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The daughterless (da) gene in Drosophila acts both maternally and zygotically to provide essential functions 
during development. Maternal da + expression is required by embryos for the regulation of sex determination 
and dosage compensation. Zygotic da + expression is required throughout developmentmearly for the formation 
of the peripheral nervous system and perhaps for the proper functioning of genes in heterochromatic regions of 
the genome; during larval stages for growth and differentiation of the future adult epidermis; and in the 
somatic part of the gonad of adult females for proper egg membrane synthesis. Here we describe the cloning of 
da by the transposon tagging approach as well as some aspects of the molecular characterization of wild-type 
and mutant alleles. Despite the multiple developmental roles of da, the organization and expression of this gene 
appear relatively simple at this level of analysis. The gene codes for two transcripts, present in both sexes and 
at all stages of development. The nucleotide sequence of a nearly full-length cDNA predicts a protein product 
of 710 amino acids that shares sequence similarity with the His-Pro repeat of the Drosophila genes bicoid and 
paired. T w o  part-ial-loss-of-function da mutations (one of which is temperature sensitive) appear to be caused by 
DNA insertions in the 5'-untranslated region of the gene. 
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In Drosophila, sexual phenotype and the overall level of 
X-linked gene expression are determined by the number 
of X chromosomes relative to the number of sets of au- 
tosomes, a parameter called the X : A  ratio. The X: A 
ratio accomplishes this by its action on the gene, Sex- 
lethal (Sxl) (1-19.2) (for recent reviews, see Baker et al. 
1987; Lucchesi and Manning 1987; Cline 1988a). Higher 
values of this parameter {XXAA, X: A = 1.0) elicit fe- 
male development and suppress transcriptional hyperac- 
tivation of the X chromosome by activating the female- 
specific functions of Sxl +. Male development and X 
chromosome hyperactivation occur at lower values 
(XYAA, X : A = 0.5) as a consequence of SxI ÷ remaining 
inactive. 

The effectiveness of this X/A balance in activating the 
feminizing functions of Sx/÷ depends on the matemal 
expression of the gene daughterless (da; 2-41.5)(Cline 
1980, 1983, 1984, 1988b). In the absence of da * activity 
in the germ line of the mother, all progeny, regardless of 
their X/A balance, fail to activate Sxl ÷ and therefore de- 
velop as males (Cronmiller and Cline 1987}. The name 
daughterless {Bell 1954) reflects the fact that daughters 
(X/A = 1) from mothers homozygous for the original 
spontaneous mutant allele, da 1, die prior to the adult 
stage {Sandier 1972; Mange and Sandier 1973} as a con- 

sequence of upsets in X chromosome dosage compensa- 
tion (Gergen 1987). In contrast, sons {X/A = 0.5) are un- 
affected by the lack of maternal germ line da ÷ activity 
(Cronmiller and Cline 19871 because they do not require 
{and indeed cannot toleratel zygotic Sxl ÷ activity (Cline 
1979; Salz et al. 1987}. The da ÷ maternal product, in 
conjunction with components of the X/A signal such as 
sisterless-a and sisterless-b, interacts with Sxl + only 
early in development (Cline 1976, 1980, 1988b; Sanchez 
and Nothiger 1983; Maine et al. 1985a). The effect of 
this early interaction persists as a consequence of the 
subsequent maintenance of the Sx/activity state (Cline 
1984, 1985). Only the maternal expression of da ÷ is rele- 
vant to Sxl expression; the zygotic genotype with re- 
spect to da appears to have no effect on Sxl (Cline 1980; 
Cronmiller and Cline 19861. 

Phenotypic analysis of mutant da alleles has demon- 
strated that the requirement for maternal germ line da ÷ 
activity in the control of progeny sex determination re- 
flects only one of several important functions of this 
gene. Embryonic expression of da ÷ is required in both 
sexes for the formation of the peripheral nervous system 
{PNS) (Caudy et al. 1988} and for some process that is 
sensitive to the dose of genes in heterochromatic regions 
of the chromosomes [Mange and Sandier 1973; Sandier 
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1975; Pimpinelli et al. 1985). Larval and/or pupal expres- 
sion of da  + is required for the proper growth and differ- 
entiation of cells that form the adult cuticle (Cronmiller 
and Cline 1987). Finally, expression of da ÷ is required in 
the adult female in more than just her germ line: So- 
matic expression is required for proper egg membrane 
formation, and, hence, for survival of all progeny regard- 
less of their sex {Cline 1976, 1980; Cronmiller and Cline 
1987). The sex-ratio maternal effect for which the gene 
was named was discovered only because the first mutant 
allele of this gene, da 1, provided sufficient zygotic ac- 
tivity, at least at lower growth temperatures, to allow 
homozygous mutant mothers to survive and produce off- 
spring. 

The involvement of da in two processes as different as 
sex determination and neurogenesis is intriguing in light 
of recent studies on another class of developmentally 
important genes, the segmentation genes, whose func- 
tioning in the nervous system may be significantly dif- 
ferent from their functioning in nonneuronal tissues. 
The fact that the regulatory relationships among even-  

s k i p p e d ,  f u s h i  t a razu ,  and e n g r a i l e d  during neuronal de- 
velopment are very different from those during segmen- 
tation suggests that these genes may be interacting in 
different ways in the two processes (Doe et al. 1988). In 
the case of da, molecular analysis should help elucidate 
the relationships among this gene's multiple functions: 
Do they reflect a multitude of da gene products, or does 
a single da gene product participate in a variety of regu- 
latory processes instead? Is the product of this regulatory 
gene related to the products of other regulatory genes in 
ways that might suggest its biochemical functions? To 
address these questions, we have (1) cloned da through 
transposon tagging; (2) examined the transcription pat- 
tern for wild-type and partial-loss-of-function mutant al- 
leles; and (3) determined the sequence of the wild-type 
coding region and of regions altered in two mutant da 

alleles. 

R e s u l t s  

Tagg ing  da w i t h  a P - e l e m e n t  t r a n s p o s o n  

As the first step in the transposon tagging strategy 
{Bingham et al. 1981), we used P-M hybrid dysgenesis to 
insert a P element into da.  Because P-element insertions 
often are associated with only partial-loss-of-function 
(hypomorphic) mutations (Tsubota and Schedl 1986), we 
exploited the recessive zygotic lethal aspect of the com- 
plex da phenotype to serve as a sensitive assay for reduc- 
tions in da function: Hypomorphic alleles that are ho- 
mozygous viable (such as the original allele, da 1} are 
lethal when heterozygous with a d a -  deletion (Mange 
and Sandier 1973). In contrast, wild-type alleles fully 
complement d a -  deletions. Among the progeny of a 
dysgenic cross, 10,513 second chromosomes were tested 
for loss of the ability to complement a d a -  deletion for 
viability. Chromosomes satisfying this criterion were 
retested for their ability to complement various da point 
mutants. This allowed us to distinguish new da alleles 
from mutations in other genes missing from the tester 

deficiency, D f ( 2 L ) h d e r - 2 7  (Sandler 1977). 
One new allele, da w,  was recovered in this screen. 

Phenotypic characterization of this allele shows it to be 
the weakest da  mutation yet identified. Homozygous 
da  w animals appear nearly wild type: Not only is their 
viability high (Table 1, Zygotic phenotype), but also the 
sex ratio among the progeny of these 'daughterless' fe- 
males is normal (Table 1, Maternal phenotype). Never- 
theless, da w is defective clearly for both zygotic and ma- 
ternal functions. First, da va fails to complement the re- 
cessive lethality of the ethylmethane sulfonate 
(EMS)-induced null alleles, da 2 and da 3. Second, dal  / d a  w 

heterozygotes display reduced viability (43% versus 
71% }; moreover, these heteroallelic females exhibit a fe- 
male-lethal maternal effect, although one that is much 
less severe than that of d a V d a  I females (progeny sex 
ratio = 0.46 versus 0.00). 

Two observations indicated that the insertion of a P 
element is responsible for the mutant phenotype of da va. 

First, in situ hybridization to polytene chromosomes 
identified P-element sequences at 31E, consistent with 
the location of da at 31B-F reported by Sandler {1977). 
Second, the da w allele was found to be unstable under 
conditions that mobilize P elements. When the allele 
was outcrossed under dysgenic conditions and selected 
for viability in t rans  with a strong da allele (dM), da  w 

was found to revert to wild type at a frequency of 1.5%. 
Under the same dysgenic conditions, derivatives that 
were more extreme than the parental allele were gener- 
ated at a frequency of 0.3%. These more extreme alleles 
were identified by their failure to survive when hetero- 

Table 1. Phenotypic characterization of da Pa 

Maternal phenotype: sex-ratio maternal effect 
Genotype of Number of 
mothers mated Progeny sex ratio male progeny 
to + / + males a (female/male recovered 

dae" / da TM 1.03 120 
daP~/da 1 0.46 292 
+ /da I 0.85 368 
daUda I 0.00 1698 b 

Zygotic phenotype: recessive lethal effect 
Viability of da Number of 
mutant flies relative da ÷ siblings 

Cross c Genotype to their da ÷ siblings {%) recovered 

A dae°/da TM 71 166 
B daP"/da 1 43 367 
C dae"/da 2 0 229 
D dae"/da a 0 296 
E d dal/da e 0 540 

* da TM = cl da TM b pr cn; daV~/da I and +/da 1 mothers were ob- 
tained from cross B below. 
b Data from Cronmiller and Cline (1986, Table 7). 
c Full genotypes of crosses {at 25°C): cl da TM b pr cn /CyO,  
da + pr cn 2 females x the following males: (A) same as females; 
(B) cl da I c n  bw; (C) y/Y;  cl da~/CyO,  da + pr cn 2 (D) y /Y;  
cl daa/CyO, da + pr cn 2. 
a Data from Cronmiller and Cline (1987, Table 1). 
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zygous with the hypomorphic da 1 allele. Thus, muta- 
tions that increased da Pa function as well as those that 
decreased its function occurred several orders of magni- 
tude more frequently than the event that gave rise to 
da P~ in the first place. This is the result expected if the 
mutant phenotype of da ~ is caused by a P element that 
can be mobilized. 

Molecular  cloning of D N A  from the v ic in i ty  of da 

To clone DNA flanking the P element at da, we con- 
structed a recombinant k phage library from davo DNA 
and isolated phage containing P-element sequences. In 
situ hybridization to polytene chromosomes lacking P 
elements revealed that one of these phage (CC1) hybrid- 
ized to 31E (Fig. 1). Two restriction fragments from re- 
combinant CC1, one from each side of the P element, 
were used then to isolate wild-type genomic recombi- 
nant phage from an Oregon R DNA library. In this way 
we isolated -35 kb of DNA surrounding the P-element 
site of insertion at 31E. A composite restriction map of 
this DNA is shown in Figure 2 with the site of the P-ele- 
ment insertion designated as coordinate 0. 

D N A  rearrangements  associated wi th  da m u t a n t  alleles 
and their derivat ives 

To confirm that the P-element insertion in the cloned 
31E region DNA indeed was responsible for the mutant 
phenotype of da ea, we examined the DNA sequence or- 
ganization of the dysgenic derivatives of da ~ mentioned 
above. In all cases examined, a change in the phenotype 
of da ~ was accompanied by a change in this P element. 
Eleven independent wild-type revertants of da ~ all ap- 
pear to represent precise excisions of the P element (Fig. 
3A): In contrast to da ~, they have a fragment that comi- 
grates with the wild type. More complex rearrangements 
are associated with the three more extreme derivatives. 

Figure 1. In situ hybridization of recombinant CC1 to wild- 
type polytene chromosomes. CC1 hybridizes to sequences at 
31E (arrow), within the 'gooseneck' of chromosome 2L. 

As indicated by the diagrams shown in Figure 3B, two 
appear to have lost some P-element and/or flanking se- 
quences, while in the third the P element appears to 
have reversed its orientation. 

To obtain additional evidence that this 31E DNA seg- 
ment corresponds to the da locus, we looked for differ- 
ences in the restriction fragment pattern of genomic 
DNA from three EMS-induced loss-of-function mutants 
(da 2, da 3, and da I~B31) and from one spontaneous partial- 
loss-of-function mutant, da ~. The three EMS-induced al- 
leles showed no evidence of sequence rearrangement at 
this level of analysis. In contrast, da ~ was found to be 
associated with an insertion. Moreover, detailed restric- 
tion analysis placed the da ~ insertion site between coor- 
dinates 0 and +0.9 (see Fig. 2), the same region into 
which the P transposon of da P~ is inserted. The genomic 
Southern blot in Figure 3C illustrates the da ~ insertion. 
The material inserted into da ~ is a member of a moder- 
ately repetitive DNA family, but it is not homologous to 
the P-element family (data not shown). 

Ident i f icat ion of the da transcription uni t  

To identify transcription units within the cloned DNA 
from the da region, we probed Northern blots of 
poly(A) + RNA from 0- to 18-hr embryos, adult females, 
and adult males with seven fragments spanning 30 kb of 
the cloned region. The results of this Northern walk are 
summarized in Figure 4. Transcription units were found 
to be distributed throughout the region, and all seven 
fragments hybridized to RNA. All of these transcripts 
were present, although in varying abundance, in adults 
of both sexes and in embryos (data not shown). There 
was a large variety of transcripts in the region sur- 
rounding the P element and da 1 insertion sites; hence, it 
was not immediately evident which of these RNAs 
might be da gene products. 

Since the homozygous viable (hypomorphic) alleles, 
da 1 and da va are associated with DNA insertions, we 
thought that their da transcripts might be affected. For 
this reason we examined Northern blots of poly(A) + 
RNA prepared from homozygous mutant da ~ and da ~ 
adult females and males. These blots were probed with 
fragments 3, 4, 5, and 6, as well as with the whole re- 
combinant phage PS6 and PS10 (see Figs. 2 and 4). Of the 
transcripts detected by these probes, only the 3.2- and 
3.4-kb RNAs were altered in these mutants. As shown 
in Figure 5A, the 3.2- and 3.4-kb transcripts are reduced 
substantially in da ~, and may be absent in da P~. Further- 
more, the probes that label the 3.2- and 3.4-kb species in 
the wild-type strain hybridize to two, new, higher-mo- 
lecular-weight RNA species in both mutants: In da ~,  
the pair of mutant transcripts are -3.5 and 3.7 kb, while 
those in da ~ are even larger (3.8 and 4.0 kb). Because both 
insertion mutations disrupt the 3.2- and 3.4-kb tran- 
scripts, while no other RNAs from the cloned region ap- 
pear to be affected, we conclude that the 3.2- and 3.4-kb 
RNAs are the transcription products of the da gene. 
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Figure 2. Restriction map of Oregon R wild-type DNA from polytene region 31E, derived from recombinant k phage PS5, 6, and 10. 
The sites of the da TM (P element) and da ~ insertions are indicated. Restriction sites: (B) BamHI; {H} HindlII; (R) EcoRI; (S) SalI. 

DevelopmentaI profile of da transcription 

Genetic studies have indicated that wild-type da gene 
function is required for a number of very different devel- 
opmental processes. Maternal expression of da in the 
germ line is required by female progeny very early in de- 
velopment for proper sex determination. In contrast, zy- 
gotic expression of da is required by both sexes--early, 
for development of the PNS, and later, for the growth 
and differentiation of cuticular tissues and for the proper 
functioning of the somatic component of the ovary. We 
wondered whether this functional complexity might be 
reflected in changes in the relative proportions of the 

two da transcripts during development, changes that 
could suggest different developmental roles for the two 
species. 

The developmental profile of da gene expression is 
shown in Figure 5B. Both the 3.2- and 3.4-kb transcripts 
are present at every stage of development in approxi- 
mately constant proportions. Embryos at 0-2.5 hr repre- 
sent one potentially intriguing exception to this pattern. 
During this stage, the smaller RNA may be overrepre- 
sented relative to the pattern at all other stages, possibly 
suggesting an enrichment of this smaller message in 
maternally supplied RNA. Further analysis will be re- 
quired to confirm this possibility. 
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Figure 3. Characterization of da insertion mutants and derivatives. (A) Genomic Southern blots indicating the precise excision of the 
P element in wild-type revertants of da TM. EcoRI digests of genomic DNA from wild-type (Oregon R), da TM, and 11 independent 
wild-type revertants of da TM probed with the 3.6-kb EcoRI fragment from recombinant PS 10. (B) DNA rearrangements associated with 
a lethal phenotype among three more extreme mutant derivatives of da TM. This portion of the figure represents a summary of the data 
from several Southern blots, as described in Methods. P-element sequences are indicated by the thick black bars. Potentially deleted 
genomic sequences are indicated by the slashed bars. (C} Genomic Southern blot showing da TM and da I insertions. Genomic DNA was 
restricted with SalI and XhoI. The probe is the same as in B. DNA fragment sizes are indicated in kilobases. Restriction sites and 
coordinates are as designated in Fig. 2. 
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Figure 4. Transcribed regions within the 30-kb region that includes da. Probes 1-7: DNA fragments used in this Northern walk. The 
poly(A) + RNAs detected by each fragment are indicated by the filled bars directly below the fragment in decreasing order of size. All 
transcripts are present in both sexes of adults and in embryos. The da transcripts are shaded with dark crosshatching (see text). One 
weakly detected message is drawn as a thinner bar. Restriction sites and coordinates are indicated as in Fig. 2. 

da cDNAs: characterization and sequence 

We isolated seven da cDNA recombinants from a 0- to 
4-hr embryonic Drosophila cDNA library (Bopp et al. 
1986). Southern blot hybridization to genomic fragments 
suggested that all seven cDNAs represent RNAs origi- 
nating from sequences between coordinates -0 .1  and 
+ 6.5 (see Fig. 2). This region encodes the 3.2- and 3.4-kb 
transcripts identified as da products by Northern blot 
analysis. When three of the cDNAs (1.0, 1.2, and 3.0 kb) 
were used to probe Northern blots, only the 3.2- and 3.4- 
kb wild-type transcripts were detected. Moreover, these 
same cDNAs also labeled the abnormal transcripts 
present in dal/da I flies (data not shown). 

The complete nucleotide sequence of the 3.0 kb- 
eDNA (MN6) was determined on both strands and is 
presented in Figure 6. There is an ATG at position 226 of 
this cDNA which begins a 2130-base-long open reading 
flame (ORF). (No other ORF exceeds several hundred 
bases.) The nucleotide sequence surrounding this ATG 
is a good match to the consensus sequence PuNNAUGG 
for translation initiation (Kozak 1984). At the 5' end of 
MN6, there would be a 226-base untranslated leader. 
This eDNA, however, may be incomplete at its 5' end. 
Partial end sequencing of another, smaller cDNA sug- 
gests that the actual leader sequence may extend for an- 
other 50-100 bases. The precise location of the inser- 
tions present in da TM and da ~ was determined by se- 
quencing (single-stranded) cloned genomic fragments 
containing the inserted elements. Both insertions are lo- 
cated in what would correspond to the leader sequence 
of MN6 (following bp 104 and 138, respectively; see 
arrows in Fig. 6). 

The genomic sequence of the da ÷ region has been de- 
termined on one strand from -0 .5  to +4.5 (see Fig. 4). A 
comparison between the cDNA MN6 and this prelimi- 

nary genomic sequence indicates that the mRNA repre- 
sented by MN6 would be derived from a precursor with 
only a single, 1.5-kb intron that would be located be- 
tween positions 213 and 214 of the cDNA {data not 
shown). This intron is 13 bp upstream of the putative 
protein coding region; thus, the entire protein coding re- 
gion of this cDNA appears to be colinear with the ge- 
nomic sequence. With respect to the genomic map {see 
Fig. 2), transcription is directed from 0 toward + 5, and 
the transcription unit would extend over a region that 
could be <5 kb in length (the size of the 3.0-kb eDNA 
MN6 plus a 1.5-kb intron plus the small additional 
amount of mRNA sequence not represented in MN6). 

At the 3' end of the cDNA there is a 400-base stretch 
that contains numerous stop codons. Potential poly(A) 
addition sites (AATAAA) {Proudfoot and Brownlee 1976) 
are located at positions 2871 and 2926; however, this 
cDNA lacks a poly(A) tail, suggesting that the true 3' 
end of the message is missing from MN6. 

The long ORF of cDNA MN6 would encode a protein 
of 710 amino acids with a molecular weight of -74,000 
and a pI of 6.72. The hydropathy plot of the predicted 
amino acid sequence shows no extended hydrophobic 
domains (data not shown). Thus, the product would ap- 
pear to be a soluble intracellular protein. There are seven 
potential glycosylation sites, most of which occur in the 
amino-terminal half of the protein (see Fig. 6). 

A similarity search of this amino acid sequence 
against current sequence databanks (see Methods) re- 
vealed that the MN6 da protein contains an amino acid 
sequence motif that is similar to the His-Pro repeat 
present in the anterior-group maternal effect gene, bi- 
coid (bcd)(Berleth et al. 1988), and in the segmentation 
gene, paired (prd) (Frigerio et al. 1986). This histidine- 
and proline-rich region begins at residue 224 of the pre- 
sumptive da protein and exhibits 59% identity with the 
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Figure 5. Transcriptional analysis of the da locus. (A) 
Northern blot hybridization of poly(A) + RNA from wild-type 
and mutant da adults and from wild-type 0- to 18-hr embryos 
(E) probed simultaneously with the 2.7-kb SalI-XhoI and 3.2-kb 
XhoI fragments from recombinant phage PS10 (probes 5 and 6 
in Fig. 4). The 1.2-kb transcript covered by one of the probes 
used here is not affected by da mutations {not shown). Approxi- 
mately 5 ~g of RNA was loaded per lane. (B) Developmental 
profile of da gene expression. Northern blot hybridization of 
wild-type poly(A) + RNA from adult female and male flies, em- 
bryos, larvae, and pupae, probed with a 1.2-kb da cDNA. Em- 
bryonic stages are 0-2.5, 2.5-5, 5-10, 10-15, and 15-24 hr 
postoviposition. (L1) First larval instar; (L2) second larval in- 
star. Approximately 5-10 ~.g of RNA was loaded per lane. RNA 
sizes are indicated in kilobases. 

bcd His-Pro repeat with no gaps over a length of 27 res- 
idues (Fig. 7A). If one includes conservative substitu- 
tions in the calculation {S-T, G-P), the similarity is 70%. 
The identity between da and the comparable region of 
the prd protein is 55% with three gaps introduced (Fig. 
7A). When all three sequences are considered together, 
there is 40% identity overall. A curious aspect of the da 
and bcd His-Pro region comparison is that of the five 
histidine mismatches, four involve leucine substitu- 
tions. 

The region just upstream of the His-Pro repeat in da is 
similar to another region of the bcd sequence. Of 27 res- 
idues, 11 (40%) are identical between the two sequences 
(Fig. 7B). This region is located in the middle of the bcd 

protein, far from its His-Pro repeat. It is not part of any 
previously described sequence motif. 

Another similarity between the da and bcd predicted 
protein sequences is the presence of runs of repetitive 
glutamines called M (McGinnis et al. 1984) or opa re- 
peats {Wharton et al. 1985), found in many other Droso- 
phila proteins. In addition, da has two runs of glycine 
{five and seven adjacent) and a run of alanines [five)(see 
Fig. 6). 

Discussion 

We generated a P-element-induced mutation in the da 
locus of Drosophila melanogaster to clone this gene. 
Several lines of evidence make us confident that we 
have, in fact, isolated da. First, we have shown that the 
cloned P-element insertion is indeed responsible for the 
mutant phenotype of the new dysgenic allele, da ~'a. This 
P-element insertion invariably is altered in derivatives 
of da Pa that have increased or decreased activity. Be- 
cause essentially null derivatives of the da P~ allele can 
be generated by rather modest changes in the inserted 
transposon and/or its flanking DNA, the P element 
seems to be near the da gene (the weak phenotype of 
da ea itself might have implied otherwise). Second, the 
spontaneous partial-loss-of-function allele da I also is as- 
sociated with an insertion of a middle repetitive element 
in this region. In fact, the da 1 insertion site is only 34 
nucleotides away from that of the P element in da ca. Fi- 
nally, both da ~ and da 1 cause a similar, very specific 
disruption of the transcript pattern across the cloned re- 
gion. Both insertions reduce or eliminate two overlap- 
ping mRNA species of 3.2 and 3.4 kb. In addition, both 
generate two new higher-molecular-weight RNA species 
that appear to correspond to the two wild-type tran- 
scripts. 

Characterization of cDNAs from this region and anal- 
ysis of the corresponding genomic region in both the 
wild-type and mutant strains place the da ~ and da 1 in- 
sertions in the untranslated leader sequence of the gene. 
This finding could account for the high level of residual 
da function in these two mutant alleles: The aberrant 
transcripts that these alleles generate may serve as tem- 
plates for the synthesis of wild-type protein product, al- 
beit with reduced efficiency. The RNAs generated by the 
two mutants could result from initiation at the normal 
da promoter. Because the junctions of the da 1 and da e~ 
insertions do not conform to the eukaryotic splice site 
consensus sequence, precise excision of the insertions 
during RNA processing would be unlikely. Alterna- 
tively, RNA synthesis might initiate at a site within the 
insertions. It should be noted that, in either case, the 
apparently wild-type transcripts found in da ~ would 
probably have an abnormal structure. 

The molecular characterization of these two alleles 
generally is consistent with their mutant phenotypes: 
Both are weak mutants with reduced but nonzero levels 
of the maternal as well as the zygotic da functions. On 
the other hand, the discovery that the da I phenotype is 
apparently due to an insertion of DNA upstream of the 
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Figure 7. Comparison of similar amino acid domains among 
da, bcd, and prd. (A) Alignment of the His-Pro repeat found in 
da, bcd, and prd. (B) Comparison of a moderately conserved 
(40%) amino acid sequence between da and bcd. (Shaded boxes} 
Amino acid identities shared by da and either bcd or prd, or 
both. 

protein-coding region would not lead one to expect that 
this mutant  allele would be temperature sensitive (tsl, 
yet all aspects of the phenotype of da 1 have been shown 
to be ts; indeed, some aspects of the phenotype suggest 
that this mutant  allele might generate a thermally un- 
stable product ICline 1976, 19801. Perhaps this result is 
not so surprising in view of the fact that there are so few 
cases in higher eukaryotes where the ts phenotype of a 
mutant  allele can be ascribed unequivocally to the pro- 
duction of a thermolabile mutant  protein product. It will 
be of interest to leam whether the ts phenotype of da 1 
might be related to the effects of temperature on the syn- 
thesis or functioning of the aberrant transcripts. 

Both of the da ÷ transcripts are present in both sexes of 
adults and at all stages of development. It is not yet clear 
from the data available whether these two transcripts 
have the same functions. The presence of a da transcript 
at all stages of development was anticipated from the 
previous genetic characterization of the locus which re- 
vealed essential zygotic functions during embryonic, 
larval, and adult stages. However, because only matemal 
germ line expression of da appears to be relevant to 
progeny sex determination, one might have expected a 
transcript that is involved exclusively in this function to 
be present only in adult females and young embryos. In 
this connection, it may be relevant that the proportion 
of the smaller (3.2 kb) RNA relative to the larger is 
highest in 0- to 2.5-hr embryos. Since little zygotic tran- 
scription is likely to have occurred in these very early 
embryos [Anderson and Lengyel 1979; Edgar and Schu- 
biger 19861, this would imply that the smaller transcript 
is enriched among maternally-supplied messages. 
Whether this enrichment is significant with regard to 
the role of da in the sex determination process will have 
to be determined. 

We do not know the precise structural relationship be- 
tween the 3.2- and 3.4-kb da ÷ transcripts, or which 
mRNA species the 3.0-kb cDNA, MN6, represents. A 
comparison of the MN6 sequence with our data on the 
genomic sequence indicates that the structure of this da 
transcript may be relatively simple: There is a single 
[1.5-kb} intron upstream of the protein-coding region. 
Analysis of additional cDNAs as well as RNA protection 

experiments will be required to determine whether the 
pattem of RNA processing that generates the other tran- 
script is equally simple. 

The relative simplicity of the da locus at the molec- 
ular level might seem surprising in view of the many 
developmental functions of this gene. It is worth noting, 
however, that so far the analysis of the five mutant  al- 
leles available has suggested little if any genetic com- 
plexity: These mutations appear to fit into a rather 
straightforward allelic series of increasing severity. Al- 
leles isolated only on the basis of their matemal effect 
on progeny sex ratio have proven to be defective in their 
zygotic functions as well, and vice versa. Thus, while 
the da gene clearly is required for different develop- 
mental events in different tissues and at different stages, 
the results of our preliminary molecular analysis suggest 
that these various functions may be mediated by the 
same gene products. 

What might those activities be? The best understood 
of all da functions is its participation in sex determina- 
tion through the positive activation of Sxl in conjunc- 
tion with the X/A signal very early in development. It is 
known that the transcript pattern of Sxl during the first 
few hours after fertilization is qualitatively different 
from that just a few hours later [the later pattern persists 
throughout the lifetime of the fly (Maine et al. 1985a; H. 
Sah, E. Maine, L. Keyes, M. Samuels, T. Cline, and P. 
Schedl, in prep.J]. Moreover, the early expression of Sxl 
appears to be controlled by a promoter different from 
that used at later stages of development (Salz et al. 1987}. 
It is also known that maternal mutations in da alter this 
early Sxl transcript pattern, although the precise nature 
of that alteration is not yet clear [Maine et al. 1985a and 
unpubl.I. Thus, da could act as a transcription factor at 
Sxl early in development. Schupbach [19851 has sug- 
gested that the primary function of da might be to allow 
Sxl to be expressed at an unusually early stage in devel- 
opment when promoters are not active generally. Alter- 
natively, the da product might not have a direct role in 
the transcription of Sxl per se, but might, instead, be in- 
volved in some other aspect of the process in which the 
X : A ratio is assessed. 

The predicted amino acid sequence for the protein en- 
coded by the da cDNA MN6 is not very informative 
with respect to the specific biochemical activity that a 
da protein might have. It is intriguing, however, that the 
only meaningful similarity we have discovered thus far 
for this protein sequence is to the predicted product of 
the bcd gene. bcd appears to encode an anteriorizing de- 
terminant whose graded distribution helps establish the 
spatial polarity of the Drosophila embryo. There are 
three regions of similarity between da and bcd, in- 
cluding the His-Pro repeat (also found in the segmenta- 
tion gene prd) and the M repeat (polyglutamine), found 
in many Drosophila proteins. The functional signifi- 
cance of these regions is unknown. Unlike bcd, how- 
ever, da has no hint of a homeo box, nor any clear indi- 
cation of other structural motifs that might suggest a 
role in transcription or DNA binding. It is tempting to 
consider that the sequence similarity between da and 
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bcd  could be related to the  fact that  both  genes are in- 
volved in processes by w h i c h  the organism transduces 
quant i t a t ive  differences in  a deve lopmen ta l  signal in to  
qual i ta t ive ly  different cellular responses. 

M e t h o d s  

Fly stocks 

Flies were raised at 25°C on a standard Drosophila medium de- 
scribed in Cline (1978). da nB31 was obtained from L. Jan (see 
Caudy et al. 1988). da 2 and da 3 are described in Cronmiller and 
Cline (1987). Other mutations and chromosomes not listed in 
Lindsley and Grell (1968) or in Lindsley and Zimm (1987) are 
referenced in the text. 

Isolation of da w 

The mutagenesis scheme that was carried out to generate da TM 

was as follows: M-strain females (cl b pr cn/cl b pr cn) were 
mated to P-strain males [+/Cy(2L + 2R) derived from the Har- 
wich P strain] at 25°C. The dysgenic hybrid F 1 females 
[ci bl pr cn/Cy(2L + 2R)] were then mated to Hw hap cl b/CyO 
(M strain) males (Hwb~v; Cline 1984). Individual female progeny 
(cl bprcn/CyO) from this mating were crossed to Hw b~p 
Df(2L)J-der-27 b/CyO tester males. These matings were scored 
for the absence of Cy + progeny, indicating the presence on the 
mutagenized chromosome of a lethal mutation within the 
Df(2L)J-der-27 region. 

Isolation of wild-type derivatives of da Pa 

Wild-type revertants of da v~ were isolated by outcrossing this 
strain under dysgenic conditions. Since the da TM strain dis- 
played an M cytotype, this was accomplished by mating cl da ~ 
b pr cn/CyO females to P-strain males of the genotype + ICy 
(2L+2R) {see previous paragraph) at 25°C. Dysgenic hybrid F 1 
females [c lda~abprcn/Cy(2L+2R)]  then were mated to 
cl da2/CyO males. Individual clot, noncurly survivors (cl da ~ 
~v b pr cn/cl da 2) were crossed to Hwb~p Df(2L)J-der-27 b/CyO 
mates to retest the revertants and to establish stocks. 

Recombinant DNA library construction and screening 

Whole genomic DNA was isolated from adult flies as described 
by Ish-Horowicz et al. (1979). Recombinant libraries were con- 
structed using genomic DNA isolated from da w, da ÷ (Oregon 
R), or da 1 flies and ~ phage EMBL3 or EMBL4 vector DNA 
(Murray 1983). Genomic DNA was digested with either MboI 
(partial: dav°, da +) or BamHI (complete: da 1) to produce 15- to 
20-kb fragments, then ligated to BamHI-cut EMBL3 or EMBL4 
vector DNA. Ligated DNA was in vitro-packaged into ~ phage 
particles as described in Maniatis et al. {1982). The da TM recom- 
binant library was screened with a2P-labeled {ICN) nick-trans- 
lated plasmid DNA containing an intact P element (p. 25.1: 
Bingham et al. 1981). 

In situ hybridization and Southern blotting 

In situ hybridizations to polytene chromosomes were done as 
described by Bingham et al. [1981). Double-stranded DNA 
probes were labeled by nick-translation using [3H]TTP from 
ICN. Specific conditions for genomic Southern blots are de- 
scribed by Maine et al. (1985b). 

Molecular analysis of more extreme derivatives of da Pa 

The DNA rearrangements associated with the more extreme 
derivatives of da TM were analyzed by genomic Southern blot- 
ting. Blots containing EcoRI-digested genomic DNA from wild- 
type (cl b pr cn), da Pa, and the three more extreme derivatives of 
da TM were probed with recombinant phage PS10 or with the 2.7- 
kb SalI-XhoI fragment from PS10 (probe 5 in Fig. 4) to ascertain 
the sizes of the insertions retained in the more extreme alleles. 
In addition, Southern blots containing EcoRI- and HindIII-re- 
stricted genomic DNA were probed with the 2.7-kb SalI-XhoI 
fragment mentioned above. Loss of the P element and/or 
flanking host sequences in a more extreme da Pa derivative was 
signaled by a decreased size of the fragment containing the in- 
sertion, together with retention of the HindIII site of the P ele- 
ment. 

The HindIII site of the P element of da TM was used as a 
marker (relative to the HindIII and EcoRI sites at -0 .6  and 
+ 0.8, respectively) to determine the orientation of the P-ele- 
ment inserts. In this way, one more extreme da ~ derivative 
was found to be an inversion of the P-element insertion with no 
associated loss of insert or host sequences. In the third more 
extreme da w derivative, loss of the P-element HindIII site indi- 
cated deletion of some P-element sequences. 

RNA isolation and Northern blotting 

Poly(A) + RNA was prepared by the method of O'Hare et al. 
(1983). In general, 5-10 ~g of poly(A) + RNA was loaded per 
lane. RNA was size-fractionated on denaturing 0.7% formalde- 
hyde-agarose gels, using a MOPS buffer (Maniatis et al. 1982). 
RNA was transferred to nitrocellulose in 10x SSPE. Filters 
were prehybridized and hybridized using the same conditions 
employed for Southern blotting. 3zP-Labeled probes were made 
either by nick-translation or by random primer extension (Fein- 
berg and Vogelstein 1983). The da RNAs were sized by re- 
probing Northern blot filters with probes specific for armadillo 
(3.2 kb; R. Riggleman, E. Wieschaus, and P. Schedl, in prep.). 

DNA sequencing and computer analysis 

Genomic fragments and cDNAs were subcloned into Bluescript 
(Stratagene Cloning Systems, San Diego, California) vectors for 
sequencing. Nested deletions of these subclones were prepared 
by exonuclease III digestion (Henikoff 1984). Both strands of 
cDNA MN6 were sequenced by the dideoxynucleotide chain- 
termination method (Sanger et al. 1977), using Sequenase and 
the Sequenase Sequencing Kit (U.S. Biochemicals). In some 
cases, specific synthetic oligonucleotide primers were used. 

Sequence assembly and analysis was accomplished by the 
computer programs DBUTIL, ANALYSEQ, and DIAGON 
(Staden 1980, 1982a, b, 1984). The NBRF Protein Identification 
Resource database (accessed through Bionet) and the translated 
GenBank library (provided by D. Welsh, Princeton University) 
were searched for sequence similarities using the algorithm of 
Lipman and Pearson {1985). 
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