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SUMMARY

The anteroposterior axis ofDrosophilais defined during on chromosome 3R that disrupt anteroposterior axis
oogenesis, when the polarisation of the oocyte microtubule formation. Analyses of new alleles o§pn-E and orb show
cytoskeleton directs the localisation oficoid and oskar that both SPN-E and ORB proteins are required to
MRNAs to the anterior and posterior poles, respectively. organise the microtubule cytoskeleton at stage 9, and to
Although maternal-effect lethal and female-sterile screens prevent premature cytoplasmic streaming. Furthermore,
have identified many mutants that disrupt these processes, ypsmutants partially suppress the premature cytoplasmic
these screens could not recover mutations in essential streaming of orb mutants. As orb, ypsand spn-E encode
genes. Here we describe a genetic screen in germline clonesRNA-binding proteins, they may regulate the translation of
for mutants that disrupt the localisation of GFP-Staufen in  unidentified RNAs necessary for the polarisation of the
living oocytes, which overcomes this limitation. As Staufen microtubule cytoskeleton.

localises to the posterior withoskar mMRNA and to the

anterior with bicoid mRNA, it acts as a marker for both

poles of the oocyte, allowing the identification of mutants Movies available online

that affect the localisation of either mRNA, as well as

mutants that disrupt oocyte polarity. Using this approach, Key words:oskar, bicoid, Staufen, Polarity, Microtubules,

we have identified 23 novel complementation groups Drosophila

INTRODUCTION al., 1992). During stages 5-6, Gurken protein signals from the
oocyte to induce the adjacent somatic follicle cells to adopt a
Drosophilaoogenesis provides an excellent model system iposterior fate (Gonzalez-Reyes et al., 1995; Roth et al., 1995).
which to study cell polarity and mRNA localisation, becauseThese posterior cells are then thought to signal back to the
the anteroposterior (AP) axis of the embryo is determined bgocyte to induce the disassembly of the posterior MTOC,
the localisation of two different mRNAs to the anterior andwhich leads to the formation of an AP gradient of
posterior pole of the oocyte (van Eeden and St Johnston, 1998jcrotubules, in which most minus ends lie at the anterior of
Riechmann and Ephrussi, 200hjcoid mRNA is localised at the oocyte, with the plus ends extending towards the posterior
the anterior of the oocyte, and is translated after fertilisatiopole (Theurkauf et al., 1992; Clark et al., 1994; Clark et al.,
to generate a morphogen gradient of a homeodomaif997). This polarised microtubule cytoskeleton defines the
transcription factor that patterns the head and the thorax of tliestinations obicoid andoskarmRNAs, and also directs the
embryo (Driever, 1993pskarmRNA localises to the posterior migration of the oocyte nucleus agdrkenmRNA from the
of the oocyte, where Oskar protein directs the formation of thposterior of the oocyte to the anterior margin, where Gurken
pole plasm that contains the pole cell and abdominadignals a second time to define the dorsal-ventral axis
determinants (Ephrussi et al.,, 1991; Kim-Ha et al., 1991(Neuman-Silberberg and Schipbach, 1993).
Ephrussi and Lehmann, 1992). As the localisation obicoid andoskarmRNAs depends on
The localisation ohicoid and oskar mMRNAs depends on the polarised microtubule cytoskeleton, a simple model is that
reciprocal signalling between the oocyte and the overlyinghese mRNAs are transported to the anterior and posterior by
somatic follicle cells. In early stages of oogenesis, an MTO@ninus- and plus-end-directed microtubule motors, respectively
is present at the posterior of the oocyte and nucleatd€lark et al., 1994; Pokrywka and Stephenson, 1995). In
microtubules that extend through the nurse cells (Theurkauf stipport of this modelpskar MRNA localisation requires the
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plus-end-directed motor, Kinesin 1 (Brendza et al., 2000)mRNA throughout oogenesis, in both wild-type and all mutant
However, it is unclear whether Kinesin directly transportsconditions examined so far, and this localisation reqois&ar
oskarmRNA to the posterior, and if so, how it is coupled tomRNA (St Johnston et al., 1991; Ferrandon et al., 1994).
its MRNA cargo (Glotzer et al., 1997; Cha et al., 2002; PalacidBecause Staufen is a dsRNA-binding protein, these results
and St Johnston, 2002). The actin cytoskeleton may also lredicate that it binds directly and stably adskar mRNA (St
important in this process, as some alleles of the actin-bindingphnston et al., 1992; Ramos et al., 2000). In freshly laid eggs,
protein Tropomyosin Il (Tmll; Tp2 - FlyBase) disrupskar  Staufen is also localised at the anterior, where it is required to
MRNA localization (Erdelyi et al., 1995 ow bicoid mMRNA  anchorbicoid mRNA (St Johnston et al., 1989; Ferrandon et
is directed to the anterior of the oocyte is even less well., 1994). The anterior localisations of Staufen &iwbid
understood, because the minus ends of microtubules are fourRNA are mutually-dependent, again suggesting that Staufen
along the lateral cortex as well as the anterior (Cha et al., 2001)teracts directly with the RNA. However, it is unclear when
Indeed, bicoid MRNA localises in a microtubule-dependent Staufen first associates witicoid mRNA, as it is not enriched
manner to both the anterior and lateral cortex when it iat the anterior of the oocyte at stage 10a, and the later stages
injected into the oocyte, and only localises specifically to thef oogenesis cannot be examined by antibody staining because
anterior if it has been exposed to nurse cell cytoplasm. Thizf the impermeable vitelline membrane that is deposited
has led to the proposal thaicoid RNA is transported to the around the oocyte.
anterior along a specific subpopulation of microtubules, and Several other genes are necessary for the anterior
that nurse cell factors render it competent to distinguish thedecalisation ofbicoid mMRNA at earlier stagegxuperantiais
microtubules from those nucleated laterally. required for the anterior accumulation ltoid RNA from

Very little is known about how the oocyte microtubule stage 7 onwards, and appears to function in the nurse cells to
cytoskeleton becomes polarised, but three classes of mutanésmder the RNA competent to localise in the oocyte (Berleth et
disrupt this organisation. al., 1988; Cha et al., 2001). bwallow mutants, the initial

(1) In mutants that abolish the follicle cell signal, such agocalisation ofbicoid mRNA is normal, but it is not anchored
gurken mutants, the posterior MTOC persists after stage 7at the anterior of the oocyte from stage 10b (Berleth et al.,
leading to the formation of a symmetric microtubule1988; St Johnston et al., 1989). Swallow protein physically
cytoskeleton, which directs the localisationbidoid RNA to  interacts with the Dynein light chain, and localises to the
both poles of the oocyte anoskar mRNA to the centre anterior of the oocyte, but it is unclear whether it plays a direct
(Gonzalez-Reyes et al., 1995; Roth et al., 1995). Germlinmle in the anchoring dbicoid mRNA or functions indirectly
clones ofPKA, mago nashiand Y14 (tsunag) mutants cause in the organisation of the microtubule cytoskeleton (Schnorrer
similar phenotypes in the oocyte without affecting the follicleet al., 2000). In support of the latter view, Swallow interacts
cells, suggesting that they are required for the transduction efith yTub37C and Grip75, which are components of the
the polarising signal in the oocyte (Lane and Kalderon, 1994;Tubulin ring complex that nucleates microtubules; mutants in
Micklem et al., 1997; Newmark et al., 1997; Hachet andoth of these genes also disrugtoid mRNA anchoring
Ephrussi, 2001; Mohr et al., 2001) However, Mago and Y14Schnorrer et al., 2002).
are components of the exon-exon junction complex that marks The localisation ofoskar mMRNA is also affected by
where introns have been removed from mRNAs, and themutations in a number of other known genes.barentsz
presumably act on microtubules indirectly (Le Hir et al., 2001)mutants and hypomorphic allelesvégo nashandY 14 oskar

(2) In par-1 and 14-3-% mutants, the posterior MTOC mRNA fails to localise to the posterior of the oocyte and
disassembles normally, but the microtubule plus ends aramtcumulates along the anterior margin instead (Newmark and
oskar mMRNA become focussed in the centre of the oocyt®oswell, 1994; Micklem et al., 1997; Hachet and Ephrussi,
(Shulman et al., 2000; Tomancak et al., 2000; Benton et aR001). All three proteins transiently localise wittkarmRNA
2002). These proteins may therefore play a role in recruitingt the posterior of stage 9 oocytes, suggesting that they are
plus ends to the posterior. directly involved in its transport (Newmark et al., 1997; Hachet

(3) Mutants in the actin-binding proteins, Cappuccino, Spirand Ephrussi, 2001; Mohr et al., 2001). Onsgkar MRNA
and Profilin (Chickadee) disrupskarmRNA localisation by reaches the posterior of the oocyte, it needs to be securely
causing the formation of large cortical bundles of microtubulesnchored. The actin cytoskeleton may be important in this
that drive premature cytoplasmic streaming (Theurkaufprocess as two actin-binding proteins, Tmll and Dmoesin
1994b; Manseau et al., 1996). This suggests that the actiMoesin-like - FlyBase), are necessary for the anchoring of
cytoskeleton plays an important role in regulating theoskar mMRNA to the posterior cortex (Tetzlaff et al., 1996;
formation of the polarised microtubule array. Jankovics et al., 2002; Polesello et al., 2002). Oskar protein

Genetic screens have identified a number of genes that plajso plays an important role in anchoring,oakarmRNA is
a role in the localisation dficoid and/oroskarmRNAs once  not maintained at the posterior askar protein null mutants
the microtubule network has been organised. Amongst thes@phrussi et al., 1991; Kim-Ha et al., 1991). Mutations in genes
staufenis unique, as it is required for bolticoid andoskar  necessary fopskartranslation, such aaubergine therefore
MRNA localisation. Staufen plays a central role in theresult in similar defects inskarmRNA anchoring (Harris and
regulation ofoskar mRNA, as it is required not only for its Macdonald, 2001). In addition, the homologue of Xte@mopus
transport from the anterior to the posterior of the oocyte, butytoplasmic polyadenylation element-binding (CPEB) protein,
also for the anchoring and translation of the RNA once it ha®RB, bindsoskarmRNA, and is required for its localisation
reached the posterior pole (Ephrussi et al., 1991; Kim-Ha etnd translation (Lantz et al., 1992; Christerson and McKearin,
al., 1991; St Johnston et al., 1991; Rongo et al., 1995; Micklert994; Hake and Richter, 1994; Chang et al., 1999).
et al., 2000). Furthermore, Staufen co-localises wihar The majority of the mutants described above were identified
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in genetic screens for maternal-effect lethal and female-sterilgeas observed, w; FRT82B, *TM6B males were mated with w; Pr,
mutations (Nudsslein-Volhard et al., 1987; Schipbach an8r/TM3 virgin females and balanced stocks were established.
Wieschaus, 1989; Schiipbach and Wieschaus, 1991). Althou§yfutants identified in the primary screen were re-screened under the
these screens were very successful at identifying germlinéonfocal microscope. _ o )
specific factors required for oocyte polarisation and mRN Induction of the FLPase in females containing a non-mutagenised
g ! i ’ o
localisation, they could only recover homozygous viabl RT chromosome produced germline clones in over 90% of the

mutation nd therefore mi d manv of th ntial emales. As we dissected 3-5 females for each mutant chromosome,
utations, a ereiore misse any or the essential 9engg |ikelihood of getting clones in at least one female was higher than

that also play a role in polarity and mRNA localisation in othelgg go5 The mutagenised chromosomes for which no clones were
cell types. This problem can be overcome by using thgscovered (about 25%) carried either a cell lethal mutation or
FLP/FRT/DFS system to perform screens in germline clones mutation arresting oogenesis at early stages, and were
(Xu and Rubin, 1993; Chou and Perrimon, 1996). This systeindistinguishable from the o¥d egg chambers. These mutants were
allows the recovery of lethal mutations in essential genesliscarded.

because it selects for germline clones, while most somatic cellsTwo lines were considered allelic if no trans-heterozygous progeny

technique to screen a sample of 500 lethal P-elemen aternal-effect lethal. We did not routinely test for weaker maternal-

recombined onto FRT autosomes, and identified maternafiicct defects, such as a grandchildless phenotype.
effect lethal factors involved in proper egg shell formation angtains and microscopy

patterning of the cuticle (Perrimon et al., 1996). The primary screen was performed on a Leica inverted fluorescence

A limitation of all of these screens is their use of themicroscope, using a broadband filter (Leica 13 513828) in which the
embryonic cuticle as a readout for AP patterning, as thiSFp fluorescence appears green, and yolk autofluorescence yellow.
precludes the identification of any mutants that affect AP axiBor live observation, the ovaries were dissected in \Voltalef 3S (screen)
formation in the oocyte but block development before cuticl®r 10S (movies) oil (EIf Atochem) on a coverslip. The time-lapse
formation. To circumvent this problem, we have designed #ovies were obtained by collecting z series of five sectionsuat 1
novel genetic screen in germline clones for mutations that altéftervals every 30 seconds for 20 minutes on a BioRad confocal
e drbuton o GFP-Stafen i g onces. e, WNRCI024 mozstope, The movng pricles vere vauled
report the results of this screen on chromosome arm 3R, agﬁ

the ch terisati f 23 I tati th OG515 filter (Palacios and St Johnston, 2002). The Kalman images
€ Characterisation o new compiementation groups Fig. 7E-H were obtained using the Kalman averaging function of

play a role in AP axis formation. the BioRad software to merge eight consecutive scans taken at 3
second intervals. Static particles form dots in these images, whereas
moving particles appear as lines that represent the direction and
speed of movement. Actin was visualised by fixing ovaries in
4% paraformaldehyde and staining with rhodamine-phalloidin
Fly stocks (1:500; Molecular Probes). In situ hybridisations were carried out
The following fly stocks were used: w; Pfnshsp70:neo; FRT]82B, using RNA probes labelled with Digoxigenin-UTP (Roche).
ry®06 (Xu and Rubin, 1993); w; P[ty hsp70:neo; FRTI82B, M®  Immunohistochemical detection was performed with alkaline
Plw*; ovoP83R1, P[w; ovPl183R2/TM3, Sb (Chou and phosphatase-conjugated anti-DIG (1:5000; Roche). For microtubule
Perrimon, 1996); y, w, P[ly mat-tub-alpha4:GFP Staufen], fry  staining, samples were fixed for 10 minutes in 8% paraformaldehyde
hs:FLP]; Pr, Dr/TM6B, Tb — this line contains a GFP-Staufenand stained with a FITC-conjugated monoclonal ertitulin
transgene driven from the4 tubulin promoter and a FLPase antibody (1:400; Sigma) (Theurkauf, 1994a).
transgene under control of the heat-shock promoter (Golic and
Lindquist, 1989; Schuldt et al., 1998).

The following alleles were used for complementation texsi®4 RESULTS
(Lehmann and Nusslein-Volhard, 199103921 (Guichet et al.,
2001), spnE'sA1S7 (Gillespie and Berg, 1995prb™343 (Lantz et al.,  To develop a marker for mRNA localisation in living oocytes,
1994),orbme! (Christerson and McKearin, 1994ts970"4(Schulz  \ve analysed a fusion between green fluorescent protein (GFP)
et al,, 1993)tmllss! (Erdelyi et al., 1995)btz* (van Eeden et al., 504 staufen that is specifically expressed in the female

2001). The ypgM2 allele and the ypgM2 orb recombinant : ) o
chromosomes were obtained from Dr Hazelrigg (Mansfield et al.germllne (Schuldt et al., 1998). The GFP-Staufen fusion is

MATERIALS AND METHODS

fully functional, as it rescues both thekarandbicoid mMRNA
2002). e

localisation defects of staufennull mutant (data not shown).
Mutagenesis and complementation Like endogenous Staufen, GFP-Staufen accumulates in the

w; FRT82B males were starved for 6 hours before they were treatédpcyte during stages 2-8 (Fig. 1A), and co-localises oskar

with 25 mM EMS (Sigma) in 1% sucrose for 18-24 hours to inducenRNA at the posterior from stage 9 onwards (Fig. 1B,C).
an average of one lethal hit per chromosome arm. The number Flurthermore, GFP-Staufen localisation parallels thaiskr
lethal hits was estimated by monitoring the number of X-linkedmRNA in mutants in whicloskar mRNA is mislocalised: it
females. Single w; FRT82B, */TM3 virgin females (where the asterlslﬁ,]utant oocytes, and concentrates in the middle of the oocyte

indicates the mutagenised chromosome) were mated with y, w, hs- ; ) ) .
FLP, GFP-Staufen; FRT82B, *¥TM6B males. The progeny were i grk mutants (Fig. 1D-F) (Gonzalez-Reyes et al., 1995; Roth

heat-shocked three times for 2 hours in a 37°C incubator during tf al., 1995; van Eeden et al., 2001). Because the fusion protein
third larval instar and pupal stages. Ovaries from 3-5 females of tH&0€S Not need to be stained, it can also be visualised during the

genotype y, w, hs-FLP, GFP-Staufen/w; FRT82B, */FRT82BPbvo later stages of oogenesis, when the oocyte is impermeable to
were dissected and screened for defects in GFP-Staufen localisatiéftibodies. At stage 10b, GFP-Staufen accumulates at the
using an inverted fluorescence microscope (see Fig. 2). If a phenotypaterior cortex of the oocyte, where it remains for the rest of
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Fig. 1. Localisation of GFP-Staufen.

(A-C) Expression of GFP-Staufen (green) in
fixed egg chambers counterstained with
rhodamine-phalloidin, which labels F-actin
(red). (A) Stage 6 egg chamber, showing the
accumulation of GFP-Staufen in the oocyte.
(B) Stage 9 egg chamber, showing the
localisation of GFP-Staufen to the posterior of
the oocyte. (C) Stage 10b egg chamber, in
which GFP-Staufen localises both to the
anterior and the posterior pole of the oocyte.
(D-F) Localisation of GFP-Staufen in stage 9
egg chambers. (D) Wild type. (B)2.

(F) grk?B8grk2E12 (G,H) Localisation of
GFP-Staufen in stage 11 egg chambers.

(G) Wild type. (H)exw'/extRR Note that the
posterior localisation of GFP-Staufen is
unaffected. Anterior is to the left, posterior to
the right in this and all subsequent Figures.

oogenesis (Fig. 1C,G). This anterior localisation is abolishedenes on 3R that affeaskaror bicoid mRNA localisation, and

in exuor swamutants, which disrupt the localisation€oid  identified two new alleles afskar, four of orb, six of spn-E
mRNA at an earlier stage, and is increased in females thahe ofD-elg (Ets97D and three otnc but no alleles ofmll
overexpresshicoid mRNA (Fig. 1H and data not shown) or barentszwere identified (Ephrussi et al., 1991; Kim-Ha et
(Berleth et al., 1988). Thus, Staufen associates hiitbid al., 1991; Christerson and McKearin, 1994; Erdelyi et al.,
mRNA at the anterior of the oocyte from stage 10b, where £995; Gajewski and Schulz, 1995; Gillespie and Berg, 1995;
functions to anchor the RNA during the final stages ofTetzlaff et al., 1996; Guichet et al., 2001; van Eeden et al.,

oogenesis. 2001). As expected, all of these mutants aftettar mMRNA
localisation, and the three new allelescot also affect the

A germline clone screen for mutants defective in localisation obicoidmRNA. This indicates that the screen was

GFP-Staufen localisation efficient, and achieved a reasonable degree of saturation.

Because GFP-Staufen co-localises wibkar and bicoid We classified the remaining mutants on the basis of their

mMRNASs at opposite poles of the oocyte, and at different stag@henotypes and used this as a guideline in the complementation

of oogenesis, it provides an in vivo marker for the localisationests (Table 1). As expected, we recovered mutants that affect

of both transcripts, and hence the polarity of the AP axis. Tonly oskar mRNA localisation (74), onlybicoid mRNA

identify new genes required for axis formation, we performedocalisation (18), or the localisation of both mRNAs (40).

a genetic screen in living oocytes for mutants that affect th&o identify complementation groups, mutants within each

localisation of GFP-Staufen. We mutagenised flies carrying thghenotypic class were crossed to each other, and the progeny

FRT82B chromosome with ethyl methyl sulphonate (EMS)assayed for lethality, female-sterility and maternal-effect lethal

and used the FRT/FLP-o¥d system to generate germline phenotypes. In addition, mutants that affect baitoid and

clones of chromosome arm 3R, using the crossing schenoskar mMRNAs were crossed to mutants that affect the

outlined in Fig. 2. From the primary screen of 5023localisation of only one mRNA. With this approach, we

independent mutagenised lines, we recovered 400 lines wittlentified 23 novel complementation groups (Table 2).

defects in GFP-Staufen localisation. These were then re-

screened in fixed samples, which were counterstained wifdutants affecting oskar mRNA localisation

rhodamine-phalloidin to reveal the morphology of the egdrhe majority of the mutants affect the posterior localisation of

chambers. This identified 141 lines that showed reproducibl@FP-Staufen andskarmRNA, but have little or no effect on

and penetrant phenotypes. We performed in situ hybridisatioriee anterior localisation of GFP-Staufen amdoid mRNA

for bicoid or oskarmRNAs on most of these lines to assay their(Fig. 3). These mutants display three distinct classes of

localisation directly, and this correlated with the localisation ofphenotypes that indicate defects in the three processes required

GFP-Staufen in all cases. for oskar mRNA localisation: microtubule organisation,
We first crossed the mutants to alleles of all of the knowmRNA transport and mRNA anchoring. The first two classes
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25mM EMS

7

Oﬁ w; FRT[ry*]82B X F w;

\

Q w- FRT[ry*]82B * Of yw hs-FLP[ry*] GFP-Stau[w*] . FRT[ry*]SZB ovoPlw*]
T™3 Y TM6B

Pr Dr Oﬂ w . FRT[ry*]82B ovoPl[w*]

Q hs-FLP[ry*] GFP-Stau[w*] ; £-DC
T™3 ™3 X Fow vl wl:

TM6B

heat-shock, 3x 2h 37C

Q yw hs-FLP[ry*] GFP-Stau[w*] . FRT[ry*]82B * Of w . FRT[ry*182B *
w " FRT[ry*182B ovoPl[w*] TM6B
dissection of ovaries mutant stock

Fig. 2. Crossing scheme for isolating mutants defective in GFP-Staufen localisation. The asterisk indicates the mutagenised chroenosome.
red X shows a mitotic recombination event between the two FRT sequences, which occurs after induction of FLP expres=ise o resp
heat-shockovdP?! is a dominant female-sterile mutation that blocks oogenesis at early stages. Within a clonal ovary, the only germline cysts
that develop to later stages are those that are homozygous for the mutagenised chromosome.

are represented by 55 mutants, in which GFP-Staufen ar&D02). Examination of the microtubule cytoskeleton with Tau-
oskarmRNA accumulate in the oocyte but fail to localise toGFP reveals thapoulpe mutants display a disorganised
the posterior in a significant proportion of oocytes, and eithemicrotubule network (data not shown), as do mutantkixif
remain diffuse throughout the cell or localise to its centrewhich encodes thBrosophilahomologue ofC. elegans par-4
These mutants comprise figpn-Ealleles, the new alleles of (Martin and St Johnston, 2003). Thus, these six
orb and D-elg, and nine novel complementation groups (seeomplementation groups probably affect mMRNA localisation
Table 2). indirectly, by regulating microtubule organisation.

Mutations inerrance sverdrup poulpe strindberg fraenkel vagabondis the only complementation group in this class
andlkbl display phenotypes indicative of a defect in oocytethat gives the characteristic phenotype of mutants that disrupt
polarisation. The oocyte nucleus is very occasionallyoskar mRNA transport, in which the mRNA remains at the
mislocalised inerrance sverdrup poulpe and strindberg  anterior of oocyte (Fig. 3C,D) (van Eeden et al., 2001).
mutants. In addition, GFP-Staufen andkar mRNA often  vagabond mutant oocytes display a range of additional
localise in an ectopic central dot poulpe and fraenkel  phenotypes, including a mislocalised nucleus and aberrant
mutants, as they do par-1 and14-3-% mutants (Fig. 3E,F) organisation of the follicle cells, suggesting that the gene has
(Shulman et al., 2000; Tomancak et al., 2000; Benton et abther functions in addition to its role askarmRNA transport.

Table 1. Classification of the mutant lines according to their phenotype

Number of alleles in
complementation groups
(number of novel

Phenotypic class* Number of mutants ~ Number of single alleles  groups)
oskar diffuse/central 55 21 34 (9)
oskar falling off/diffuse at posterior 19 10 9(3)
bicoid affected early 5 5 -
bicoid affected late 13 7 6 (3)
polarity phenotypk 5 2 3(1)
novel phenotype, both affected 21 6 15 (4)
oskar andbicoid diffuse 14 8 6(2)
other phenotype 9 7 2(1)
total 141 66 75 (23)

*The different classes of mutants are described in the text.
TThe ‘polarity phenotype’ is defined by the presenckichid mRNA at the posterior of the oocyte, whether the oocyte nucleus is mislocalised or not.
#The secondoussoleallele (8B8-9) is included in this class, althounitoid mMRNA was not detected at the posterior of the oocyte.
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Table 2. Description of all the complementation groups

Number Transheterozygous
Mutant class Name of alleles Allele nanes Germline clone phenotype phenotype Penetrane*
oskar osk diffuse. 6F2-18 shows alditional defects
?bg\lﬂl?from franklin (frk) 2 5E7-2, 6F2-18 including nurse cells in the oocyte ard aweak lethal +
the posterior dumplessphenotype.
of the oocyte| . ) osk mainly diffuse, bcd detected around the
Ikb1 2 4A4-2,4B1-11 whole oocyte cortex in someoocytes. lethal +
osk anterior ard diffuse, follicle cells
) disorgansed, accunulation of acinin the female-sterile: afew
vagabond (vag) 2 7A1-3,8D4-17 oocyte, very few late stages, oocyte nucleus ventralised eggs ae laid A
occasonally mispositioned.
3A3-1 4A4-18.4E8-5. |0 diffuseor in reduced amounts at he P,
o 9 2eo.q | |00Cyte nucleus carbe mislocalised, nurse cells +++, allele-
errance (era) 7 5C5-8, gg%_f’;Gz S fused or present in the oocyte, ectopic lethal dependent
accunulation of acin, small eggs.
osk diffuse (in5D3-3, ok accunulatesin the| female-sterile: eggs either
strindberg (sbg) 2 5D3-3, 6B9-4 centre at stae 9), oocyte nucleus carbe unfertilised or arrested early +++
mislocalised. in development
osk in a central dot near the P, more diffusein
fraenkel (fkl) 2 4B2-7,5B3-7 later stages. lethal ++
osk central or diffuse, someeggs snall or with
sverdrup (sve) 2 6F6-9, 8D1-7 fused dorsal gppendages. In 8D1-7, very rare lethal +++
oocytes with aberrantbed localisaton.
osk in a e@ntral dot or diffuse. In 4B4-10, bed
: . 1|and the nucleusvery rarely detected at the
poulpe (pup) 3 4B4-10, 4F2-4, 6C3-11 posterior. In 6C3-11, nurse cells in the oocyte lethal A
in late stages.
osk central, follicle cells disorganised ard
wellman (wel) 2 8A6-5, 9H4-17 migrate between the oocyte ard the nurse cells, lethal +++
oocyte too small. In 9H4-17, no late stages.
orb 4 7D1-16, ggdé'_élja's’ osk diffuse, premature cytoplasmic steaming. female-sterile +++
osk diffuseor in the centre of the oocyte, bed
2A9-14, 4E2-14, 7G2- : /1S,
. . ' ! mRNA seen at he posterior at stge 8in 2A9- . +++, allele-
spindle-E (spn-E) 6 5 8D4'91§é_91'°éz'17* 14. 9A9-18is aweaker allele. Prematue ferale-sterile dependent
cytoplasmic steaming.
D-elg 1 8C5-5 ok diffuse, dumpless female-sterile +++
oskar i i
RNA glissade (gls) 3 | 7B7-18,7F1-16,9C93 gﬁ(mﬁgg P but diffuse, nurse cdll fudons, lethal -
present at
the posterior osk diffusesfrom the P, nurse cell fusons
of the : ; follicle cells disorgarised. In rare cags, extra
oocyte, but sedov (stv) 2 752-10, 9C1-2 follicle cells are found between the oocyte ard lethal A
not in awild- the nurse cells.
type manrer
reduced amountsof ok at he P. In 4A2-13,
koldewey (kol) 2 4A2-13, 9B6-2 additional defects sut as nuse cell fusons lethal +++
and small eggs.
In8B1-2, ok at e posterior untl stage 10,
oskar (0k) 2 6B3-12, 8B1-2 and then diffuse. In 6B3-12, ok is smeimes maternal-eff ect lethal +++
mislocalised even earlier.
bicoid bed diffuse (late), osk localisaton wild-type
g?fI?L’:‘sAa late larsen (1sn) 2 286-3, 5F3-8 but might bein reduced amounts lethal A
erlache (gr) 2 1A7-16 8A7-15  |Vvery reduced anerior bed localisaton, GFP- female-sterile: very small .+
9 9 ’ Staufen retained atring canalsdumpless unfertilised eggs
- . very reduced antrior bcd localisaton, GFP- female-sterile: very small
saciere (sac) 2 4E5-2, 7B6-14 Staufen retained atring canalsdumpless unfertilised eggs A
both oskar osk central or diffuse. In 8F86, bcd ard the
?nrngfo'd boussde (bsl) 2 8B8-9, 8F8-6 nucleus ae occasonally detected at he lethal +
localisatons posterior.
affected osk diffuse or central, nuckusoccasgonally
narsen (nan) 3 4E7-9, 7G2-18,8A4-1 |mislocalised, bcd sometimes at he P or lateral lethal +++
near nucleus ectopic actn in oocyte.
osk indots rear the P, nucleus mislocalised,
abruza (abz) 2 7C3-10, 8B1-12 bcd near the nucleus, dumplesseggs, some lethal +++
acinin oocyte.
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Table 2. Continued

Number Trars-heteraygous
Mutantclasg Name' of alleles Allele names Gemline clonephenot/pe phenot/pe Penetrance
both oslar ’

P osk in broadcloudatP or centra] bcd along -~ :
ﬁ]néjﬁfo'd weyprech{wey) 2 9B5-5, 9C1-1 lateralcortex. In 9B5-5,some follicle cell femgggrt'fbg&g océgSemc +
localisatiors defecs. %
affected

frequentgap betweenoocyte andposterior .
trou 5 1A2-4, TE4-3, 9A5-5, |follicle cells, variableosk andbcd serg‘elreiltga\llgndsfﬁrgﬁlle i
9C8-7, %E4-15 localisationt osk in generaldiff use with unfer'tilise%
stronger P localisation bed  corticalor diff use. €908
bed initially wild type, diff use from stage 11-
mertz (mez) 2 7E2-8,8D7-7 12. Reducedamounts of osk atthe P, small lethal ++
egos. 7TE2-8 isawedkerallele
7B2-16. 7F5-9. D5-4 osk atthe anterioror diffuse or in reduced female-sterile: unfertilised
ellsworth (els) 4 9G8-14 ' lamouns atthe P, bed diffusein late stages, eggs, escgoers often show ++
nurse cell-oogyte fusions. embryonic headdefects
- . . _14|0sk largely diffuse, nuclets mislocalised, bed
cap-n-collar (cnc) 3 5F8-5, 7G2-10, 8A1-14 nearthe nuclets. lethal +++
other ! tiny oogyte, which canbe slightly misplaced
phenot/pes nan 2 4A3-6,6A2-4 Rare4A3-6 late stage escapers. lethal A

*Penetrancef the gemline clonephenoype:+indicates that the phenot/pe was visible in 50% of the oogytes or less ++ in 50-80%; +++ in 80% or more.
However, these estimates should betreatedwith cautionas the sample size was generaly smaller than 50.

o reflectthe factmost of these mutans disrupt GFP-Staufenlocalisationto the anteriorandor posterior pole of the oocyte, mary complementationgroups
werenamedafter polar explorers who failedto read the North or South Pole

P, posterior; osk oslar; bcd, bicoid.

In this respect, it may be similar tmago nashiand Y14  anterior of the oocyte at any stage (Fig. 4C,D), indicating that
(Micklem et al., 1997; Newmark et al., 1997; Hachet andhese mutants affect an early step in the localisatidncoid
Ephrussi, 2001; Mohr et al., 2001). MRNA. In the second class (13 mutants, six of which form
The third class of mutants consists of those in whilkar  three complementation groupb)coid mRNA localises to the
MRNA localises to the posterior, but fails to adopt a wild-typeanterior of the oocyte in stage 8-10 egg chambers, but GFP-
pattern (19 mutants, of which nine fall into four groups).Staufen fails to accumulate at the anterior of late stage oocytes
Mutants in this group are unlikely to affect the transport ofFig. 4E,F). These mutants therefore affect a later event in the
oskarmRNA or the polarisation of the oocyte,askarmRNA  anterior restriction obicoid mRNA. In agreement with this,
can reach the posterior. Instead, they probably disrupt th@coid mRNA is not concentrated at the anterior of these
anchoring ofoskar mMRNA to the posterior cortex. In most mutants in late stage oocytes or freshly laid eggs (data not
casespskarmRNA and GFP-Staufen initially localise to the shown; U. Irion, personal communication).
posterior normally (stage 9; Fig. 3G,H) but fail to be ) o
maintained there in later stages (Fig. 31,J)glissade(Fig.  Mutants affecting both  oskar and bicoid mRNA
3K,L) andsedoy GFP-Staufen andskar mRNA localise to  Forty mutants affect the localisation of batskarand bicoid
the posterior part of the oocyte but fail to restrict to a corticamRNAs (Fig. 5). Amongst these, we recovered four mutants
crescent, a phenotype very similar to that ofdblearprotein-  (including one newspn-Eallele) in which the oocyte nucleus
null allele osk4, which suggests that mutants in this groupcould be mispositioned angicoid MRNA was occasionally
could also affecbskartranslation (Ephrussi et al., 1991; Kim- localised at the posterior of the oocyte. These included one
Ha et al., 1991). In agreement with this, we found two novedllele of the lethal complementation groiypussole(Fig.
oskaralleles in this class. Western blot analysis failed to dete@C,D).oskarmRNA localises to the centre of the oocyte in this
Oskar protein in these mutants, suggesting that they are proteinutant, andbicoid mMRNA can occasionally be seen at the
nulls (data not shown). Thus, most mutants in this grouposterior of the oocyte, along with the nucleus. This phenotype

probably affect the translation or anchoringogkarmRNA. is reminiscent to that ahagoor grk and suggests that this gene
) o o may be required in the oocyte to receive the polarising signal
Mutants affecting bicoid mRNA localisation back from the posterior follicle cells (Gonzalez-Reyes et al.,

Several mutants disrupt the anterior localisation of GFP1995; Roth et al., 1995; Micklem et al., 1997). However, this
Staufen but have little or no effect on posterior localisationdefect often correlates with morphological changes in the
suggesting that they specifically affect the localisation oposterior follicle cells, and may reflect the presence of mutant
bicoid mMRNA (Fig. 4). These mutants can be separated intfollicle cell clones.

two distinct classes based on when the defect in GFP-StaufenTwenty-one mutants affect all markers of polarity within the
localisation is first observed. In the first class (five singleocyte: oskar mRNA usually fails to localise to a posterior
alleles), GFP-Staufen never concentrates at the anterior of lateescent, the oocyte nucleus is mislocalised bérmld MRNA
stage oocytes anbdicoid mRNA fails to accumulate at the associates strongly with the cortex above the nucleus. This
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A Fig. 3.Classes of mutants affecting the localisationsifarmRNA.
TRy i GFP-Staufen (green) and rhodamine-phalloidin staining (red) are

shown in the left panels (A,C,E,G,I,Kskarin situ hybridisations

are shown on the right (B,D,F,H,J,L). (A,B) Wild-type egg chambers.

(C,D) vagabondA®3, In this mutant, GFP-Staufen aoskarmRNA

fail to localise to the posterior amdkarmRNA accumulates at the

anterior of stage 9 oocytes. In C, the oocyte nucleus is also

mislocalised to the lateral oocyte cortex (arrow). (E&gnkefB27,

a member of the class of mutants in which GFP-Staufeloskat

mMRNA localise ectopically to the centre of the oocyte. (G-J) 2B1-8

egg chambers. In this mutant, GFP-Staufenaah@rmRNA

localise to the posterior of the oocyte in stage 9 (G), but fail to be

maintained there in later stages (I,J). In the stage 10A oocyte shown

in H, oskarmRNA seems to be falling off from the posterior cortex.

(K,L) glissad€E93 exemplifies the class of mutants in which GFP-

Staufen an@skarmRNA localise to the posterior part of the oocyte,

but not in a cortical crescent.

Fig. 4.Classes of mutants affecting the localisatiobiobid mRNA.
GFP-Staufen (green) and rhodamine-phalloidin staining (red) are
shown in the left panels (A,C,Hicoid in situ hybridisations are

shown on the right (B,D,F). (A,B) Wild-type egg chambers.

(C,D) 7D8-15 egg chambers, an example of the class of mutants in
which bicoid mRNA fails to concentrate along the anterior cortex in
early stages of oogenesis. (El&ser8-3 a member of the second
class oficoid-specific mutants, in whichicoid mRNA localisation

in early stages is indistinguishable from wild type, but GFP-Staufen
class contains the 3 novel allelescot. We also recovered 3 fails to concentrate at the anterior cortex of stage 12 oocytes.

other complementation groups that give this phenotype:

abruzzj nansenandweyprecht Of theseabruzzidisplays the

most striking phenotype (Fig. 5E,Bicoid mRNA localises in  anti-a-tubulin antibody. All the mutants studied showed
a cortical ring at the level of the nucleus and is absent from ttaefects in the organisation of microtubules between stage 8 and
anterior cortex. Innansenand weyprecht bicoid mRNA 10 (data not shown).

localises next to the mislocalised nucleus but is also presentTwo further complementation groupsertz(Fig. 5G,H) and
along the anterior cortex of the oocyte. To investigate whethesllsworth affect the localisation of botbskar and bicoid

this bicoid MRNA localisation phenotype is due to a defect inmRNAs. In these mutants, the mRNAs localise to their
the organisation of the microtubule cytoskeleton, we staineckspective poles in much reduced amounts, or are diffusely
germline clones of a subset of mutants from this class with adistributed throughout the oocyte. However, the oocyte nucleus
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Fig. 5. Classes of mutants affecting the
localisation of botloskarandbicoid mRNA. In
situ hybridisations fobicoid are shown on the
left (A,C,E,G) and hybridisations faskarare
shown on the right (B,D,F,H). (A,B) Wild-type
egg chambers. (C,moussol&F86. This

mutant shows ectopic localisationaxkar
mRNA to the centre of the oocyte, and
posterior accumulation dficoid mRNA in a
subset of oocytes. (E,Bpruzzi®310is a
member of a large class of mutants, in which
the oocyte nucleus is frequently mislocalised
(see arrow in panel E) amicoid mMRNA
associates with the cortex proximal to the
nucleus. In these mutantsskarmRNA also
fails to adopt a wild-type localisation pattern.
(G,H) mert2977 an example of the class of
mutants in which botbskarandbicoid

mRNAs fail to localise to their respective poles
and are diffuse in the oocyte.

is always positioned normally, suggesting that the oocyte hasill accumulates in one cell in these mutants, the oocyte
been polarised correctly. These mutants may therefore affegppears to be correctly determined, but fails to grow larger than
factors, such astaufenthat are necessary for the transport ofthe nurse cells. Finally, we found two mutants that affect the
both oskar and bicoid mRNAs (Ferrandon et al., 1994). In number of germ cell divisions, as the egg chambers contain
agreement with thimskarmRNA persists at the anterior of the more than 16 cells, and an oocyte with five or six ring canals
oocyte inellsworth mutants, as it does in other mutants that(Fig. 6E).
specifically disruppskarmRNA transport.

Novel orb and spn-E alleles reveal a new phenotype
Other mutants As mentioned above, we recovered six new allelespafE
A number of mutants recovered for their defect in GFP-Staufeand four oforb: two genes that encode RNA-binding proteins
localisation also display unexpected additional phenotypesequired for the polarisation of both AP and dorsoventral (DV)
sorciére(Fig. 6A) andgerlacheare dumpless mutants in which axes (Lantz et al., 1992; Christerson and McKearin, 1994;
the bulk of GFP-Staufen remains in the nurse cells, in or judtantz et al., 1994; Gillespie and Berg, 1995). SPN-E is an RNA
anterior to the ring canals. Although this phenotype suggestshelicase required at multiple steps during oocyte development;
defect in ring canal growth, the morphology and size of th@otably, spn-E mutants disruptoskar and gurken mRNA
ring canals is indistinguishable from wild type, as assayed bipcalisation, and have an abnormal microtubule cytoskeleton at
rhodamine-phalloidin staining. Itiou mutants, the posterior stage 9 (Gillespie and Berg, 1995; Gonzalez-Reyes et al.,
of the oocyte detaches from the follicle cells (Fig. 6B). Thisl997). Interestingly, one of ogpn-Ealleles displays a novel
detachment may interfere with signalling from the posteriophenotype in whiclbicoid mRNA is occasionally localised to
follicle cells, which could account for the variable defects inthe posterior of the oocyte at stage 8-9, suggesting that this may
oskarandbicoid mRNA localisation in these mutants.dedoy  be a stronger allele than those previously studied.
vagabondand wellmanmutant egg chambers, excess follicle We examined the organisation of the microtubule network
cells are sometimes found between the oocyte and the nurisethree of the newspn-Ealleles gpn-EA9-14 spn-EE2-14and
cells, indicating a possible defect in the control of follicle cellspn-EBP41Y) and found that all display thick microtubule
migration or proliferation (Fig. 6C). We also found mutantsbundles at stage 9 (Fig. 7A,B). This microtubule organisation
that affect the growth of the oocyte (seven mutants, of whichesembles that observed éapu spir or chic mutants, which
two form the complementation grouain). As GFP-Staufen cause similar defects imskarandgurkenmRNA localisation
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oskarmRNA fails to localise to the posterior agtck mRNA

fails to localise to the dorsoanterior corner of the oocyte
(Christerson and McKearin, 1994). As ORB bindskar
MRNA, these phenotypes have been interpreted as a function
of ORB in RNA transport and translation (Christerson and
McKearin, 1994; Chang et al., 1999). ORB is also necessary
for the determination of the oocyte, as stramgp§3°3) and null
(orbF343) alleles arrest oogenesis at early stages (Lantz et al.,
1994). We ordered the nawb alleles into an allelic series by
analysing the strength of their phenotype in trans-heterozygous
combinations oveorbF343 (Fig. 71). Whereas our stronger
allele arrests at early stages of oogenest®96-9), the weaker
alleles show similar defects torb™et trans-heterozygous
females lay ventralised eggs with fused or no dorsal
appendages, and the rare eggs that are fertilised have a reduced
number of abdominal denticle belts, indicating a defect in pole
plasm assembly.

Becauseorb mutants cause a similar defect in both AP and
DV patterning tospn-Emutants, we studied the organisation
of the microtubule cytoskeleton. Both aottubulin antibodies
and Tau-GFP reveal large cortical bundles of microtubules in
over 90% of stage 6rb mutant oocytes (Fig. 7A,C; data not
shown). This phenotype was observed in germline clones
of all four new alleles, as well as in trans-heterozygous
combinations of these alleles awodb™e! over orbF343 In
addition, orb mutant oocytes display a very fast circular
cytoplasmic movement at stage 9 that is characteristic of
premature cytoplasmic streaming (Fig. 7E,G; see Movie 2 at
http://dev.biologists.org/supplemental/). Thog) hypomorphs
Fig. 6. Other phenotypes of mutants found in the screen. have the same effect on the microtubules and cytoplasmic
(A) sorcieréE52, In this mutant, the bulk of GFP-Staufen (green; top Streaming asapu spir, chic or spn-Emutants, suggesting that
inset) is blocked in the nurse cells and co-localises with the ring  this is the primary cause of the defect askar mRNA
canals stained with rhodamine-phalloidin (red; bottom inset). GFP- |ocalisation. Interestingly, ORB protein levels are dramatically
Staufen also fails to accumulate to the anterior of the oocyte in laterreduced inspn-E mutants, suggesting that SPN-E may be

stages. (BJrou?=*1%shows a defect of adhesion betweenthe jnyolved in the post-transcriptional regulation @b mRNA
posterior follicle cells and the oocyte. This mutant is also defective "(Fig 7J)
bicoid andoskarmRNA localisation. (C) Irsedo¥E%3, a member of Ybsilo.n Schachtel (YPS) is another RNA-binding protein

the class of mutants in whicdskarmRNA is diffusely localised in

the posterior part of the oocyte, the organisation of the follicle cells iEhat co-localises With)skarm_RNA at the pOSt_erior' and has
aberrant. This phenotype may reflect a premature migration of been shown to act antagonistically to ORBoskar mMRNA

‘centripetal’ follicle cells between the oocyte and the nurse cells.  localisation and translation (Mansfield et al., 2002). Whereas
Alternatively, it may indicate an overproliferation of follicle cells. A oskar mRNA fails to localise to the posterior in over 90%
similar phenotype was observedsirlimanandvagabondmutants. of orbMeYorbF303 pocytes, about 50% gfosM2 orbmelypsM2
(D) nain*A36is a member of the class of mutants in which the oocyteorbF303 have wild-type amounts obskar mRNA at the
fails to acquire wild-type size. The rare oocyte escapers that grow faéiosterior (Mansfield et al., 2002) (data not shown). This has
to localise GFP-Staufen in a wild-type manner. (E) 4B7-11, one of peen interpreted as a direct antagonism between YPS and ORB
the two mutants in which the egg chamber contains more than 16 ;. tha transport and translation askarmRNA (Mansfield et
germ cells. al., 2002). However, we do not detect significant changes in the
level of OSK protein irorb ypsversusorb mutants, indicating
(Neuman-Silberberg and Schipbach, 1993; Theurkauf, 1994that YPS does not counteract the translational activation of
Manseau et al., 1996). As these mutants also cause premataskarby ORB (Fig. 7J). By contrast, half gps orbdouble-
cytoplasmic streaming, we studied the movement of autanutant oocytes have a wild-type microtubule organisation and
fluorescent vesicles ispn-Emutant oocytes. Whereas wild- a normal pattern of cytoplasmic streaming, which indicates
type oocytes show slow and chaotic cytoplasmic movementhat YPS acts antagonistically to ORB in the organisation of
at stage 9, 40-60% adfpn-E mutant oocytes show a very the microtubule cytoskeleton (Fig. 7D,H; see movies at
fast circular movement (Fig. 7E,F; see Movie 1 athttp://dev.biologists.org/supplemental/). This observation
http://dev.biologists.org/supplemental/). Thusspn-E is  suggests that the presenceoekarmRNA at the posterior of
required for the formation of the polarised microtubuleyps orbdouble mutants reflects the restoration of a wild-type
network at stage 9 and for the regulation of cytoplasmienicrotubule network, rather than a direct effect of YPS on
streaming. oskar mRNA. YPS does not appear to exert its effect by
The role of ORB during mid-oogenesis has previously beealtering the levels of ORB protein, as ORB protein levels are
studied using a single hypomorphic alleteb™! in which  not increased igpsmutants (Fig. 7J).
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ovary ventralised | abdominal
morphology eggs defects
orb7D1-16 wt 90% 10%
orbe! wi 100% .
orb’D4-11 wt 100% -
orb”E43 | 90% early arrest 100% -
orb?P6-31100% early arrest - -
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Fig. 7.orb andspn-Eare required for the organisation of the microtubule cytoskeleton at stage 9o#ub)lin staining. (E-H) Merge of

eight consecutive frames of a time-lapse movie of autofluorescent particles. A static particle shows as a dot, wheregm&dinieorgns a
line. Wild-type oocytes (A,E) show a characteristic anterior to posterior gradient of microtubules and very little cytoptesmient. By
contrastspn-B#E2-14spn-|sAlS7 (B, F) andorb’E4-5(C,G) oocytes display thick microtubule bundles and rapid circular cytoplasmic
movements. Similar observations were madgpin-E2A%-14andspn-BP4-11 and in allorb alleles described in panel I. (D,H) Wild-type patterns
of microtubule distribution and cytoplasmic streaming are restored in haih gfpsdouble-mutant oocyteygs’™2 orbmelypsgM2 orbF303), (1)
Allelic series oforb alleles. The alleles mentioned in the table were crossadh'té#3 and classified according to the phenotype of trans-
heterozygous females. The ventralised eggs laid by these females were unfertilised. ‘early arrest’ indicates that egimp thesebersales
arrested development during early oogenesis and failed to reach vitellogenic stages. (J) Western blot analysis of Oskar @i 6DRBps
andspn-Eovaries.a-Tubulin (TUB) was used as a loading control. Longer exposure (on the right) shows the presence of low levels of ORB in
spn-Emutant ovaries. Similar observations were made gpth2A9-14 spn-BE2-14andspn-EBP4-11alleles. Exact genotypes are as follows:
TM3, yps™2 orbF303TM3; yps,ypsM2ypsM2 orbF303; orb, orbmelypsM2 orbF303 orb ypsypsM2 orbmelypsgM2 orbF303 spn-E/TM3,spn-
ENsALSYTM3; spn-E,spn-BE2-19spn-|1sa1s7,

DISCUSSION failed to produce eggs, or laid eggs that were unfertilised.

These mutants would therefore not have been identified in any
Advantages of GFP clonal screens of the previous screens.

We describe here a genetic screen for mutants affecting the APSecond, we performed the screen in germline clones, which
polarisation of theDrosophila oocyte that has two major allowed us to recover lethal mutations. Indeed, 17 of the 23
advantages over screens performed previously. First, by usimgw complementation groups are essential for viability and
GFP-Staufen as an in vivo marker for the localisatiooiadid ~ would have been missed in female-sterile or maternal-effect
andoskarmRNAs, we screened directly for defects in oocytelethal screens. This suggests that about 70% of the genes
polarity and did not rely on the resulting maternal-effectnecessary for AP axis formation have essential functions in
phenotypes in the embryonic cuticle. To compare these twather cell types. In the one case that we have examined in
approaches, we examined whether the embryos derived frodetail, we found thdkb1is also required for epithelial polarity
germline clones of 51 of our mutants showed a cuticldMartin and St Johnston, 2003). Thus, a proportion of the
phenotype. Only 3 produced a clear AP defect in the embryonimautants identified in this screen may be general factors
cuticle (data not shown), whereas the majority of mutantsegulating polarity in multiple cell types.
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Surprisingly, four mutants that display clear defects in theucleotide polymorphisms (Berger et al., 2001; Martin et al.,
localisation of GFP-Staufen produce eggs that hatch ar2D01).
develop into normal larvae. Two of these are only partially Although we may have missed a number of genes for these
penetrant, but the others produce similar phenotypes t®asons, the screen was very successful in identifying new
barentszmutants, in which the posterior localisation of GFP-mutants that affect the posterior localisation of GFP-Staufen
Staufen andoskar mMRNA is strongly reduced. It has been andoskarmRNA. For example, over 70% of the mutants with
suggested that the defect oskar mRNA localisation in  phenotypes similar toncbelong to complementation groups,
barentszmutants is partially rescued by localised translationwhich suggests that we are approaching saturation for this
resulting in a weak grandchildless phenotype, and this mgyhenotype. oskar mRNA localisation depends on the
also be the case for these alleles (van Eeden et al., 2001). Thidarisation of the oocyte microtubule cytoskeleton, the
illustrates another advantage of a direct visual screen thaansport of the mRNA to the posterior and its anchoring at the
allows the identification of mutations with subtle phenotypesposterior cortex, and we identified new complementation
that do not cause lethality. The large size of the oocyte makegsoups that are required for each of these steps. The cloning of
it a particularly good system in which to detect defects irthese genes should therefore provide valuable insights into the
cellular organisation, and we recovered mutations with anolecular mechanisms that underlie these processes.
variety of polarity phenotypes that would have been very

difficult to identify in smaller cells. Mutants affecting oocyte polarity
) One of the surprising results of the screen was the large number
Degree of saturation of mutants that appear to affect the polarity of the oocyte.

One disadvantage of germline clone screens is that they afbese produce a range of different phenotypes that can be
laborious, which limits the number of lines that can beclassified into at least four classes.
screened. We screened over 5000 mutagenised chromosomegl) We recovered only a few mutants in whiggboid mRNA
and recovered new alleles for five of the seven known genéscalises to both poles of the oocyte, which is the phenotype
on chromosome 3R required foskar mMRNA localisation  expected for a defect in the transduction of the polarising signal
(oskar, spn-E Ets970 orb and cng. However, we failed to (Lane and Kalderon, 1994; Micklem et al., 1997; Newmark et
recover new alleles dfarentszandtmll. One reason for this al., 1997). All of these are either single alleles, or are the only
may be that these genes are not easily mutable by EMS&wutants in a complementation group that give this phenotype,
because all of the existing alleles that disrapkar MRNA  suggesting that at least some are not simple loss-of-function
localisation are either P-element insertions or deletionmutations. Thus, there do not appear to be many genes that are
(Erdelyi et al., 1995; Tetzlaff et al., 1996; van Eeden et alspecifically required for the transduction of the polarising
2001). Alternatively, hypomorphic alleles of these genes magignal.
exist in our collection of mutants but have been overlooked in (2) Most alleles ospn-Eandorb, andcapu spir and chic
the complementation tests, because they only cause a nanutants, cause the formation of large cortical bundles of
penetrant grandchildless phenotype, as is the cabtzivan  microtubules that correlate with premature cytoplasmic
Eeden et al., 2001). Thus, the screen was efficient in findingtreaming, and this disrupts the localisatioroskar but not
mutants affecting the posterior localisation of GFP-Staufen buticoid mRNA (Theurkauf, 1994b; Manseau et al., 1996).
did not find mutants in all genes that can be mutated to give (3) poulpeandfraenkelmutants give a similar phenotype to
this phenotype. par-1and14-3-Z, in which Staufen andskarmRNA localise
Another indication that the screen did not reach saturatioto a dot in the centre of the oocyte (Shulman et al., 2000;
is that 66 mutants (47%) could not be attributed to anyomancak et al., 2000; Benton et al., 2002). These genes may
complementation group. However, the degree of saturatiotherefore be required to recruit the plus ends of microtubules
varies considerably between the different phenotypic classe® the posterior. A related phenotype is producedking,
It is likely that we missed many mutants that only affect thestrindberg and sverdrup mutations, but in these mutants
anterior localisation of GFP-Staufen, as this localisation iStaufen andskarmRNA are usually found in a diffuse cloud
more difficult to score in living oocytes than the posteriorin the centre of the oocyte instead of in a tight ‘dot’. A more
localisation because of the strong yolk autofluorescence at latetailed analysis ofkbl indicates that it also disrupts the
stages of oogenesis. In addition, GFP-Staufen only localises tecruitment of plus ends to the posterior (Martin and St
the anterior in late oocytes and is therefore visible in fewer eg@phnston, 2003). The difference between the central dots and
chambers per ovary. Another class of genes for which welouds is unclear, but may reflect the degree to which
probably did not reach saturation are those required at multiptaicrotubule plus ends are focussed in the centre of the oocyte.
stages of oogenesisth, par-1 and 14-3-Z, for example, not As PAR-1 and LKB1 are protein kinases that function in the
only function to polarise the oocyte during mid-oogenesis, busame signalling pathway, the other genes in this group may
are also necessary for the determination of the oocyte in tlecode novel components of this pathway (Shulman et al.,
germarium (Lantz and Schedl, 1994; Cox et al., 2001; HuynB0O0O; Martin and St Johnston, 2003).
et al., 2001; Benton et al., 2002). As germline clones of null (4) abruzzj nansenweyprechtand cnc mutants disrupt the
mutations in these genes produce no late egg chambers, doealisation of all three markers of oocyte polarity: the oocyte
can only recover hypomorphic mutations in a screen of thisucleuspicoidmRNA andoskarmRNA (Guichet et al., 2001).
type. It is therefore likely that many of the single alleleslt is particularly striking that some or abicoid mRNA
correspond to hypomorphic mutants in such loci. However, itocalises around the cortex adjacent to the misplaced nuclei in
is now relatively straightforward to clone genes for which onlythese mutants. As both the nucleus dicbid mRNA are
one mutant allele is available by meiotic mapping with singléelieved to localise to microtubule minus-ends, this phenotype
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may reflect a defect in the nucleation of microtubules at th&anslation of common target RNAs, including thaouf itself

anterior of the oocyte. Nothing is known about how the newTan et al., 2001). These results reveal a novel regulation of the

diffuse anterior MTOC forms at stage 7, but this occursnicrotubule network at the level of RNA translation, and it will

normally in grk mutants and is therefore independent of thebe important in future to identify the RNA substrates of ORB,

posterior follicle cell signal. The mutants in this group mayYPS and SPN-E.

therefore provide an insight into how the microtubules are

nucleated from the anterior cortex. We wish to thank Anne Ephrussi, Antoine Guichet, Tulle Hazelrigg
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is not transduced in a simple linear manner, but impinges on

several parallel pathways that act together to generate the
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