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Abstract

Early accumulation of maternal mRNA in one of the cells of the cluster of 16 cystocytes is a critical event in the determination of the
Drosophilaoocyte. A number of developmentally important mRNAs have been shown to accumulate in the early oocyte. We report here
the early expression of theyemanuclein-alpha(yem-alpha) transcript, its accumulation in the germarial oocyte and its dynamic localization
in the growing oocyte. We have investigated the mechanisms involved in these processes. Microtubules are likely to be involved in both
transport and localization as was shown for other maternal transcripts which behave similarly. However, unlike all the cases reported so far,
transport and localization are not dependent on 3′UTR sequences. We show that the 5′ coding sequence is necessary for the early
accumulation ofyem-alphaRNA in the oocyte and for its localization pattern during oogenesis. 1997 Elsevier Science Ireland Ltd.
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1. Introduction

While the organization of oocytes in follicles (germ cells
surrounded by somatic cells) is widespread in the animal
kingdom, the existence of polarized follicles forming linear
arrays of growing oocytes in the ovariole (functional unit of
the ovary) is specific for insect oogenesis.

In spite of this common theme, three types of ovaries can
be described in insects depending essentially on morpholo-
gical criteria, i.e. the panoistic ovary, the telotrophic mer-
oistic ovary and the polytrophic meroistic ovary (for
reviews see King, 1970; Mahowald, 1972; Spradling, 1993).

The meroistic polytrophic ovary ofDrosophila is a syn-
citium of germ cells (15 nurse cells and the oocyte) sur-
rounded by a monolayer of follicle cells. The germarium
is subdivided into three regions. Region 1 of the germarium
contains the stem cells and the cystoblasts which result from
an asymmetric division of the stem cells into a stem cell and

a cystoblast. The cystoblast then undergoes a series of four
synchronous divisions with incomplete cytokinesis; as a
consequence, a cluster of 16 interconnected cystocytes is
formed. The cytoplasmic junctions are called ring canals.
Two of the 16 cells, called proocytes, have four ring canals;
in late region 2 of the germarium, the determined oocyte
comes to lie at the posterior of the cyst while the other
proocyte eventually has the same fate as the other 14
nurse cells.

Two key questions have been addressed in studies on
oogenesis. One deals with the oocyte determination while
the other deals with the origin of the macromolecules pre-
sent in the oocyte. In the case of the panoistic ovaries these
two issues are the simplest. The determination of the oocyte
in the germarium is a consequence of a classical asymmetric
division (on/off switch mechanism). The absence of nurse
cells also makes simpler the question of transcript origin.
The oocyte nucleus is transcriptionally active; like in
amphibian oocytes, lampbrush chromosomes can be
observed in orthopteran oocytes for example, which is a
sign of active transcription in the oocyte nucleus (for a
review see Mahowald, 1972; unpublished data). In the mer-
oistic ovary, the nurse cells provide most if not all of the
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nutrients and macromolecules. Which mechanisms allow
the transport of macromolecules from their site of synthesis
into the oocyte is an important issue. In the case of telo-
trophic ovaries, transport and oocyte determination are
obviously very distinct mechanisms, as an asymmetric cell
division gives rise to a nurse cell and an oocyte. The situa-
tion of the polytrophic ovary is very complex as both events,
RNA transport and oocyte determination, seem to be linked.
Apparently inDrosophila the determination of the oocyte
does not result simply from a classical on/off mechanism of
asymmetric division. However, one should mention some
observations which would be in favour of a lineage-based
determination (Yue and Spradling, 1992; Lin et al., 1994;
Lin and Spradling, 1995). However, a number of arguments
are against such a mechanism being sufficient to decide
which of the two proocytes is the presumptive oocyte.
Meiotic markers such as synaptonemal complexes are still
present in more than one cell of the cyst up to late region 2b
of the germarium (Carpenter, 1994; Lin and Spradling,
1995). Moreover, mutations which affect genes such as
Bicaudal D(Bic-D) andegalitarian (egl) result in a rever-
sion of the fate of the presumptive oocyte as no oocyte
forms in ovaries of homozygous females bearing these
mutations (Schu¨pbach and Wieschaus, 1991). Apparently
these two mutations abolish the directional transport of
macromolecules towards the presumptive oocyte by affect-
ing the first steps of microtubule organization (Ran et al.,
1994). Recent data indicate that egl and Bic-D proteins act
as a complex (Mach and Lehmann, 1997). In conclusion,
accumulation of oocyte-specific molecules such as RNA is
important in oocyte determination. Various elements of the
oocyte cytoskeleton play an important role in this process
(Cooley and Theurkauf, 1994; Glotzer and Ephrussi, 1996;
Rongo and Lehmann, 1996). From the analysis of this pro-
cess on different models we expect a better understanding of
the mechanisms which underlie it. Some of them must be
basic and common to numerous RNAs while others must be
more specific to a given RNA.

Theyem-alphagene used as a model in the present study
was isolated in a molecular screen for differentially
expressed maternal genes (Aıẗ-Ahmed et al., 1987). We
have shown that it encodes an oocyte-specific nuclear pro-
tein with DNA binding properties (Aıẗ-Ahmed et al., 1992).
It appears in late germarial region 1 where it is found in the
nucleus of the proocytes, whereas in late region 2 it seems to
be restricted to the nucleus of the oocyte. Preliminary data
are in favour of its role in meiosis (unpublished data).

In the present work we show thatyem-alphaRNA is an
early marker of the oocyte. It has a dynamic localization
pattern in the growing oocyte. We have investigated the
mechanisms which underlie its early accumulation and
localization in the oocyte. Both processes are apparently
dependent on the microtubule network. We report that the
5′ coding sequence and not the 3′UTR is involved in this
microtubule-dependent transport and distribution of the
RNA.

2. Results

2.1. Expression pattern and localization of yem-alpha RNA

We have previously reported the expression pattern of
yem-alphatranscript as determined by in situ hybridization
to ovary sections using radiolabelled probes (Aıẗ-Ahmed et
al., 1987; Thomas-Cavallin and Aıẗ-Ahmed, 1988). While
we could observe the transient accumulation ofyem-alpha
RNA at the anterior end of the oocyte from stages 8 to 10B
of oogenesis, we could not clearly determine the early
expression pattern ofyem-alphatranscript because of the
lack of sensitivity in those experiments. For the present
work we have carried out the in situ hybridization experi-
ments on whole mounts with digoxygenin-labelled probes.
In these conditionsyem-alpha transcripts were readily
detected in region 2 of the germarium (Fig. 1). In the grow-
ing pre-vitellogenic egg chamber, the transcripts were con-
centrated at the posterior pole of the oocyte. After the
oocyte nucleus migration towards the anterodorsal position
at stage 8, the transcripts were then found to be mainly

Fig. 1. Distribution ofyem-alphaRNA in wildtype ovaries. In situ hybri-
dization to whole-mount ovaries with a digoxygenin-labelledyem-alpha
cDNA probe. (A) Egg chambers at various developmental stages showing
the dynamic localization pattern ofyem-alphaRNA in the growing oocyte.
(B) A higher magnification of the germarium;yem-alphaRNA is hardly
detected in region 1 of the germarium and by germarial region 2 it is
readily detected in one cell, the presumptive oocyte. Our reference for
egg chambers staging is King (1970).
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concentrated at the anterior pole of the oocyte. Interestingly,
in the stage 7 egg chamber shown in Fig. 1, transcripts could
be transiently observed both at the anterior and posterior
ends of the oocyte. From stage 10B on,yem-alphaRNA
was then uniformly distributed in the egg chamber. This
dynamic transport and localization process as evidenced
by in situ hybridization has been reported for a number of
other maternal transcripts (for reviews see Macdonald,
1992; Ding and Lipshitz, 1993; Micklem, 1995; St Johnston,
1995).

2.2. yem-alpha mRNA transport and localization require an
intact microtubule network

It was suspected a while ago that microtubules were
involved in RNA transport from the nurse cells into the
oocyte of meroistic ovaries, either through the nutritive
cord in the telotrophic ovary or through the ring canals in
the polytrophic ovary (Mahowald, 1972). In order to address
the question of the role of the microtubule network inyem-
alphaRNA transport and localization, we carried out in situ
hybridization experiments on mutant ovaries affected in
microtubules, either in very early oogenic stages (egl and
Bic-D) or in post-vitellogenic stages (capuandspir).

Both egl andBic-D mutations result in cysts in which no
oocyte forms (Steward and Nu¨sslein-Volhard, 1986;
Schüpbach and Wieschaus, 1991). As shown in Fig. 2 for
Bic-DR26, a hypomorphic allele, the mutant egg chambers
start to degenerate around stage 7 (stage as determined by
egg chamber size). Disruption of the early directional trans-
port of transcripts has been considered as a cause for these
defects (Theurkauf et al., 1993). It is noteworthy that the
effect ofBic-Don the early transport of various transcripts is
differential (Suter and Steward, 1991; Ran et al., 1994). As
shown in Fig. 2, the hypomorphic alleleBic-DR26 did not
prevent a significant amount ofyem-alphatranscript from
transiently accumulating in a single cell of the germarial
cyst, while the same mutant never shows any sign of oocyte
differentiation. This allele affects neitherBic-D nor oskor
orb RNAs while all the other transcripts which are normally
targeted to the oocyte fail to accumulate inBic-DR26oocytes
(Suter and Steward, 1991; Ran et al., 1994). The transport
and localization ofyem-alphatranscript are dramatically
affected inBic-DPA66 mutant ovaries. Likeorb RNA, yem-
alphaRNA was found to be uniformly distributed through-
out the germ cell cluster in the germarium ofBic-DPA66

mutants (Fig. 2), whileoskRNA is affected only inBic-D
null mutants (Ran et al., 1994). The differential behaviour of
yem-alphaRNA in the two oocyte-deficientBic-D mutants
argues against the uniform localization observed in PA66
being due to the absence of the oocyte target.

In eglmutants,yem-alphatranscript failed to localize to a
single cell of the germarial cysts. Interestingly,yem-alpha
transcript was no longer detected in a stage 2egl egg cham-
ber while egg chambers degenerated much later (Fig. 2).

The implication of microtubules in the dynamic localiza-

tion pattern ofyem-alphaRNA has been analyzed using the
two mutations,capuandspir. Both mutations are known to
affect anteroposterior and dorso-ventral polarity of the egg
(Manseau and Schu¨pbach, 1989). These observations led to

Fig. 2. Distribution ofyem-alphaRNA in the Bic-DR26, Bic-DPA66 and
eglRC12 oocyte differentiation mutants. (A) Hoechst staining of an R26
ovary showing that this hypomorphic allele has lost its ability to differ-
entiate a normal oocyte. The egg chambers degenerate by stage 7. (B) In
situ hybridization to an R26 mutant ovary. One cystocyte, the presumptive
oocyte, still accumulatesyem-alphaRNA in the germarium; the distribu-
tion is uniform later. (C,D) In situ hybridization to a PA66 mutant ovary.
Note that the RNA is absent from stage 4 on, while degeneration of the egg
chambers starts around stage 7 (C). No accumulation ofyem-alphaRNA
can be observed any more, not even in the germarial oocyte as can be
observed at a higher magnification (D). (E,F)eglRC12 egg chambers hybri-
dized with ayem-alphacDNA probe; egl and Bic-D egg chambers are
phenotypically very similar yetyem-alphaRNA reveals molecular differ-
ences (E). The RNA, which is uniformly distributed in the egg chambers
from the very first oogenic stages, disappears in post germarial oocytes; it
is hardly detected in a stage 2 egg chamber (F). The staining observed in
older egg chambers (arrowhead) is due to a non-specific uptake of the
probe by pycnotic cells.
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the hypothesis thatcapu and spir may be implicated in a
general mechanism such as cytoskeleton organization in the
oocyte. These mutations have actually been shown to cause
a premature cytoplasmic streaming in the stage 8 oocyte;
this phenomenon which disrupts the polarized microtubules
normally occurs at stage 10B (Theurkauf, 1994).

Using an antibody directed against the yemanuclein as a
specific marker for the oocyte nucleus, we could show that
these mutations also result in a failure of the oocyte nucleus
to localize properly at its anterodorsal position (Fig. 3, a
stage 9 egg chamber). It seems likely that the oocyte nucleus
first localizes properly but fails to maintain its anterodorsal
position; a transient anterior localization of the oocyte
nucleus could be observed in a stage 8 mutant egg chamber.
As can be seen in the stage 5 mutant egg chamber, the early
RNA accumulation in the oocyte was maintained while the
anterior localization ofyem-alphatranscripts was largely
affected incapuandspir oocytes (Fig. 3); the residual loca-
lization is probably due to the fact that the alleles used in
this work are not null alleles. Our results are in good agree-
ment with the known action (although indirect) ofcapuand
spir mutations on microtubules (Theurkauf, 1994).

None of the other mutations known to affect the localiza-
tion of specific transcripts had any effect on theyem-alpha
RNA localization process.yem-alphaRNA distribution was
unchanged inexuperantia, swallow, staufenandorb mutant
egg chambers (data not shown).

To further support the data obtained with the mutations
which resulted in the microtubule network disruption, we
analyzed the effect of the microtubule depolymerizing drug
colchicine onyem-alphaRNA transport and distribution in
the oocyte. It is clear from our results that the RNA does not
accumulate any more in the early oocyte. Moreover, its
distribution becomes uniform in the growing oocyte (Fig.
4).

2.3. Sequences responsible for yem-alpha RNA transport
and localization

In order to identify the RNA sequences which are
involved in yem-alphaRNA transport and localization, we
used transgenic flies which carry various chimeric con-
structs (reported in Fig. 5). In a preliminary experiment,
we first identified the minimal sequences which allow a
lacZ transgenic RNA to be expressed and localized simi-
larly to the endogenousyem-alphatranscript. To construct
the E transgene,lacZ was fused in frame to ayem-alpha5′
fragment which contains the putative promoter, the 5′UTR
and part of the coding region. The wholeyem-alpha5′
sequences span 2354 bp. Downstream from thelacZ gene,
we fused a fragment which bears the entireyem-alpha
3′UTR (a 584 bpBamH1-EcoR1 DNA fragment). The ovar-
ies from E transgenic flies were submitted to in situ hybri-
dization with a digoxygenin-labelledlacZ probe; the data
shown in Fig. 6 clearly indicate that the sequences which are
necessary and sufficient for a properyem-alphaexpression

Fig. 3. Distribution ofyem-alphaRNA in cappuccinoandspire mutants.
Capuandspir mutations affect microtubule repolarization in the stage 8
egg chamber resulting in defects in both anteroposterior and dorsoventral
polarity. (A) Hoechst staining of a wildtype late stage 9 egg chamber. (B)
Immunostaining of the same egg chamber with an anti-yemanuclein-alpha
antibody revealing specifically the oocyte nucleus (arrowhead); in the
wildtype, the oocyte nucleus has its characteristic anterodorsal position.
(C) Hoechst staining of aspirRP48 stage 9 egg chamber. (D) Immunostain-
ing of the same mutant egg chamber with the anti-yemanuclein antibody;
the oocyte nucleus seems to float away in a disorganized ooplasm. (E,F) In
situ hybridization with a digoxygenin-labelledyem-alphacDNA probe, to
whole-mount mutant ovaries. (E) Wildtype stage 5 and stage 8 egg cham-
bers. (F)capuRK12 egg chambers, same stages as in (E). Interestingly, the
oocyte nucleus which is visible here without any staining is still anterior in
a stage 8capuRK12 egg chamber, while mostyem-alphatranscripts are not
any longer localized. On the other hand, transcript distribution in the wild
type (E) and the mutant (F) stage 5 egg chambers is very similar.
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during oogenesis were present on this construct, including
the post-transcriptional control sequences.

All the maternal transcripts identified so far which display
a differential localization in the oocyte bear the control
sequences in their 3′UTR. Moreover, the sequences respon-
sible for their localization seem to be closely linked to the
transport sequences (Ferrandon et al., 1994; Serano and
Cohen, 1995a). The aim of this study was to identify
those sequences onyem-alphatranscript. In order to address
this question, we made a second construct in which we
replaced theyem-alpha3′UTR with a sequence containing
SV40 polyadenylation signals (Thummel et al., 1988). The
D transgenic flies were submitted to in situ hybridization.
Surprisingly, similar results were obtained for D and E
transgenic ovaries. ThelacZ transcript accumulates in the
oocyte according to the same pattern as the endogenous
yem-alphatranscript. Theyem-alpha3′UTR seems to be
dispensable with respect to the transport/localization pro-
cess of the transgenic RNA. In order to test a possible effect
of yem-alpha3′UTR on transcriptional activity, we fused
this sequence upstream from the promoter in the D construct
to generate the DAE construct. The in situ hybridization
pattern as revealed with alacZ probe was unchanged (data
not shown). Therefore, the role ofyem-alpha3′UTR is still
unclear.

Obviously, the sequences responsible for the correct
transport and localization of the transgenic RNA were still
present on the D construct. They should be found either on
yem-alpha5′UTR or in its 5′ coding sequences present on
the chimeric transcript, unless the early accumulation of the
RNA in the early oocyte is due to the activity of theyem-

alphapromoter in the oocyte nucleus. However, we first had
to rule out any implication of the SV40 3′ sequences used in
our constructs in the accumulation and localization of the D
transgenic transcript. This was achieved with the Delta B
construct which bearsyem-alphapromoter sequences fused
to lacZ-SV40 sequences. The chimeric transcript expressed
from this transgene fails to concentrate and localize prop-
erly within the oocyte (data not shown). These data rule out
any implication of SV40 sequences in the process we have
been analyzing. Moreover, it is clear from these results that
the accumulation of theyem-alphatranscript in the early
oocyte cannot be accounted for by transcription fromyem-
alphapromoter in the oocyte nucleus.

In order to identify theyem-alphatranscribed sequences
involved in its RNA transport and distribution, we con-
structed the Delta A′ transgene in which the entireyem-
alphacoding region was deleted (Fig. 5). In situ hybridiza-
tion data onlacZ transcript localization are reported in Fig.
6. A dramatic change occurred in the localization pattern of
the lacZ chimeric transcript expressed from Delta A′ trans-
gene. The RNA was uniformly distributed in the entire Delta
A′ egg chamber, both in nurse cells and oocyte. Even at
early stages, high levels oflacZ transcripts could be
detected in nurse cells. In conclusion, theseyem-alpha
sequences (spanning a region from the ATG initiation site
to the StyI restriction site, called ORF 5′) are necessary to
drive proper transport and localization of a chimeric trans-
gene in theDrosophilaoocyte. Although such a role for an
RNA coding region is completely novel, once more both
transport and localization seem to be tightly linked, presum-
ably because the same mechanism is involved (Serano and
Cohen, 1995a).

An attractive hypothesis would be that the yemanuclein
nascent peptides play a role in this ORF mediated transport.
In order to test this model we constructed a transgene (DM)
similar to D in every point except that the ATG initiation
codon ofyem-alphaORF was mutated to TTG. We first
verified by histochemical staining of the DM ovaries for
b-galactosidase activity that no alternative ATG codon
was used to initiate protein synthesis (data not shown).
Obviously, the same in situ hybridization pattern as in D
was observed. These experimental data rule out a role of the
nascent peptides inyem-alphaRNA transport and localiza-
tion.

3. Discussion

3.1. The role of RNA localization

In the present work, we have analyzed the transport and
localization ofyem-alphaRNA. We have shown thatyem-
alpha RNA concentrates in a single cell in late germarial
region 2. Like a number of other maternal transcripts,yem-
alphaRNA then displays a dynamic localization pattern in
the growing oocyte. It is first localized to the posterior pole

Fig. 4. Distribution ofyem-alphaRNA in ovaries from colchicine fed flies.
Wildtype flies were starved for 8 h and then fed with yeast paste containing
50mg/ml colchicine for 20 h. RNA staining was carried out as described in
Section 4. These data should be compared with those obtained on ovaries
from non-treated wildtype flies as shown in Fig. 1.
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of the oocyte up to stage 7. By stage 8, when the oocyte
nucleus migrates to its anterodorsal position,yem-alpha
transcript relocalizes to the anterior end of the oocyte.
This anterior localization is transient for most localized
RNAs as their distribution is even from stage 10B on (Mac-
donald, 1992; Ding and Lipshitz, 1993; Micklem, 1995; St
Johnston, 1995). Other RNAs (usually determinants) remain
anchored to their position:bicoid to the anterior margin of
the oocyte,gurkento the antero-dorsal corner andoskarand
cyclin Bto the posterior end of the oocyte (St Johnston et al.,
1989; Ephrussi et al., 1991; Kim-ha et al., 1991; Dalby and
Glover, 1993; Neuman-Silberberg and Schu¨pbach, 1993).
ObviouslyK10, yem-alpha, Bic-D, orb or egl mRNAs can-
not be considered as molecular determinants (Prost et al.,
1988; Suter et al., 1989; Aıẗ-Ahmed et al., 1992; Christerson
and McKearin, 1994; Lantz et al., 1994; Serano and Cohen,
1995b; Mach and Lehmann, 1997). It is possible that this
localization is simply a consequence of microtubule rear-
rangement in the oocyte. Nevertheless, we cannot rule out a
role of this microtubule-dependent localization in prevent-
ing RNA from degradation or in ensuring its efficient trans-
lation.

3.2. Microtubule-dependent movement of RNA within the
oocyte

The dynamic localization pattern and the early transport
into the germarial oocyte led us to the hypothesis that micro-
tubules could be involved inyem-alphaRNA transport and
localization. Indeed, it is well established that important
changes occur in the cytoskeletal organization of the egg
chamber from the very first oogenic stages. Microtubules
always organize from a microtubule organizing centre
(MTOC). The first signs of microtubule organization can
be observed in a subset of the cysts present in region 2a
of the germarium (Theurkauf et al., 1993). It is also at that
time that intracyst transport of organelles is initiated (Maho-
wald and Strassheim, 1970). Within region 2b, the MTOC is
clearly localized to one cell at the expected position of the
oocyte. Microtubules appear to originate from this MTOC
and pass through the ring canals allowing the directional
transport (Theurkauf et al., 1993). Microtubule inhibitors
(colchicine) and mutations such asegl and Bic-D disrupt
the microtubule-dependent transport and as a result no
oocyte differentiates in colchicine treated or inegl and

Fig. 5. Structure of the various constructs used in the transformation experiments and summary of the transport and localization patterns of the corresponding
lacZ chimeric transcripts. (+) and (−) indicate respectively wildtype and abnormal translocation and localization pattern of the reporter transcripts expressed
from the various constructs. All transgenes (E, D, DM, DAE, Delta A′ and Delta B) are under the control ofyem-alphapromoter. All constructs except the E
construct bear SV40 3′ polyadenylation signals. The E construct bears theyem-alphacontrol sequences both 5′ and 3′ to thelacZ gene. The black part of the
drawings representsyem-alpha5′ genomic sequences. The symbols represent the introns and the star indicatesyem-alphatranscription start. ATG,yem-alpha
translational start; ATG′, lacZ translational start. Restriction sites: E, EcoRI; Sp, SphI; Sa, SacII; Bg, BglII; Sn, SnaBI; Bs, BssHII; St, StyI.
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Bic D mutant egg chambers (Theurkauf et al., 1993;
Schüpbach and Wieschaus, 1991).

Both mutations result in a degeneration of the egg cham-
bers from stage 7 on, butyem-alphatranscripts disappear
earlier (stage 2) inegl mutant egg chambers. This may
reflect other differences between these mutations at the
molecular level, although the resulting phenotypes are
very similar.

For Bic-D a differential effect has been shown on RNA
translocation which depends on the allele and the transcript
considered. ApparentlyoskRNA still localizes to one cell in
Bic-DPA66 egg chambers, while this mutation prevents the
accumulation of all other transcripts includingyem-alpha
RNA. Bic-DR26 andBic-DPA66alleles differ in that no Bicau-
dal protein accumulates in PA66 mutant oocytes while a

post-translational mechanism apparently allows the accu-
mulation of the protein in R26 mutants. It is noteworthy
that Bic-D transcripts no longer accumulate in R26 mutant
egg chambers (Suter and Steward, 1991; Ran et al., 1994).

One often refers to this microtubule-dependent RNA
transport as a default pathway; if this was the case, any
RNA sequence, given that it is expressed early, should accu-
mulate in the oocyte, such as the maternal transcripts listed
above. Our data clearly show that this is not the case; the
lacZ transcript without an appropriate transport and locali-
zation sequence is transported into the oocyte as early as the
germarial region yet it does not display the characteristic
accumulation pattern unless specific sequences are present
on the transgenic transcript.

In conclusion, the microtubule-dependent transport can-

Fig. 6. Distribution oflacZ transcripts in E (A), D (B,C) and Delta A′ (D) transgenic ovaries. In situ hybridization to whole-mount ovaries was performed
with a digoxygenin-labelledlacZ DNA probe. For transgene E (A), the distribution oflacZ transcripts is similar to the endogenousyem-alphatranscript
distribution. The substitution of theyem-alpha3′ UTR with SV40 3′ sequences does not affectlacZ RNA expressed from the D construct, either in pre-
vitellogenic egg chambers (B), or in post-vitellogenic egg chambers (C). Early transport and dynamic localization within the oocyte are dramatically affected
in the Delta A′ ovariole (D). Delta A′ is derived from the D construct by deleting theyem-alphacoding region present on E and D constructs.
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not be considered as a default pathway for maternal tran-
scripts. To support this idea, the K10 transcript, although it
has such sequences, does not accumulate in the oocyte
before stage 2 (Cheung et al., 1992; our observations).
This means that the presence of specific sequences is neces-
sary but not sufficient for the early accumulation of tran-
scripts in a single germarial cystocyte and that this
phenomenon is highly regulated.

To our knowledge, all the transcripts which accumulate in
a single cell at early oogenic stages undergo a series of
movements which are characteristic of the microtubule
reorganization during the oocyte maturation process
(Theurkauf et al., 1992). It seems that once the RNA is
associated with microtubules, it then follows the microtu-
bules fate. This is probably the reason why one cannot dis-
sociate the mechanisms which allow the early translocation
process from the transient anterior localization of the tran-
scripts.

At stage 10B, a cytoplasmic streaming occurs which dis-
rupts the microtubule organization. Mutations such ascapu
and spir affect the microtubules by inducing a premature
streaming of the ooplasm at stage 8 (Theurkauf, 1994). As a
consequence, the asymmetrical distribution of RNA was
affected in all the cases reported so far but one,bcd RNA,
which remained anchored to the anterior cortex ofcapuand
spir oocytes. However, the action of microtubules onbcd
RNA transport and localization has been shown (Pokrywka
and Stephenson, 1991). As has been recently found forosk
RNA localization, other cytoskeletal components may
account for RNA transport and/or localization (Erdelyi et
al., 1995; Glotzer et al., 1997).

The biological significance of the microtubule-dependent
transient asymmetric localization of transcripts remains elu-
sive. An attractive hypothesis would be that some of these
RNAs, if not all, are associated with polysomes.

3.3. The yem-alpha 5′ coding sequence is necessary for
RNA transport and localization

In all the cases reported so far, thecis-acting sequences
involved in RNA transport and localization are found in the
3′ untranslated region of the RNA (Macdonald, 1992; Ding
and Lipshitz, 1993; Wilhelm and Vale, 1993; Micklem,
1995; St Johnston, 1995). In a number of cases, such as
bicoid and K10, it has been shown that RNA secondary
structures present on the 3′UTR account for its action (Fer-
randon et al., 1994; Serano and Cohen, 1995a). Our finding
that theyem-alpha3′UTR is involved neither in its transport
nor in its localization is surprising. More surprising is the
fact that the coding sequence is necessary for this process.
As it is clear thatyem-alphaRNA is recruited on polysomes
as soon as it is present in the cystocyte cytoplasm (the
yemanuclein protein being detected as early as late germar-
ial region 1; our unpublished data), we hypothesized a
model which could account for the early transport. In this
model yem-alphatranscript would be transported into the

oocyte as a polysomal complex through the nascent pep-
tides. However, experimental data did not support this
model which leaves us with the necessity to determine
whether ORF 5′ is sufficient and to precisely map which
part of the 5′ coding sequence is involved in the transport
and how the interaction of the RNA coding sequence with
trans-acting factors is compatible with its translation.

4. Experimental procedures

4.1. Fly stocks

The wildtype flies used in this study were Oregon R.
For microinjection experiments, ayw1118 stock was used.
The mutantsegalitarian(egl), Bicaudal-D(Bic-D), cappuc-
cino (capu) and spire (spir) were previously described
(Mohler and Wieschaus, 1986; Steward and Nu¨sslein-
Volhard, 1986; Manseau and Schu¨pbach, 1989; Suter et
al., 1989; Schu¨pbach and Wieschaus, 1991; Suter and Stew-
ard, 1991). The allelesBic-DR26 andBic-DPA66 were used in
our experiments as hemizygotes in combination with Df
(2L) TW119, eglRC12 allele was used in combination with
Df (2R) 54B andcapuRK12 andspirRP48 were used as homo-
zygotes.

4.2. Transformation constructs

In all the transformation constructs we used the pCasper
vector which contains thewhitegene as a selectable marker
(Thummel et al., 1988). For E, D and DAE, thelacZ gene
from pPMC plasmid (Pharmacia) was fused in frame to a
yem-alpha5′ genomic fragment which spans the promoter
region, the 5′UTR and part of the coding sequence (up to the
StyI site, nucleotide 2354). The numbering of the sequence
was as previously reported (Aıẗ-Ahmed et al., 1992).

In a first step, a SmaI-PstI fragment containing thelacZ
gene was subcloned into pBluescript SK+ vector (SK+-
lacZ). A SmaI-StyI blunted fragment containing theyem-
alpha 5′ sequences was cloned into the SmaI site of the
SK+-lacZ construct, which resulted in an in-frame fusion
of the yem-alphaand lacZ ORFs. This intermediate con-
struct called 5′yZ/ED was then inserted using PstI flanking
sites into a pCasper 4 vector which contained either theyem-
alpha 3′UTR (construct E3) or a sequence containing the
SV40 polyadenylation signals for constructs D and DAE
(construct D3). For the DAE construct theyem-alpha
3′UTR was also fused upstream of the promoter region.

To generate the Delta A and Delta B constructs, we used
clones obtained by exonuclease III nested deletions accord-
ing to Aı̈t-Ahmed et al. (1992). To construct Delta B, a
fragment containing the first 716 nucleotides was subcloned
into the EcoRI-KpnI site of the pCasper AUG-bGal vector.
The removal of theyem-alphatranslated DNA made it
necessary to have a translational start site provided by this
vector (Thummel et al., 1988).
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The Delta A′ construct was derived from Delta A. Eleven
nucleotides upstream from the ATG translational start were
missing from the 5′UTR in Delta A. It was important to
make a construct which contained the entire 5′UTR. To
do so, theyem-alphasequences were removed from Delta
A by cutting at SphI and KpnI sites and replaced by a PCR
fragment which spanned nucleotide 13 to nucleotide 1393
and which contained theyem-alpha5′ control sequences and
the whole 5′UTR. The oligonucleotides used were ROS 10
(13–29) and OA8 (1379–1393).

The DM construct is a mutated version of D in which the
ATG which initiates theyem-alphaORF is mutated to TTG
in order to prevent its translation. The mutated ORF was
obtained by recombinant PCR by using two sets of primers
(ROS 10 and OA40 on the one hand and OA41 and P2 on
the other hand).

The OA40 (5′ 1402-CCCCTTTGACAATTCCGGCGG-
1382) and OA41 (5′ 1382-CCGCCGGAATTGTCAAAGG-
1402) primers which are the internal primers are comple-
mentary and bear the point mutation which results in the
replacement of the ATG initiator codon by a TTG (under-
lined codon). ROS 10 (see above) and P2 (2563–2583) are
the external primers. The template was ayem-alphageno-
mic EcoRI fragment (Aı¨t-Ahmed et al., 1992).

The Appligene thermocycler (Crocodile III) and the
Boehringer Expand High Fidelity enzyme were used in
the amplification assay. The various constructs were
checked by sequencing.

4.3. P element mediated transformation

A yw fly stock was used as a recipient to construct all the
transgenic flies. The test DNA was injected at a 100 ng/ml
concentration along with the pUC hs (P Delta 2–3) helper
DNA (300 ng/ml) as a source of transposase (Rio and Rubin,
1985).

4.4. b-Galactosidase histochemical staining

Newly hatched flies were reared for 3 days on fresh yeast.
The ovaries were hand dissected and placed in ice-cold PBS.
They were fixed for 10 min at 4°C in a 0.25% glutaralde-
hyde solution in PBS. After rinsing twice in PBS, the X-Gal
staining was carried out at 37°C in a classical staining solu-
tion containing X-Gal at a 0.5 mg/ml final concentration
(Sanes et al., 1986). To account for effects of chromosomal
location on gene activity, at least two transformed lines
were systematically examined for each construct.

4.5. Whole-mount in situ hybridization

The ovaries were hand dissected as described above. The
in situ hybridization to whole-mount ovaries was carried out
essentially as described in Tautz and Pfeifle (1989). The
probes were made either from gel-purified cloned DNA or
PCR fragments. The digoxygenin-labelling of the probes

was achieved by nick translation using the Boehringer
nick translation kit.

4.6. DNA staining and immunochemical detection on
whole-mount ovaries

For DNA staining, hand-dissected ovaries were treated
with bis benzimide (Hoechst 33258, Sigma) by dipping
the specimens for 30 s in a 2mg/ml Hoechst solution in
PBS. After several washes in PBS the samples were
mounted in Permafluor (Immunotech).

The immunochemical staining was performed using the
AS2 polyclonal antibodies from rabbit, described in Aıẗ-
Ahmed et al. (1992). In order to prevent a loss of the yema-
nuclein antigenic response, we avoided any kind of speci-
men fixation. The following procedure was used. Ovaries
from etherized females were incubated overnight at 4°C
with the primary antibody immediately after a blocking
step in 1X PBS, 0.1% Triton and 5% low-fat dried milk.
All the subsequent steps were carried out in 1X PBS, 0.1%
Triton and 0.5% low-fat dried milk. The secondary antibody
was a donkey anti-rabbit FITC-affiniPure F(ab′)2 fragment
from Jackson ImmunoResearch.
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