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Identifying loci required for follicular patterning using directed mosaics
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SUMMARY

We have developed a ‘directed mosaic’ system in of vital loci in the development of the follicular epithelium.
Drosophila by using the GAL4 system to control the We have identified essential genes involved in egg chamber
expression of the yeast recombinase, FLP, in a spatial and organization, cell migration and cell shape. Further, we
temporal fashion. By directing FLP expression, we show have used this technique to gain insights into the role of the
that it is possible to efficiently and specifically target loss- Drosophila EGF receptor pathway in establishing the egg
of-function studies for vital loci to the developmental axes. Finally, using different UAS-FLP, GAL4 and existing
pathway of interest. A simple kR adult phenotypic screen  FRT lines, we have built stocks that permit the analysis of
demonstrated that most adult tissues can be analyzed with ~95% of the genome in follicular mosaics.

this approach. Using GAL4 lines expressed during

oogenesis, we have refined the system to examine the roleskey words:Drosophilg mosaics, UAS-FLP, follicle cells, oogenesis

INTRODUCTION homozygosity for one of the progenitors. Classically, mitotic
recombination has been induced by X-irradiation. However, X-
From a single cell with finite resources, the process aifradiation results in a low frequency of mosaicism and high
development calls forth an astonishing array of cellulafrequency of cell death. These technical problems have been
diversity. How is such a task accomplished? The use of a singtécumvented irDrosophila melanogastarsing the yeast site-
molecule in multiple developmental processes provides specific recombinase, FLP (Golic and Lindquist, 1989; Golic,
simple means to create diversity from limited resourcesl991; Chou and Perrimon, 1992; Xu and Rubin, 1993). FLP
Recently, discoveries that particular proteins or entire signalingatalyzes recombination at sequence motifs termed FRTSs.
pathways are used in multiple biological processes hauvategration of FRTS in a&is or trans configuration within the
become increasingly common. As a result, this concept afjenome provides a direct means to initiate site-specific mitotic
molecular reutilization has moved to the forefront ofrecombination. As such, induction of FLP expression via a
developmental biology. Experimentally, this presentsubiquitous (heat-shock, hs) promoter is capable of significant
significant technical difficulties. The activity of a molecule inincreases in the frequency of mosaicism without the associated
one developmental pathway can obscure its role(s) in othésthality of X-irradiation. However, as with X-irradiation, this
developmental processes. This knowledge has necessitated #pproach is still limiting. Ubiquitous induction of FLP via heat
generation of more sophisticated methods with which tshock provides only a limited degree of spatial and temporal
address the role of such proteins and pathways in diversentrol. While the use of heat shock can direct mosaic patches
biological processes (Perrimon and Gans, 1983; Golic antthat are widely distributed throughout the animal, it typically
Lindquist, 1989; Golic, 1991; Chou and Perrimon, 1992; Brandioes not result in the population of any one tissue with all or
and Perrimon, 1993; Chou et al., 1993; Xu and Rubin, 1993nostly mutant tissue. Furthermore, the induction of mosaic
Struhl and Basler, 1993; Calleja et al., 1996; Rarth, 1996). patches by heat-shock-directed FLP may cause lethality by
Historically, biologists have relied upon the ability to createvirtue of the extensive amount of tissues that are made mosaic.
mosaics, organisms in which the genotype varies in a cell- or By selectively targeting FLP activity to specific cells or
tissue-specific manner, to circumvent such problems. ltissues using the GAL4 system (Brand and Perrimon, 1993),
organisms where genetic analysis is feasible, the induction @fe have developed a genetic system that overcomes these
mitotic recombination has been used to produce mosaickmitations. With this approach, the loss of gene activity can
When a cell heterozygous for a particular mutation undergodse directed to any process of interest. As we document below,
mitotic recombination, the resulting chromosomal exchangéhe ‘directed mosaic’ approach provides an efficient way to
coupled with assortment and division can result inbypass the vital requirements of lethal mutations and assay
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their effect on specific tissues during later stages othese crosses were scored for the presence of the appropriate
development. phenotype (seen in the)Ro determine its heritability and penetrance.
Previous work has suggested that establishment of the bo€ply 58% of these 527 lines bred true in the second generation. This
axes in Drosophila melanogaster requires cellular 1S most likely a result of the mutagenic mechanism by EMS. A single
communication between the germline-derived oocyte and i MS lesion results in the modification of only one DNA strand

. o . . . Ashburner, 1989). As a result, mutational events that occur during
overlying somatic-derived follicular epithelium (Ray and meiosis may be seen in only half the cells of a resulting zygote.

Schupbach, 1996). The germl!ne contribution (.)f any gene t80nsequently, the mutated DNA strand may not be represented in the
these processes can be examined through hs-induced Mosgjggnjine of that mutant and thus will not be inherited by its offspring.
and selected for using the dominant-female sterile mutatiomjevertheless, 58% of the mosaic animals in our screen had heritable
ovdP! (Chou and Perrimon, 1992). In contrast, no such directedsions. The use of X-irradiation or other mutagens that affect both
or selective system exists for the analysis of gene requirememsIA strands should result in a higher proportion of lesions breeding
within the follicular epithelium. To identify vital loci required true.
for the somatic components of this intercellular signaling an
to complement the germline mosaic system, we focused o ) .
efforts with the directed mosaic system on the foIIicuIarT eSX chromosoméacZ enhancer-trap lin&N365was provided by

. Schupbach and is expressed in follicle cells. A recombinant X

epithelium. Using two different assays for follicular clones, we.y, oo o< o carrying AN365 and the FRtwas provided by R. Hsu.

first document the parameters of the system and establish it @ he second assay, three different recombinant lines containing the
an efficient approach to control the production of mitoticts| alleletsi®21and the third chromosome FRTwere provided by A.
clones in a temporal and spatial fashion. Next, vital loci whosgmon and R. Lehmann.

effects on follicular development include alterations in A/P and

D/V axis formation, egg chamber organization, cell migratiorr® cromosome lethal screen _ o
and cell shape were identified using this approach. Support f6P the X chromosome-directed mosaic screen, a subset (containing

a requirement of receptor tyrosine kinase (RTK) signalin nly germ.cellwables) of lethals from Chou and Perrimon (1992) was
s : : : : sed. Virgin females of the genotypew, lethal, FRTIOYFM7 were
W|th|r'1. posterior follicle 'ceIIs for axis formation anc_i the mated tow, AN365 FRTOYY: 622¢-GAL4UAS-FLACyO males. k
Spe(':IfI'CatIOI’]' of meryonlc dorsa'I/\'/entraI ,([,)/V) pattern in pani/irgin females of the genotype, w, lethal, FRTOYw, AN365
by Il_mlted c_jlffu5|on of a ventralizing activity ha_s also beenFRTm; e22c-GAL4 UAS-FLP were collected and mated to OreR
provided. Finally, to extend the usefulness of this system, W@ales. From 2-4 days posteclosion, individual vials were examined
have generated FLP/GAL4/FRT stocks that allow ~95% of theor deposited eggs, which were then examined for defects. After this,
genome to be tested in follicular mosaics. the ovaries of directed mosaic females representing each lethal line
were dissected, stained flacZ activity and DAPI, mounted in 70%
glycerol/PBS and examined for the presence of follicular clones and

MATERIALS AND METHODS ovarian defects.

MEK, Csw and GAP1 analyses

Drosophila melanogaster strains 756 o1t )
Theen-GAL4ande22¢c-GALdines used in this study were generated 1© MarkMEK™>follicle cell clones withGFP, the X chromosome

3c1 : e
in our laboratory and are described in Sanson et al. (1996) and Yoﬁ'é'e ‘JF%{;Efg Vi was frecorinblne? o?]to an X chromosom&g}c(;;wstéalnlng
et al. (1996), respectively. ThecZ FLP-out cassette line is described ::Ig'l'wl/FMf _ ';%'n GKTA?S;SOFLI;’S Ogenotypey, c\iN Ub.
in Struhl and Basler (1993). Tkeste-whiteallele,zw3"11, was used , 822C-GALS i yO were mated tg, w, Ub-

3C1 0 i
for making wing clones and is described in Siegfried et al. (1992). TREFP**“% FRTIOYY. Fi females were collected and ovaries were
T155-GAL4line was provided by J. Urban and G. Technau. JAS- issected from 1-6 days posteclosion. Ovaries were then processed for

: : : GFP fluorescence by fixation in 4% methanol-free formaldehyde
Green fluorescent prote(tUASGFP) is described in Yeh et al. (1995). = X . -
The UbiquitinGFP (Ub-GFP) is described in Davis et al. (1995).  dilutedfrom a 16% solution with phosphate-buffered saline plus 0.1%
Tween 20 or alternatively for in situ hybridizations with a

Construction of UAS-FLP digoxigenin-labelled antisense RNA probe liicoid and mounted in
TheFLP gene was excised from the vector pDM420 (kindly provided?0% glycerol/PBS plus Slow-fade (Molecular Probes) (Gonzalez-
by K. Golic) as aSal (nt 5280) toXba (nt 6643) fragment. This Reyes etal., 1995). Directed mosaic femaleS#P lwere generated
fragment was then cloned into théd and Xbal sites of the vector N the following manner. Virgin females of the genotypeGAPF?,
PUAST to generate pUAST-FLPUAS-FLP. This construct was FRTZA/TM3, Sb were mated tow; e22c-GAL4 UAS-FLHCYO

injected intoy, w; A2-3, SHTM6, Ubx (Spradling, 1986; Robertson et FRTA/TM3, Sbmales. EvirgingemaleAs of thi genotype: g e22c-
al., 1988). From these injections, a homozygous viable secorf@AL4 UAS-FLF + + GAPPZ? FRT*A/FRT?* were collected and

chromosome line was established. Using this line as a starté&2and mated to OreR males. Embryos were collected from theséedcted
3-mediated transposition, a homozygous viable third chromosom@osaic females and processed for cuticle preparations or

(f—tollicle cell clone assays

line was generated. immunohistochemistry (Kania et al., 1990; Duffy et al., 1996) using
a digoxigenin-labelled antisense RNA probe faist or a mouse
T155-GAL4-directed mosaic screen for adult phenotypes monoclonal antibody to Dorsal. TlkeDorsal antibody was provided

For the R screen for adult phenotypes usifts5-GAL4 the 2L FRT by R. Steward, used at dilution of 1/10, detected with fluorescein-
chromosomes used are described in Harrison and Perrimon (199t3belled a-mouse IgG (Vector Labs) at a dilution of 1/300 and
Males carrying the 2L FRT (E24-4) and f55-GAL4were fed 15 mounted in 70% glycerol/PBS plus Slow-fade (Molecular Probes).
mM EMS in 1% sucrose for 12-20 hours, allowed to recover and then

mated to females homozygous for the 2L FRT (E24-1) and a second

chromosom&JAS-FLPinsert. From this cross, 6665 progeny were RESULTS

scored for adult abnormalities. Any &dults with a phenotype (total . . .

= 835) were backcrossed to the homozygous 2L FRT (E24-1) arfgroduction of a GAL4-responsive FLP recombinase

UAS-FLPline. 527 of these crosses gave rise to progeny. Thef  To overcome the limitations of hs-induced FLP expression, we
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took advantage of the GAL4 gene expression system (Brand andSimilarly, directedrans (interchromosomal) recombination
Perrimon, 1993). This binary gene activation system utilizes theas also demonstrated. Mutant clones of the segment-polarity
yeast activator GAL4 to quantitatively and qualitatively controlgenezw3produced in the developing wing imaginal disc result
the transcription of target genes. By fusing the gene of interest the production of ectopic bristles (Simpson et al., 1988).
to a GAL4-responsive promoter (UAS), its expression can thelutant clones ofzw3 generated vien-GAL4and UAS-FLP

be directed with an appropriate GAL4 enhancer-trap line. resulted in the production of ectopic wing bristles only within

By building a GAL4-responsive FLRIAS-FLP, we hoped the posterior compartment (Fig. 1B). Thus, direatesdand
to provide a high degree of spatial and temporal control ovdrans recombination can be obtained with the GAL4-
recombination. Fig. 1 documents such control. Usingran responsivdJAS-FLP
GAL4 line, we directed expression and activity of FLP to the . ) .
posterior compartment of imaginal discs (Sanson et al., 1996pAL4-responsive FLP provides a directed method
Fig. 1A documents this directedis (intrachromosomal) for F1 mutant screens
recombination with3-galactosidaseldcz) expression from a Screening a series of random lethal mutations for phenotypes
FLP-out cassette developed by Struhl and Basler (1993). Theg a powerful genetic tool for dissecting developmental
cassette is organized in the following fashicectin5C  processes. However, the classical approach to recovering such
promoter-FRTPraf* -FRTdacZ The combined presencearf-  mutations requires generating lethal mutations to be
GAL4 andUAS-FLPshould result ircis recombination at the maintained as individual stocks before analysis. Sugh F
flanking FRTs, removal of thBraf* fragment and expression screens are both time consuming and labor intensive. A more
of lacZ due to its subsequent juxtaposition to #&in5C  efficient approach is to analyze the first generation of progeny
promoter. As expectedacZ expression was observed and directly for mutant phenotypes (an Bcreen). Due to the
restricted to the posterior compartment indicating that FLPecessive and/or lethal nature of most mutations, however, this
activity was spatially targeted by tha-GAL4driver (Fig. 1A).  is not possible without mosaic techniques. As described above,
In addition, the presence dJAS-FLP and en-GAL4was the lack of tissue specificity associated with previous methods
required to observdacZ expression indicating that both for inducing mitotic clones may be a limitation in $creens
components are necessary for directed recombination (data riot lethal mutations. Restricting mutant clones to the tissue of
shown). interest should retain high viability of mosaic animals.

To address the feasibility of such a directed screen in adult
tissues with th&JAS-FLP, we carried out the following scheme.
Males carrying a FRT inserted at the base of 2L and 15&-
GAL4line were mutagenized with EMS. These males were then
crossed to females also carrying the 2L FRT andJths-FLP
construct. In the progeny of this crodsl55-GAL4directed
UAS-FLP expression results in adults mosaic for mutations
induced on 2L. The GAL4 insert (T155) used in this screen
directs GAL4 activity to the imaginal discs during mid and late
larval stages. 66651Fadults from this screen were scored for
visible phenotypes and the results are summarized in Table 1.
Over 12% (835) of the adults recovered in the screen had easily
scored visible phenotypes. These phenotypes represented a
broad spectrum of developmental abnormalities, ranging from
eye defects to homeotic transformations. From this, we
conclude that directed mosaicism provides a potent approach
for genetic investigations of specific developmental processes.

Targeting mitotic recombination to the follicular
epithelium with UAS-FLP
Having demonstrated the general feasibility of this system, we
wanted to concentrate our efforts on the primary objective of
this approach: adult tissue-specific screens for vital loci.

To complement the germline mosaic technique, we chose to

Table 1. Adult mosaic screen

Fig. 1. Directedcis andtransrecombination in the wing imaginal No. of flies scored in phenotypic

disc mediated througdAS-FLPanden-GAL-4 (A) B-gal staining Phenotypic class class/total no. of flies scored Frequency
depictingcis-recombination with the Struhl and Basler FLP-out Eye defects 451/6665 6.8%
cassette. (BJransrecombination witlew3FRT29L Clones of Wing defects 456/6665 6.8%
zw3ML result in ectopic bristles in the wing. When directed &ith Leg defects 58/6665 0.9%
GAL4andUAS-FLR these ectopic bristles are limited to the Bristle defects 27/6665 0.4%
posterior compartment (marked by the outlined arrows). The Homeotic trans. 2/6665 0.03%
compartments are marked with A, anterior; P, posterior. The Extra sex combs 2/6665 0.03%

compartment boundary is depicted with a hatched line. Other 63/6665 0.9%
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Fig. 2. Identification of a GAL4 line expressed in the presumptive 20
follicular stem cells. A germarium dissected from a female carrying 154
thee22c-GAL4ndUAS-GFPlines is shown. The three subdivisions 104
of the germarium are marked on the left. GFP fluorescence (markec 54
with arrows) is seen in region 2 in the location of the follicular stem 0

cells. 1 3 6 12 24
B # of days post-eclosion

further develop this method to direct mutant clones to th&19- 3. (A) Temporal analysis a&22c-GAL4directed follicular
follicular epithelium of the adult female. We screened for andnosaics assayed wikN363lacZ Males carrymglthe X
identified GAL4 enhancer-trap lines that are somaticallyfNromosome enhancer-trap liabl365with FRT % and a
expressed in region 2A of the germarium, the location of th ecor;ztnngr:Ls;tecond chromosome car;ylngf bOthing'FLP.andh
follicular stem cells (Margolis and Spradling, 1995), and no eesec ransposons were mated to females carrying the

. . . . RT0%insert. Virgin A females were collected and outcrossed to
in the germline (Fig. 2, data not shown) usiigS-Lacz UAS- reR males. At 1, 3, 6 and 12 days posteclosion, these females were

GFP and lacZ FLP-out cassettes as reporters. Using one Ofiissected and scored for the presence of any follicle cell clorés by
these GAL4 linese22¢c-GAL4 the following questions were g staining as described in Brand and Perrimon (1994). 136 egg
addressed: (1) can clones be directed to the folliculathambers were scored for day 1, 197 for day 3, 553 for day 6 and
epithelium and (2) how efficient is clone production within the154 for day 12. The percentages of egg chambers or ovarioles that
epithelium (what are the size and frequency of clones)? were composed of a completely clonal follicular epithelium (as

To answer these questions, we used two viable assays. In tharked by the absence mtZ expression) are shown for the various
first assay, one of the FRT chromosomes was marked with &me points. The actual percentages are indicated above their
enhancer-trap line that is expressed within the follicularespective bars. (B) Temporal analysie@fc-GAL4directed
epithelium. This allowed the identification of follicular clones follicular mosaics assayed witl. FRT?4, tsl52!/TM3, Shfemales
on the basis ofacZ staining. The results of this analysis areWere mated tw; e22c-GAL4UAS-FLRCyQ, FRT?A/TM3, Sbmales
shown in Fig. 3. From these data, a number of points can fig produce rfemales with follicle cell clones. Virginilfemales
made. First, clones can be directed to the follicular epitheliunj’e"e collected and mated to OreR males. At 1, 3, 6, 12 and 24 days

Second, since egg chambers and ovarioles whose ent?gsteclosion embryos were collected from these females and scored

follicular epithelium is monoclonal can be recovere@2c- or their cuticular phenotypes according to the method described in
GAL4 tpb d in the follicul t I y th .Duffy et al. (1996). The percentage of embryos exhibiting anterior or
must be expressed in the follicular stem cells (or thei osterior, or both types of defects was determined for each line,

precursors). Third, the frequency of monoclonal egg chambefgqependently. Each bar represents the mean of the data collected
and ovarioles changed as the females aged, reachingfgm the three recombinants. Error bars indicate the standard
maximum of 36% and 31%, respectively. deviation for each time point. A total of 602 embryos were scored for

These results compare favorably with the results of Margoligay 1; 1619 for day 3; 560 for day 6; 825 for day 12; and 433 for day
and Spradling (1995), who observed an increase in monoclonad. The percentages of embryos that had anterior or posterior, or both
ovarioles from initially mosaic ovarioles induced via hsFLP. Theytypes of defects are shown at the various time points.

Per cent
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also conclude that there are 2-3 follicular stem cells per ovariolend Montell, 1993). Loss of Tsl activity within the follicle cells
and that follicular stem cells have a finite lifespan. VE®2c-  results in the loss of these embryonic terminal structures. By
GAL4directed mosaics, we observed an increase in monoclonstoring the cuticular phenotype of embryos derived from directed
ovarioles (either homozygous state) as the females aged. Tiss mosaic females, we could indirectly assay the frequency and
strongly suggests that when FLP is drivene@2c-GAL4 the  size of mutant clones ¢l within the follicular epithelium (Fig.
follicular stem cells were initially heterozygous and after eclosior3B). As shown in Fig. 3B, results similar to those seen ifatt®e
FLP-mediated mitotic recombination occurred during subsequeissay were obtained. Moreover, the results tsitclones also
rounds of stem cell division. The parent stem cell and itsuggest that monoclonal frequencies reach a maximal level of
progenitor then adopted contrasting homozygous states. Th80% around 6 days posteclosion. From these two assays, we
conversion of the stem cell to a homozygous state, coupled wittonclude  that GAL4-directed FLP-mediated  mitotic
its finite lifespan resulted in the transformation of initially mosaicrecombination is an efficient approach to regulate the spatial and
ovarioles to a monoclonal state as the females aged. Thismporal induction of mosaics.
mechanism is also supported by our observation that none of the
day 1 chambers (and thus ovarioles) scored were completéRevealing follicular requirements for vital loci
clonal, as might be predicted if conversion were taking place pridrhe results above indicate that mosaics can be generated within
to the establishment of a stem cell population. Instead 99% dfe follicular epithelium with a frequency and efficiency
these day 1 egg chambers were mosaic (data not shown). Snzalitable for genetic screens. However, both of these assays
clones were present in these day 1 egg chambers indicating tiatolved the use of a non-lethal markéacg) and mutation
mitotic recombination must also occur within the follicular cells(tsl). To use the directed mosaic approach to identify vital loci
during S1-S6. Consistent with this22c-GAL4activity can be required for follicular patterning, we must be able to obtain
detected during these stages. Finally, no follicular clones weraosaic adults with clones of lethal mutations within the
seen in control progeny lacking any one of the four componentsllicular epithelium. Ife22c-GAL4(or any other GAL4 line
of the system (FRT$JAS-FLP, e22c-GALJ demonstrating that used to make follicular mosaics) was expressed during earlier
all elements are necessary for directing mosaics. developmental stages, this could result in the production of
To further characterize the parameters of this system, a secotidnes in other tissues and lethality.
assay employing a FRT chromosome bearing a mutation in the Therefore, we carried out a small-scale directed mosaic
genetorsolike(tsl) was used. Tsl activity is required in the follicle screen withe22c-GAL4as the clone driver (see Materials and
cells for the establishment of the embryonic anterior and posteridfethods). A collection of lethal mutations from Chou and
termini (Stevens et al., 1990; Martin et al., 1993; Savant-BhonsaRerrimon (1992) induced on an X chromosome carryingtff/RT

Fig. 4. Chorion phenotypes from X-chromosome follicular mosaics. Dark-field micrographs of chorions are shown in A-H. (A) A wild-type
chorion; (B-H) chorions representative of the phenotypes observed from the directed screen with X chromosome lethaldrd&,€J Ven
chorions seen with follicle cell clones MEK75¢ andCsw?l’. (D-F) Mutant phenotypes from lines (611, map position 1-24.4; 131; and 671,
respectively) that affect only D/V and A/P chorionic structures. (G,H) Mutant phenotypes from putativees (968, map position 1-21 and
1070, map position 1-21.2) affecting the overall shape of the chorion and follicle cells.
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(14A-B) was screened for: (1) the presence of mosaic adultsupport the notion that the A/P axis organizing activity is
(2) follicular clones and (3) phenotypic defects. Out of the 93 enerated by the posterior follicle cells (Fig 5).

lines carrying recessive lethal mutations, adult females of the A similar case for a somatic role of a negative regulator of
appropriate genotype were recovered for all lines. SimilaRTK signaling, GAP1, has also been made for D/V patterning
results were obtained with another GAL4 line (J. Duffy,(Chou et al., 1993). During mid-oogenesis ventral follicular
unpublished). Of these 93 lines, 89 produced adult mosafates are specified by inactivation of the Ras-Raf-MEK
females with follicular clones. From these lines, a wide variety
of defects, ranging from alterations in A/P and D/V polarity,
egg chamber organization, cell migration and cell shape we
observed (Figs 4, 5; data not shown). As described below, thr:
of these lines, 667, 817, 756, correspond to previously identifie
components of RTK signaling. In addition, two lines, 968 anc
1070, exhibiting defects in the overall shape of the chorion an
follicular cells were genetically mapped to the region containing
myospheriod the 3 subunit of the position-specific integrins
PS1 and PS2 (Fig. 4G,H). Consistent with the possibility the
these lines have mutationsmys FLP-induced imaginal clones
of 968 and 1070 produced wing blisters similar to that seen wit
mysclones (Brower and Jaffe, 1989).

With the successful results for this X chromosome screel
we have now generated FLP/GAL4/FRT stocks that allow fo
directed mosaics of mutations on 2L, 2R, 3L and 3R (Table 2
Each line carries an UAS-FLP, a follicular GAL4 driver and a
FRT insertion. With a single cross of the appropriate
FLP/GAL4/FRT line to a FRT-bearing mutant line, follicular
mosaics for that mutant can be generated in theThis
provides a means to screen ~95% of the genome for roles
follicular development via directed mosaics.

Mosaic analysis of RTK signaling molecules
supports follicular roles in axis patterning

Establishment of both A/P and D/V polarity within the oocyte
depends upon signal transduction through Torpedo, th
Drosophila epidermal growth factor receptor(Egfr)
(Schupbach, 1987; Gonzalez-Reyes et al., 1995; Roth et ¢
1995). Evidence exists supporting roles for RTK downstrear
molecules within the follicular epithelium for the establishment
of axis polarity. Polarity disruptions, evident when the activity
of these molecules is reduced within both the germline and tt
follicular epithelium, are not observed when the germline it
lacking their activity; thereby supporting the notion that they
are functioning within the follicular epithelium. Consistent with
this, our screen uncovered previously unidentified alleles ¢
Drosophila Map kinase kinas®MEK) and the phosphatase
Corkscrew (Csw). For three of the lethals that we testec
directed mosaic females laid eggs with ventralized chorions ar
had egg chambers with disruptions in A/P polarity.
Complementation analysis with two of the lethal lines, 817 an
667, indicated that they were alleles adw while genetic  Fig. 5 Follicle cell clones oMEK result in disruptions in follicle
mapping, complementation and transposon-mediated rescuell fate and A/P polarity. (A,B) The same stage 10A egg chamber
analysis of the third lethal, 756, indicated that it was an alleleith a posterior follicle cell clone dfIEK (marked with a dotted

of DMEK. DMEK has been previously implicated in D/V circle). (A) In the Nomarski image, a mispecification of posterior
patterning through the use of a temperature-sensitive mutatidllicular fates is suggested by the rounding up of some posterior
(Hsu and Perrimon, 1994), while the role of Csw in establishin glls,.whlle others.are uncharacte.nstlcally invading the oocyte and
polarity has been demonstrated through hs-regulated Cshji*ching off a portion of the yolk-filled oocyte cytoplasm. (B) In the
expression (Perkins et al., 1996). By identifying alleles of thes uorescence image, the posterior location ofMii follicle cell

loci th h a directed . h fi d one is marked by the absence of GFP expression. ol in
ocl through a dirécted mosaic screen, we nave confirmed g, hybridization to a similar stage MEK clonal egg chamber.

tissue-specific and spatial requirement for these molecules fjhrmal localization of theicoid message (arrows) is seen at the
patterning both the A/P and D/V axes, consistent with previougnterior, while a duplication of the anterior axis is evident by the

hypotheses. Correlation of the location of MEK clones with thectopic localization of thbicoid message at the posterior.
presence of a disrupted A/P axis also provided evidence forowhead marks oocyte nucleus.
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Table 2. FLP/FRT stocks for generating follicular clones

FRT
insertion
Chromosome Genotype site
X (1) y,w, FRT0L e22¢c-GAL4, UAS-FLP/CyO 14A-B
(2) y.w, FRP-2 e22c-GAL4, UAS-FLP/CyO 18E
2L (3) w, FRT0A; T155-GAL4, UAS-FLP 40A
2R (4)w, FRTE13 T155-GAL4, UAS-FLP 42B
3L (5) w; e22c-GAL4, UAS-FLP/CyO; FRAITM3, Sb  79D-F
3R (6)w; e22c-GAL4, UAS-FLP/CyO; FR3B 82B

signaling cassette, proposed in part by the inhibitory action ¢
GAPL1. This in turn results in the production of a ventralizing
activity during early embryogenesis. It is this activity that
directs the graded nuclear to cytoplasmic transport of th
Dorsal (DI) protein, which regulates embryonic D/V axis
formation (Morisato and Anderson, 1995). As a negative
regulator of the Ras-Raf-MEK signaling pathway reducec
GAP1 activity in the germline and follicular epithelium results
in embryonic dorsalization. In contrast, germline reductior
alone has no effect on D/V polarity, supporting its propose:
role in follicular patterning (Chou et al., 1993). To extend thes
observations, we generate?2c-GAL4directed mosaics of

GAP1 in the follicular epithelium. From GAP1-directed
mosaic females, we observed dorsalization of the embryon
cuticle. However, in addition to complete dorsalization, we
also observed cases of extremely localized dorsalization (Fi
6). Consistent with these observations, expression of tr

ventral molecular markemwist was lost in ventral regions in
embryos derived from these females (data not shown).

Fig. 6. Directed mosaics dbAP1result in localized embryonic
dorsalization. (A,B) Dark-field micrographs of larval cuticles are
shown. Anterior is to the left and dorsal up. (A) Wild-type embryo.
The ventral surface is marked with thick highly reflective denticle
bands, while the dorsal surface is marked with fine hairs. (B) The

Fig. 7. Directed mosaics @ddAP1result in localized disruptions of
dorsal (DI) nuclear localization. (A-C) Fluorescent
immunohistochemistry of DI nuclear/cytoplasmic localization in
cellular blastoderm stage embryos oriented with anterior to the left
and dorsal up. (A) Wild-type pattern of DI localization. On the dorsal
surface Dl is localized to the cytoplasm, evident as apical caps in the
dorsal cells. In contrast, on the ventral surface, DI is localized to the
nucleus. (B,C) Embryos derived from directed mosaics of GAP1
with disruptions in DI nuclear localization on the ventral surface.
These disruptions are indicated by the hatched white lines. The
transition zones between these ventral disruptions and the normal
ventral nuclear localization do not show a sharp boundary, but
instead show a graded translocation of DI into its ventral nuclear
localization pattern.

These results suggested that a localized loss of GAP1 activity
within the follicular epithelium led to a localized inactivation of
the embryonic ventralizing activity. Previous reports using
embryos lacking the Toll receptor have suggested that this
ventralizing activity is generated as a diffusible gradient from a
ventral source (Stein et al., 1991; Stein and Nusslein-Volhard,
1992). Alternatively, recent results support the possibility in
which the embryonic gradient of DI localization could be
generated by a ventral gradient within the follicular epithelium
that transmits information in a cell-autonomous fashion
(Queenan and Schupbach, 1997). This information would only
be capable of diffusion in the absence of a receptor, but not in the
presence of a wild-type receptor. By generating localized GAP1

ventral region surrounding the second abdominal segment (marked clones (localized dorsalization) within the foliicle cells and
with dotted lines) lacks a denticle band and, instead, the dorsal hair®Pserving the embryonic nuclear translocation pattern of DI, we

extend all the way from the dorsal to the ventral surface.

were able to distinguish between these potential D/V patterning
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mechanisms. In embryos derived from directed mosaic GAPépithelium. Temporal analysis of clonal production e2c-
mutant females, localized disruptions in the nuclear translocatidBAL4 yielded a number of relevant observations. First, shortly
of DI were observed (Fig. 7B,C). Specifically, ventral regionsafter eclosion most (>90%) egg chambers are mosaic containing
without detectable nuclear DI localization were observedsmall clones. Second, as the females age the frequencies of
However, in these regions, sharp boundaries of DI translocationonoclonal egg chambers and ovarioles increase to reach
were not present as is predicted from the cell-autonomous modgiaximal monoclonal frequencies of ~30%. These results
Rather, these disruptions were always accompanied by transitigrdicate that temporally the system can be considered efficient
zones showing a graded translocation of DI into the wild-typdom two distinct standpoints: the induction of small clones or
pattern, indicating a ventralizing activity capable of diffusionmonoclonal epithelial tissue. In addition, this temporal aspect

even in the presence of a wild-type Toll receptor (Fig. 7B,C). provides us with a mechanism to control clonal size simply by
regulating the age of females examined.

DISCUSSION Pre\{ious work from a num_ber of Iaporat_ories has provided_ an
emerging model of how axis formation is established during
Establishment of a directed mosaic system oogenesis (for review see (Morisato and Anderson, 1996; Ray

As exemplified by the seminal screens for lethal mutation@nq Schqpbach, 1996). Prior to stage 7 of pogenesis, a germline-
affecting embryonic pattern Drosophila(Nusslein-Volhard and  d€rived signal, encoded by the TGF-alpha-like molecule, Gurken,
Wieschaus, 1980), the ability to genetically dissect the process Ffecifies posterior follicle cell fates through the activity of the
development has provided enormous insight into its underlyindP®’ SER RTK. Thl':\)s apge?{\;‘éoK oceur lt.hrough the act|y?]t_|on r?f
molecular mechanisms. It is this embryonic requirement fof '€ downstream Ras-Rai- signaling cassette within the
many of the molecules and signaling pathways that alsBosterior follicle cells. In response to this Grk-mediated signal, a

contribute to later developmental stages that has hamperetf%condary signal is sent from Fhe posterior fqllicle cells back to
similar systematic analysis of post-embryonic development. FJ['€ 20CYte- The reception of this secondary signal then results in
such an analysis, one must be able to efficiently bypass ﬂ%rfeo_rgamz?nﬁn of the microtubule network cr)]f tEe oocyte and the
early/vital requirements of any locus to determine its function a Efinition of the A/P axis. Concomitant with these events is a

. - localization of the oocyte nucleus with its associated-Grk
later stages of development. By targeting the activity of the FLEiagnaling activity to the dorsal-anterior cortex. In this new

Bicnﬁgnnbéngf d It?la?it Sigat'c?slsig:;d tc;[eg]?ﬁe;?éﬁlu fasehrllg?étewcej}irer::?v sition, Grk and Top/DER-mediated signaling specifies dorsal
P y 9 llicle cell fates. The absence of this signal on the ventral surface

mt))A\sI?r:((:)sufohr }[’r']tsl I?iﬂ];; mos;laggltthtilsssvldgfl.( was to establish results in the assumption of ventral follicular fates. From these
g p Y9 ollicle cells, a ventralizing activity is generated that is

more directed approach for producing mosaics than previous ¥Jsp0nsible for the activation of the Toll receptor. The activation
available, our general adult screen compares favorably with Toll then creates a ventral/dorsal gradient of nuclear to

untargeted mosaic screen using FLP driven by a heat-sho o ; e : :
; . plasmic Dorsal within the developing embryo to specify fates
promoter (Xu and Rubin, 1993). While that screen used Xj long the D/V axis. While a firm basis exists for this model of

promo' : a
irradiation to generate mutations and we used EMS, thge serial relay of positional information, numerous points remain
be confirmed and questions answered with respect to the

frequency of lethal mutations was the same as for the scregy
reported here, one lethal mutation per chromosome arm. Qeaation and relay of these signaling asymmetries.

contrast, in the Xu and Rubin screen, ~1% of the adult flies had Towards this end, we have used the directed mosaic system
visible defects — with ~0.6% having eye defects, while in ouf nrovide further insight into how the follicular epithelium
directed screen ~12% of the adults had visible defects, and 6.8%ntributes to pattern formation. Specifically, we have directly
had eye defects. Thus, the directed mosaic technique yleldggpported the requirement for two members of the DER RTK
detectable phenotypes with ~12—folq higher frequency than tr’ggna”ng pathway, MEK and Csw, within the posterior
heat-shock generation method. While the rate of eye defectsfi§jjicular epithelium for axis organization. Furthermore, by
sufficiently high by either method to feasibly conduct a screenimiting clones to the posterior of the follicular epithelium, we
rarer classes of phenotypes, such as homeotic transformatiqfigve established that it is posterior somatic cells that require
and pattern duplications, were only detected with the directedTK signaling activity for an A/P axis-organizing activity to
mosaic method. Furthermore, another advantage in using the sent back to the germline-derived oocyte.
directed mosaic method for screening was the consistency with|n addition, our mosaic analysis of GAP1 has provided the
which mutant clones were produced. In contrast to heat-shogsliowing observations. First, in embryos derived from GAP1-
induction with which variation is seen both within an individual directed mosaic females a loss of DI nuclear localization can be
and a population, the use of GAL4-mediated FLP expressiosbserved on the ventral surface. In addition, these ventral
results in consistent and reproducible clones both withiglisruptions in DI localization were always bordered by transition
individuals and populations. For example, in flies with eyezones showing a graded translocation of DI into the wild-type
phenotypes, both eyes routinely displayed defects in oyattern. If the ventralizing signal were not diffusible then any
screens. Such consistency makes it easier to distinguish trdgruptions in DI nuclear localization would be bordered by sharp
genetic  lesions from non-heritable  developmentaboundaries. In contrast, if the ventralizing signal was freely
abnormalities, as well as to carry out phenotypic analyses. diffusible one would not expect to observe the loss of DI nuclear
) ) ) . localization in these embryos. In such cases, active signal would
Directed mosaic analyses of follicular patterning diffuse into regions unable to generate their own signal. Rather
Our two assays using viable markers gave consistent resuttean support either of these extreme alternatives, our observations
regarding the production of mosaic tissue within the follicularsuggest a more moderate view: that active ventralizing signal is
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capable of short-range diffusion even in the presence of the Talhnia, M. A., Bonner, A. S., Duffy, J. B. and Gergen, J. R1990). The

receptor and that it is present in limiting amounts. Drosophila segmentation geneunt encodes a novel nuclear regulatory
protein that is also expressed in the developing nervous syGtamas Dev.
Directed mosaic screen for mutants affecting 4, 1701-1713.

oogenesis Margolis, J. and Spradling, A. (1995). Identification and behavior of

) 9 . n ) . ) epithelial stem cells in thBrosophilaovary.Developmen121, 3797-3807.
Finally, we have identified vital loci affecting a number of Martin, J. R., Raibaud, A. and Ollo, R. (1993). Torso-like: the putative
processes involving the development and organization of theligand to torso receptor tyrosine kinase induces terminal pattern elements in
follicular epithelium. As some of these loci have chorion Drosophilaembryo.Nature367, 741-745.

. Morisato, D. and Anderson, K.V.(1995). Signaling pathways that establish
phenotypes that represent D/V or A/P alterations, but have NOthe dorsal-ventral pattern of tilrosophilaembryo. InAnn. Rev. Genetics

effects on embryonic axis formatiqn they are gxce!lent candidatgs(ed, A. Campell, W. Anderson, and E. Jones), pp. 371-400. Palo Alto:
for downstream targets responsible for elucidating phenotypic Annual Reviews, Inc.
subsets of the axis-forming signals. With directed mosaic stocRésslein-Volhard, C. and Wieschaus, E.(1980). Mutations affecting

; iFi Aot ; ; _OEO, segment number and polarity Drosophila Nature287, 795-801.
that allow for the identification of vital loci throughout ~95% of Perkins, L. A., Johnson, M. R., Melnick. M. B. and Perrimon, N(1996). The

the g,eno_me’ a genetic approach tO. follicular d,evelo,pment ajnd ItSnon-receptor protein tyrosine phosphatase Corkscrew functions in multiple
contributions  to oocyt_e/_embryomc patterning Is feasible. receptor tyrosine kinase pathwaysirosophila Dev. Biol.(In press).
Moreover, as the specificity of clonal production relies upon &errimon, N. and Gans, M.(1983). Clonal analysis of the tissue specificity
GAL4 driver, this approach takes advantage of an extensiveof recessive female sterile mutationsibsophila melanogasteusing a
collection of GAL4 lines throughout tHzrosophilacommunity. dominant female sterile mutatigis(1)K1237 Dev. Biol.10q 365-373.
L. . .. . . .Qeenan, A. M. and Schupbach, T.(1997). Ectopic activation of
Thus, we anticipate this system prOVIdIng an efficient, geneti torpedo/EGFr a Drosophilareceptor tyrosine kinase, dorsalizes both the
means to study most developmental processes. eggshell and the embrybevelopmenti24, 3871-3880.
) ) Ray, R.P. and Schupbach, T.(1996). Intercellular signaling and the
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