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The daughterless (da) gene is known to have separate maternal and zygotic functions: Maternally supplied 
daughterless activity is required for proper sex determination and dosage compensation in female embryos, 
whereas loss of zygotically supplied da"*" activity causes embryonic lethality in both male and female embryos. 
We have found that the zygotic da* activity is necessary for neural development: The use of neuron-specific 
antibodies and p-galactosidase-marked X chromosomes has revealed that in both male and female embryos 
deletions or strong mutations of the da gene remove all peripheral neurons and associated sensory structures 
without disrupting the epithelium from which they derive. Partial da"*^ function causes partial removal of 
peripheral neurons. Our results indicate that da"*^ is required for the formation of peripheral neurons and their 
associated sensory structures. 
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Sensory organs of insects arise in a precise spatio-tem
poral pattern within the epidermal primordium that 
forms the body wall. These sensory organs include sen
sory neurons that are located peripherally and any sup
port cells that form associated sensory structures. Pre
vious studies suggest that at least in some cases, the 
neuron(s) and support cells of a sensory organ arise from 
the same precursor (Wigglesworth 1953; Lawrence 1966; 
Bate 1978). 

The mechanisms underlying sensory organ pattern 
formation are unknown but can be studied genetically 
and biochemically if mutations can be found that per
turb the pattern. In Drosophila, two types of mutations 
have been found that alter the pattern of peripheral sen
sory neurons. Mutations that reduce the function of the 
neurogenic loci (for review, see Campos-Ortega 1985) 
increase the number of neurons in the central nervous 
system, as well as in the periphery (Hartenstein and 
Campos-Ortega 1986). In contrast, loss or reduction of 
fimction of the achaete-scute complex (AS-C) causes re
moval of specific subsets of sensory neurons and their 
associated sensory structures; deleting the entire AS-C 
locus eliminates all sensory neurons, except for one spe
cific type, the chordotonal neurons (Dambly-Chaudiere 
and Ghysen 1987). In our screen for mutations that alter 
the pattern of sensory neurons (Jan et al. 1987), we have 

found that the deletion of a gene on the second chromo
some causes elimination of all sensory neurons and their 
associated sensory structures. We show here that this 
gene is daughterless (da). 

The first spontaneous mutation da, da^ (Bell 1954) is a 
hypomorph, with reduced, but not zero, activity 
(Manage and Sandler 1973). Under certain temperature 
regimes, mothers homozygous for da^ produce normal 
male progeny but fewer or no female offspring (Sandler 
1972; Cline 1976). The da gene appears to have multiple 
functions. (1) During embryogenesis, maternal da'^ ac
tivity is necessary for normal activation of the sex deter
mination gene. Sex lethal (Sxl), which elicits proper dif
ferentiation of female somatic tissues, as well as proper 
dosage compensation in female embryos: Lack of ma
ternal da'^ activity causes incorrect dosage compensa
tion and lethality in female embryos (Cline 1978, 1980, 
1983, 1984; Lucchesi and Skripsky 1981; Gergen 1987). 
(2) In adult females, lack of da'^ activity results in non-
fertile eggs of both sexes (Cline 1976; Cronmiller and 
Cline 1987). (3) In addition to these strictly maternal ef
fects, both male and female homozygous da^ embryos 
from heterozygous parents also show a temperature-de
pendent reduction of viability (Cline 1976; Cronmiller 
and Cline 1986), suggesting that the da gene has addi
tional zygotic function. This is supported by the recent 
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finding that strong, probably null mutations of da [da^ 
and da^] are embryonic lethal (Cronmiller and Cline 
1987). 

The da'^ requirement for sex determination is strictly 
maternal (Cline 1976, 1980), whereas that for neural de
velopment is primarily zygotic (see below). This allows 
the two phenotypes to be separated experimentally. In 
this paper we analyze the embryonic phenotype and 
present genetic evidence indicating that the same gene 
is responsible for both sex determination and the forma
tion of sensory organs. 

Results 

Zygotic da"̂  gene activity is required for the formation 
of sensory organs 

In our screen for mutations affecting the embryonic pe
ripheral nervous system (PNS; Jan et al. 1987), we found 
that one deletion, Df(2L)f27, eliminates all peripheral 
neurons and associated sensory structures. This is sim
ilar to the phenotype of an ethylmethane sulfonate 
(EMS)-induced mutation, 1(2)11331, isolated by Niiss-
lein-Volhard et al. (1984). Homozygous 1(2)11331 em
bryos show no movement late in embryogenesis (C. 
Niisslein-Volhard, pers. comm.) and have reduced cen
tral nervous system (CNS; Campos-Ortega, quoted in 
Niisslein-Volhard et al. 1984). In addition to the CNS 
defect, we have found that these embryos also lack all 
peripheral neurons (Fig. 1) and have no external sensory 
structures. Subsequent genetic studies suggested that 
the similar phenotypes seen in Df(2L)J27 and 1(2)11331 
embryos are due to lesions of the same gene: Genetic 
mapping of 1(2)11331 showed that the lethal mutation 
associated with the nervous system defects maps be
tween fuzzy (2-33) and black (2-48.5) on the left arm of 
the second chromosome, the same region that contains 
Df(2L)J27. Furthermore, 1 (2)11331/Df(2L)J27 embryos 
are lethal and show the same PNS and CNS defects as 
either homozygote. Therefore, 1(2)11331 probably inac
tivates one of the genes deleted hy Df(2L)f27. 

In testing complementation between 1(2)11331 and 
genes known to be deleted by Df(2L)]27 (Sandler 1977), 
we found that 1(2)11331 fails to complement 
da:l(2)11331/da^ embryos die (independently observed 
by J. Tomkiel, pers. comm.), as do Df(2L)J27/da^ em
bryos (Mange and Sandler 1973). The mutation 1(2)11331 
also fails to complement the lethality of two strong da 
mutations, da^ and da^. Furthermore, Cronmiller and 
Cline have shown that like da^ and da^, 1(2)11331 affects 
sex determination: Females containing two copies of da^ 
on one chromosome [D^[da^] 119] (Cronmiller and Cline 
1986) and 1(2)11331 on the other produce no daughters at 
25°C. Moreover, 1(2)11331 interacts with other sex-de
termination mutations in the same way as do previously 
identified da mutations: 1(2)11331 interacts with Sxl 
and sisterless-a (sis-a) mutations so that >98% of female 
transheterozygotes of Sxl and sis-a from mothers het
erozygous for 1(2)11331 die (C. Cronmiller and T. Cline, 
pers. comm.; for discussion of these tests for sex deter

mination function, see also Cronmiller and Cline 1987). 
Thus, 1(2)11331 fails to complement the lethality of da 
mutations and behaves as a null allele of da, with re
spect to the maternal function in sex determination. 

To determine whether da mutations, such as the 
strong alleles da^ and da^ and the hypomorphic allele 
da^, also affect the nervous system, we stained da mu
tant embryos with neuron-specific antibodies. The 
parents of these mutant embryos carry the wild-type da 
gene on one chromosome so that sufficient maternal 
da "̂  activity is present in the embryos for proper sex de
termination and dosage compensation (Cline 1976; 
Cronmiller and Cline 1987). Embryos of the genotype 
daVda^, daVda^, daV 1(2)11331, ox daV 1(2)11331, show a 
phenotype similar to that of homozygotes of 1(2)11331 
or Df(2L)f27: All sensory neurons are missing, and the 
CNS is abnormal (Table 1). Although da^/da^ embryos 
show no detectable abnormalities in their PNS or CNS, 
da^ 11(2)11331 embryos show a reduction in sensory neu
rons (Fig. 2; Table 2). Similar reductions in sensory neu
rons are seen in da^/Df(2L)J27 embryos (data not shown). 

Taken together, these results show that the CNS and 
PNS defects of 1(2)11331 are due to a mutation of the da 
gene, hereafter designated da"^^^. Each of the da muta
tions identified previously also acts zygotically and 
causes a reduction or total removal of sensory neurons 
in embryos. 

The phenotype of homozygous da mutant embryos 

In crosses between flies heterozygous for a strong da 
mutation, one quarter of the progeny has no peripheral 
(sensory) neurons (Table 1). When X-linked markers are 
used to determine the sex of embryos (as described later), 
both male and female mutant embryos lack peripheral 
neurons (data not shown). The nonneural tissues, on the 
other hand, appear to differentiate normally in mutant 
embryos throughout the 8- to 11-hr period in which the 
PNS would normally arise (embryogenesis takes 22 hr at 
25°C) 

Gut The gut is formed by the invagination of the ecto-
dermally derived foregut and hindgut and by endodermal 
cells that spread over the yolk mass and fuse dorsally 
and ventrally to form the midgut (Campos-Ortega and 
Hartenstein 1985). In wild-type embryos, this fusion of 
the midgut and its connection with the foregut and 
hindgut occurs —12 hr after fertilization. This charac
teristic morphology is found in >95% of the mutant 
j^iiB3i embryos (e.g., cf. Fig. lc,d). 

Muscles Wild-type embryos begin to label with the 
muscle-specific monoclonal antibody 6D5 at about 12 hr 
after fertilization, and the muscle pattern is essentially 
complete by 14-15 hr (Fig. 3a). In da"^^^ mutant em
bryos (identified by clearly visible defects in their CNS), 
the muscles always begin to label with the 6D5 antibody 
at about 12 hr but show variable defects (Fig. 3b). In 
some cases, the muscles arise in essentially their normal 
positions and numbers, although a few muscle fibers ap-
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Figure 1. Nervous system defects in da11B3* homozygous embryos. (a] Wild-type embryo stained with the neuron-specific monoclonal 
antibody 44C11, which specifically labels neuronal nuclei. At this stage, the complete set of peripheral neurons has arisen and is 
repeated segmentally along the length of the embryo. Anterior is to the left in this and all other figures. Dorsal is up in a-d and in all 
figures showing a lateral view of the embryo. Development can be staged by the degree of retraction and condensation of the CNS. 
The location of the posterior end of the CNS at the posterior end of the embryo indicates that this embryo is about 12 hr after 
fertilization. (b) A 12-hr mutant embryo, stained with 44C11. The focal plane is on the peripheral epithelium, as in a. No peripheral 
neurons are evident; the defective CNS is labeled but not in focus. (c) The same wild-type embryo as in a but with the focus on the 
CNS, which extends along the ventral (bottom) side of the embryo. The midgut has differentiated to form a single sack [arrowheads) 
encasing the yolk completely and tapering to connect with the hindgut at its posterior end. [dl The same daIrB31 embryo as in b but 
with the plane of focus on the CNS. The CNS is abnormal, with a prominent gap in the ventral nerve cord, as well as defects in the 
brain. Gut morphology (outlined by arrowheads] is normal. (e) Ventral view of a 10-hr wild-type embryo labeled with anti-HRP 
antibodies. The CNS extends continuously along the ventral side of the embryo. I f J  Ventral view of a 10-hr darml mutant embryo 
labeled with anti-HRP antibodies, showing segmental gaps in the CNS. Labeled processes extend from the CNS into the periphery. (g] 
Ventral view of a 10-hr wild-type embryo stained with monoclonal antibody 21A4, which labels neuronal cell bodies and processes. 
Segmental nerves (arrow) extend laterally from the CNS in each segment. (h) Ventral view of a 10-hr daZZB3l mutant embryo labeled 
with 21A4. Labeled processes (arrows) extend from remaining clumps of central neurons. Scale bar represents 100 prn (a, b], 110 pm 
(c-f), and 120 pm (g, h). 
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Table 1. Complementation analysis and embryonic phenotype of 1(2)IIB31 and da alleles 

Cross: 
(female x male)* 

Embryos with 
defective PNS(%) 

Percent of 
PNS missing in 
defective embryos 

100 (34/34) 

100 (27/27) 

100(19/19) 

100 (37/37) 

100 (55/55) 

17b 

0(0/31) 

0 (0/26) 

Embryos with 
defective CNS(%; 

27 (34/124) 

24(27/114) 

23(19/81) 

23(37/161) 

26 (55/214) 

0(0/89) 

0(0/31) 

8 (2/26)^ 

1{2)IIB31 1{2]IIB31 
X 

CyO CyO 

da^ da^ 

Cyo Cyo 

da^ da^ 

Cyo Cyo 

da^ 1{2)IIB31 
X 

CyO CyO 

da^ 1{2]IIB31 
X 

CyO CyO 

da' 

CyO 

da' 
X 

+ 

1{2]IIB31 

CyO 

da' 

+ 

1{2]IIB31 + 

-h + 

17 (34/124) 

24(27/114) 

23(19/81) 

23(37/161) 

26 (55/214) 

28 (25/89) 

0(0/31) 

0 (0/26) 

* In each cross, the genotype of the female is given first, followed by the male. 
b Number of neurons missing in dorsal, lateral, ventral', and ventral clusters of abdominal segments 1-6 was scored; data taken from 
Table 2. 
^ These 8% embryos showed CNS constrictions like those seen in female progeny of da'/da' mothers (Fig. 5a). 

pear to have broken away from one of their attachment 
sites and contracted to form a ball. In other cases, some 
muscle fibers are missing entirely, and it is not clear 
whether they arose normally and later broke away from 
both of their attachment sites, whether they failed to 
arise at all, or whether they eventually would have 
arisen had the embryos been fixed at a later time. In any 
case, the majority of muscles form and differentiate rela
tively normally, even though the peripheral neurons 
were completely eliminated in alkof these mutant em
bryos at an earlier stage of development. 

Figure 2. Partial PNS reduction of da'/da"^^' embryos, [a] A 
13-hr wild-type embryo labeled with the 44C11 antibody. Dis
tinct dorsal (d) and lateral (1) clusters of peripheral neurons are 
present in each segment. In the abdominal segments (Abd 
bracket) there are between 11 and 13 neurons in each dorsal 
cluster, and between 12 and 13 neurons in each lateral cluster. 
(b) A 44Cll-labeled 13-hr embryo from the cross da'/CyO X 
da^'^^'lCyO (CyO is a dfl"̂  balancer chromosome). The number 
of peripheral neurons in ̂ achr cluster is reduced, with as few as 
six neurons present in some abdominal dorsal clusters. The 
longitudinal spacing between these clusters is normal. About 
25% of the embryos from this cross (but not in control crosses 
of flies carrying the CyO balancer chromosome) show reduc
tions in the number of peripheral neurons; these are presumed 
to be of the genotype da'/da"^^'. Scale bar represents 100 |xm 
{a, b). 

Trachea In wild-type 13- to 15-hr embryos, prominent 
tracheal tubes run longitudinally along the embryo, near 
the dorsal midline. In da"^^^ mutants, trachea arise in 
each segment, but generally (90%; Table 3) there are one 
or more regions in which the trachea fail to fuse and 
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Table 2. Partial PNS defects in progeny of da^ + x 1(2)IIB31/-^ 

Cross: 
(female x male) 

+ + 

+ + 

da^ li2]IIB31 
X 

+ + 

Dorsal cluster 

M: 12.5 + / -0 .6 
R: 11-13 
n = 45 

M: 10.3 + 7-1.4 
R: 8-13 
n = 60 

Lateral cluster 

M: 13.0 + / -0 .5 
R: 12-13 
n = 60 

M: 11.5 + / -1 .8 
R:5-13 
n = 29 

Ventral' cluster 

M:8.0 + / -0 .2 
R: 7-8 
n = 59 

M: 7.2 + / -1 .2 
R:4-9 
n = 60 

Ventral cluster 

M: 11.0 + / - 0 .1 
R: 10-11 
n = 60 

M:8.1+/-1 .8 
R:4-12 
n = 40 

* In each cross, the genotype of the female is given first, followed by the male. 
In the da^/ + x 1{2)IIB31/ + cross, —25% of the progeny show fewer PNS neurons than are observed in the normal range of variation 
within wild type {+/ + x +/ +); these were interpreted as being da^/l[2]UB31 in genotype. In these embryos, the peripheral neurons 
were counted in abdominal segments 1-6. In the da^/ -h x 1{2]IIB31/+ cross, the mothers were always da/+ in genotype. The 
number of neurons in each cluster was scored only for embryos showing PNS defects (28% of the embryos,- see Table 1). 
(M) Mean; (R) range; (n) number of abdominal segments scored. 

form a continuous longitudinal tube (mean number of 
interruptions: 2.5 ± 1.4). 

Epidermal phmoidium Because peripheral neurons 
and their associated sensory structures are derived from 
ectodermal cells, as are cells of the epidermis, we 

wanted to see whether their absence in mutant embryos 
was due to general defects of the epidermis. Cuticle 
preparations of mutant embryos reveal no external sen
sory structures but show the normal segmental pattern 
of ventral denticle bands (Fig. 4a) and the closely spaced 
noninnervated hairs on the dorsal surface (Fig. 4b). Thus, 
epidermal segmentation and the formation of the cutic-
ular pattern between 15 and 18 hr appear normal in mu
tant embryos. Because a number of external sensory 
structures are intermingled with the noninnervated 
dorsal hairs, the absence of external sensory structures 
without any accompanying holes or gaps in the field of 

*̂î  -̂ -̂

dorsal hairs indicates that the da"^^^ mutation specifi
cally affects the formation of sensory neurons and asso
ciated sensory structures without generally disrupting 
the epidermis. 

Although only results of the da"^^^ mutant analysis 
are shown, da^ and da^ mutants show very similar phe-
notypes. Gut and epidermis differentiate relatively nor
mally. Muscle and tracheal defects do occur regularly 
but are moderate relative to the complete lack of periph
eral neurons and external sensory structures. Moreover, 
the nonneural defects appear well after the neural de
fects have occurred. During the 8- to 11-hr period in 
which the PNS normally differentiates, the zygotic da 

mutant effects appear to be specific for the nervous 
system. 

The embryonic phenotype due to loss of maternal da"̂  

activity 

To examine the strictly maternal da mutant effect, we 
crossed homozygous da^ females to wild-type males at 
25°C and used the reciprocal cross as control (Table 3). 
Of embryos of da^ homozygous mothers, 50% show 
characteristic but variable defects. As will be described 
later, further experiments showed that the defective em-

Figure 3. Muscle formation in da^^^^^ homozygous mutant 
embryos, (A) A 14-hr wild-type embryo labeled with the mono
clonal antibody 6D5, which specifically labels muscle. Longi
tudinal muscles (vertical arrows) and circumferential muscles 
(horizontal arrows) occur in a segmentally repeated pattern, [h] 
A 14-hr da^^^^^ embryo labeled with 6D5. The basic pattern of 
longitudinal and circumferential muscles is present. However, 
longitudinal muscles are missing in at least one segment (*), 
and in another segment longitudinal muscles have broken away 
from one attachment site (small arrow) and are contracted to 
form a ball of labeled tissue (arrowhead) at the other attach
ment site, da"^^^ homozygous mutant embryos are positively 
identified by their characteristic CNS defects. These defects are 
clearly visible in 6D5-labeled embryos when the CNS is labeled 
lightly with the neuron-specific antibody 44C11. Scale bar rep
resents 100 |xm [a, b). 
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.1.. r*^/i^ f-/^pf' «-

,x 

>*-^ 

Figure 4. Epithelial segmentation and cuticle formation in da"^^^ mutant embryos, [a] Cuticle of a da"^^^ mutant embryo. The 
morphology and pattem of the ventral denticle bands are normal (only three of the bands are shown), {b] The same mutant embryo 
cuticle preparation, showing fine, noninnervated hairs on the dorsal surface of one abdominal segment (the ventral denticle bands are 
visible, but out of focus, at the top and bottom of the figure). The vertical dotted line shows the approximate position of the dorsal 
midline. Fine, nonpigmented hairs cover the dorsal surface of abdominal segments in mutant embryos, as in wild type. Scale bar 
represents 50 jxm [a]-, 20 \x.m {b). 

bryos are all female progeny of da^/da^ mothers. The 
most consistent phenotypes are defects in the CNS: The 
CNS either shows reduced width in certain regions (Fig. 
5a) or abrupt bends or twists (not shown). Sometimes an 
abnormally formed gut is found extended into the CNS 
(Fig. 5b). Unlike the zygotic phenotype of strong da al
leles, embryos of homozygous da^ mothers do not show 
gaps in the CNS or discontinuities in trachea (Table 3). 
Defects in the muscles are also less frequent and gener
ally milder than those of embryos homozygous for 
strong da alleles (not illustrated). Defects in either the 
number or placement of peripheral neurons were ob
served, but the degree of these defects varies widely. 
Some embryos show clear CNS defects but normal PNS, 
whereas in other cases, peripheral neurons are missing 
to a degree comparable to that observed in the da^/da"^^^ 
embryos described earlier (Fig. 2). 

The occurrence of these defects in about 50% of the 
progeny is consistent with the possibility that only fe
male embryos are defective. To test this, we used a 
transformant line, 3-39a, that contains the p-galactosi-
dase gene fused in frame with the transposase coding se
quence of an X-linked P element (E. Bier, K. Lee, S. She-
pard, and Y.N. Jan, unpubl.). This transformant shows 
p-galactosidase expression in the foregut and hindgut 
(Fig. 5b) and in rows of cells along the segment boundary 
(Fig. 5d). In crosses between males containing this X-
linked transposon and homozygous da^ females, all fe
male and no male progeny are marked by this tissue-spe
cific expression of p-galactosidase. In this case, we found 

that the maternal effect phenotypes described above are 
indeed limited to female progeny. 

The expression of p-galactosidase in cells along the 
segmental borders of 3-39a transformants allowed us to 
examine the epidermis further. Irregularity in the size of 
segments had been suggested by the irregular spacing of 
peripheral neuron clusters (Fig. 5c). This was confirmed 
in female embryos containing the X-linked transposon: 
Unevenly spaced segment boundaries as marked by cells 
expressing p-galactosidase were seen occasionally (Fig. 
5d). This, the maternal effect affects the general body 
plan and apparently all types of tissues, including the 
epidermis. 

In contrast to the maternal effect of da\ when the 
same X-linked transposon was used to determine the sex 
of embryos from the cross +/+-, da"^^^/+ X 3-39a/Y', 
j^iiB3i/^ we found that both male and female homo
zygous da"^^^ embryos lack sensory neurons and have 
abnormal CNS, whereas the segments are identical in 
size, as judged by p-galactosidase expressing cells at the 
segment border of female embryos (not shown). 
A normal segmental pattem was also evident from the 
regular spacing of PNS clusters in da^/da^^^^^ embryos 
(Fig. 2). 

Discussion 

The da gene is important for neural development as 
well as sex determination 

We have found that zygotic function of the daughterless 
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Figure 5. Defects in female embryos from da^ /da^ mothers, [a] Ventral view of a 44C11-labeled 13-hr embryo from a cross between 
da^ homozygous females and wild-type males. The CNS is reduced in width midway along its length, [b] 44C11 and anti-p-galactosi-
dase labeling of a 13-hr embryo from a cross between da^ homozygous females and 3-39a transformant males. The X-linked p-galacto-
sidase of 3-39a is expressed in the foregut and hindgut (large arrowhead) and serves as a marker for female embryos. The gut is 
malformed and has extended ventrally, causing a gouge in the CNS. (c) A 44C11-labeled 12-hr embryo from the same cross as in a. The 
dorsal clusters (arrowheads) of peripheral neurons are spaced irregularly, with widely varying distances between them. One cluster is 
displaced dorsally (upward) relative to the others, [d] Lateral view of a 13-hr 44C11 and anti-p-galactosidase-labeled female embryo 
from the same cross as in b. The expression of p-galactosidase in rows of cells along each segment boundary (arrows) reveals irregular 
spacing, indicating that the segments are unequal in size. Scale bar represents 100 ixm [a-d]. 

Table 3. Maternal vs. zygotic da phenotypes 

-h + 
Phenotype — x — 

+ + 

^^11831 ^^11831 

X 

CyO CyO 

da^ + 
— ( f ) X - ( m ) 
da^ + 

-h da^ 
- ( f ) X — ( m ) 
+ da^ 

Defective embryos (%) 0 (0/124) 

PNS defects 
mutant embryos^ with no PNS —*̂  
percent of PNS missing in a 

mutant embryo^ —"̂  

CNS defects 
Constrictions, twists, or kinks —^ 
Longitudinal gaps —<= 

Tracheal defects 
Interruptions 0 (0/24) 

27 (34/124) 46 (49/106) 3(1/30)^ 

100 (34/34) 

100 (34/34) 

100 (47/47) 
85 (44/52) 

0 (0/49) 

0-20 (estimate] 

100 (46/46) 
0 (0/46) 

90 (27/30) 0 (0/22) 0 (0/30) 

^ This one defective embryo was abnormal in that its CNS was constricted in diameter along its length. NOTE: A 3% occurrence of 
abnormalities in wild-type populations is observed regularly. 
^ Homozygous da^^^^^ (i.e., zygotic effect) mutants identified by CNS defects. Maternal effect mutants identified by CNS, PNS, gut, 
and/or epithelial defects. 
^ Variations in scorable neurons are shown in Table 2. Otherwise, no CNS or PNS defects have been observed. 
(f) Female; (m) male. 
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gene is necessary for the formation of all peripheral neu
rons and associated sensory structures in Drosophila 
embryos. The PNS normally forms between 8 and 11 hr 
after fertilization; thus, the neuronal phenotype corre
lates with the previously reported zygotic lethal pheno
type and its temperature-sensitive period (Cline 1976). 
In contrast, the maternal function appears to be required 
at or prior to the blastoderm stage (Cline 1976) for cor
rect dosage compensation and somatic differentiation in 
female embryos (Cline 1978, 1980, 1983, 1984; Lucchesi 
and Skripsky 1981; Gergen 1987). Lack of da-^ function 
in the maternal germ line results in female-specific le
thality, probably due to incorrect dosage compensation 
(Cronmiller and Cline 1987). Because only female em
bryos of da^/da^ mothers are found to be defective, their 
abnormal development of the epidermis, as well as the 
nervous system, is most likely a consequence of the ma
ternal effect of da^ on sex determination. In constrast, 
loss of da'^ zygotic function affects neural development 
and causes lethality in both male and female progeny. It 
is possible that loss of da'^ in the maternal germ line 
may affect neural development in both male and female 
embryos. However, a reduction of da'^ activity in homo
zygous da^ mothers has no detectable effect on their 
male progeny (Table 1). Similarly, the reduced da-^ ac
tivity in mothers heterozygous for da"^^^ also caused no 
visible defects (Table 1). Thus, the da gene serves two 
important functions at different developmental stages: 
one concerns the determination of female somatic cells, 
and the other concerns the formation of sensory organs 
(Fig. 6). 

Neuronal specificity of the da zygotic phenotype 

The reduction of da'^ function in da^ homozygous 
mothers causes general disruption of apparently all types 
of tissues, including the nervous system. These defects 
are evident in female embryos but not in male embryos. 
In contrast, the loss of the zygotic da'^ function causes 
an early and complete removal of peripheral neurons and 

daughterless 

maternal 
product 

sex determination 
(in females only) 

zygotic 
product 

PNS formation 
(in males and females) 

Figure 6. Contribution of matemal and zygotic da "̂  product to 
sex determination and PNS formation, da'^ function in sex de
termination is primarily due to matemal product, whereas its 
function in neuronal development is primarily zygotic. This 
summary diagram is simplified and does not indicate all aspects 
of da-^ function. 

associated sensory structures in both male and female 
embryos. Other tissue types, such as gut, continue to 
undergo relatively normal morphological differentiation 
during the period in which the neuronal defects take 
place. Most significantly, the epidermis—from which 
the PNS and sensory structures are derived—also con
tinues to differentiate normally for many hours after the 
neuronal defect has occurred, even in regions where sen
sory neurons and structures would normally form. 
Therefore, during embryogenesis, da appears to act di
rectly on neurons (or their precursors; see below), rather 
than indirectly by disrupting the epidermis. 

Our results do not exclude the possibility that ma
temal da'^ from heterozygous mothers may rescue non-
neuronal tissues from zygotic defects in embryos homo
zygous for extreme da alleles. If so, it is possible that the 
zygotic defects would be greater in noimeuronal tissues 
if there were less or no matemal da'^. However, in as
saying the matemal contribution of da'^ to the zygotic 
lethal phenotype, Cline and his co-workers have shown 
that this matemal contribution is minor (Cline 1976; 
Cronmiller and Cline 1986). Therefore, it seems un
likely that in the absence of maternal da'^ the zygotic 
phenotype would include gross defects in nonneuronal 
tissues. 

Cronmiller and Cline (1987) have reported that mitoti-
cally induced clones of epidermal cells homozygous for 
either da^ or da^ are smaller and are observed less fre
quently in the adult than are wild-type control clones. 
From this, they concluded that da^ and da^ mutations 
block imaginal cell growth. In the embryo, however, the 
epidermis and the cuticular structures that are derived 
from epidermis late in embryogenesis are well formed 
(Fig. 4). Therefore, \t appears that in the embryo these 
strong da mutations do not affect epidermal growth and 
differentiation but, rather, cause specific loss of all pe
ripheral (and some central) neurons. 

Muscles and trachea consistently show defects in 
strong da mutant embryos. In contrast to the PNS phe
notype, the muscle and trachea phenotypes vary sub
stantially among embryos: In some cases, the majority 
of muscles and trachea arise and differentiate in their 
normal positions, indicating that these nonneuronal 
tissues clearly can form even in strong da mutants. Fur
thermore, both muscles and trachea are innervated, and 
as these defects occur well after the neuronal defects 
take place, they may be due, at least in part, to lack of 
irmervation or other indirect effects of the mutation. 
Consistent with this possiblility, we have observed sim
ilar (but generally less frequent) defects in muscle and 
trachea in embryos deficient for the achaete-scute locus 
which, like da mutant embryos, shows CNS defects as 
well as greatly reduced PNS (Dambly-Chaudiere and 
Ghysen 1987; Jimenez and Campos-Ortega 1987). Be
cause the function and expression pattem of the AS-C 
appears to be specific for neurons and/or their precursors 
(Garcia-Bellido and Santamaria 1978; Cabrera et al. 
1987; Romani et al. 1987), these observations also sug
gest that mutations of neuron-specific genes can affect 
muscles and trachea, possible by indirect means. 
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daugbterless role in neurogenesis 

da function in neuronal development 

Having screened many chromosomal deletions and em
bryonic lethal mutations (Jan et al. 1987), covering 
—40% of the Drosophila genome, we have found only 
one gene, da, that is required for the formation of all 
peripheral neurons and sensory structures. No periph
eral neurons are present in strong da mutants when em
bryos of different stages are stained with various 
neuron-specific antibodies, including monoclonal anti
body 44C11; this antibody marks the first neuronal nu
clei at about 7 hr after fertilization, long before these 
neurons show any signs of morphological differentiation 
(Bier et al. 1988). No signs of monoclonal antibody 
44C11-posit ive cells were detected in the periphery of 
da mutant embryos throughout development. There
fore, it appears that the da'^ zygotic function is neces
sary very early during peripheral neurogenesis. Early ac
tion of the da gene is also indicated by the simultaneous 
loss of neurons and their associated sensory structures: 
In cases where the lineage of insect peripheral neurons is 
known, the neurons derive from the same precursors as 
their support cells that form the sensory structures. 
Thus, da may function early, perhaps by blocking for
mation of the precursors of both peripheral neurons and 
their support cells. Furthermore, in a transformant line 
in which p-galactosidase is expressed in all peripheral 
neurons, their support cells, and probably their pre
cursors, the strong da mutations eliminate all neural-re
lated p-galactosidase expression (C. Dambly-Chaudiere, 
A. Ghysen, L.Y. Jan, and Y.N. Jan, in prep.), again sug
gesting that the action of the da gene is likely to be early 
and necessary for the formation of all peripheral neurons 
and possibly their precursors. Together, these observa
tions suggest that da'^ acts very early in peripheral neur
ogenesis and may be required for the ectodermal cells to 
become precursors of sensory neurons. 

In both sex determination and neurogenesis, develop
mental control genes direct the choice of cells between 
alternative fates. The da gene appears to play an impor
tant role in an early step of both processes. In sex deter
mination, da fuctions as a regulatory gene that is re
quired for the sex-determination switch gene, Sxl, to be 
properly expressed in female embryos (Maine et al. 
1985). If da function in neurogenesis is analogous to its 
function in sex determination, it may be part of a regula-
torys switch mechanism by which ectodermal cells take 
on the fate of neuronal precursors in the periphery. 

Experimental procedures 

Terminology 

For clarity, we will use the designation da^ for the original hy-
pomorphic allele, although the convention has been to omit the 
superscript 1. 

Stocks 

da^, da^, and da^ were obtained from T. Clinc; da^^^^^ was origi
nally isolated by Nusslein-Volhard et al. (1984). Df(2L)f27 was 
obtained from the Bowling Green stock center. The transfor

mant line 3-39a, with X-linked transposon containing p-galac
tosidase, was generated by E. Bier and K. Lee and will be de
scribed elsewhere. The original 1(2)11331 chromosome con
tained several other mutations that were removed by 
recombination and replaced with multiply marked chromo
somal segments, da^ stocks were kept in uncrowded conditions 
at reduced temperature (2rC). All other stocks were kept in 
uncrowded conditions at 25°C. All crosses and embryo develop
ment were kept at 25°C. 

Immunocytochemistry 

The antibody labeling and histological procedures have been 
described previously (Bodmer and Jan 1987). Use of the anti-
HRP antibodies (Jan and Jan 1982), and 21A4 antibodies (Jan et 
al. 1985) as neuron-specific markers has been reported earlier. 
The 44C11 antibody, which specifically labels neuronal nuclei 
in Drosophila, has also been described (Bier et al. 1988). The 
6D5 antibody that specifically labels Drosophila muscles is a 
mouse IgG monoclonal antibody generated against Drosophila 
embryonic tissues. 

Cuticle preparations 

Procedures for making cuticle preparations of late embryos for 
the purpose of examining external sensory structures, as well as 
ventral denticle bands and noninnervated dorsal hairs, have 
also been described previously (Dambly-Chaudiere and Ghysen 
1986). 
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