceforth  refer to  the 5-kb 
poly(A)+ female-specific, germline-dependent,  tran- 
script size  class we find in adults as the ovo mRNA, 
and  the corresponding  transcription unit and regula- 
tory sequences contained within the 10-kb comple- 
menting genomic DNA fragment as the ovo gene. 

The relationship between sub mutations and  the ovo 

gene is complex. The two genetic functions are sepa- 
rable. Both the sv6’”’’””” allele (WIESCHAUS, NUSSLEIN- 
VOLHARD and JURCENS 1984)  and Dflr)b?)2 eliminate 
svb without interfering with ovo function. Moreover, 
the  germline  transformant  strains  carrying  the ge- 
nomic DNA fragment located between coordinates 
-3.3 and  +6.7  are able to rescue ovo mutations but 
not svb mutations. These results clearly show that 
sequences required  for  the ovo function can  be sepa- 
rated from those required  for  the sub function,  and 
that  the sequences within the 10-kb fragment that 
contribute  to  the 5-kb female-specific germline-de- 
pendent RNA  size  class are not sufficient to account 
also for  the svb function,  corroborating the results of 
M~VEL-NINIO, TERRACOL and KAFATOS (1 99 1). Other 
mutations, however, suggest that  the two functions 
are interdigitated. The alternating locations of the 
mutant sites we observe-sub to the left of coordinate 
-3.3, ovo at coordinate +0.9, two sub- ovo- double 
mutations between coordinates 0 and  +3.6, two sub+ 
ovo- mutations between coordinates  +4.0  through 
+4.6,  and a third sub- ovo- double mutation to the 
region between +5.5  and +6.2-is consistent with an 
overlapping  arrangement of the two genetic func- 
tions, corroborating  and  extending  the results of 
M~VEL-NINIO, MARIOL and  GANS (1 989). 

We have not yet detected a candidate  for  the sub 
transcript using RNA gel blots. The embryonic anat- 
omy, the polyphasic lethality and  the  adult escaper 
phenotype of sub mutations taken together  predict 
that a sub transcript will be found during embryonic 
through pupal development. Failure to detect a tran- 
script may not  be  surprising if the sub transcript does 
not persist into  adulthood,  the  stage used in our RNA 
gel blot hybridizations. We  know that sub mutations 
exert  no effects on oogenesis when made homozygous 
in female germline clones (PERRIMON, ENGSTROM and 
MAHOWALD 1989), which is consistent with an absence 
of sub transcripts in adults. 

M~VEL-NINIO, TERRACOL and KAFATOS (1 99 1)  re- 
ported  that  their ovo gene  probes, which are substan- 
tially similar to  the  ones we used, detected a doublet 
of transcripts  5.0 and 4.8 kb in length. We did not 
detect two size  classes  in our experiments, probably 
due  to  the electrophoresis  conditions used. They also 
reported  that these transcripts are  neither sex specific 
nor germline specific, since they were weakly detected 
in female carcass R N A  and male RNA.  M~VEL-NINIO, 
TERRACOL and KAFATOS (1 991) suggested that the 
more  abundant 5.0-kb form, which they found to be 
greatly enriched in ovaries, corresponds  to  the ovo 
function, while the  rarer 4.8-kb form may correspond 
to the sub function. We do not detect hybridization 
signals in the germline-deprived female RNA and the 
male RNA preparations even on long exposures of 
the blots used for  our experiments. Experiments using 
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TABLE 2 

Transformants carrying the 10.0-kb BamHI fragment cannot rescue the sub lethality 

99 Progeny 66 Progeny 

Cross w m b f y w   w m b f y w ;  Tf FM7; +Tf w mbfY w svbfY; Tf FM7IY; +Tf y w f 0   y w / O ;  Tf 

YPl7B X Tf12 132 156 228 13 18 162 10  13 
YP17B X T f l 3  79  95 148 9 2 101 5 6 

YD39 X Tf12 33  62 106 0 0 86 0 0 
YD39 X Tf13 27 34 63 0 0 63 0 0 

Crosses were of w sub/FM7 virgin females mated with y w”’~/Y; TJA)OWIO.O/+ males. Transformant strains and sub allele numbers are 
given in the leftmost column. Progeny genotypes are given in the remaining column heads. Replica crosses  using  two or  three females mated 
with four to six  males were conducted in  shell  vials at 25°C. Parents were transferred to fresh vials every four days. The w subYD”/FM7 stock 
is less vigorous than the w subYPf7’/FM7 stock. The presence of w‘ and B on the FM7 balancer chromosome complicated scoring for the 
presence of the TJA)OWlO.O chromosomes. Male progeny described as y w / O  are presumed to be descended from X chromosome non- 
disjunction in the w s ~ b ~ ~ ’ ~ ~ / F M 7  mothers. 

nuclease protection assays and RNA-directed PCR will 
provide  quantitative values for  the relative abun- 
dances of the  different ovo-derived RNA  products 
expressed during each phase of development. Com- 
plementary DNA clones isolated from various sources 
indicate  that there  are alternatively spliced RNAs 
from  the ovo region (J. WANG, M. D. GARFINKEL and 
A. P. MAHOWALD, unpublished results). In situ hybrid- 
ization experiments using embryos, third instar  larvae 
and pupae  should allow better identification of tran- 
scribed regions responsible for  the svb function. Given 
the overlapping sites mutable to  the ovo and svb phe- 
notypes, such experiments may reveal a somatic-spe- 
cific promoter or somatic-specific exons joined  onto 
at least some exons that  are also required  for ovo 
function in the female  germline. Alternatively, expres- 
sion of the transcript responsible for svb function may 
be regulated by sequences lying within the ovo gene. 

The fact that  none of the  eight cytologically normal 
svb- ovo- double  mutations  obtained  as  y-ray-induced 
revertants of ovoD1 possesses changes in DNA structure 
detectable by Southern  blotting is not  unusual. At the 
rosy locus, 7 out of 4 1 radiation-induced ry mutations 
had  alterations greater  than  0.6 kb in  size detectable 
by whole-genome Southern blot hybridization (COT& 
et al .  1986), while five more were deletions or substi- 
tutions involving net  fragment size changes  of  as few 
as  a single base pair (GRAY et al. 1991). At the white 
locus, 2 out of 11  mutations were deletions of several 
hundred base pairs detected using Southern blots 
(PASTINK et al. 1987), while four  others  proved to 
have  net  deletions between 6 and 29 bp in size  (PAS- 
TINK et al. 1988).  Thus,  among cytologically normal 
radiation-induced w and ry mutations, only 17% pos- 
sess alterations easily detected by Southern  blotting 
of genomic DNA. Methods such as denaturing  gra- 
dient gel electrophoresis (SHEFFIELD, COX and MYERS 
1990;  GRAY et al. 1991)  should  detect the small dele- 
tions, insertions, substitutions or inversions likely to 
be responsible for  the  other  eight intragenic svb- ovo- 
double  mutations. 

We propose that  the “lozenge-like” eye phenotype 
is the result of a  neomorphic, gain-of-function muta- 
tional event,  rather  than as evidence of an additional 
gene at 4E1,2  for several reasons. The “lozenge-like” 
phenotype  appears only among  revertants of the ovoD1 
allele, and involves only one  orientation of  gypsy 
retrotransposon  insertion  at  coordinate +0.9 ( M ~ v E L -  
NINIO, MARIOL and GANS 1989). Mapping of the ovo 
mRNA places this insertion site within the ovo tran- 
scription  unit proper  (M~vEL-NINIO, TERRACOL and 
KAFATOS 1991; this work). Whether it is within an 
intervening  sequence or  an exon is not yet known. 
The apparently null state of the ovo‘”‘ allele for female 
germline  function  could  be caused by the insertional 
inactivation of an essential sequence  element in the 
ovo gene. The “lozenge-like” eye phenotype would 
depend  upon cis interaction of the gypsy element  and 
the  surrounding ovo gene sequences. Supporting this 
proposal are  the observations  that one dose of the 
transformed  1 O-kb fragment  conferring ovo+ function 
does  not modify the eye phenotype of ovo“‘ but  does 
rescue the ovo‘“‘ female sterility phenotype ( M ~ v E L -  
NINIO, TERRACOL and KAFATOS 199 1 ; this work), and 
that  the cold-sensitive period  for the “lozenge-like” 
phenotype of ovo’” ends  during  the middle of pupal 
development (M. D. GARFINKEL,  unpublished obser- 
vation), at which time the  abundance of the full-length 
gypsy transcript is maximal (PARKHURST and CORCES 
1985, 1986). If the ovo gene is not normally expressed 
in the developing eye, then  the effect of the gypsy 
element may be to  promote ectopic, inappropriate, 
expression. A gypsy-ovoD1 hybrid  transcript or hybrid 
protein would then  interfere with normal eye devel- 
opment; cold-sensitivity would be attributed  to  aber- 
rant  protein-protein interactions (e.g., SCHATZ, SOLO- 
MON and BOTSTEIN 1988).  Insertions of Saccharomyces 
cerevisiae and D. melanogaster retrovirus-like  elements 
in or near  transcription  units  often cause orientation- 
dependent  mutant phenotypes involving misregula- 
tion of gene  expression,  production of hybrid  tran- 



Drosophila ouo Locus 80 1 

scripts, or quantitative  changes in gene  function (re- 
viewed by BOEKE and CORCES 1989; CORCES and 
GEYER 1991). In any  event,  a gypsy-ovoD’ hybrid tran- 
script  does  not persist into  adulthood or is not easily 
distinguished  from the  normal ovo mRNA,  even 
though g y f s ~  RNA is present in adult flies (PARKHURST 
and CORCES 1985, 1986). The search  for  a novel 
transcript  produced by the ovo“’ mutant allele in third 
instar  eye-antennal disks or pupal eye tissue is an  area 
of  future  experimentation. 

Perhaps half the  length of the ovo mRNA is account- 
able by the high copy number, low  fidelity repetitive 
DNA block. That  the  repeated DNA block is homol- 
ogous with a  much  smaller,  0.4-kb, male transcript 
which is also germline  dependent raises several inter- 
esting questions. First and most important, do  the 
male transcripts actually originate  from  the ovo gene 
at  4E1,2, with base-for-base correspondence in DNA 
sequences? If so, what is the base-for-base correspond- 
ence between the 0.4-kb male RNA and  the 5-kb 
female  RNA size  class? Sex-regulated  alternative splic- 
ing in the  germline, as observed for  the somatic sex- 
determination  genes, is an  intriguing possibility, as is 
the possibility of germline-specific splicing as observed 
in the regulation of the P element transposase. 

We suspect that  the ovo gene is related by an ancient 
gene duplication  event to  the second  transcription 
unit at  4E1,2,  and is likely to be  a  member of a  gene 
family. Both the functional ovo gene  between  coordi- 
nates -3.3 and +6.7 and  the region  between  +10.6 
and +20.0  are transcribed into several kilobase long 
female-specific, germline-dependent, poly(A)+ RNA 
size  classes. Both transcribed  regions  contain similarly 
sized blocks of repetitive DNA sequences, with similar 
hybridization  properties. In clone blot hybridization 
experiments  the two regions cross-hybridize with each 
other.  The neighboring  6-kb  RNA  transcription  unit 
may be a weakly expressed  pseudogene or possess a 
distinct  genetic  function  as yet unidentified by muta- 
tion. 

P element-mediated  gene  transfer of the wild-type 
ovo gene to autosomal locations demonstrates  the 
practicality of using the cloned ovoD’ mutant allele to 
generate  transformant  strains  carrying  the  dominant 
female  sterile allele on each  autosomal arm.  The mo- 
lecular analysis  of the ovoD alleles (M~vEL-NINIO, 
MARIOL and GANS 1989; this work, and  data  not 
shown) indicates that these  mutations are  not  due  to 
gross alteration in ovo gene  structure, such as trans- 
posable element  insertions, and  therefore predicts that 
the functional ovoD1 gene  segment will be the same 
size as the ova+ gene  segment. The earlier work of 
PERRIMON and MAHOWALD (1986,  and references 
cited  therein)  on  the  female  germline effects of X -  
linked zygotic lethal mutations  surveyed around  20% 
of Drosophila lethal mutations. Use of  the germline 

clonal analysis technique to test for  maternal  function- 
ing of the autosomal  complement will undoubtedly 
provide new insights into  the  genes  required  for oog- 
enesis, embryonic pattern  formation,  and  neuroge- 
nesis, among  other processes. 
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