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Oocyte polarity depends on regulation of gurken by Vasa
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SUMMARY

Vasa, a DEAD box mRNA helicase similar to elF4A, is caused by a reduction in the amount of Gurken protein at
involved in pole plasm assembly in thérosophila oocyte  stages of oogenesis critical for the establishment of polarity.
and appears to regulate translation ofoskar and nanos Vasa is required for translation of gurken mRNA during
mRNAs. However, severalasaalleles exhibit a wide range  early oogenesis and for achieving wild-type levels glirken
of early oogenesis phenotypes. Here we report a detailed mRNA expression later in oogenesis. A variety of early
analysis of Vasa function during early oogenesis using novel oogenesis phenotypes observed imasa ovaries, which
as well as previously identified hypomorphicvasaalleles.  cannot be attributed to the defect ingurken expression,
We find that vasais required for the establishment of both  suggest thatvasaalso affects expression of other mRNAs.
anterior-posterior and dorsal-ventral polarity of the

oocyte. The polarity defects ofrasamutants appear to be  Key words:vasa, gurkenPolarity, Translation, Oogenesis

INTRODUCTION oocyte, and the nucleation of microtubules at the anterior
(Theurkauf et al., 1992), result in the reversal of microtubule
The freshly laidDrosophilaegg and the developing embryo are polarity within the oocyte and differential localisation of
polarised along both the anterior-posterior (A/P) and dorsalmaternal mRNAs along its A/P axis. Rearrangement of the
ventral (D/V) axes. Distinct structures such as dorsamicrotubules is thought to lead to the translocation of the
appendages and anterior micropyle are positionedocyte nucleus (Gutzeit and Koppa, 1982; Koch and Spitzer,
asymmetrically, reflecting the pattern and polarity within thel983) and the associatgtk mRNA to the anterior cortex of
somatic follicle cell layer that secretes the egg shell. Materndghe oocyte. This movement is asymmetric with respect to the
determinants such dsicoid (bcd)at the anterior andanos perpendicular D/V axis and defines the polarity of this axis by
(nos) at posterior define the A/P body plan of the embryaa second round gfrk/topmediated signalling to specify dorsal
(reviewed in St Johnston and Nusslein-Volhard, 1992). Théollicle cell fate (Gonzales-Reyes et al.,, 1995; Roth et al.,
patterning of the follicular epithelium and the polarisation 0f1995). Later, during embryogenesis, the D/V patterning of the
the oocyte axis by differential localisation of maternal mRNAdollicular epithelium is translated into D/V polarity of the
is achieved during oogenesis and involves multiple reciprocaleveloping embryo (reviewed in St Johnston and Nusslein-
communication events between the germline and somatholhard, 1992).
components of the egg chamber (reviewed by Ray and Two major features of the establishment of polarity in
Schipbach, 1996). The initial asymmetry is established by tHerosophila the dependence of the D/V axis on the previous
posterior positioning of the oocyte within the egg chambeestablishment of the A/P axis and the shagmrdopsignalling
(Gonzéles-Reyes and St Johnston, 1994). Next, thgathway necessary for polarisation of both axes explain the
gurken/torpedo(grk/top) signalling pathway, homologous to finding that many mutations affect both A/P and D/V polarity.
the vertebrate TGHEGF receptor signalling cascade (Price etThe superimposition of A/P and D/V defects often leads to
al., 1989; Neuman-Silberberg and Schiipbach, 1993), imposssvere abnormalities in oogenesis and the predominance of
polarity on the follicular epithelium by specifying as posteriorD/V phenotypes. Therefore, to uncover possible defects in the
the fate of the follicle cells surrounding the asymmetricallyestablishment of A/P polarity, it is important to examine the
positioned oocyte (Gonzales-Reyes et al., 1995; Roth et ah/P axis in apparent D/V mutants. One way of achieving this
1995). The posterior follicle cells are thought to generate & to analyse the localisation of maternal mMRNAs suaiskar
second signal, of unknown nature, directed to the oocyte t@sK, grkandbcd,whose distributions have been shown to be
polarise its A/P axis (Ruohola et al., 1991; Gonzales-Reyes amstgnificantly altered in A/P mutants (Gonzales-Reyes et al.,
St Johnston, 1994; Gonzales-Reyes et al., 1995; Roth et d1995; Roth et al., 1995). Taking this approach, we isolated a
1995). Posterior follicle cell signal-dependent disruption of thenovel allele ofvasa (vag, which exhibits strong polarity
microtubule organising center (MTOC) at the posterior of theghenotypes.
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Thevaslocus codes for a protein belonging to the family ofregion, cover the wholgas locus. PCR reactions were conducted
DEAD box RNA helicases that are able to bind and unwindising a P-element-specific primer (pz), together with each ofathie
RNA in an ATP-dependent manner (Lasko and Ashburnegpecific primers. The P-element-specific primer is complementary to
1988; Hay et al., 1988b; Liang et al., 1994). Absence of Va¥e P-element-inverted repeats and can be extended only outside of
during embryogenesis leads to abdominal defects and tﬁléx_e P element in both directions. The distributionvaf&specific
failure to form pole cells (Schipbach and Wieschaus, 1986Erlmers ensures that the PCR product generated using any P-element-

- ; pecific primer pair would not be longer than 3.5 kb, which is readily
vas has been placed downstreamaskin the hierarchy of amplifiable in a standard PCR reaction (1 minute 95°C, 1 minute

posterior group genes that are required for pole plasmsec 2 minutes 30 seconds 72°C, 35 cycles). We were able to obtain
format]on (Hay et al., 1990; Lasko and Ashbulrne.r, 1990an amplification product only in the case of two primer pairs, pz-a and
Breitwieser et al., 1996). However, there are indications thgz-b. The sum of these two PCR products corresponds to the size of
vasis also required upstream adk,for efficient translation of the PCR fragment expected to be generated using the a-b primer pair,
osk MRNA (Markussen et al., 1995; Rongo et al., 1995)suggesting that the P-element inserted between these two primers. The
Recently, it has been demonstrated that translation of tH&#-a and pz-b PCR fragments were cloned and sequenced by the
posterior determinamosalso requiresas activity (Gavis et EMBL sequencing service.
al, 1996) (3) GTTAAAMATGCCACCACCATC

. . a ;

Vas protein is detected throughout the development of the (b) AAGCTCTCTAATTGCTACAG:

germline. Maternal Vas protein is incorporated into the (p2) CGATCGGGACCACCTTATGTTATTTCATCAT.
germline precursors, the pole cells, is found in the embryonic

gonads and is expressed in the germline during oogenesWestern blot analysis

During mid-oogenesis, Vas pl‘Otein.Stal’tS. to accumulate at theestern blot analysis was performed as described by Markussen et al.
posterior pole of the oocyte, where it participates in pole plasif1995). The anti-Vas polyclonal antiserum was raised by injection of

formation (Hay et al.,, 1988a; Hay et al., 1990; Lasko andull-length recombinant Vas protein, expressed as inclusion bodies in
Ashburner, 1990; Liang et al., 1994). This posteriorE. coli into rats. The rat anti-Grk polyclonal antibody was a gift of

accumulation is mediated by interaction of Vas with Oskarfudi Schipbach (Neuman-Silberberg and Schiipbach, 1996). The
protein (Breitwieser et al., 1996). anti-rat HRP-conjugated secondary antibody (Amersham) was diluted

Although many alleles of/as exhibit oogenesis defects 1:2000. Equal loading of protein on the gel was verified using a mouse

ranging from early arrest of oogenesis to weak ventralisatio‘%nn'tUbUIIn antibody (Sigma).

of the egg shell (Lasko and Ashburner, 1990), the function afompetitive PCR amplification

vasduring early oogenesis has not been studied. Here we rep@rtingle ovary containing only non-vitellinogenic stages of oogenesis
a detailed analysis @asoogenesis phenotypassis required  was dissected in PBT (0.1% Tween), transferred intgi16¥ lysis

for a variety of processes during early oogenesis angind binding buffer from Dynabeads mRNA direct extraction kit, and
participates in the establishment of A/P and D/V polarity. Wencubated on ice 20 minutes. The sample was then spun for 2 minutes
find that the polarity defects imas mutants are due to a in a table-top centrifuge at full speed and incubated withul16f
reduction in Gurken (Grk) protein levels. Our results suggedtreconditioned Dynabeads for 5 minutes. The beads were then washed
thatvasis required for translation afrk mRNA during early ~ Once with wash buffer containing LiDS and twice with wash buffer

: : 0 without LiDS (100ul each wash). The sample was split into two and
I?ac\)/%lesnelzltsera?r? (f)%r :ﬁgggms\t}:n (ﬂk (;T;EN{S d:[to réwll?latl)t/igﬁ each half was incubated for 2 hours at 37°C witlu28f RT reaction
g : prop 9 mix made of ¥ first-strand buffer (GibcoBRL), 0.1 mM dNTPs, 10

required for _th_e establishment of _A/P p(_)larlty Of_ the €9%M DTT, 1 unit of RNAase inhibitor andl of reverse transcriptase

chamber is distinct from the regulation@k involved in the  (GibcoBRL) or 1pl of water for the RT control. The RT reaction

establishment of D/V polarity. was primed from an oligo(dT) anchor immobilised on the beads. For
quantification of actin RNA, a 5-fold dilution series of each sample
was made and amplified by PCR within the linear range (30 cycles)
in the presence 6P CTP nucleotide. The products were run on an

MATERIALS AND METHODS agarose gel, dried, exposed using a phosphorimager screen and
] ) guantified by ImageScan software.
Drosophila strains For competitive PCR quantitation (Gilliland et al., 1990), a master

The following fly strains were used in this study: OregonR (wild type)mix was prepared containing per reaction ACR buffer (Perkin-

b va®7 pr/Cy0O, vad’® cn bwCyO, b va®! cn/CyO, Df(2L)A267 b Elmer), 0.1 mM dNTPs, 0.5 pl of 0.1 ug/ul RTgrkU and RTgrkL

cn bwCyO, b vaf® pr/ CyO (Tearle and Nusslein-Volhard, 1987). primers (see below), 5 units of Taq polymerase and df RT
vadl®/SM6 was generated in a P-element mutagenesis scre¢emplate. 3-fold dilutions of genomic competitor were added to each
performed in our laboratory (Erdélyi et al., 1995). Flies were growmreaction and, after PCR amplification (40 cycles, 94°C 45 seconds,
at 22°C or 25°C on corn/agar medium supplemented with dry yeast3°C 1 minute, 72°C 1 minute), analysed by agarose gel
The wild-type flies used for western analysis were grown on a mediuglectrophoresis.

without dry yeast, to ensure that the size and stage distribution of eggPrimer sequences:

chambers in the ovaries would be comparable to those in the (RTgrkU) TGTTACCCACACCGGAGAACCGCCACCTGA;
underdeveloped ovaries eds mutants. (RTgrkL) GCGATAATCCGGCACATTGCGGAGCATGAA.

P-element mapping RNA in situ hybridisation

5 primers (a-e) spanning theslocus were designed based on the In situ hybridisation was performed as described (Glotzer et al., 1997).
sequence of a genomic contig from the BDGP database. The positioR®§A probes corresponding to the full-length RNAs were transcribed
of the primers were chosen such that the maximal distance betweffrom plasmids containingsk(Ephrussi et al., 1991hcd (Berleth et

the primer pairs on opposite strands is not more than 7 kb, and thalt, 1988) andrk (Neuman-Silberberg and Schiipbach, 1993) cDNAs.

the primers, including a primer pointing into the putati@epromoter  Fluorescentosk probe was prepared as described in Glotzer et al.



(1997). bed and grk antisense probes were labelled using the)
digoxigenin RNA labelling and detection kit from Boehringer
Mannheim.

Double in situ hybridisation fooskmRNA andgrk mRNAs was
performed with a digoxigenin-labelled antisense RNA ddt and
with a biotin-labelled antisense RNA fosk

Whole-mount antibody staining

The polyclonal rabbit anti-Grk antibody was a gift from Siegfried
Roth. Secondary antibody was goat anti-rabbit AP-conjugati
(Amersham), and was used at 1:1000 to stain the early stages ¢
1:2500 to stain the late stages of oogenesis.

Analysis of egg chamber morphology

Ovaries from 4-day-old females were dissected in PBT (0.1% Triton
fixed 20 minutes in 4% paraformaldehyde in PBS, washed 10 minut

in PBT, incubated 2.5 hours in PBT (1% Triton) and washed again i

PBT (0.1% Triton) for 40 minutes. Ovaries were then incubated witl
FITC-phalloidin (1:250) in PBT (0.1% Triton) in the dark for 1 hour
and 30 minutes. After washing 20 minutes in PBT, RNA was digeste
by incubation with 0.4 mg/ml RNase in PBT. Ovaries were staines
with propidium iodide (5Qug/ml in PBT), washed twice for 10 minutes
in PBT and equilibrated overnight in N-propylgallate before mounting.
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Fig. 1.Eggs laid byvasmutant
females show phenotypes suggesting
A/P and D/V polarity defects. Dark-
field images of eggs fromas'> (A-

D) and va8’ (E,F) homozygous
females. Full view of eggs showing:
(A) full ventralisation; (B,C) partial
loss of appendage material;

Egg shell preparation

For egg shell preparation, eggs were
collected in a staining basket, rinsed v "

tap water, fixed in a 1:1 glycerol:acetic ¢
mixture at 60°C for 2 hours, mounted
Hoyer's medium and incubated at 6(
overnight.

RESULTS

vas is required for proper
establishment of A/P and D/V
polarity

To identify new components
signalling pathways involved in t
establishment of polarity of tl
Drosophila oocyte, we searched
group of P-element-induced mater
effect female-sterile mutations for A
and D/V polarity defects. D/V defe
were assessed by examining the d¢
appendages of eggs laid
homozygous mutant females. /
polarity defects were revealed by in
hybridisation to ovaries usingsk and
grk mRNAs as probes. The site of
element insertion in interesting muts
was mapped by in situ hybridisation
a P-element-specific probe to polyt
chromosomes.

We identified a mutant that had a
element insertion at the cytologi
locus 35C and failed to complement
overlapping deficiency,Df(2L)A267.
Complementation analysis w
previously identified mutants in t
35C region revealed that the mutatio
most likely a novel allele ofas We
refer to this mutant agas'.

(D) wild-type dorsal appendages. Magnified view of an anterior
micropyle (E) and of a posterior micropyle (F).

A B

Fig. 2. Aberrant localisation of maternal mRNAsvasmutant oocytes indicates a defect in

AJP axis specification. Distribution dtdRNA in wt (A) andvasl” mutant (B) egg chambers,
revealed by RNA in situ hybridisation of digoxigenin-labelled probe and Nomarski optics.
(C-E) Confocal images afskmRNA distribution in wt (C) andgtas® mutant (D,E), revealed

by in situ hybridisation of fluorescently labelled mRNA probe (green). Ovaries were
simultaneously stained with DAPI (red) to reveal the overall morphology of the egg chamber.
(D) Oocyte showing partial mislocalisationaskmRNA (arrowhead highlights residuask

RNA at the posterior pole). (E) Oocyte in which mastmRNA is detected in the middle of

the egg chamber. (F,G) Distributiongrk mRNA in wild-type (F) andvasl” mutant (G)

oocytes, revealed by in situ hybridisation of digoxigenin-labelled probe and Nomarski optics.
In the mutantgrk mRNA remains at the posterior of the egg chamber, in an area that coincides
with the yolk-free region, and is most likely the oocyte nucleusv@dP mutant egg

chambers frequently exhibit a constriction in the middle of the oocyte. The staining at the
posterior of the egg chamber represents beta-galactosidase activity producethtdm a
reporter construct that was crossed intowi®> mutant background to reveal the posterior

pole of the oocyte.
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Females homozygous fowas® lay ventralised eggs. Establishment of polarity requires wild-type
Ventralisation of the egg shell is variable and ranges from expression of Vas protein early in oogenesis
complete (Fig. 1A) or partial (Fig. 1B,C) loss of appendagesince in the case ohs'°> the mutation seemed to be associated
material, to appendages of wild-type appearance (Fig. 1Dyith a P-element insertion, we mapped the insertion at the
Within the ovary, we occasionally observe immature eggs witmolecular level. An initial BLAST search of the Berkeley
a micropyle at both the anterior and posterior pole, suggestirigrosophila Genome Project (BDGP) EST database revealed
a defect in A/P polarity (data not shown). Such eggs are ndiiree nearly identical but independent cDNAs homologous to
laid. One of the previously identified alleles wds va®’  vas(accession numbers AA246989, AA392889, AA536466),
(Tearle and Nusslein-Volhard, 1987), also exhibits the twoall of which include a sequence at theBd not present in the
micropyle phenotype, but at a higher frequency (Fig. 1E,FpublishedvascDNAs (accession numbers g433675, g158795).
(Lehmann and Nusslein-Volhard, 1991). By computer analysis of a genomic contig spanningvi®e

The formation of a micropyle at the posterior pole of eggdocus (P1 clone DS00929), this additional sequence was
produced byvas7 and vas®> females indicates that posterior mapped to the genomic DNA 6.6 kb upstream of the published
follicle cell fate was not properly established during oogenesibl-terminal exon ofvas (Lasko and Ashburner, 1988; Hay et
and that the follicle cells at the posterior pole of the egg chambat., 1988b). The 78 bp long Sequence is joined with the
adopted the default anterior fates. A failure in propeipublished terminal exon, but the junction is situated 10 bp
commitment of posterior follicle cells has been shown to causgpstream of the longest published cDNA identified (Lasko and
an abnormal reorganisation of the oocyte cytoskeleton, resultidgshburner, 1988). The splice site matches the consensus on
in a bipolar array of microtubules. Under such circumstancedoth sides and the extra sequence does not contribute a new
A/P asymmetry within the oocyte is not established, leading tetart codon, hence the identity of thaes ORF is not altered.
abnormal localisation of maternal mMRNAs (Gonzales-Reyes éthis indicates that the’' Sequence identified in the BDGP
al.,, 1995; Roth et al., 1995). To determine whether the A/Pepresents a previously missed non-coding exomasf By
polarity defects of the follicular epithelium observestas®and  PCR-based primer scanning (Fig. 3A), we found that the P
vafd’ mutants are accompanied by A/P polarity defects in thelement inserted at the beginning of thisnfial exon ofvas
oocyte, we performed in situ hybridisations to ovaries Uusigy  (position 69187 in DS00929). The insertion of a P element at
oskandgrk mRNA probes. this location should severely affect the expressiovaaf

bcd mRNA is localised to the anterior cortex in wild-type Consistent with this assumption, western blot analysis of
oocytes at stage 9 (Fig. 2A) (Berleth et al., 1988; St Johnstavary extracts from females homozygousviag'® reveals that
et al., 1989). In 30% of stage 9 egg chambersvaf’ the level of Vas protein is strongly reduced (Fig. 3B). We did
homozygous mutant ovarigscd mRNA is found at both the not observe any novel bands that would represent a truncated
anterior and posterior of the oocyte (Fig. 2B), suggesting gersion of Vas protein. Conversely, western blot analysis of
duplication of anterior structures at the posterior polevary extract fromva?’ failed to reveal any residual 72 kDa
(Gonzales-Reyes et al., 1995; Roth et al., 1998§mRNA,  Vas protein (Fig. 3B). Instead, a novel band of about 35 kDa
normally localised tightly to the posterior pole of the oocytes recognised by the anti-Vas antibody. Since sequencing of the
(Fig. 2C) (Ephrussi et al., 1991; Kim-Ha et al., 1991), is fullyvafd” allele failed to reveal any mutation in tlras coding
or partially mislocalised to the middle of the developing oocytesequence (Liang et al., 1994), the truncated Vas protein could
in 30% ofvask>mutant egg chambers, indicating a symmetricabe the product of an aberrantly spliced transcript.
arrangement of the oocyte cytoskeleton (Fig. 2D,E) (Ruohola We examined the behaviour ofas® and va? in
et al.,, 1991; Gonzales-Reyes et al., 1995; Roth et al., 1995ombination with previously identifiedas alleles (Table 1).
grk mRNA is localised together with the oocyte nucleus to tharad? represents a group ebsalleles that fail to complete
anterior-dorsal corner of stage 7-10 wild-type egg chambersogenesis and lays no eggs (Lasko and Ashburner, 1990).
(Fig. 2F) (Neuman-Silberberg and Schiipbach, 1993)ag®’  Combination withva®! (or deficiency Df(2L)A267 which
ovaries, grk mRNA and the associated oocyte nucleusuncovers thevaslocus) causes an increase in severity of the
occasionally fail to translocate to the anterior dorsal corner o&/P and D/V polarity phenotypes observedas>, but has no
the oocyte and remain at the posterior pole (Fig. 2G). Thsignificant effect on thesas?’ phenotype. Inva®l no Vas
frequency ofgrk mislocalisation is significantly lower than the protein is detected in the ovaries by whole-mount antibody
frequency of mislocalisation afskandbcd mRNAs. staining (Lasko and Ashburner, 1990). Hemad’! as well as

In vad® mutant ovaries, we frequently observe stage 10 egBf(2L)A267 may represent protein nulls. Taken together with
chambers with an abnormal morphology characterised by the western analysis, these results indicate that@P the
constriction close to the posterior pole of the oocyte (Fig. 2H)severity of the polarity phenotype correlates with the extent of
Similar defects have been described previously in severabduction in the level of Vas protein. They also indicate that
mutants affecting the establishment of A/P polarity of the egthe truncated Vas protein presentviaf7 lacks the activity
chamber and are thought to be due to the migration ofquired for the establishment of polarity.
anteriorised follicle cells (Gonzéales-Reyes et al., 1995; Roth et vaf® belongs to a group of eigiisalleles in which the
al., 1995). lesion has been mapped on a molecular level to the 425 aa

Taken together, the A/P and D/V polarity defects of the eggegion that is highly homologous among DEAD box proteins
shell, the abnormal localisation patternask bcd andgrk  (Liang et al., 1994). Suprisingly, 46% of the eggs laid by
mRNAs, the mispositioning of the oocyte nucleus and thea®vaf’ flies have defects in A/P polarity, as indicated by
morphological egg chamber defects observed/ds?” and  presence of micropyle at the posterior end of the egg, but
vadl® mutants indicate thasis required for the establishment exhibit only partial or no defects in D/V axis specification, as
of polarity along both body axes. deduced from the presence of dorsal appendages. This novel
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A e rescued by the Vas activity provided by one copy of/tEP

1kb allele. Invas$’D, Vas is expressed at wild-type levels in the
ATG Uga germarium and during the early stages of oogenesis, but is
| pe— | —— absent later in oogenesis (Hay et al., 1990; Lasko and

=l B Ashburner, 1990), indicating that the critical period when the

reduction of Vas activity ivad®, vas?” andva<® causes the
Fig. 3.(A) The P-element insertion in observed polarity defects occurs in early oogenesis.

vagt® maps to the 'mon-coding initial

exon ofvas The site of insertion of the Vas is required for two different aspects of grk
_|-97  element was mapped by a PCR-based expression during early and mid-oogenesis

primer scanning approach using five PCR The fact that someas mutations affect both A/P and D/V
-6 primers (a-e, pz) spanning _thles q polarity suggests that Vas protein must be required either for
ﬁﬂeer;ﬁgnég)regéonuéﬁ% ':ﬁ;?“;‘ss veals that 1€ initial steps in the establishment of A/P polarity, and/or that
the P elerﬁengresides at t%e beginning of Vas affects shared components of the pathways establishing A/P
ginning o X . - . .
_ |- % the B-most exon ofas,and has created and D/V polarity. Since Vas protein is expressed exclusively in
the expected 8 bp duplication. Exons are the germline (Hay et al., 1988a, 1990; Lasko and Ashburner,

indicated as boxes: coding portions of 1990), it most likely regulates germline components of the

- exons are shaded, non-coding regions are polarity establishment pathways. Since the phenotypes
— -3p Wwhite. (B) Vasa protein levels are reduced observed invas mutants are reminiscent of the phenotypes
in vag> andvas?’. (Top panel) Western  described fogrk, a key germline signalling molecule required
tubulin ‘e e e blot analysis of proteins from wild-type  for proper establishment of both A/P and D/V polarity

andvasmutant ovaries probed with a

X : (Gonzéles-Reyes et al., 1995; Roth et al., 1995), we examined
polyclonal anti-Vasa antiserum. The

L s : the expression of Grk protein in ovaries from females
amount of Vasa protein is reducedvime!® mutant ovaries compared h for different tati b ¢ blotti
to wild type. In extracts fronsa?” ovaries, a novel band of about 35 omozygous for arfierentasmutations by western biotting.

kDa is detected by the Vas antibody. All exons and small introns of Gk expression is normal in combinationsvasalleles that
va<? have been sequenced and revealed no mutation, ruling out th&l0 not exhibit oogenesis defecimgP/va?) (Fig. 4A). In
the 35 kDa protein is a truncated form of Vas resulting from a novel vasalleles that affect oogenesigag?’, vasd), the amount of
termination codon iras We cannot exclude the possibility thata ~ Grk protein is strongly reduced (Fig. 4A). The extent of the
truncated version of Vas protein is produced from an aberrantly reduction in Grk protein expression correlates with the
spliced mRNA caused by insertion of the P element. (Bottom panel)reduction of Vas activity in the mutants and with the severity
Loading control: same blot stripped and reprobed with a monoclonahf the A/P and D/V phenotype. It is therefore possible that the
anti-tubulin antibody. A/P and D/V polarity defects observedviasmutants are due
to the reduction in Grk protein levels.

phenotype indicates thaa<?® possesses enough Vas activity In order to investigate the correlation between the polarity
for the establishment of D/V polarity, but lacks the activityphenotypes and the distribution of Grk protein throughout
necessary to polarise the A/P axis early during oogenesis. Thasgenesis, we performed antibody staining on ovaries from
result also suggests that the D/V axis can be established ewdifferent vas mutant combinations, using anti-Gurken
when A/P polarity is not specified. antibody. Invast®, which exhibits weak A/P and intermediate

vas’P represents a group ehsalleles that do not exhibit D/V polarity defects, Grk protein expression is weak during
any oogenesis defects. When combined witd®, vaf’ and  early oogenesis and variable in mid-oogenesis (data not
vas, the oogenesis defects observed in those alleles ashown). Invas?, where the A/P and D/V defects are strong

Table 1. Complementation behaviour ofasalleles
Egg shell phenotype (%)

Posterior aeropyle Posterior aeropyle Posterior micropyle Posterior micropyle Posterior micropyle
and strong and weak and strong and weak and no ventralisation

Genotype Wild type ventralisation* ventralisationt ventralisation* ventralisationt defects n
15/15 5 30 65 0 0 0 408
15/Df 5 52 42 2 0 0 505
15/D1 6 44 50 0 0 0 494
15/PD 100 0 0 0 0 0 450
Q7/1Q7 2 67 11 20 0 0 320
Q7/Df 0 68 9 23 0 0 364
Q7/D1 0 67 26 7 0 0 357
Q7/PD 100 0 0 0 0 0 350
Q6/Q7 10 3 0 40 23 23 133
Q6/PD 100 0 0 0 0 0 150

Eggs were collected on apple juice plates from more than 40 females and aged for 24 hours at 25°C. Phenotypes wereeaas@ns¢idbpf the egg
shells with a dissecting microscope and of egg shell preparations with a Zeiss Axiophot.

*Eggs without any visible dorsal appendage material.

tEggs with residual dorsal appendage material, single dorsal appendage.

We were not able to recover avg<R® homozygous females, although, when originally isolated, this allele was homozygous viable.
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Fig. 4.(A) Gurken protein levels are reducedvasmutants that

show A/P and D/V polarity defects. (Top panel) Western blot
analysis of proteins from wild-type andsmutant ovaries probed

with a polyclonal anti-Gurken antiserum. We observe a reproducible
subtle difference between the amount of Gurken protein present in
vas® andvas?” mutant ovaries. In thead’P/ivad? trans-

heterozygous combination of alleles, Grk protein level appears wild

Giiiflent “ ; type. The strong band present just below the Grk-specific band is

A

most likely due to crossreactivity of the antibody with an abundant
yolk protein. (Bottom panel) Loading control: same blot stripped and
reprobed with a monoclonal anti-tubulin antibody. (B) Competitive
RT-PCR analysis shows that levelsgok mRNA are not affected
during the early stages of oogenesis. Poly(A) mRNA for each sample
was isolated from a single young nonvitellinogenic ovary, reverse
; transcribed into a first strand of cDNA, as described in the Materials
wbulin - (R and Methods section. The mRNA levels were normalised by linear
range hot PCR, using actin primers (data not shown). The
B competitive PCR assay was performed using a pair of primers which
amplify a 392 bp fragment from tiggk cDNA, but a 529 bp
— — fragment from thgrk genomic clone (top part of the figure). The
Liemns —| _oweeont | products were analysed by agarose gel electrophoresis. Than@T
shows the amplification products from an aliquot of poly(A) mRNA
genomic DNA. —————  520bp that was subjected to the RT reaction, but in the absence of reverse
ark cDNA ——  892bp transcriptase. Ten different concentrations of competitor genomic
DNA are shown; the difference between each lane is 3-fold. Lane C1
o shows amplification of genomic competitor alone; C2 is a PCR
control with no template added. Box indicates dilutions where the

1 [competitor]
&

wt concentration of competitor amgk transcript amplification are
approximately the same, as judged by the intensity of the ethidium
15 bromide staining of the two bands, and comparison with the adjacent
vas bands. The minor differences in this lane between the wild-type and
mutant samples indicates that the difference in mRNA levels is less
vas®’ than three-fold, which is consistent with the actin amplification

results (data not shown).

(Fig. 5B), Grk protein is absent throughout oogenesis (Figearly oogenesis is indistinguishable from the wild type (Fig.
5L,M). In vaf®/val7 egg chambers, which exhibit strong A/P 5H); however, Grk protein is not detected (Fig. 5N). During
but weak D/V polarity defects (Fig. 5C), Grk is never detectednid-oogenesisgrk mRNA is distributed along the anterior
during early oogenesis (Fig. 5N) but Grk expression is normadortex in 47% (Fig. 51) and correctly localised to an
in 51% of the egg chambers at mid-oogenesis (Fig. 50). Takemterodorsal location in 51% (data not shownyas6/va’
together, these results indicate that the various polarity defeagg chambers. During these later stages, Grk protein is
in vas mutants parallel the defects in Grk protein expressionletected (Fig. 50). Taken together with the expressiarkof
during relevant stages of oogenesis. We conclude viigit  in vas®” homozygous egg chambers, these results indicate that
participates in the establishment of oocyte polarity byaf®lacks the activity required for translation gk mRNA
regulating expression of Grk. during early oogenesis, but possesses the activity necessary for
To understand the way in whisasaffectsgrk expression, grk expression during mid-oogenesis.
we examined the distribution @rk mRNA in vas mutant ) ) ] .
ovaries. Invas?’, grk mRNA appears wild type during the early Vas is required for a variety of processes during
stages of oogenesis but disappears at stage 9/10 (Fig. 5F,&3/ly oogenesis
Since Grk protein is not detected in this mutant (Fig. 5L,M)va?? andvasi® mutant ovaries are significantly smaller than
it seems thavasaffectsgrk expression on two distinct levels. wild-type ovaries and exhibit various structural defects. To
During early oogenesis the presencegidf RNA, but absence characterise those defects more precisely, we examined the
of the protein, indicates a defect in translatiorgif MRNA.  morphology of mutant egg chambers.
At mid-oogenesis,vas appears to be required for the Previous analysis ofvas mutants reported the apparent
accumulation ofjrk mRNA to wild-type levels. degeneration of some ovarioles during mid-oogenesis (Lasko
To rule out the possibility thairk mRNA levels are also and Ashburner, 1990; Schiipbach and Wieschaus, 1991). We
affected during early oogenesis, we quantified the amount abserve similar defects wag®, in which some egg chambers
grk mRNA from young non-vitellinogenizas® and vasl”  of stage 10 and older lose most of the normal morphological
mutant ovaries, by competitive PCR (Fig. 4B). We observe noharacteristics and appear as amorphic clusters (data not shown).
significant difference between tiyek RNA levels in wild-type In wild-type ovaries, the oocyte is positioned posterior to the
and invas mutant ovaries. Since the level of Grk protein isnurse cells (Spradling, 1993). In 5% \&ds®> egg chambers,
severely reduced in the mutants, we propose/tisas required  the oocyte is in the middle or on the side, surrounded by nurse
for efficient translation ofjirk mRNA during early oogenesis. cells (Fig. 6A). This suggests that Vas is required for the
In vaR8/vafl” egg chambergyrk mRNA expression during positioning of the oocyte at the posterior of the egg chamber.
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Fig. 5. Polarity defects itvasmutants correlate with defectsgrk expression. (A) Lateral view of a wild-type egg, showing the two dorsal
appendages and a magnification of the posterior aeropyle (arrowhead). (B) Lateral view of a completely ventralised eggu@idrytant
female, showing the absence of dorsal appendages and a magnification of an ectopic posterior micropyle (arrowhead)vi&y bateral

egg laid by avaR®vaR”mutant female, showing dorsal appendages and an ectopic posterior micropyle (arrowheagik (BREJA (blue)
andoskmRNA (brown) in wild-type egg chambers. (Bk andoskmRNAs accumulate in the growing oocyte at stages 5 and §rKE)

mRNA localised to an anterior-dorsal corner aslmRNA localised to the posterior pole of a stage 9 oocyte. (FIGNRNA invafd”egg
chambers. (Fyrk accumulates in the growing oocyte at stages 5 and &rk@)RNA is not detected in the stage 9 oocyte. (BHKmRNA

(blue) andoskmRNA (brown) invaf®/val? egg chambers. (Hjrk andoskmRNAs accumulate in the growing oocyte at stages 5 and 6.

() grk mRNA is mislocalised along the anterior cortex in 20% of stage 9 oogyka®RNA is localised to an anterior-dorsal corner in 51% of
oocytes (data not shown) anskmRNA is mislocalised to the middle of the oocyte. (J,K) Grk protein distribution in wild-type egg chambers.
(J) Grk accumulates in the growing oocyte at stages 5 and 6. (K) Grk localised to an anterior-dorsal corner in stagg19 [y ¢ytkss not
detected irvaf” egg chambers. (N,0) Grk irn8/vaf” egg chambers. (N) Grk is not detected in oocytes at stages 5 and 6. (O) Grk is
localised to an anterior-dorsal corner in stage 9 oocytes in 51% of the egg chambers. In 9% of egg chambers, Grk ig foostéritrth
associated with the oocyte nucleus (data not shown).

grk mRNA has been shown to accumulate in the oocyte ang
thus serves as an oocyte marker (Neuman-Silberberg a
Schiipbach, 1993). ImafY’, at a relatively low frequency, in
situ hybridisation withgrk mRNA probe reveals the presence
of two oocytes (Fig. 6B). Frequently egg chambers containin
two oocytes are immediately adjacent to egg chambers that la
an oocyte and contain a reduced number of nurse cells.
similar phenotype has been observeédgheadand brainiac
mutants (Goode et al.,, 1996), and can be explained by tl

Fig. 6. Early oogenesis defects displayedvagmutants.

(A,B) Nomarski images of (A) a fixed unstaineal'> egg chamber
exhibiting mispositioning of the oocyte (arrowhead) and (B) a
vaf¥’/vas® ovariole containing alternate egg chambers containing
either two oocytes or no oocyte. (C-F) Confocal images of propidium
iodide-stained wild-type (C,D) anch<¥7 (E,F) ovaries. In the wild-
type oocyte nucleus, DNA appears as a single compact dot

(C,D, arrowhead). In theaf¥” oocyte nucleus, DNA is fragmented
(E,F, arrowheads). (G,H) Confocal imagevaf?” egg chambers
double-labelled with rhodamine-conjugated phalloidin and
propidium iodide. (G) Projection of 20 optical sections to emphasise
the position of the columnar follicle cells (red dots) with respect to
the two anterior cortical actin rings (arrowheads). (H) A single focal
plane from the same confocal series as G, emphasising the border
between the nurse cells and the oocyte. The border coincides with tl
position of the anterior actin cortical ring (arrowhead).
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abnormal migration of follicle cells between encapsulated cystSchipbach, 1987; Neuman-Silberberg and Schipbach, 1993),
in the germarium. Interestingly, such a two-oocyte phenotypabsence ofascauses a reduction grk mRNA levels.
has been observed at a similarly low frequencgriomutant The role ofvasduring the later phase gfk expression is
egg chambers (Neuman-Silberberg and Schiipbach, 1993). not clear. Vas could directly affect some aspear&fmRNA
vasmutant ovaries exhibit two additional phenotypes. In wild-processing, such as splicing or mRNA stability. However, the
type oocytes, the DNA of the oocyte nucleus condenses asfact that thezas’® mutation, which lacks detectablasactivity
karyosome which appears as a compact, single, white dot withituring mid-oogenesis (Hay et al., 1990; Lasko and Ashburner,
the dark area delimiting the oocyte nucleus (Fig. 6C,D). We havE990), is able to rescue the mid-oogenesis D/V polarity defects
noted that, invasmutants, the karyosome is often fragmentedcaused by strongeras mutations, suggests that the effect of
and appears as two or three fuzzy spots within the oocyte nucleuss on grk mRNA expression at this stage is an indirect
(Fig. 6E,F). A similar phenotype has been observespindle consequence of a disruption of earlier oogenesis processes.
(spn mutants (Gonzéalez-Reyes et al., 1997). One possibility would be that fragmentation of the oocyte
At stage 10 of oogenesis, wild-type egg chambers adoptraicleus results in an inability to express or maintain wild-type
characteristic appearance where the oocyte is as large as grk RNA expression or localisation during mid-oogenesis.
nurse cell cluster (Cummings and King, 1970). The bordeAlternatively, Vas could be required during early oogenesis for
between the oocyte and the nurse cells coincides with thtee expression of factors regulatijk mRNA transcription or
border between the columnar and the squamous follicle celigability during mid-oogenesis. It is also possible that the
and appears to overlap with a cortical ring of actin at thénstability of grk mRNA is a consequence of the failure to
anterior margin of the oocyte. frasmutant egg chambers of translate the mRNA. However, this seems unlikely since, in
the same stage, the oocyte appears smaller than the nurse cedi$8/vasl” ovaries, Grk translation is affected only during the
(Fig. 6H) and the columnar follicle cell epithelium coversearly stages, suggesting that Vas is not required for translation
roughly half of the egg chamber, surrounding not only theluring mid-oogenesis.
oocyte, but also a portion of the adjacent nurse cells (Fig. Recently a group of sigpnmutants has been implicated in
6G,H). Optical sectioning of such an egg chamber reveals twoanslational regulation ajrk mRNA (Gonzalez-Reyes et al.,
anterior cortical actin rings (Fig. 6G, arrows). The first ring1997). spn mutants share some features withs mutants
coincides with the border between the columnar and squamodsscribed in this study. Botrasandspnaffect the process of
follicle cells and is positioned at approximately half of theoocyte positioning, exhibit fragmentation of the oocyte nucleus
length of the egg chamber, as in the wild type. The second rirapd affect expression of Grk protein and distributiorgikf
is positioned more posteriorly and coincides with the apparemiRNA (Gonzalez-Reyes et al., 1997). However there are also
border between the nurse cells and the oocyte, at approximatelgveral differencespnA,B,C,Dunlike vas,only weakly affect
two thirds of the length of the egg chamber. These observatiotise polarisation of the A/P axis when the oocyte is correctly
suggest that the size of the oocyte and its association with tpesitioned at the posterior of the egg chamber (Gonzalez-
columnar follicle cells are normal, and that the observedReyes et al., 1997). Furthermore, in thepa mutants,grk
topological defect in theasmutants is due to the pushing of mRNA is present during mid-oogenesis but is not translated
the nurse cells towards the oocyte. Such a defect is al¢@Gonzalez-Reyes et al., 1997), whereasan, grkmRNA is
observed irBicD mutant ovaries (Swan and Suter, 1996).  either absentva®?) or expressed and translatgdX6/vafd?).
Taken together, these data suggest that, during early
oogenesisyas is required, whereaspn activity is partially

DISCUSSION dispensable, fogrk translation. During mid-oogenesigrk

o ) ] MRNA localisation around the oocyte nucleus requires both
Vas participates in the establishment of A/P and D/V vas and spn however, onlyspn activity is required for
polarity by regulating  grk expression translation ofgrk mRNA. Thereforegrk expression appears to

The analysis of a newly identified mutation in treslocus, be differentially regulated during the establishment of A/P and
together with the detailed characterisation of previoushD/V polarity. This hypothesis is supported by the fact that
identified vas alleles, has revealed a novel functionvas.  several mutations such ¥40 andsquid(sqd (Wieschaus et
Ventralisation of the egg shell, formation of a posterioral., 1978; Kelley, 1993) affect onlgrk-dependent D/V
micropyle and the aberrant localisation patterbazf oskand  patterning processes, whereaa6va? predominantly
grk mRNAs observed irnvas mutants indicates thatasis  affects the establishment A/P polarity.
required for the establishment of both A/P and D/V polarity. Interestingly, spnE (homeless encodes a protein that
The strong correlation between the polarity phenotypebelongs to the same protein family of DEAD box RNA
observed invasmutants and the defects in Grk protein levelshelicases agas(Gillespie and Berg, 1995§pnE,unlike other
at relevant stages of oogenesis suggestviiEs required for  spnmutants, is critical for the establishment of the A/P axis
regulation of Grk expression. The defects imposed bwnce the oocyte is posteriorly localised within the egg chamber.
reduction ofvasactivity upongrk expression can be divided As in vas mutants, grk transcript is frequently absent or
into two categories. During early stages of oogenesis, whemislocalised in stage 18pnE egg chambers (Gillespie and
grk-mediated signalling is responsible for the establishment derg, 1995). OverallspnEappears to be more similar vas
posterior follicle cell fate and subsequent polarisation of théhan to spn mutants. Thespn mutations may therefore be
A/P axis (Gonzales-Reyes et al., 1995; Roth et al., 1985), divided into two groups, one includingpnA,B,C,D,which
appears to affect translation gfk mRNA. However, later mainly affects the late phase gik expression, and the other
during oogenesis, when localisgtk activity is required to  comprising helicasespnEandvas,which are required for both
specify dorsal follicle cell fate and thus polarise the D/V axighe early and late phasesgrk expression.
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The egg shell phenotypes and the pattergrbexpression mRNA that requires Vas for its translation. Since even a
in vaf¥vaf? ovaries, as well as the low frequency of combination of deficiencies that removes tas locus, and
mislocalisation of the oocyte nucleus @<’ and vasl®,  thus represents a true null mutation, allows oogenesis to
indicates that D/V polarity can be established even wheproceed until stage 6 (Lasko and Ashburner, 1990), it is clear
proper A/P axis specification has failed to occur. The partiahatvasis not absolutely required for translation of all mMRNAs
mislocalisation ofosk mRNA to the middle ofvas® oocytes in the oocyte. Nonetheless, the pleiotropyva$ phenotypes
indicates that the organisation of the oocyte cytoskeleton suggests that many Vas target mRNAs are yet to be identified.
only partially aberrant ivasmutants. It is therefore possible So far Vas has not been shown to possess RNA-binding
that, in this mutant, the organisation of the microtubules allowspecificity in vitro (Liang et al., 1994), but it does specifically
wild-type localisation of the oocyte nucleus, but interferes withinteract with proteins such as Osk and Bru (Breitwieser et al.,
localisation of maternal mMRNAs. This suggests that the proced4996; Webster et al., 1997). It is therefore possible that Vas
of nuclear migration is less sensitive to reductions in Grkecognises its target mMRNAs by interaction with the proteins
signalling than is mRNA localisation. This conclusion isthat associate with those mRNAs. Given the ubiquitous
supported by the observation of similar discrepancies betweexpression ofasin the germline, it is unlikely that Vas acts
the frequency of mislocalisation of mMRNAs and of the nucleuss the factor responsible for differential translation of many
in hypomorphictop mutants (Gonzales-Reyes et al., 1995;different mRNAs. Rather Vas may represent a germline-

Roth et al., 1995). specific translational activator that provides a link between the
_ general translational machinery and the specific regulatory
Vas as a translational regulator of  grk proteins associated with different mRNAs, resulting in

In this study, we propose that during early oogenesisnay  temporally and spatially regulated translation.
be required fogrk mRNA translation. Our conclusion is based ] ] ]
on the fact that, in early stage egg chamlgtsmRNA levels ~ Vvas is required for many aspects of germline
are normal, but levels of Grk protein are reduced below theevelopment
threshold of detectability by antibody staining in situ and byOur analysis of egg chamber morphology@smutant ovaries
western blotting. reveals thatvasis required not only for the establishment of
During early and mid-oogenesigrtk mRNA is tightly  polarity, but also for proper encapsulation of the oocyte by the
localised to a specific subcompartment of the oocyte (Neumafsllicular epithelium, for positioning of the oocyte within the egg
Silberberg and Schiipbach, 1993), ensuring the proper spataiamber, for the integrity of the oocyte nucleus and for the
and temporal specificity of Grk-mediated signalling processesompletion of oogenesis. Vas is required for the formation of the
It has been demonstrated that mislocalisatiggriomRNA and  pole cells and is expressed in the germline throughout
the resulting misplacement of Grk patterning activity causeembryonic, larval and pupal development of both the male and
severe defects in follicular cell fate specification and ultimatelyhe female germline (Hay et al., 1990; Lasko and Ashburner,
leads to embryonic lethality (Neuman-Silberberg andl990). Henceyas seems to be required for most aspects of
Schiupbach, 1993; Christerson and McKearin, 1994; Roth argermline development. RNA helicases similar \as are
Schipbach, 1994). Therefore, tight regulation of the expressiaxpressed specifically in the germline of other species such as
of Grk protein within the egg chamber is critical. Although theCaenorhabditis elegan®&oussell and Bennett, 199enopus
temporal and spatial regulation gfk activity appears to be laevis(Komiya et al., 1994)Panio rerio (Olsen et al., 1997,
largely achieved bgrk mRNA localisation, a mechanism must Yoon et al., 1997) antMus musculugFujiwara et al., 1994),
exist that ensures thgitk mRNA is translated only in the oocyte suggesting that the requirementvasin germline development
and at the proper location within this cell. In the casestf is conserved throughout the animal kingdom. Siragacts at
MRNA, it has been demonstrated that translational repressideast in part through translational regulation of different mMRNAs
prior to localisation is mediated by the RNA-binding proteinin the germline, one possibility is thatsmay represent a factor
Bruno (Bru) (Kim-Ha et al., 1995). Bru recognises distinct RNAthat imposes germline specificity on the translation machinery.
elements called Bruno Response Elements (BRE) in' theR3
of theosktranscript (Kim-Ha et al., 1995). Although we cannot We would like to thank Christian Bokel, Siegfried Roth and Trudi
rule out that the effect of Vas on Grk expression is indirect, thechupbach for their gifts of Grk antibodies, Jolanta Glotzer and
fact that the BJTR of grk mRNA contains at least one BRE Siegfried Roth for RNA probes, and Niki Gunkel for theZ reporter.

: : L e are grateful to Jean-Louis Couderc for sharing his unpublished
that can bind Bru protein (Kim-Ha et al., 1995) and that BrL}c;\;ta on the novel exon vés and to Sylvia Styhler, Akira Nakamura

interacts with Vas (Webster et al., 1997) raises the DOSSibiIité(nd Paul Lasko for discussion of their unpublished results. We also

that Vas and Bru cooperate in translational regulatiogrf  {hank Andreas Jenny and Siegfried Roth for their critical reading of
mMRNA. It has also been shown that, doberginemutants  the manuscript. P. T. and A. G. were supported by EMBL predoctoral
which have A/P and D/V defects (Schipbach and Wieschaugllowships.

1991), translation of botlesk and grk mMRNAs is severely
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