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Summary 

Twelve maternal effect loci are required for the produc- 
tion of Drosophila embryos with a correct doraoventral 
axis. Analysis of mosaic females indicates that the ex- 
pression of the genes nude/, pipe, and windbeufel Is 
required in the somatic tissue, presumably in the folli- 
cle cells that surround the oocyte. Thus, Information 
coming from outside the egg cell influences dorsoven- 
tral pattern formation during embryogenesis. In trans- 
plantation experiments, the perivitelline fluid from the 
compartment surrounding the embryo can restore dor- 
soventral pattern to embryos from females mutant for 
nude/, pipe, or windbeufel. The positioning of the 
transplanted pervitelllne fluid also determines the po- 
larlty of the restored dorsoventral axis. We propose 
that the polarizing activity, normally present at the ven- 
tral side of the egg, is a ligand for the Toll receptor. 
Presumably, local activation of the Toll protein by the 
ligand lnitlates the formation of the nuclear concentra- 
tion gradient of the dorsal protein, thereby determln- 
Ing dorsoventral pattern. 

introduction 

The establishment of the primary axes of the Drosophila 
embryo is accomplished by four systems of maternal infor- 
mation (Niisslein-Volhard and Roth, 1989). Along the ante- 
rioposterior axis three independent systems of maternal 
effect genes determine the anlagen of the anterior (head 
and thorax), posterior (abdomen), and terminal (acron and 
telson) elements of the larva, respectively (Niisslein- 
Volhard et al., 1987). In contrast to anterioposterior devel- 
opment, the determination of the pattern elements along 
the dorsoventral axis is accomplished by a single system 
of positional information (Anderson and Niisslein-Volhard, 
1988; Anderson, 1987). These pattern elements are as 
follows, from ventral to dorsal: the mesoderm; the ventral 
neuroectoderm, which gives rise to the central nervous 
system and the ventral hypoderm, including the conspicu- 
ous ventral denticles; the dorsolateral ectoderm, from 
which the tracheae and dorsal hypoderm are derived; and 
the amnioserosa. 

Females lacking the function of any 1 of the 11 dorsal 
group genes, dorsal (dl), eastef (ea), gasrroletion defective 
(gd), nude/ (ndl), pipe (pip), pe//e @II), snake (snk), @Hz/e 
(spz), To// (7/), tube (tvb), and windbeutel (wind), give rise 
to embryos that are completely dorsalized, lacking ventral, 
ventrolateral, and dorsolateral pattern elements (Anderson 

and Niisslein-Volhard, 1988; Schiipbach and Wieschaus, 
1989). The egg shape, however, is not affected by mutants 
of the dorsal group genes and displays a normal dorsoven- 
tral polarity as seen in the morphology of the chorion. The 
dorsalized phenotype can be detected during gastrulation 
when cell movements characteristic of those seen on the 
dorsal side of the wild-type embryo occur all around the 
circumference of the mutant embryo. In contrast, females 
lacking the function of a 12th gene, cactus @act), give rise 
to embryos exhibiting an expansion of ventral structures 
at the expense of dorsolateral and dorsal structures 
(Schiipbach and Wieschaus, 1989; Niisslein-Volhard and 
Roth, 1989). 

The interaction of the productsof the dorsal group genes 
and tact causes the formation of a nuclear concentration 
gradient of the product of the dl gene (Roth et al., 1989; 
Rushlow et al., 1989; Steward, 1989). A comparison be- 
tween the nuclear distribution of dl protein and the devel- 
opmental fate map as reflected in the expression of zygotic 
dorsoventral genes in mutant and wild-type embryos indi- 
cated that dl protein acts as a morphogen by regulating 
zygotic gene expression in a concentration-dependent 
manner. The role of d/as a transcription factor is supported 
by its sequence homology (Steward, 1987) with several 
predicted (Gelinas and Temin, 1988) and demonstrated 
(Bouts et al., 1990; Ghosh et al., 1990; Kieran et al., 1990) 
transcription factors and by the demonstration in vitro that 
dl protein binds directly to a specific target DNA sequence 
(Ip et al., 1991). 

In embryos from lack-of-function mutants of any of the 
other 10 members of the dorsal group genes, the d/protein 
does not form a nuclear concentration gradient. Instead, 
it is found in the cytoplasm at all positions along the dorso- 
ventral axis (Roth et al., 1989; Rushlow et al., 1989; Stew- 
ard, 1989). In contrast, embryos produced by females mu- 
tant for tact exhibit elevated levels of dl protein in the 
nuclei at the lateral and dorsal regions of the embryo. 
These observations suggest that tact functions to inhibit 
the nuclear uptake of the dorsal protein, while the dorsal 
group gene products act in concert to facilitate the nuclear 
concentration. During normal development, the maximal 
nuclear concentration of dl protein in the embryo is found 
at the ventral side of the egg. The dorsal group genes, 
therefore, transduce an intrinsic dorsoventral polarity of 
the egg into embryonic dorsoventral polarity and conse- 
quently define positions along the circumference at which 
the dl protein is taken up. 

Several experimental approaches have been taken to 
define the distinct roles of the individual genes during dor- 
soventral pattern formation and to order them tentatively 
in a functional hierarchy. Some restoration of dorsoventral 
pattern can be seen following injection of wild-type cyto- 
plasm into mutant embryos of several of the dorsal group 
genes (Santamaria and Niisslein-Volhard, 1983; Ander- 
son and NOsslein-Volhard, 1984a; Anderson et al., 1985b), 
and the inability to rescue embryos derived from females 
mutant for ndl, pip, wind, and gd (Anderson and Nijsslein- 
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Volhard, 1984a) has suggested that these gene products 
have a role during oogenesis that cannot be restored by 
altering the cytoplasmic content of the mature mutant egg. 
For most of the dorsal group genes in which cytoplasmic 
injection results in rescue (d/, ea, tub, p/l snk, and spz), 
the polarity of the restored pattern is normal and corres- 
ponds to the orientation of the egg axis rather than deter- 
mined by the site of injection. This indicates that despite 
their dorsalized phenotype, mutant embryos retain an in- 
trinsic polarity. The gene TI behaves strikingly different 
in cytoplasmic rescue experiments since the polarity of 
rescued embryos in this case is determined by the site of 
injection of the rescuing activity (Anderson et al., 1985b). 
However, no significant spatial asymmetry of rescuing ac- 
tivity in donor embryos was observed. These experiments 
single out the T/gene product as an important mediator of 
dorsoventral polarity. 

In addition to the dorsalized lack-of-function alleles, 
there exist dominant gain-of-function alleles of TI that dis- 
play a ventralized phenotype, which retains polarity. Ven- 
tral pattern elements occupy an expanded portion of the 
dorsoventral circumference at the expense of lateral and 
dorsal pattern elements. Females that are doubly mutant 
for the gain-of-function allele TP and for d/, tub, or p/l 
give rise to dorsalized progeny (Anderson et al., 1985a; 
K. Anderson, unpublished data). In contrast, TP mutant 
females that are additionally mutant for ea, go, ndl, pip, 
snk, spz, or wind produce embryos that are partially ven- 
tralized and apolar (the ‘lateralized” phenotype). This indi- 
cates that these genes act upsteam of TI in establishing 
the polarity of the embryo, while tub and p// presumably 
act downstream of T/ and transmit the polarizing signal 
received by TI into a gradient of nuclear localization of dl 
(K. Anderson, unpublished data). The T/ gene has been 
cloned and found to encode a putative transmembrane 
protein that is evenly distributed in the membrane sur- 
rounding the embryo (Hashimoto et al., 1988; unpublished 
data). 

An important clue to the understanding of TI function 
was provided by studies of the gene torso (tar), which plays 
a key role in the terminal system of axis determination. 
Like TI, there also exist tor gain-of-function alleles with a 
phenotype opposite to the lack-of-function alleles (Klingler 
et al., 1988). tar encodes a transmembrane protein with 
homology to receptor tyrosine kinases (Sprenger et al., 
1989) that is evenly distributed in the egg membrane (Cas- 
anova and Struhl, 1989; Stevens and Niisslein-Volhard, in 
press). Determination of the embryonic termini is thought 
to result from activation of for by a ligand produced by polar 
populations of somatic follicle cells, during the formation of 
the egg (Stevens et al., 1990). By analogy, TI protein could 
act as a receptor for an extraembryonic signal produced 
under the control of a ventral population of follicle cells. 

We have investigated whether the polarity along the em- 
bryonic dorsoventral axis is initiated by a signal originating 
outside of the embryo, with the 77gene product playing the 
role of a receptor. Schiipbach (1987) observed that the 
expression of the maternal effect locus torpedo (top) is 
required in the follicle cells for the elaboration of correct 
dorsoventral polarity of both the eggshell and the future 

embryo. This suggested that the somatic follicle cells sur- 
rounding the developing oocyte might provide a signal that 
would later polarize the embryo and that this signal might 
involve the function of 1 or more of the dorsal group genes. 
Here, we show that of the 11 dorsal group genes, the 
expression of ndl, pip, and windare required in the somatic 
tissue but not in the germline of the developing egg folli- 
cles. Recently, Schiipbach has also obtained evidence 
that members of the dorsal group act in the soma (as cited 
in Manseau and Schiipbach, 1989). By transplantation of 
fluid from the compartment bounded by the egg mem- 
brane and the vitelline coat (the perivitelline fluid) we have 
identified an activity that is able to restore the formation of 
a dorsoventral axis to mutant ndl, pip, or wind embryos. 
This activity can only be detected in eggs that lack the 
TI gene product; furthermore, the location at which the 
perivitelline fluid is deposited into the perivitelline compart- 
ment of the recipient egg determines the polarity of the 
rescued embryo. This suggests that the perivitelline fluid 
contains a ligand that is produced in limited quantities, that 
binds to the extracellular domain of the TI protein. We 
propose that during normal development this ligand is pro- 
duced at the ventral side of the egg and mediates the 
ventrally restricted actiation of the TI protein, thereby trig- 
gering a signal transduction cascade that culminates in 
the graded nuclear uptake of dl protein. 

Results 

ndl, pip, and wind Expression Is Required in the 
Somatic Tissue of the Adult Female 
To determine within which tissues expression of the dorsal 
group genes is required, mosaic females were constructed 
in which the germline was mutant for a dorsal group gene, 
while the somatic tissue was wild type, or vice versa. Ho- 
mozygous mutant pole cells were transplanted into recipi- 
ent embryos that were wild type for all dorsal group genes 
but carried the dominant female sterile mutation Es(l) 
ova“’ (Busson et al., 1983). Fs(7)ovoD’ females are sterile 
due to the failure of the germ line to develop; after trans- 
plantation, only those females in which donor pole cells 
have populated the germline lay eggs. The production of 
dorsalized embryos by such females indicates a germline 
requirement for the dorsal group gene under investigation, 
while the production of normal progeny indicates that ex- 
pression of the gene is not required in the germline. Trans- 
plantations of this type indicated that the genes ea, snk, 
p/l, and tub must be expressed in the germline during oo- 
genesis (Table 1). In contrast, expression of the genes 
ndl, pip, and wind is not required in the germline. The 
reciprocal transplantation of wild-type pole cells into fe- 
males that were homozygous for pip or ndl and were also 
heterozygous for Fs(7)ovoO’ resulted in the production of 
dorsalized progeny (Figure l), indicating that expression 
of these two genes is required in the somatic tissue. The 
donor embryos carried a ftz-l8cZ transgene (Hiromi et al., 
1985). 8-Galactosidase staining in the dorsalized progeny 
of fertile females confirmed that these embryos arose from 
the transplanted (wild-type) pole cells (Figure 1). We could 
not carry out a similar reciprocal transplantation to confirm 
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Table 1. Production of Ovarian Mosaics by Pole Cell Transplantation 

Parental Genotype of 
Pole Cell Donors 

ea’/ea2 

ndP/ndP 

pll~‘Vpll me 

pip”/pip” 

snk?snP 

tub”VYuP 

windRPAvind” 

rf&2)4304, ty+ BgaF 

Tf(3;2)4304, f-y+ BgaF 

Parental Genotype 
of Pole Cell 
Recipients 

ovoD males x 
0reR females 

ovoD males x 
0reR females 

ovoD males x 
oreR females 

ovo” males x 
oreR females 

ovoD males x 
oreR females 

ovoD males x 
oreR females 

ovoD mates x 
oreR females 

ovoo;ndl~/-r~ 
males x n&f/Y 
TM3 females 

ov~;p@VrM3 
males x pipV 
TM3 females 

Number of 
Recipients 
Injected 

420 

200 

434 

925 

370 

398 

445 

568 

360 

Number of Number of 
Surviving Fertile 
Adult Adult 
Females Females 

137 8 

55 4 

131 22 

256 10 

107 10 

119 10 

107 21 

62 7D 

42 9b 

Phenotype of Progeny 
Embryos/Tissue 
Dependence 

Dorsalized/germline 

Wild type/germline excluded’ 

Dorsalized/germline 

Wild type/germline excluded’ 

Dorsalized/germline 

Dorsalizedlgermline 

Wild type/germline excluded’ 

DorsalizedLsoma 

Dorsalized/soma 

Pole cell transplantation and analysis of mosaic females were carried out as described in the Experimental Procedures. Parental genotypes of 
donor and recipient embryos are given only with respect to dorsal group genes and Fs(7)ovoD’. Other workers have previously established the 
germlinedependent expression of the dorsal group genes gd (Konrad et al., 1988b). dl, TI (Schiipbach and Wieschaus, 1986) and spz (Seifert et 
al., 1987). 
a The production of wild-type progeny in these cases indicates that the expression of these genes is not required in the germline. While it suggests 
a requirement for expression in the soma, this result does not constitute a proof. 
b In the investigations of the somatic dependence of the genes ndl and pip (bottom two transplantations in the table), the number of surviving adult 
females and fertile females refers only to the informative transheterozygous females (i.e., Fs(l)ovoD’;nd/‘9ndlm and Fs(7)ovoD’;pi~/pi~). 

the somatic requirement for wind expression due to the Recovery and Transplantation of Perivitelline Fluid 
semilethal zygotic phenotype of the wind locus (Schiip- To protect the Drosophila egg following oviposition, the 
bath and Wieschaus, 1989). We consider it likely, how- somatic tissues of the egg follicle produce the eggshell 
ever, that the requirement for wind expression is also re- coverings, the vitelline coat, and the chorion. During early 
stricted to somatic tissues. development, the membrane of the embryo remains inti- 

Figure 1. Gastrulation Patterns of the Em- 
bryos Developing after Transplantation of 
Wild-Type Pole Cells into pip Mutant Females 

Transplantation of pole ceils from embryos of 
the genotype 7~3;2)4304,ry+flga/~p (Hiromi et 
al., 1985) into recipient embryos homozygous 
for mutant alleles of the genes pip or ndt was 
carried out as described in the Experimental 
Procedures. The top panel shows a gastrulat- 
ing embryo of the genotype 77(3;2)4304,~ 
figelw. It was fixed and stained using an anti- 
body directed against E. coli B-galactosidase, 
which illustrates the tYz promoter-directed ex- 
pression of the /acZ transgene. The gastrula- 
ton pattern is wild type. The lower panel shows 
a gastrulating embryo produced by a female 
that was somatically pip/pip but received pole 
cells of the genotype n(3;2)4304~y+&aI”~ (as 
confirmed by the striped pattern after staining 
with anti-/acZantibody) by transplantation. The 
embryo is dorsalized. A similar result was 
obtained when n(3;2)4304,ry’ &a/” pole 
cells were transplanted into females lacking 
ndl gene activity. Embryos are oriented with 
the anterior end at left and the dorsal surface 
upward. 
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Figure 2. Isolation and Transplantation of Per- 
ivitelline Fluid 
(A) shows a dorsalized embryo derived from a 
female lacking Tlactivity (genotype M(3R)roxe3/ 
TIMBRE) that was pricked ventrally using an un- 
broken needle, allowing a drop of perivitelline 
fluid to leak out. (8) and (C) show an embryo 
injected dorsally (see arrow) in the perivitelline 
soace with oerivitelline fluid containing FITC- _- 
conjugated BSA (Sigma) 2 min (B) and-10 min 
(C) after injection. Similar results have been 
shown previously by Warn and Magrath, 1982. 
Eggs are oriented with the anterior end at the 
left and the dorsal surface upward. 

mately associated with the vitelline coat. As embryogene- 
sis progresses, the embryonic membrane detaches from 
the vitelline coat at various points, thereby defining a fluid- 
filled perivitelline compartment. 

We attempted to detect activities present in this perivitel- 
line fluid that are capable of restoring pattern elements 
and potarity along the dorsoventral axis to no/, pip, and 
windmutant embryos. We obtained perivitelline fluid from 
eggs by pricking them at the points at which the embryonic 
membrane had detached from the vitelline coat during 
gastrulation, thus allowing the fluid to escape. Embryos 
undergoing a dorsalized gastrulation are particularly well 
suited as donors due to the formation of folds all around 
the circumference that give rise to large gaps between the 
vitelline coat and the embryo. Figure 2A shows an embryo 
from a 77- female whose vitelline coat was pricked during 
gastrulation, leaving the embryo intact and allowing a clear 
drop of perivitelline fluid to escape. 

To determine the feasability of introducing liquid into the 
perivitelline space of a recipient embryo and to monitor the 
distribution of successfully transplanted fluid, we mixed 

perivitelline fluid with FlTCconjugated BSA and injected 
this mixture into the perivitelline compartment of a recipi- 
ent embryo (see also Warn and Magrath, 1982). Two min- 
utes after injection, the transplanted material is present in 
a bolus around the site of injection (Figure 28). Within 
10 min, however, the fluorescing material has become 
completely distributed within the perivitelline space sur- 
rounding the embryo (Figure 2C). This demonstrates that 
it is possible to inject material into the perivitelline compart- 
ment of the egg and furthermore, that relatively large mole- 
cules such as BSA (molecular size, 66 kd) can diffuse 
rapidly within the perivitelline space. 

An Activity Present in the Perlvitelllne Fluid 
Determines Dorsoventral Polarity 
Initially, embryos derived from 77amorphic mutant females 
were used as donors for perivitelline fluid transplantation. 
While the dorsalized phenotype of these embryos facili- 
tates easy removal of perivitelline fluid, this genotype was 
chosen mainly because we reasoned that if a ligand for TI 
were present in perivitelline fluid, in TI’ embryos it might 
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Figure 3. The Effect of Transplanted Perivitelline Fluid from Donors Lacking TI Activity upon the Cuticular Pattern and Gastrulation Movements 
of *Deficient Recipients 
Perivitelline fluid was obtained from embryos lacking 77 activity (maternal genotype D@R)roXsJIT15BR3 and injected dorsally into the perivitelline 
space of embryos lacking pip activity (parental genotype pipw) as described in the Experimental Procedures. The cuticular pattern and the 
gastrulation movements of representative injected embtyos can be seen in (E) and (F), respectively. As controls, (A) and (B) show cuticle and 
gastrulation movements of wild-type embryos (strain Oregon R), while (C) and (0) show the differentiated cuticular pattern and gastrulation 
movements of uninjected dorsalized embryos produced by females of the genotype pip”/pip”. Note the presence of filzkdrper (fk) and ventral 
denticles (vd) in the embryo that was injected with perivitelline fluid. Additionally, note that the injected embryos display polarized gastrulation 
movements (F), but that these movements show a reversed orientation within the eggshell from that seen for wild-type embryos due to the dorsal 
deposition of the rescuing perivitelline fluid. Note particularly the ventral extension of the germband (see arrow) with respect to the eggshell and 
compare that with the wild-type dorsal extension of the germband seen in (B). The embryos (A, C, and 0) and the eggs (B, D, and F) are oriented 
with the anterior ends at left and the dorsal surfaces upward. 

be bound and unavailable for transplantation. On the other 
hand, in embryos completely lacking TI protein it might 
remain a diffusible and transplantable component of the 
perivitelline fluid long after the time at which it normally 
functions during wild-type development. When perivitel- 
line fluid from TI- embryos was transplanted into the perivi- 
telline space of embryos from pip mutant females, a large 
proportion of the recipient embryos exhibited a polar gas- 
trulation. At the end of embryogenesis, these embryos 
display ventrolateral and ventral cuticular structures and 
thus, an almost complete restoration of pattern along the 
dorsoventral axis (Figure 3E, Table 2). The establishment 
of ventral fate after injection of perivitelline fluid can also 
be observed in the early embryo using cell-specific mark- 
ers as demonstrated by the expression of twist, a zygotic 
gene normally expressed in the mesoderm in wild-type 
embryos (Thisse et al., 1998) (Figure 4). Strikingly, when 
the perivitelline fluid is transplanted into the periviteliine 

space on the dorsal side of the recipient egg, gastrulation 
occurs in reverse orientation with respect to the polarity of 
the eggshell, and the ventralmost elements of the dorso- 
ventral axis form dorsally at the site of injection (Figure 3; 
Figure 4). Similar results were obtained after injection of 
perivitelline fluid from TI- embryos into embryos from fe- 
males mutant for ndl or wind. As in the case of pip, the 
position at which the transplanted perivitelline fluid was 
placed determined the ventralmost point of the restored 
pattern (Table 2). These results suggest that somatically 
required dorsal group genes provide the signal that de- 
fines the polarity of the dorsoventral axis during normal 
development. 

A Polarizing Activity in the Perivitelline Fluid May 
Correspond to the T/ Ligand 
As described above, polarizing activity is present in the 
perivitelline fluid of embryos from TI- female. The assump- 
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Figure 4. Expression of the Mesoderm- 
Specific Gene twist at the Site of Perivitelline 
Fluid injection Containing the 77 Ligand 

Embryos were fixed and stained using an anti- 
body directed against the product of the fwist 
gene (Roth et al., 1989). Embryos are oriented 
as they were in the unmanipulated egg with 
the anterior to the right and the dorsal surface 
upward. (A) shows a stained Oregon R wild- 
type embryo undergoing germband extension. 
(B) shows a pip mutant embryo that was in- 
jected dorsally with perivitelline fluid from a 
TI mutant embryo and stained during germ- 
band extension. 

tion that in T/+ embryos it might be bound and unavailable Sal group genes whose products act upstream of T/should 
for transplantation proved correct, since the activity could also be active in dl mutant embryos. Table 2 shows that 
not be detected in embryos mutant for dl, presumably be- p/p and ndlembryos that are TI+ do not produce an activity 
cause such embryos retain wild-type activity of TI. All dor- capable of rescuing embryos of the other genotypes. To 

Table 2. Perivitelline Fluid-Mediated Rescue of the pip, ndl, and wind Mutant Embryos 

Parental Genotype of Parental Genotype 
Perivitelline Fluid of Perivitelline Number of 
Donors Fluid Recipients Injected Embryos 

Orientation of 
Gastrulation in 
Rescued Embryos 

Rescued Embryos 
with Filzkorper 

Rescued Embryos 
with Ventral 
Denticles 

n-/lq3R)rox” 
dl’/Df(2L)TW119 

I-WWP 
ndF/ndF 
snko’j/snk22 
Tl”orn~~ 
pipVlm/piipflBTIWRE 
nd12MTI”g/nd11003Tl-E 
tubr’sTlmhb==Tl-E 
7l-/LM(3R)roys3 
dl’/Df(2L)TW119 
nmm- 
ndlmTlm/ndl10e3TlsE 
pipv~~~n-~ 
T168RE/Dff3R)nYBJ 
dl’/Df2L)lW119 

8% Reversed 33 11 
85 No rescue 0 0 
77 No rescue 0 0 
27 No rescue 0 0 
77 No rescue 0 0 
68 Reversed 59 6 
76 No rescue 0 0 
00 No rescue 0 0 
73 Reversed 50 15 
64 Reversed 25 8 
65 No rescue 3’ 0 
55 Reversed 37 3 
37 No rescue 0 0 
57 No rescue 1’ 0 
76 Reversed 39 6 
79 No rescue 0 0 

Perivitelline fluid taken from embryos derived from the denoted maternal genotypes was transplanted dorsally into the perivitelline fluid of embryos 
lackingp@, ndl, or windactivity. Isolation and transplantation of perivitelline fluid and analysis of the effects of perivitelline fluid transplantation upon 
the gastrulation movements and cuticular rescue of recipients are as described in the Experimental Procedures. The orientation of the cephalic 
fold and the extension of the germband in p@- embryos after the introduction of R-derived perivitefline fluid indicate that gastrulation movements 
occur in reverse orientation, with respect to the orientation of the eggshell. Maternal genotypes are given only with respect to the dorsal group 
genotypes. The availability of recombinant chromosomes carrying 77”@ and other dorsal group mutant alleles dictated the use of T/““/TIBoR 
combinations. Embryos derived from 77R”07700A females show an apofar lateralized phenotype, generally exhibiting laterally derived denticles around 
their circumferences. The additional removal of ea, snk, or gd activity results in completely dorsal&d embryos. TlwR does not express any RNA 
and therefore contributes no 77 product. This indicates that the Tlnno gene product responds to ligand. Nevertheless, these embryos can serve as 
a source of diffusible liid. These observations suggest that 77& encodes a protein with an impaired ability to bind to the ligand. 
’ We have observed that after prolonged storage at 18% females of the genotype ndFhdlm begin to produce embryos that are not completely 
dorsalized. Therefore this allelic combination is temperature sensitive. We presume that the 3 embryos producing filzk&per after injection of 
periviielline fluid from dl donor embryos resulted from residual ndl activity at the low temperature. 
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Table 3. Temporal Parameters of Perivitelline Fluid-Mediated 
Rescue 

Number of 
Age of Number of Embryos 
Recipient Embryos Exhibiting 
Embryos Injected Rescue 

2 67 0 
3 51 11 
4 71 52 
5 66 2 
6 56 0 

Perivitelline fluid taken from TI mutant embryos was transplanted dor- 
sally into the periviielline space of pip mutant embryos at the noted 
stages of development (Campos-Ortega and Hartenstein, 1965). Isola- 
tion and transplantation of perivitelline fluid and analysis of the effects 
of perivitelline fluid transplantation upon cuticular rescue of recipients 
are as described in the Experimental Procedures. Rescued embryos 
were those showing the production of filzkdrper or ventral denticles. 

test whether this was the consequence of removal of active 
ligand by the TI gene product, or the absence of ligand 
altogether, becausendlorpip is required for its production, 
we also tested embryos from females doubly mutant for 
both TI and one of the somatically required genes. Rescu- 
ing activity could not be detected in the perivitelline fluid 
of pip TI or no/ TI embryos. In contrast, perivitelline fluid 
from tub TI embryos could rescue pip mutant embryos. 
These experiments indicate that the production of polariz- 
ing activity depends on the wild-type function of pip and 
ndl, but not on the activity of genes acting downstream of 
T/such astub. (For technical reasons, windwas not tested, 
although we assume that the wild-type activity of wind is 
also required for ligand formation.) 

To investigate the relationships between the somatically 
required dorsal group genes, we transplanted perivitelline 
fluid from pip T/embryos into ndl recipients as well as from 
ndl TI donors into pip recipients. In neither case was any 
restoration of dorsoventral pattern observed in the recipi- 
ent embryos (Table 2). From this we conclude that the 
restoration of pattern after perivitelline fluid transplanta- 
tion is not the simple result of complementation of the 
mutant phenotypes by introduction of the wild-type gene 
products. 

Temporal and Spatial Parameters of Perivitelline 
Fluid-Mediated Rescue 
To determine the time at which recipient embryos are com- 
petent to be rescued, perivitelline fluid from TI- embryos 
was transplanted into pip mutant embryos at various 
stages of development (Table 3). Syncytial blastoderm 
(stage 4 of Campos-Ortega and Hartenstein, 1985) em- 
bryos are most responsive to injection, while embryos in 
the early cleavage stages only rarely respond to trans- 
planted perivitelline fluid. This might indicate that the TI 
receptor is not present or capable of binding to the ligand 
prior to stage 4. The transplanted activity might thus dif- 
fuse within the perivitelline space of the recipient embryo, 
perhaps becoming equally distributed by stage 4 in a con- 

centration incapable of influencing the dorsoventral axis. 
The latest time at which rescue could be consistently ob- 
served was shortly before cellularization (stage 4d). With- 
out exception, the site of injection determined the ventral 
side of the rescued pattern in the mutant recipient em- 
bryos. For technical reasons, abundant quantities of peri- 
vitelline fluid could not be recovered from donor embryos 
before stage 5, a time long after the actions of the dorsal 
group have accomplished the graded nuclear uptake of dl 
protein in normal development. For this reason, it was 
not possible to determine the time at which the diffusible 
ligand first becomes detectable in the donor embryos. 
However, our experiments indicate that the polarizing ac- 
tivity is relatively stable. Indeed, the activity was still de- 
tectable in donor embryos at 24 hr of embryogenesis, long 
after the activity would act during normal development. 

We have shown that the positioning of perivitelline fluid 
determines the ventral sideof the restored pattern in recipi- 
ent embryos. This suggests that during normal develop- 
ment, the active compound is present at the ventral side 
of the egg. By removing perivitelline fluid from either the 
dorsal or ventral side of donor eggs and testing its polariz- 
ing activity we investigated whether the activity is asym- 
metrically distributed. Table 4 shows that perivitelline fluid 
taken from the dorsal side of TI- mutant embryos is as 
active as that taken from the ventral side. Therefore, at 
this time, at least in embryos that lack the receptor, no 
localization of polarizing activity is detectable. The polariz- 
ing activity appears to be evenly distributed within the peri- 
vitelline fluid. However, since molecules as large as BSA 
diffuse rapidly in the perivitelline fluid, it is likely that in TI- 
mutant embryos, the ligand might display adistribution not 
found in normal development. 

Discussion 

Like the embryo and the eggshell enclosing it, the egg 
chamber, within which the egg is produced, shows con- 
spicuous dorsoventral polarity. The cells of the egg cham- 
ber are derived from two distinct populations (for review 
see King, 1970; Mahowald and Kambysellis, 1980). The 
oocyte and 15 associated nurse cells are derived from 
germline precursor cells. The nurse cells form a cluster of 
cells at the anterior end of the developing oocyte, which 
provide the majority of material required for growth during 
oogenesis and for subsequent embryonic pattern forma- 

Table 4. Spatial Parameters of Perivitelline Fluid-Mediated Rescue 

Position of Number of 
Fluid Removal Embryos Injected 

Number of Embryos 
Exhibiting Rescue 

Ventral 74 40 
Dorsal 62 45 

Perivitelline fluid was taken either dorsally or ventrally from TI mutant 
embryos and transplanted dorsally into the perivitelline space of pip 
mutant embryos. Isolation and transplantation of perivitelline fluid and 
analysis of the effects of perivitelline fluid transplantation upon cuticu- 
lar rescue of recipients are as described in the Experimental Proce- 
dures Rescued embryos were those showing the production of 
filzkdrper or ventral denticles. 



tion and morphogenesis. The oocyte and nurse cells are 
surrounded by an epithelium of somatically derived follicle 
cells that synthesize the vitelline coat and the chorion, the 
layers of the eggshell. The eggshell produced by these 
somatic cells has a characteristic, dorsoventrally asym- 
metric shape. During the development of the wild-type em- 
bryo, the nuclear uptake of dl protein is maximal on the 
side of the embryo adjacent to the ventral side of the egg. 
Consequently, gastrulation and subsequent morphogens 
tic movements occur in an invariant orientation with re- 
spect to the eggshell. This suggests that an intrinsic polar- 
ity within the egg is transduced to the embryo during the 
determination of dorsoventral polarity. 

The results of our mosaic analysis demonstrate the re- 
quirement for the expression of the genes ndl, pip, and 
wind in the somatic tissue (presumably in the ovarian folli- 
cle cells) of the adult female, where they may function in 
the initial process that defines the polarity of the embry- 
onic dorsoventral axis. Using perivitelline fluid trans- 
plantations, we have identified an activity capable of defin- 
ing the orientation of the dorsoventral axis. This activity 
can only be detected in the perivitelline fluid of embryos 
that do not express the TI receptor, suggesting that the 
active factor corresponds to the TI ligand and that this 
ligand is limited in amount. Presumably, when the ligand 
is produced in an embryo that expresses TI, it is rapidly 
bound and sequestered from the perivitelline fluid. In the 
absence of the receptor, the ligand diffuses within the peri- 
vitelline fluid and becomes evenly distributed. Our obser- 
vations that perivitelline fluid from pip TI and from ndl TI 
embryos could not restore pattern to ndl or pip recipient 
embryos, respectively, support a model in which the active 
principle is a single end product of a reaction requiring all 
three of the somatically required genes. In contrast, they 
do not support a model in which the distinct products of 
each of the genes are present in the perivitelline fluid, 
where they complement one another. A simple interpreta- 
tion of these findings is that the products of the somatically 
required genes cooperate in a process that leads to the 
ventral formation of the ligand for the TI receptor. Addi- 
tional observations (unpublished data) indicate that the 
products of the dorsal group genes 88, snk, and spz are 
also secreted into the perivitelline fluid where they are 
required for the formation of the active ligand. 

A simple hypothesis explaining our observations is that 
the Tlligand is present in the newly laid egg in an anchored 
or inactive state, perhaps deposited in the vitelline mem- 
brane, and that active ligand is produced during stage 4 
(syncytial blastoderm). While it was not possible to test 
perivitelline fluid from donors younger than stage 5 for 
activity, our demonstration that stage 2 and 3 recipient 
embryos are only weakly responsive to ligand implies that 
at this time during normal development the TI receptor is 
not present at sufficient levels or in a form capable of 
binding ligand productively and transmitting the signal. 
Alternatively, the inability to restore pattern elements to 
embryos prior to stage 3 might indicate the absence of 
another necessary determinant (i.e., tub or pi/). Ligand 
production during wild-type development may occur at the 
time at which sufficient levels of receptor are present. If 

so, it seems likely that active ligand is produced at stage 
4, the time at which the embryo is most competent to re- 
spond to it. Histochemical methods employing antibodies 
directed against the TI receptor (C. Hashimoto, unpub- 
lished data; Keith and Gay, 1999) should allow the obser- 
vation of the kinetics of TI protein synthesis and localiza- 
tion to the embryonic membrane. 

We propose that a population of ventrally located follicle 
cells in the egg chamber direct the ventral formation of the 
TI ligand in the egg and that the genes ndl, pip, and wind 
are involved in this process. In this way, the ventral follicle 
cells act to induce the ventrally situated cells of the embryo 
to adopt a ventral developmental fate. Interestingly, this 
inductive interaction has a time delay, since the follicle 
cells are no longer present during the time at which the 
ventral cells are determined. Therefore, the relationship 
between the products of the somatically required dorsal 
group genes and the polarizing activity is not necessarily 
a simple one. 

One possible mechanism for the activation of TI is that 
1 of the somatically required dorsal group genes encodes 
the TI ligand and is expressed only in a ventral population 
of follicle cells. At the time of egg deposition, the ligand 
would be present, in an inactive state, only on the ventral 
side of the egg. Alternatively, in a more complex mecha- 
nism, the somatically required dorsal group genes could 
give rise to an asymmetry in the egg leading to the ventral 
assembly or activation of a ligand that is not itself encoded 
by any of the somatically required dorsal group genes. 
Currently we cannot distinguish between these possibili- 
ties. However, both hypotheses require the asymmetric 
expression or activity of 1 or more of the somatically re- 
quired dorsal group genes in the follicle cells. The exis- 
tence of spatially restricted gene expression in subpopula- 
tions of follicle cells has been observed directly (Fasano 
and Kerridge, 1988; Grossniklaus et al., 1989) while the 
expression of the B/gene in polar subpopulations of follicle 
cells has been shown to be required for the formation of 
terminal pattern elements in the embryo (Stevens et al., 
1990). 

The spatially restricted expression of follicle-specific 
genes is presumably under the control of the two genes, 
top and gurken (grk) (Schiipbach, 1987; Manseau and 
Schlipbach, 1989) that take part in a signaling pathway 
whose function is to repress the ventralization of follicle 
cell populations. Females mutant for top or grk give rise 
to eggs and embryos that are ventralized. The absence of 
these gene products disrupts a signaling process between 
the oocyte and follicle cells, causing follicle cells at inap- 
propriate positions to be directed toward a ventral fate. 
The ventralization of the embryo could then be explained 
as resulting from abnormally high levels or an expanded 
spatial domain of T/ ligand production under the influence 
of the follicle cell-specific gene products. top, whose ex- 
pression is required in the somatic tissue of the ovary, has 
been cloned and encodes the Drosophila homolog of the 
epidermal growth factor receptor (Price et al., 1989; 
Schejter and Shilo, 1989). This is consistent with its pre- 
dicted activity in a signaling mechanism between the oo- 
cyte and the follicle cells. 
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As described above, it has been observed that after cyto- 
plasmic rescue into dorsal group mutants, only TI mutant 
embryos could be polarized by the site of injection (Ander- 
son et al., 1985b). The ventral formation of a TI ligand in 
limited amounts provides an explanation for this finding. 
Our results suggest that in mutant embryos lacking the TI 
receptor, the ligand is evenly distributed within the perivi- 
telline fluid. After injection of wild-type cytoplasm into TI 
mutant embryos, TI protein would be present only near the 
site of injection. Therefore, the evenly distributed ligand 
present in the perivitelline fluid would mediate T/activation 
at the site of cytoplasmic injection. 

The mechanism by which the nuclear concentration of 
dl protein becomes graded remains unclear. It is possible 
that the graded activation of TI is a direct consequence of 
the graded activity of 1 of the somatically required dorsal 
group genes within the sheet of follicle cells that enclose 
the developing egg. In such a mechanism TI ligand would 
be produced in a gradient. Alternatively, a stripe of TI li- 
gand could be produced, with the graded activation of TI 
resulting from the effects of diffusion of the ligand in the 
perivitelline fluid after its release. A third possibility would 
be the formation of a gradient via the cytoplasmic diffusion 
of the factors that act downstream of TI but upstream of dl. 

In comparison with the other three systems that deter- 
mine the anteroposterior axes of the embryo, the estab- 
lishment of dorsoventral polarity is most similar in its mech- 
anism to the formation of the terminal structures. The two 
systems determining anterior and posterior pattern rely 
on prelocalized positional determinants present within the 
cytoplasm of the newly laid egg (Frohnhofer and NDss- 
lein-Volhard, 1986; Serleth et al., 1988; Driever and Niiss- 
lein-Volhard, 1988a, 1988b; Lehmann and Niisslein-Vol- 
hard, 1986). In contrast, neither the formation of terminal 
structures (Klingler et al., 1988) nor the determination of 
the dorsoventral axis of the embryo uses a prelocalized 
determinant within the oocyte. In both the dorsal (TI) and 
the terminal @or) systems, an evenly distributed mem- 
brane protein has been identified in which gain-of-function 
alleles have been observed (Anderson et al., 1985a; Kling- 
ler et al., 1988). Within the terminal system the gene tar 
encodes a receptor tyrosine kinase (Sprenger et al., 1989) 
that is presumably activated at the poles of the embryo, 
ultimately resulting in the regulation of zygotic gene activ- 
ity at the two termini. It has been suggested that a ligand 
for tar is expressed in the follicle cells adjacent to the two 
poles of the embryo (Stevens et al., 1990). Similarly, our 
results suggest that the release of an active determinant, 
formed under the influence of a spatially restricted subset 
of follicle cells on the ventral side of the egg, causes the 
ventral activation of the TI rceptor. This initiates a signal 
transduction pathway that controls the graded nuclear up 
take of the dl morphogen into the nuclei of the syncytial 
blastoderm. The dl morphogen then controls the differen- 
tial expression of the zygotic genes involved in pattern 
formation along the dorsoventral axis. 

Experimental Procedures 

Fly Stocks and Maintenance 
Ail stocks were maintained and eggs were collected employing stan- 

dard conditions and procedures (Roberts, 1986; Wieschaus and 
Niisslein-Volhard, 1986). Staging of embryos was according to 
Campos-Ortega and Hartenstein, 1985. 

The wild-type stock used was Oregon R. d/l was described in 
Niisslein-Volhard, 1979 and Nusslein-Volhafd et al., 1980. 
Df(2L)TW7 19 is in Lindsley and Zimm, 1987. gd’is from Konrad et al., 
1988a. The dorsal group gene alleles p/1”8, spz”‘, Tlfm9 (designated 
as me1(3)8, me/(3)7, and me/(3)9 by T. Rice, 1973) ea’, ea’, ndP, 
ndP, pip”, pip”, p//07B, snk”“, snP, spP, Df(3L)roXW (uncovering 
TI), T/58RE, tub1’8, and tubna have been described in Anderson and 
Niisslein-Volhard, 1984a, 1988 and Anderson et al., 1985a. windRP 
(Schtipbach and Wieschaus, 1989) was obtained from Trudi Schiip- 
bath. The windTBallele was obtained in a screen for alleles of maternal 
effect mutants on the second chromosome carried out by Lt. Mayer, R. 
Lehmann, and C. Ntisslein-Volhard (unpublished data). K. Anderson 
constructed the recombinant third chromosomes carrying the following 
dorsal group allele combinations: ndP3TPE, ndP TP, pip” JIWRE, 
pip” Vmg, tuff” 71-E, and tub11B 71rms. The dominant female sterile 
allele fs(l)ovoD’ is described in Busson et al., 1983. The strain Tf(3; 
2)4304,ry+6galtip, carrying the ftz promoter-/acZ transgene, was ob- 
tained from Yash Hiromi (Hiromi et al., 1985). 

A complete description of the mutant stocks used can be found in 
Tearle and Ntisslein-Volhard, 1987. All chromosomes carried visible 
markers allowing identification of genotypes of interest. For the de- 
scription of these visible markers and balancer chromosomes used 
see Lindsiey and Grell, 1968 and Lindsiey and Zimm, 1990. 

Pole Cell Transplantations 
Pole cells were transplanted according to standard procedures (see 
Lehmann and NLisslein-Volhard, 1987). In tests of germline require- 
ment for gene expression, transheterozygous mutant virgin females 
were mated to transheterozygous mutant males of the same genotype. 
Pole cells were removed from the mutant embryos at stage 3 or 4 and 
transplanted into the progeny of a cross between ovoD’ carrying males 
and wild-type Oregon R females at stage 2 or 3. All of the female 
progeny of this cross carry the ovoD’ allele and are sterile (Busson et 
al., 1983) unless pole cell transplantation has been successful. The 
hatching female progeny putatively carrying transplanted pole cells 
were mated with transheterozygous mutant males of the same geno- 
type as the donors. Fertile females producing eggs, which resulted 
from successful pole ceil transplantation, were scored for whether the 
embryos were dorsalized or not. Normal hatching progeny were raised 
to adulthood. In the three cases in which the fertile females produced 
hatching offspring, (ndl, pip, and wind), appropriate visible genetic 
markers allowed unambiguous determination of the genotypes of the 
progeny, ensuring that they were derived from transplanted transhet- 
erozygous mutant pole cells. 

in tests of the somatic dependence of the genes ndl and pip, pole 
ceils were taken from embryos of the genotype Tf~3;2)4304ry’pga/“‘, 
which carry a 8z promoter-/acZ transgene (Hiromi et al., 1985) but 
are otherwise wild type. Pole cells were then transplanted into the 
progeny of the two crosses: 

males ovoD’;nd/9TM3 x females ndWTM3 (testing ndl) 

males 0vo~‘;pip~/TM3 x females pipYTM3 (testing pip) 

For each of the two experiments, the hatching female progeny that 
were transheterozygous for ndlorpip were crossed to Oregon R males. 
The dorsalized progeny of the fertile females were then stained for 
/acZ expression to ensure that they were derived from transplanted 
pole ceils rather than fertile ovoO’+ escapers. 

Determination of b-Galactosidase Expression 
6-Galactosidase expression by the progeny of pole cell recipients was 
determined either by staining for enzyme activity according to the 
protocol of Hiromi et al., 1985 or by immunological staining of the 
protein using an antibody directed against the /acZgene product. For 
immunological staining, fixed deviteilinized embryos were first incu- 
bated with rabbit anti-pgalactosidase antibody (a gift of Ulrike Gaul). 
Embryos were then incubated with biotinylated horseradish peroxi- 
dase-avidin complex bound to biotinylated second antibody (Vector 
Systems, AvidinlBiotin ABC system). This procedure was carried out 
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as described by Macdonald and Struhl (1986) with the modification 
that, during the washes, 109 mM NaCl was included in the solutions. 

Perivitelline Fluid Manipulations and Scoring 
Of ~~bOted Embryos 
For the collection of perivitelline fluid donor embryos were staged 
under Volt&f 3s oil. Dorsalized embryo exhibiting the formation of 
folds all around their circumferences (corresponding in age to wild-type 
embryos undergoing germband extension, stage 7/E) (Figure 2A) were 
dechorionated in 50% Ghforox and mounted on a coverslip as de- 
scribed in Frohnhiifer and Niisslein-Vofhard, 1986. Using an unbroken 
needle, under Voltalef 10s oil, the vitelline membrane of each embryo 
was Punctured at a point along its length where the embryo had de- 
tached from the vitelline membrane. The embryos were punctured at 
random positions along the dorsoventral axis, except where otherwise 
noted. Following puncture, a drop of periiitefline fluid of about 0.2 nl 
was observed to leak out (Figure 2A). Perivltefline fluid from sever- 
al Punctured embryos was then collected into one needle for tranS- 
plantation. 

Dechorionated, dried, and mounted late stage 3 or stage 4 embryos 
served as the recipients for perivitelline fluid transplantation except 
where otherwise noted. Approximately 0.1 nl of perivitelline fluid was 
injected dorsally into the perivitelline space of each recipient under 
Voltalef 15s oil. To accomplish this, the needle carrying donor Perlviief- 
tine fluid was introduced into the ventral side of the recipient at a point 
between 30% and 58% of the egg length. The tip of the needle was 
extended to the inner surface of the vitelline membrane on the dorsal 
side of the egg. It was then drawn back a small distance, and a small 
volume of perivitelline fluid was injected into the space produced by 
this manipulation. After successful introduction of perivitelline fluid, 
the space between the oolemn and the inner surface of the vitelflne 
membrane on the dorsal side of the embryo could be seen to enlarge. 

At least 50 embryos at the appropriate stage were injected in most 
experiments. Injected embryos were observed at a time corresponding 
to the onset of gastrulation. The polarity of gastrulation with respect to 
the eggshell could be determined by observation of embryos dis- 
Playing conspicuous polarization of the cephalic furrow or of the exten- 
sion of the germband. Injected embryos were allowed to develop under 
Oil for at Mast 4 days at lE*C. Vottalef oil covering the injected embryos 
was removed in heptane, and the coverslip carrying the embryos Was 
inverted and mounted on a slide with a drop of Hoyer’s mounting 
medium and lactic acid (1:l) (van der Meer. 1977). After they had 
cleared, injected embryos were scored for the presence of filzkdrper 
material and ventral denticles using Nomarski or dark-field optics. 

~emdnatlon of fwkf Expr~~~lon In Inwed Embryos 
Injected embryos were allowed to develop under oil until they had 
begun to gastrulate. At this point the oil was removed using heptane, 
and the embryos were fixed, still attached to the coverslip, in a 1:f 
mixture of heptane and 4% formaldehyde in PEMS buffer (Macdonald 
and Struhl, 1986). Following fixation, the coverslip carrying the em- 
bryos was placed briefly in methanol and then into the PBS buffer 
containing 0.1% Tween 20. The fixed embryos were then hand peeled 
from their vitelline membranes and placed in methanol prior to antibody 
staining. For immunological staining, embryos were first incubated 
with rabbit anti-twist antibody (Roth et al.. 1989). Embryos were then 
incubated with biotinylated horseradish peroxidase-avidin complex 
bound to biitinylated second antibody (Vector Systems, Avidin/Biotin 
ABC system). As before, this procedure was carried out as described 
by Macdonald and Struhl(l986) with the modification that, during the 
washes, 100 mM NaCl was included in the solutions. 
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