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Fig. 3. Phenotypic characterization of *-"
staufen. (A) Embryo derived from females
homozygous mutant for stauD3 (the same
phenotype is observed in trans to
Df(2R)PC4). The abdominal phenotype is
similar to that described for nos and osk.
The cephalo-pharyngeal skeleton (cps),
however, is reduced and the ventral arms
are often fused compared to wild-type and • «
nos embryos (see Fig. 1A and B). Dark-
field photograph, frontal view on dorsal
side, anterior up. (B) Bic-D stau/stau
embryo. A perfect telson (te) and
abdomen (al-a8) are formed in reverse
orientation at the anterior, while at the
posterior, non-stretched filzkdrper (fk) and
a second telson are formed. Polarity within
each segment is manifested by the shape
of the denticle band located at the anterior
margin of each segment. Within each band
the more anterior rows of denticles are
narrower than the more posterior ones.
Compare orientation of denticle bands,
indicated by small arrowheads in wild-type *"" ~ w r **
(Fig. 1A) and mutant. This phenotype is
highly penetrant: among 409 mutant embryos, 94% showed the reversed abdomen phenotype as depicted in Fig. 3B and C;
2 % developed a duplicated telson and a few abdominal segments in reverse polarity; 3 % showed a double abdomen
phenotype; the remaining embryos (1%) showed the stau single mutant phenotype. Dark-field photograph, frontal view on
ventral side, anterior up. (C) Bic-D stau/stau embryo in vitelline membrane. Note reverse orientation of denticle bands
(small arrows) in relation to vitelline membrane. ant=anterior of egg, post=posterior of egg. Dark-field photograph,
embryo (frontal view on ventral side) turned in egg case (ventral left), anterior up. (D) Ultrathin section through anterior
pole of Bic-D stau/stau embryo Serial sections of five embryos derived from Bic-D stau/stau females were analyzed in
detail. Adjacent sections were analyzed to determine unequivocally the nature of all organelles. This proved especially
important in those cases when mitochondria (m) were sectioned at a tangential level such that the outer membranes were
not distinctly visible. No polar granules or any other morphologically distinct organelles not normally present at the
anterior pole were found.
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result suggests that stau plays a critical role in polar
granule formation and demonstrates that polar granules
themselves are not necessary for localization of
posterior activity to the anterior pole.

The double-mutant combinations between the pos-
terior group mutants and Bic-D allow us to distinguish
three classes of posterior group genes: (1) pum, which is
not required for initial localization of the signal, (2)
stau, capu, and spir, which are required specifically for
the localization of the signal to the posterior and finally
(3) osk, vas, and nos, which are required for
localization or synthesis of the signal. We can also
conclude from these experiments that the pum, stau,
capu and spir genes are not involved in the synthesis of
the posterior signal.

The cytoplasm of mutant nurse cells and egg
chambers has posterior activity
Mosaic analysis of posterior group genes demonstrates
that the embryonic phenotype depends on the genotype
in the female germ line (Schiipbach and Wieschaus,
19866; Lehmann and Nusslein-Volhard, 1986, 1987;
Irish etal. 1989; Manseau and Schupbach, 1989). Thus,
the posterior group genes are likely to be transcribed in
the growing egg chamber or in the nurse cells. The
nurse cells are sister cells of the oocyte and are located
anterior to the oocyte. Products synthesized in the
nurse cells are transported into the oocyte at the end of
oogenesis (reviewed in: Mahowald and Kambysellis,
1980). Indeed, a high concentration of posterior activity
is detected in cytoplasm from nurse cells (Sander and
Lehmann, 1988). This finding suggests that this activity
is generated in the nurse cells, transported into the
oocyte cytoplasm, and is localized to the posterior pole
of the egg cell. To determine which posterior group
gene(s) is/are required for accumulation of this activity,
we transplanted cytoplasm from nurse cells or oocytes
of mutant ovaries into the abdominal region of osk or
nos embryos (Table 4). Rescuing activity is detected in
nurse cell and oocyte cytoplasm of all posterior group
mutants tested except for nos. Since nos alone is

required for the activity in the egg chambers, we suggest
that nos encodes the posterior activity or a component
that is necessary for this activity. Furthermore, these
results show that neither pum, nor five other genes that
affect pole plasm (osk, vas, vis, tud, stau), are required
for synthesis of the posterior activity in the nurse cells
and the oocyte.

Temperature-sensitive alleles reveal a temporal
sequence of activities for the posterior group genes
Our transplantation experiments show that nos activity
is present in the nurse cell cluster which is located
anterior to the oocyte. Temperature-sensitive alleles
available for four loci indicate the developmental
periods that are critical for abdomen formation. The
temperature-sensitive periods (TSP) of stauC8 and
vas are shown in Fig. 4A and summarized together
with those for osk301 (Lehmann and Nusslein-Volhard,
1986) and pum680 (Lehmann and Nusslein-Volhard,
1987) in Fig. 4B. The temperature sensitivity for all
alleles is restricted to the abdominal phenotype, and at
the restrictive temperature embryos from vas, stau and
osk females lack a complete abdomen. As the pole cell
defect persists at all temperatures, these adults are
always sterile. Two genes, osk and vas, have TSPs for
the abdominal phenotype at the end of oogenesis (stage
10-14; Mahowald and Kambysellis, 1980). This period
may not only reflect a critical stage for localization of
rtos-dependent activity but also for pole plasm forma-
tion since vasa protein becomes concentrated at the
posterior pole at stage 10 (Lasko and Ashburner, 1988;
Hay et al. 1988). The TSP of stau starts at oogenesis
stage 6 and lasts until stage 10. This suggests that the
role of stau in pole plasm formation precedes that of the
osk and vas genes. Only pum has a TSP that is
exclusively after egg deposition (Lehmann and Nuss-
lein-Volhard, 1987). It appears significant that the latest
TSP is found for a gene that does not affect pole plasm
formation and this result implies that the distribution of
the signal from the posterior pole to the presumptive
abdominal region occurs after egg deposition.

Table 4. nanos activity in wild-type and mutant follicles* and early embryos
Origin of cytoplasm transplanted into nos embryos

Maternal
genotype of

or embryos

wild-type
nanos
pumilio
oskar
staufen
vasa
valois
tudor

n

24
25
46
19
34
32
37
24

Posterior
pole (embryo)

% rescue

%
0

96
0
0
0
0

46

Nurse cells of
stage

n
*

30
7

16
17
15
21
19
17

10 follicles

% rescue

66
0

56
66
87
95

100
35

Oocytes of
stage 10 follicles

n %

40
21
12
25
21
25
13
23

rescue

40
0

33
74
52
72
31
9

*The term follicle is used to refer to the obcyte-nurse cell complex.
For maternal genotypes of donor follicles and embryos, please refer to Materials and methods.
n=number of embryos scored.
% rescue=cuticles with abdominal segments.
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Fig. 4. Temperature-sensitive periods of stau08, vas°14,
osk301, and pum680 (A) Temperature-sensitive periods for
staufen (top) and vasa (bottom). Each measurement
indicates the percentage of embryos which formed one or
no abdominal segment (strong phenotype) collected after a
shift during oogenesis (negative time scale) or
embryogenesis (positive time scale). On the abscissa, the
time scale corresponds to the developmental time at 25 °C
(see Materials and methods). The time of egg deposition is
indicated by a bold line. (A) Flies or embryos are shifted
down; (•) flies or embryos are shifted up (see Materials
and methods). (B) Summary of the temperature-sensitive
periods of vasa, staufen, oskar and pumilio. The hatched
bars summarize the duration of heat-sensitive periods for
stau08, vas014 and osk301 (Fig. 4A; Lehmann and Niisslein-
Volhard, 1986). The temperature-sensitive periods for stau,
vas and osk are. during oogenesis and the phenotypic
variations span from only one abdominal segment
(restrictive temperature) to up to eight segments
(permissive temperature). The open bar indicates the
duration of cold sensitivity for pum680 (Lehmann and
Niisslein-Volhard, 1987). The temperature-sensitive period
of pum is during embryogenesis and the phenotypic
variation spans from a mean of five abdominal segments at
• 29°C to a mean of one abdominal segment at 18 °C.
Duration of oogenesis stages at 25 °C are according to
Mahowald and Kambysellis (1980). P, pole cell formation;
G, gastrulation; GB, germband extension.

In addition to abdomen formation nanos is required
during early oogenesis
All nos alleles isolated so far are female-sterile
mutations. We have no indication that nos is involved in
the development of the male germ line. The phenotype
of two alleles, nosu and nosRW, is restricted to
abdomen formation. The abdominal phenotype of
embryos derived from nosL7 homozygous females is
indistinguishable from that of mutant osk embryos
(Fig. IB), but, in contrast to osk, nos embryos have
normal pole plasm with polar granules (Fig. 1C).
However, the alleles nosf^c and nos1*0 aLso affect
oogenesis. The mutant ovaries contain a smaller
number of oocyte-nurse cell complexes, and only a few
eggs are produced. Mutant females produced an
average of 15 eggs during a five day period (n=38
females), while control females produced on average
140 eggs during the same period (n=38 females). This
phenotype suggests a role of nos in the production of
oocyte-nurse cell clusters early during oogenesis. Since
two alleles, nosL7 and nos1*™, are specific for abdomen
formation and no effect on oogenesis is observed even
when the respective mutant alleles are tested in trans to
a deficiency of the region, it seems likely that the
abdominal function of nos can be mutated indepen-
dently of its function for oogenesis.

The stau gene affects both the anterior and the
posterior center
Stau mutants show anterior defects in addition to the
abdominal and pole plasm phenotype: the labrum and
dorsal bridge are missing and the ventral arms of the
cephalo-pharyngeal skeleton are fused or reduced in
size (Fig. 3A). This phenotype reflects a fate map
change of cells in the anterior towards a more posterior
fate (Schtipbach and Wieschaus, 1986a; Driever and
Niisslein-Volhard, 1988) and could in principle be
caused either by mislocalization of posterior activity to
the anterior or by reduction of anterior, bed-dependent
activity. In fact the anterior defect is not caused by the
mislocalkation of posterior activity, since this defect is
also observed in stau nos double mutants which lack
posterior activity (data not shown). This experiment
shows that the anterior defect is due to a direct effect of
stau on bed as suggested by the altered pattern of bed
RNA localization (St. Johnston et al. 1989) and the
reduced levels of bed protein in stau embryos (Driever
and Niisslein-Volhard, 1988). Transplantations of wild-
type anterior cytoplasm into stau mutant embryos
confirm this interpretation, since the head defects of
stau embryos are rescued (22/22 developed and injected
embryos). Embryos from mutant bed females lack this
rescuing activity. Stau gene function is thus unique
among the maternal genes, since it is required for the
accumulation of both the anterior, bed-dependent
signal (Frohnhdfer 1987) and the posterior, nos-
dependent signal.

Discussion

Among the genes that we have studied, the nos gene is
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the only candidate gene that could encode the posterior
signal necessary for abdomen formation. The strongest
evidence in support of this conclusion is that rescuing
activity for the abdominal phenotype requires normal
nos gene function during oogenesis when the posterior
signal is presumably synthesized, and during embryo-
genesis when its function is required for abdominal
development. Consistent with this view, nos is required
for formation of a normal as well as a duplicated
abdomen in 'bicaudal' embryos. We conclude that the
other posterior group genes affect the posterior signal
indirectly, by interfering with its localization, distri-
bution, or stability, but not with its synthesis. In the
following discussion, we will use the terms posterior
signal, posterior activity and nos gene product inter-
changeably. However, we cannot rule out that ad-
ditional, unidentified components are required for
posterior activity, and that these additional factors are
transplanted together with nos.

Mechanism of nanos localization
During early embryogenesis, nos activity is required in
the prospective abdominal region. However, our
transplantation experiments demonstrate that nos-
dependent rescuing activity is concentrated at the
posterior pole of wild-type embryos. Recent exper-
iments show that nos RNA is localized to the posterior
pole (Wang and Lehmann, 1991) and suggest that the
pole plasm serves as an anchor for nos RNA. Thus, nos
RNA at the posterior pole may represent the nos-
dependent rescuing activity, and nos protein may
spread from this site of synthesis to the prospective
abdomen.

Because the nos mutant phenotype and the results of
transplantation experiments indicate that nos function
is not required at the posterior pole but rather more
anteriorly in the abdominal region, it is not clear why
nos RNA is localized. Since nos activity is not
detectable in mutant embryos that lack pole plasm, we
suggest that a critical threshold of nos protein in the
abdominal region is facilitated by nos RNA localization
at the posterior pole. In addition, it may be important
that nos activity is absent from the anterior of the
embryo where it could suppress anterior development.
Restriction of nos RNA to the posterior pole could be
ensured further by destabilizing any nos RNA that has
not been localized to the posterior pole. This hypothesis
would account for the loss of rescuing activity in
embryos lacking a morphologically distinct pole plasm,
e.g. in osk mutants, and would suggest that the
specialized structures associated with the pole plasm of
the developing embryo may facilitate this critical
placement of nos within the posterior region.

We assume that nos RNA is translated at the
posterior pole and that nos protein emanates from there
to the abdominal region. The pum phenotype and the
TSP of pum suggest that the defect in pum embryos
occurs after nos RNA has been localized to the
posterior pole. Consistent with this idea are two
observations: First, pum does not affect the localization
of rcas-dependent rescuing activity at the posterior pole

(this study and Lehmann and Niisslein-Volhard, 1987).
Second, embryos defective in both nos and pum
products are rescued by transplantation of wild-type
posterior pole plasm in the same way as single pum
mutants: a small number of abdominal segments are
formed at the injection site in pum or pum nos double
mutant embryos injected with posterior pole plasm
(Lehmann and Niisslein-Volhard, 1987; R.L. unpubl.
observ.). This rescuing response is different from that
of the other posterior group mutants including nos, in
which a complete abdomen can be formed after
injection of posterior pole plasm. We thus assume that
pum function is necessary for the distribution or
stability of nos protein.

The 'grandchildless genes' are a subset of the posterior
group genes
The structure of the posterior pole plasm is controlled
by a group of genes whose mutant phenotype can be
best described as a grandchildless phenotype since the
progeny of mutant females are sterile. Previously, in
our analysis of the posterior group gene osk, we
proposed that the pole plasm fulfills a dual function,
and that germ cell formation and abdomen formation
are controlled by the same set of genes (Lehmann and
Niisslein-Volhard, 1986). We now know that the two
functions can be separated genetically, since nos and
pum affect abdomen formation, but not germ cell
formation. However, seven of the posterior group
genes (osk, vas, val, stau, tud, capu, spir) do have both
an abdominal and grandchildless phenotype (Boswell
and Mahowald, 1985; Schiipbach and Wieschaus,
1986a; Lehmann and Niisslein-Volhard, 1986; Manseau
and Schiipbach, 1989).

The products of the 'grandchildless genes' appear to
be involved in nos stability and/or localization at the
posterior pole because mutations in all of these genes
result in loss of nos activity in the embryo. The products
of the 'grandchildless genes' may indeed provide the
physical structure which serves as an anchor for nos
RNA. However, weak, conditional alleles of some of
the 'grandchildless genes' allow normal abdomen
formation and presumably normal nos localization
while polar granules are apparently absent and germ
cells do not form. Although fully formed polar granules
are absent in these mutants, it is possible that
components of polar granules are present and perhaps
partially assembled. Indeed, vasa protein, a component
of the polar granules (Hay et al. 1988a) is concentrated
at the posterior pole in mutants which have no polar
granules (Lasko and Ashburner, 1990; Hay et al. 1990).

It is neither clear how the 'grandchildless gene'
products interact to form the posterior pole plasm nor
which of the 'grandchildless gene' products may be
directly involved in anchoring nos. Stau may be
required for transport of /las-dependent activity from
the nurse cells to the posterior pole of the oocyte, since
stau is required for localization of nos activity to the
posterior, but not anterior, pole of Bic-DD embryos.
Since nos-dependent activity is found at the anterior of
Bic-DD stau but not stau mutant embryos, the altered
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Bic-DD product is required to trap posterior activity at
the anterior. Spir and capu mutants have a phenotype
similar to that of stau in double mutant combination
with Bic-DD, which suggests that these genes are also
involved in the transport of nos-dependent activity to
the posterior pole (Manseau and Schiipbach, 1989).

The effect of Bic-DD on nos localization to the
anterior pole might be mediated through pole plasm
components like osk and vas, since nos activity is absent
from the anterior pole of Bic-DD osk and Bic-DD vas
embryos. Similarly, the effect of stau on nos localization
to the posterior pole may also be mediated through osk
and vas since the TSP for the abdominal phenotype of
stau precedes that of vas and osk and stau is required for
vasa protein localization (Lasko and Ashburner, 1990;
Hay et al. 1990). Thus, although it is possible that vas
binds nos at the posterior pole, it is, however, unlikely
that vas anchors nos at the anterior of Bic-DD mutant
embryos since vasa protein is not enriched at the
anterior of Bic-DD mutant embryos (Wharton and
Struhl, 1989; Hay et al. 1990; Lasko and Ashburner,
1990). Therefore, further studies are required to
determine the role of these genes in localizing nos.

A pathway for posterior development
Determination and polarity of the oocyte may be
functionally linked to determination of anterior-
posterior polarity within the egg as suggested by the
phenotype of Bic-D. Mutations in Bic-D can result in
defects in abdomen formation and/or defects in the
determination of the oocyte (Mohler and Wieschaus,
1986). Once the oocyte has become determined and its
position established, the staufen, cappuccino, and spire
gene products are required for assembly of pole plasm
components at the posterior of the growing oocyte.
These gene products may transport pole plasm com-
ponents to the posterior pole or provide the architec-
ture required for assembly of other pole plasm
components such as oskar, vasa, valois and tudor at the
posterior pole. Because a morphologically normal pole
plasm is required for the formation of functional germ
cell precursors, these genes are necessary for the
production of gametes.

Two types of signals may be components of the pole
plasm, yet not critical for its structural integrity. One
type of signal is represented by nos, which is critical for
abdominal development, but not germ cell develop-
ment. The other type of signal might be the products of
genes, yet to be identified, which would affect solely
germ cell formation, determination, or function.
However, it is also conceivable that the polar granule as
an organelle is the germ line determinant.
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