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SUMMARY

During Drosophila external sensory organ development,
one sensory organ precursor (SOP) arises from a proneural
cluster, and undergoes asymmetrical cell divisions to
produce an external sensory (es) organ made up of different
types of daughter cells. We show thaphyllopod (phyl),
previously identified to be essential for R7 photoreceptor
differentiation, is required in two stages of es organ
development: the formation of SOP cells and cell fate
specification of SOP progeny. Loss-of-function mutations in
phyl result in failure of SOP formation, which leads to
missing bristles in adult flies. At a later stage of es organ
development,phyl mutations cause the first cell division of
the SOP lineage to generate two identical daughters,
leading to the fate transformation of neurons and
sheath cells to hair cells and socket cells. Conversely,

fate of the SOP cells and their progeny. We further show
that seven in absentigsina), another gene required for R7
cell fate differentiation, is also involved in es organ
development. Genetic interactions amongphyl, sina and
tramtrack (ttk) suggest thatphyl and sinafunction in bristle
development by antagonizingttk activity, and ttk acts
downstream of phyl. It has been shown previously that
Notch (N) mutations induce formation of supernumerary
SOP cells, and transformation from hair and socket cells
to neurons. We further demonstrate that phyl acts
epistatically to N. phyl is expressed specifically in SOP
cells and other neural precursors, and its mRNA level is
negatively regulated byN signaling. Thus, these analyses
demonstrate that phyl acts downstream ofN signaling in
controlling cell fates in es organ development.

misexpression ophyl promotes ectopic SOP formation, and
causes opposite fate transformation in SOP daughter cells.
Thus, phyl functions as a genetic switch in specifying the

Key words:phyllopod,SOP, Cell fateNotch seven in absentja
tramtrack Drosophila melanogaster

INTRODUCTION 1998; Artavanis-Tsakonas et al., 1999) mediated by the
receptor Notch (N) and its ligand Delta. Upon ligand binding,
The Drosophila external sensory (es) organ is an excellenthe membrane receptor N is processed, and the intracellular
model system to study cell fate specification. Its developmemtomain (NCP) (Schroeter et al., 1998) is released from the
involves multiple steps of cell fate determination, which arenembrane to the nucleus (Lecourtois and Schweisguth, 1998;
governed by combined effects of intrinsic and extrinsic signalsStruhl and Adachi, 1998). '8P forms a complex with the
Eventually, these signals are transduced to the nucleus aBtNA-binding protein Suppressor of Hairless [Su(H)] to
integrated to change the state of gene expression that promogesivate transcription of thenhancer of splicomplex E(spl)

a particular fate (Jan and Jan, 1994). In the formation of an € (Bailey and Posakony, 1995; Lecourtois and Schweisguth,
organ, the first step is expression of proneural genes in a smaf95). Members of the E(spl)-C down-regulae and sc
group of ectodermal cells, known as ‘proneural clusters’expression in cooperation with the transcriptional repressor
achaete (ac) and scute (s¢ are the proneural genes that Groucho (Heitzler et al., 1996), thus leading to suppression of
promote es organ formation, and both genes encode bagie SOP cell fate. In neurogenic mutants that disrupt this lateral
helix-loop-helix  (bHLH) transcriptional activators (for inhibition process, supernumerary cells adopt SOP rather than
reviews, see Ghysen and Dambly-Chaudiere, 1988&lternative epidermal cell fate.

Campuzano and Modollel, 1992). Although each cell in the An adult es organ (bristle) consists of four different daughter
proneural cluster is competent to form a neural precursor, thesells (neuron, sheath cell, hair cell and socket cell) that are
proneural-cluster cells compete with each other so that a singjenerated through asymmetric division of a SOP cell (Gho and
cell is selected to develop into a sensory organ precurs@chweisguth, 1998; Gho et al., 1999; Reddy and Rodrigues,
(SOP). The remaining cells are prevented from adopting th£999). After the first asymmetric division, the SOP cell
SOP neural fate by the process of lateral inhibition thaproduces two secondary precursors, lla and Ilb (see schematic
involves cell-cell interaction (for reviews, see Greenwalddrawing in Fig. 7A). The llb cell again divides asymmetrically
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to generate a precursor lllb and a glial cell that migrates away In this report, we describe the roles myl in cell fate
soon after, and the lla cell divides to generate a hair cell andspecification of SOP and SOP daughter cells in es organ
socket cell (the two outer support cells). Finally, the IlIbdevelopment. We present our characterizatiophgl loss-of-
precursor divides to produce a neuron and a sheath ceilinction andohylmisexpression phenotypes in both embryonic
Proteins encoded bypumb and N play a key role in the and adult es organ development. Also, we show (i
binary fate determination. Numb, a membrane-associatedteracts genetically withsina, and promotes es organ
protein, localizes to a crescent during mitosis and segregatdsevelopment by antagonizitidy activity. phylacts epistatically
preferentially to one daughter cell after cell division (Rhyu etoNin cell fate specification of both SOP and its daughter cells.
al., 1994; Knoblich et al., 1995). Inumb loss-of-function  phyl is expressed in cells with neural potential (neuroblast,
mutants, cell fate transformation from Ilb cells to Ila cells, hailSOP and lIb cells), and its expression is negatively regulated
cells to socket cells, and neurons to sheath cells occur (Uemura N signaling.

et al., 1989; Rhyu et al., 1994; Wang et al., 1997). By contrast,

misexpression ohumbresults in cell fate transformation that

is opposite to the phenotype observedumbmutants (Rhyu  \MATERIALS AND METHODS

et al., 1994). Biochemical and genetic analyses suggest that

numb controls cell fate at least in part by antagonizMg prosophila genetics and stocks

activity (GUQ et al., 1996). 'I_'he. asymmetrlcally segregateqhe following mutant alleles were usgahyl, phyR, phy# (Dickson
Numb protein prevents N activation in the daughter cell thak; 5. 1995)phyP245 (Chang et al., 1995§ina, sina® (Carthew and
inherits the Numb protein. Activation bfin the other daughter rupin, 1990),ttke! (Xiong and Montell, 1993)itkos" (Guo et al.,
cell leads to activation of downstream signaling events that99s),N55ellandE(splP322 90+ (Heitzler et al., 1996)acZ reporter
specify a cell fate distinct from that of its sibling. The zinc-genes,A101 (Usui and Kimura, 1993) andse-lacZ(Jarman et al.,
finger protein Tramtrack (Ttk) is one of the nuclear targets td993), were used for labeling the SOP ceN4{2)29 (Bier et al.,
receive such N signaling (Guo et al., 1995; Guo et al., 19963989) for outer support cells of es organs, acdacZ (Gomez-
Thettk gene encodes two alternatively spliced forms of proteinzkarmeta etal., 1995) for the proneural clusters GAealines used
Ttk69 and Ttk88 (Read and Manley, 1992), and both forms alfere:sca-GAL4(HInz et al., 1994)GALA0E5(Frise et al., 1996),
as transcriptional repressors (Read et al., 1992; Xiong a p-GAL4(Masucci et al., 1990; Staehling-Hampton et al., 1994) and

. e g-GAL4(this study).
Montell, 1993). The roles dtkin cell fate determination have ~ =/ producephyl mutant clonesyw hs-FLP; FR¥2d phyP245

been closely examined in the developing eye and periphergkm2d y+ FRT#2d pwn phy#/FRT#24 hs-FLP Sb/+andyw UAS-
nervous system (PNS). In the eye, lostk@8function results  FLp; sca-GAL4 FR42d phyRP245FRT#2d y+ flies were generated. To

in formation of supernumerary R7 cells (Xiong and Montell,generate phymutant clones ifNs flies, females ofN's ombPY/+;
1993; Li et al., 1997). In es organ developmthis expressed FRT*2dp[conD]/+ were crossed with males BRT*2d pwn phy#; hs-

in the outer support cells and sheath cells, and losskof FLP Sb/SM5-TM6BLarvae at 24-48 hours after egg laying were heat
function results in transformation from lla to lib cells and fromtreated at 37°C for 15 minutes twice to induce the mutant clones.
sheath cells to neurons (Guo et al., 1995). Misexpressitth of Supernumerary microchaetes were induced by incubating\the
causes a phenotype opposite to thattlofnutants in the es PUPae (0-6 hours after puparium formation; APF) at 30°C for 6 hours.

: g For misexpression gbhyl, five independentAS-phyltransgenic
organ lineage (Guo. et a.l" 1995), mdlcatmg.mmac'[s.as.a lines were generated. All lines gave similar phenotyp@s-phyl 1b
binary cell fate switch in these asymmetric cell divisions.

. . and 2a gave stronger phenotypes and were used for further
Genetic analyses show tht functions downstream afumb gy perimentsUAS-NCT (Doherty et al., 1996) ardAS-ttk69(Lai and

andN, and that Ttk protein levels are positively regulated by j 1999) were also used in this study.

N (Guo et al., 1996) For heat shock treatment @i embryos, embryos collected
phyllopod(phyl) was identified as being required for the cellbetween 10-15 hours at 17°C were incubated at 32°C for another 5

fate determination of photoreceptor cells (Chang et al., 199%purs to eliminate th&l activity, and were then placed at 25°C for

Dickson et al., 1995). In the absenceptifyl R1, R6 and another 2.5 hours prior to fixation.

R7 cells are transformed into additional cone cells, anﬁjmmunohistology

mise)_(pressiop_thyl in cone cell precursors transforms -theseEmbryos were fixed and stained as described previously (Chien et al.,
Cells.'nto additional R7 c_ells. During eye developmphyl is ..1998). The primary antibodies used were mouse anti-Elav antibody
spemﬁqal!y (_axpressed in R1, R6 and R7 . cells, and It%l:ZOO), rabbit anti-Prospero antibody (1:1000) (Vaessin et al., 1991),
transcription is up-regulated by RAS1/MAPK signaling. Yeasta; anti-cut antibody (1:2000) (Blochlinger et al., 1990), rat anti-
two-hybrid and in vitro binding assays revealed that Phyl, Ttisy(H) antibody (1:1000) (Gho et al., 1996), and mouse and rabbit
and Seven in absentia (Sina), which is another protein require@ti-p-galactosidase antibodies (1:250 and 1:1000, respectively). For
for fate determination of R7 cells (Carthew and Rubin, 1990)antibody staining of pupal nota, nota were dissecteciRBS and
interact directly with each other (Li et al., 1997; Tang et al.fixed in 4% paraformaldehyde. After washing withFIBS, nota were
1997). During eye development, misexpressioplofldown-  then incubated with primary antibodies: mouse anti-Elav antibody
regulates the Ttk protein level in sinadependent manner (1:50), rabbit anti-Prospero antibody (1:200) and rat antl-Cut_antlbody
(Tang et al., 1997). Cell culture experiments also showed th&:1000). followed by Cy3, Cy5, Alexa-488, or FITC-conjugated
Ttk protein degradation is enhanced when both Phyl and Sirpgcondary antibodies.
are present, and is dependent on the ubiquitin/proteasomeyal staining

pathway (Li et al., 1997; Tang et al., 1997). Together, thesgnaginal disks and pupal nota were dissecteckifBS, and fixed in
results suggest that Phyl and Sina function together to promageso, glutaraldehyde solution (i PBS) for 10 minutes. Disks and
cell fate determination of photoreceptors by targeting Ttk fohota were washed in PBS for 15-30 minutes before staining in 0.3%
protein degradation. X-gal in Fe/NaP solution.
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In situ RNA hybridization

The procedure used for in situ hybridization has been described |
Tautz and Pfeifle (Tautz and Pfeifle, 1989). Digoxigenin-labellec
RNA probes ofphyl andlacZ were prepared as described previously
(Lehmann and Tautz, 1994).

RESULTS

Bristle phenotypes in  phyl mutants

Previous reports (Chang et al., 1995; Dickson et al., 199¢
have describedpohyl mutations causing defective sensory
bristles in adult flies. However, no detailed analyses have be«
performed. We examined the phenotypes in adults an
embryos homozygous or transheterozygous for several los
of-function phyl alleles, phyl, phyP, phy# (Dickson et al.,
1995) andphyP245 (Chang et al., 1995). According to their
mutant phenotypes in adult bristles and the embryonic PN
(see below)phyl, phyP have been classified as strong loss-
of-function alleles,phyP?4> as a slightly weaker allele, and
phyl as a weak hypomorphic allefghylt, phyP, andphyP245
alleles were found to be lethal as homozygotes or i
heteroallelic combinations. However, thehyl/phyt,
phyPB/phyt and phyP24%¥phyF* animals were semiviable, and
the surviving adults exhibited two distinct classes of defect
on sensory bristles. The first class of defects was missir
bristles. For example, approximately 78% of the notal an
87% of the abdominal microchaetes were missing ir
phy}/phyt flies (Fig. 1B,D; Table 1). The second class of
defect associated withphyl mutations was abnormal
configuration of the bristles (arrows in Fig. 1B,D; Table 1).
The most prominent phenotype of this class on the notum w
duplicated bristles (e.g., 45%phy/phy? animals), with two
shafts emerging from either two sockets or a fused socke
Other phenotypes included abnormal bristles with 1 sha
surrounded by 2-3 sockets, and 2- or 4-socket clusters witho
shafts. In a weakgshyl mutant phyP249phyt), the missing
bristle phenotype was less prominent, but the number ¢
abnormal bristles was increased (data not shown). Simile
phenotypes (missing and abnormal bristles) were als
observed irphyP245andphyP mutant clones (data not shown
and Fig. 5D, respectively).

phyl is required for specification of SOP cell fate
L. . . . Fig. 1. Two classes of bristle phenotypesimyl mutant adults.

The missing bristle phenotype phyl mutants might result (A c E,G,I) wild types. (B,Dphyl/phyt and (F,H,JphyR24%phy#
from failure of SOP formation. During SOP formation, the firstmutants. (A,B) Adult nota. (C,D) Adult abdominal segment 2-4.
step is the expression of proneural genes in the proneuralrows in B and D mark the abnormal bristles. (E-J) X-gal staining
clusters. Thus, we examinadhaete-lac4ac-lac?) expression of nota dissected fromc-lacZ(E,F),A101(G,H), andase-lacZ(l,J)
in wild-type andphyl mutant nota at 14-18 hours APF. In the pupae at 14-18 hour APF (fac-lacZandA10]) or 18-22 hour APF
wild-type notum,ac-lacZwas expressed in a regular array of (for ase-lacZ.
cells, which were the precursors of adult microchaetes (Fig.
1E). In the phyl mutant, theac-lacZ transgene was also
expressed in a pattern analogous to that of the wild type (Figtage than proneural genes to promote SOP formation. We
1F). These data indicate that the missing bristle phenotypgested this possibility by examining the SOP markers. The
caused byphyl mutations does not result from a failure of enhancer trap linéd101 driveslacZ expression in SOP cells
proneural gene expression. and is an early marker for SOP cell fate (Huang et al., 1991)

Closer examination gbhyl mutants indicated that at 14-18 (Fig. 1G). Inphyl mutants, most of thA101 expression was
hours APF,ac-lacZ expression remained in clusters of cellseliminated (Fig. 1H). We also examined the expression of
(Fig. 1F, inset), while in the wild type animal at the same stagenother SOP markeasense-lacfase-lac. asenseencodes a
lacZ expression was restricted to single cells (Fig. 1E, insetpHLH protein that is specifically expressed in SOP cells
This observation suggests thattyl may function at a later (Brand et al., 1993), and tlase-lacZtransgene was detected
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Table 1. Adult phenotypes ophyl and sina mutants, and their genetic interactions withttk in bristle development

phyP249+; phyP/+; sin&? ttkosy phyf/ phy# phyR/phyt;  phyR/phyt;
++ siné/sing  sina/sina®  sinag/sina sinad/+ phyt phyt ttklell/+ ttkosy+

(n=8) (n=16) (h=14) (h=19) n=7) (n=16) (h=11) (h=15) (h=14)
Number of notum* 268622 154:14 12312 13411 156:16 56£8.7 639 15&#15 1121
bristles abdoment 1431 56:10 398 277 163t21 17 31+13 596 9910
1 hair/ notum* 100% 82186.2% 61.95.6% 58.95.9% 99.%0.4% 258.7% 30.%9% 83.37.4% 75.49.5%
1 socket abdoment 100% 3361% 31.410.9%  28.814% 51.85.7% 7*18% 8H11% 43.%9.9% 55.811.1%
2 hairs/ notum* 0% 17£5.1% 37.95.4% 40.%6.0% 0.30.4% 459% 58:8.5% 16.57.3% 24.39.5%
2 sockets abdoment 0% 445H4% 41.88.0% 34.612.5% 44.%6.5% 2% 6. %7% 29.@¢:8.0% 27.28.2%
Others§ notum* 0% 0% 0% 0% 0% 28.6% 9.24% 0% 0%

abdoment 0% 2047.8% 23.8210.7%  34.68.7% 3.62.0% 26:17.5%  11.69% 26.%7.8% 15.#11.1%

*Only the microchaetes on female flies were scored.
$Only the microchaetes on female abdominal segments 3 and 4 were scored.
8Including bristles with 1 hair/2-3 sockets, 2 sockets and 4 sockets.

at a later stage thakhl01(see Fig. 11 and Figure legends). In it easier to identify their constituent cells. In strong loss-of-
phyl mutants, most of the X-gal staining was absent (Fig. 1Jfunction phyR249phyP245 and phyl/phy? mutant embryos,

We observed similar results for macrochaetal SOP cells in thmore than 80% of the neurons and sheath cells in the dm region
wing disks in which staining foA101 disappeared irphyl  were missing (Fig. 2D). However, anti-Cut antibody staining
mutants (data not shown). Anti-Cut antibody can recognize atevealed that only 12% of the es organs at the dm region were
daughter cells of the es organ (Blochlinger et al., 1990)bsent (Cut-negative) (Fig. 2F), which might have resulted
Consistently, only a few Cut-positive clusters were seen ifrom failure in SOP formation. These results suggest that in
pupal nota ofphyl mutants (data not shown). These resultgphyl mutant embryos, most of the SOP cells of the dm es
indicate thaphylis essential for the fate specification of SOP
cells.

phyl is required for binary cell fate specification in
the es organ lineage

In phyl mutants, some SOP cells formed and developed int
bristles with abnormal compositions (Fig. 1B,D; Table 1),
which was likely due to fate transformation of the sibling cells
within the es organ lineage. To determine whetbieyl is

required for the binary cell fate decisions in the es orga
lineage, we examined the composition of es organshii

mutants during embryonic development. phyl mutant

embryos, the numbers of the sensory neurons and the she
cells, recognized by anti-Elav and anti-Prospero antibodie:
respectively, were significantly reduced (compare Fig. 2B witl
Fig. 2A). In strongphyl mutants phyR/phyP), 75% of the

neurons and 50% of the sheath cells were missing. We focus
subsequent studies on two es organs in the dorsal-most (d  outer —»
region of abdominal hemisegments (Fig. 2C,E) since they ai ~ SupPor_
well separated from the rest of the sensory organs, thus maki

Fig. 2. Transformation from neurons and sheath cells to outer
support cells in embryos lackimdyl. In this and all the following
figures, neurons are stained with anti-Elav antibody (red), sheath
cells are stained with anti-Prospero antibody (green), and cells of es
organs are stained with anti-Cut antibody (purple). (A,B) Abdominal
hemisegments of the PNS in wild type (A), aany/phyP (B)

embryos. L, lateral region and V, ventral region of the PNS. (C) In
the A1(2)29embryo, the dm region of each abdominal hemisegment
contains four outer support cells (blue), two neurons (red), and two
sheath cells (green). In total, there are eight Cut-positive cells for
these two es organs (E). (D)phyP245/phyP245embryos, six outer
support cells with one neuron and one sheath cell (left), or eight
outer support cells (right) were most frequently observed. (F) In most
cases, eight Cut-positive cells are still present (left hemisegment) in
phyP24%phyP245 Occasionally, four Cut-positive cells were observed
(right). Schematic drawings of the two dm es organs are on the left.
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organs form and divide to produce four Cut-positive cells, anthaternally depositeghyltranscripts. When both maternal and
that the large number of missing neurons and sheath cellsZzggotic phyl mRNA were removed, however, the defects were
not due to failure of SOP formation. similar to the zygotic mutant phenotypes; 75% of the neurons

We next examined whether the absence of neurons armahd 60% of the sheath cells in the abdominal hemisegments,
sheath cells irphyl mutants is the result of changes in celland 10% of the dm es organs were missing (data not shown).
identity. An enhancer trap lind1(2)29 was used to label the Furthermore, irphyf/phyP mutants, the staining pattern with
outer support cells (hair cells and socket cells). In wild-typenti-Cut antibody showed that, in addition to the dm es organs,
embryos, the two es organs in the dm region contained founost es organs of the embryonic PNS formed (data not shown).
outer support cells (Fig. 2C). Irphyl mutants, most These results suggest thatyl is partly required for the fate
hemisegments contained more than four outer support cells; sgecification of SOP cells in embryonic es organ development.
shown in Fig. 2D, there were six outer support cells ) )
accompanied by one neuron and one sheath cell in the Idftisexpression of phyl promotes ectopic SOP
hemisegment, and eight outer support cells in the righermation and transforms outer support cells to
hemisegment. These results suggest that the neurons and fig&irons and sheath cells
sheath cells were transformed into outer support celiyh  In phyl mutant adults, the phenotype of missing bristles is due
mutants. We further examined whetlpdryl was required for to failure in SOP formation. To test whether misexpression of
binary cell fate specification between neurons and sheath celf#yl can promote SOP formation, we udeg-GAL4to drive
and between hair cells and socket cells. For the dm es orgap$yl expression in the notuntg-GAL4was expressed in the
cell fate transformation from hair cells to socket cellsanterior of the presumptive notum in the wing disk (Fig. 3A),
[recognized by the anti-Su(H) antibody] occurred in less thaand of the pupal notum (6-8 hours APF) with stronger
5%, and transformation from neurons to sheath cells was raredéxpression in the anterior midline region (indicated by arrows).
seen (data not shown).

In phyl mutant adults, most SC
cells of notal bristles were missit
while in phyl mutant embryos, tt
majority of SOP cells formed in the ¢
es organs. One likely reason for 1
difference is the masking of t
embryonic SOP  phenotype

Fig. 3. Misexpression phenotypes oifiyl.
(A,B) Expression pattern &AS-GFP/+;
Eqg-GAL4/+ (A) The wing disk at 3 hour
APF. Anterior is to the left. (B) The
developing notum at 7 hour APF. At this
stage, the notal regions of the two wing
disks are attaching to each other to form a
complete notum. The arrows indicate the
future midline region and anterior is to the
top. (C) Wild type notum, and (E) its
midline region. (D,F) In th&JAS-phyl/+
Eg-GAL4/+notum, the density of
microchaetes increases (D), and is highest
in the midline region (F). (G) Wild-type
and (H)UAS-phyl+; dpp-GAL4/+adult
scutella. (1,J) X-gal staining @&101in
wild-type (1) andUAS-phyl+; dpp-

GAL4/+ (J) pupal scutella. Ectopic SOP
cells are indicated by arrows in (J).

(K,L) Confocal images of the abdominal
hemisegments in embryos stained with
anti-Elav antibody. (K) Wild-type and (L)
sca-GAL4UAS-phyl (M,N) Confocal
images of the abdominal dm region of a
scaGAL4 UAS-phylembryo to reveal the
numbers of neurons (red) and sheath cells
(green) (M), and the total numbers of es
organ progeny (N). (O,Q) In
GAL409-68/UAS-phyladults, the hair cells
and socket cells of the microchaetes are | "

missing (O), and are transformed into . 4
neurons (red) and sheath cells (green) (Q). o e—
(P) Clusters of one neuron and one sheath L | -

cell were seen in wild-type pupal notum. Nt
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When the phyl expression was driven b¥g-GAL4 we  observed in adult bristles. As shown in Fig. 30, the outer hair
observed ectopic bristles in the notum (Fig. 3D). In generaBnd socket structures of microchaetes were all missing when
there was a 30%-70% increase in the number of notghylwas misexpressed IFAL4L09%8 Pupal nota stained with
microchaetes, with a highest density in the midline region (Figanti-Elav and anti-Prospero antibodies showed clusters of two
3F). Whendpp-GAL4was used to misexpreghyl, ectopic  neurons and two sheath cells (Fig. 3Q), in contrast to wild-type
bristles were also observed on the scutellum (Fig. 3H) and thes organs with clusters of one neuron and one sheath cell
third wing vein (data not shown). These ectopic bristles weréig. 3P). Clusters of 3-4 neurons with 0-2 sheath cells
derived from ectopic SOP cells, as was evident from theere occasionally observed (data not shown). Therefore,
appearance of ectopi@-gal-positive cells in theA101  misexpression ophylin both embryonic and pupal es organ
scutellum (Fig. 3J, arrows). These data indicate thaineages most often resulted in transformation of outer support
misexpression gphyl can promote ectopic SOP formation. cells (hair cells and socket cells) to internal cells (neurons and
To determine whethephyl indeed functions as a genetic sheath cells). Together with tipdyl loss-of-function mutant
switch for the binary cell fate specification of SOP daughtergphenotypes, these data indicate titatl functions as a binary
we examined the phenotypespdfyl misexpression in sensory cell fate determinant in the formation of lla and Ilb cells in es
organ lineage by tw@&AL4 lines, GAL409%8 (Frise et al., organ development.
1996) andsca-GAL4 (Hinz et al., 1994). Whemhyl was
misexpressed bgca-GAL4in embryonlc PNS, supernumerary Sina is involved in es organ development
sensory neurons were generated (Fig. 3L). This increase in tBeiring R7 photoreceptor differentiation, Sina forms a complex
number of neurons (approximately 50% increase) was due toith Phyl to promote R7 cell fate by targeting the
fate transformation of outer support cells. As shown in Figtranscriptional repressor Ttk for degradation (Li et al., 1997;
3M, in the dm region, two out of the three hemisegments hafiang et al., 1997). We found thsiha is also involved in es
four neurons and four sheath cells, and the third hemisegmenrtgan development. Similar ptylmutants, two distinct bristle
had 5 neurons and three sheath cells. Since only eight Cuthenotypes were observed $ina loss-of-function mutants
positive cells were observed in each dm region (Fig. 3N), theg€ig. 4B,H and Table 1). Ising/sina adults, 41% of the notal
results indicate that the extra neurons and sheath cells aed 62% of the abdominal microchaetes were missing. Also,
derived from transformation of Ila cells to llb cells in both essome of the remaining microchaetes showed abnormal
organs. phenotypes such as duplicated bristles (17% in the notum and
A similar phenotype of cell fate transformation was also65% in the abdomen). To determine whether formation of SOP

sina’ ttk™¥sina® + phyl7phyl* phylZohyl*: tik'/+

Fig. 4.phyl, sinaandttk interact genetically in es organ development. (A-F) Adult nota. (G-L) Adult abdominal segment 2-4. The genotypes of
A-L are indicated above. (M,N) X-gal staining to show expressidgkiLofL(M) andase-lacZ(N) in sin&/sina pupal nota. In M, the dashed

line marks the midline, and arrows mark the region wAdi@l-positive cells were missing. (O,Bhamutant embryos that lack both maternal

and zygoticsinatranscripts show strong reduction in the number of neurons (red) and sheath cells (green) (O), but most of the dm region still
contains eight Cut-positive cells (purple) (P). (Q) Anti-Elav stainingpifyd/phyP; ttkos+ embryo. The ventral region was out of focus.
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cells is affected irsina mutants, we examined the expressionTable 1). Therefore, our genetic analyses are most consistent
pattern ofA101andase-lacZin sina/sina® pupae. Compared with the notion thaphyl, sina and ttk function in the same
to wild-type pattern (see Fig. 1G),sin&/sina® mutants, some genetic pathway, andphyl and sina promote bristle
AlO0ZXpositive cells were missing near the anterior midlinedevelopment by antagoniziri activity. One exception is that
region (arrows in Fig. 4M) where the microchaetes wergemoving one copy ofttk enhanced the abnormal bristle
affected most in mutant adults (Fig. 4B). This resultphenotype irphyl mutant abdomen (Fig. 4L and Table 1).
demonstrates thainais required for the formation of some In embryonic PNS,phyl also showed strong genetic
microchaetal SOP cells. To our surpriase-lacZexpression interaction withttk. In phyf/phyP mutant embryos, 75% of the
in sinamutants was mostly eliminated (Fig. 4N), despite theneurons in abdominal hemisegment and all of the dm neurons
fact that only a fraction of bristles isina?/sina® adults are  were missing (see Fig. 2B). However,ghyf/phyP; ttkos7+
missing. Sincaseis not essential for bristle formation (Jarman embryos, only 10% of the PNS neurons were absent and each
et al., 1993), the missinaseexpression does not necessarily dm region contained at least one neuron (Fig. 4Q). This result
correlate with the missing bristles. Nevertheless, these dashows that thék mutation strongly suppresses fiteyl mutant
indicate thasinais important foraseexpression in most SOP phenotypes in embryonic PNS, and indicates thhayl
cells. promotes cell fate specification of embryonic PNS neurons by
We next examined the functions siha in embryonic es antagonizingtk activity.
organ development. Insing/sina® mutants, embryonic ]
development (including the development of es organs) wa@hy! acts upstream of itk and downstream of Nin es
normal (data not shown), and the mutants survived t@rgan development
adulthood. However, when both the maternal and zygoti©ur genetic analyses suggest tplayl andttk function in the
sina transcripts were removed, embryonic development wasame genetic pathway in es organ development. In embryonic
affected to different degrees. While some embryos showedkvelopment, lack dtk activity causes fate transformation in
obvious defects in their overall morphology, others exhibitecgensory organ lineages that leads to overproduction of sensory
no defects. In embryos with normal morphology but severeeurons (Fig. 5H). This phenotype is in contrast to that
defects in the PNS, approximately 75% of the neurons and 60&bserved inphyl mutant embryos (see Fig. 2B). In embryos
of the sheath cells in the abdominal hemisegments wetacking bothphyl andttk activity, we observed the formation
missing (Fig. 40). In the dm region, 90% of the es organs wei@ supernumerary sensory neurons (Fig. 5lI) that was
still present (Fig. 4P), suggesting ttaha was only partly indistinguishable from that of thék mutant embryos. This
required for the formation of embryonic dm SOP cells, and theesult suggests thék functions epistatically t@hyl.
reduction in the number of neurons and sheath cells might In adults, most microchaetes were missing wh&nvas
result from cell fate transformation. Indeed, we found ammisexpressed big-GAL4(Fig. 5A). The lack of microchaetes
increase in the number of outer support cells inAhE)29  was the result of failure of SOP formation as mA&Dl-
enhancer trap line (data not shown) in these mutant positive cells disappeared (Fig. 5C). Whghyl and ttk were
embryos. These data indicate tkatais required for the cell coexpressed byEg-GAL4 most notal microchaetes were
fate determination of Ilb cells in the embryonic es orgamissing (Fig. 5B), suggesting that misexpressiorttlofcan

lineage. suppress the ectopic bristle phenotype caused by

) ) _ ) misexpression ophyl. Therefore, these results are consistent
phyl, sina and ttk interact genetically in es organ with the model thatttk acts downstream ophyl in the
development formation of SOP cells.

Becausghylandsinamutations cause similar phenotypes, and In es organ developmem,is required to single out the SOP
ttk is also essential for the binary cell fate decision of SORells and to specify the cell fate of hair cells and socket cells.
progeny, we explored the possibility thattyl, sina andttk  In N mutants, many supernumerary SOP cells are formed and
function in the same genetic pathway in es organ developmefair cells and socket cells are transformed into neurons
We first examined their genetic interactions in adult bristlgHartenstein and Posakony, 1990). Sinplyl mutant
development. When one copy pifiy?245 or phyP alleles was phenotypes are opposite to thos&lohutants, and both genes
introduced into thesina/sina® mutants, the number of acts upstream dfk in es organ development (Fig. 5 and Guo
microchaetes was reduced on both nota and abdomens. Alsb,al., 1996), we were interested to examine their epistatic
the percentage of abnormal notal microchaetes was increasedationship. In the strong loss-of-functigphyP mutant
more than twofold (Fig. 4C,l; Table 1), indicating thpdtyl ~ clones, most bristles were missing and the few remaining ones
mutations dominantly enhanced tbima mutant phenotypes. had a four-socket phenotype (Fig. 5D). In contrast, when
We then tested whethéik mutations suppressinaandphyl  the activity of N was eliminated during the stage of SOP
mutant phenotypes. We used tttk mutant allelesttk®!, a  emergence (6-12 hours APF) by using tH€ allele, the

null allele (Xiong and Montell, 1993), artk®s", in which the  number of microchaetes was significantly increased (Fig. 5E).
69 kDa protein expression is absent and the level of the 88 kD¥lhen aphyP mutant clone was generated in 1€ fly with

Ttk protein is reduced (Guo et al., 1995). When one copy dfl activity inactivated, most of the bristles were lost within the
ttklell or ttkos" was introduced intghyP/phy# mutants, the clone (Fig. 5F). This result shows thuitylis epistatic ta\ in
numbers of both notal and abdominal bristles wereSOP cell fate specification. We also tested whephegi acts
significantly increased, and the percentage of abnormal notepistatically toN in cell fate specification of SOP progeny in
bristles was largely reduced (Fig. 4F,L; Table 1). A similarembryos. In the embryos from the crossNS¥NtS; phyP/+
suppression effect was also observed when one copy of themales withN'S/Y; phyl/+ males, a quarter of them wexs
ttkosnallele was introduced intgina?/sina® mutants (Fig. 4D,J; andphyldouble mutants and the rest w&& mutants. When
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Fig. 5.phylacts upstream dfk and downstream ad.
(A,B) Adult nota ofEq-GAL4/UAS-ttk69A) andUAS-
phyl/+; Eq-GAL4/UAS-ttk69B). (C) Al0lexpression in
Eq-GAL4/UAS-ttk6pupal notum. Most oA101-positive
cells were missing. (D) Adult notum withpgdoyP mutant
clone (clone boundary is indicated by black lines).
(E) Notum ofNtsflies. (F) Adult notum oN'S with aphyP
mutant clone (clone boundary is marked with black lines).
Most bristles in the mutant clone were missing.

(G-L) Anti-Elav staining of the embryonic abdominal
hemisegments. (G) Wild type, (ktkoS7ttk®S"mutant,

(1) phy/phyP; ttkosnttkosndouble mutant. Neuron
overproduction was observed in both mutant embryos
(H,1). (J)NS; phyl/phyP double mutant at 17°C. (KYs
mutant at 32°C. (LN'S; phyR/phyP double mutant at
32°C.

these embryos were incubated at the permi
temperature (17°C), 24% of them=40) showed
strong reduction in the number of sensory neL
(<20 neurons per abdominal hemisegement; Fig
The rest of the embryos (76%5127) had a norm
number of neurons (42 in each abdom
hemisegment). This result indicates that about
quarter of the embryos in this cross were inda®d
mutants. To inactivat® activity during embryoni
development, the embryos were incubated a
non-permissive temperature (32°C) when SOP
and their progeny were undergoing asymm
divisions (Guo et al., 1996). We found that 219
the embryos =39) had fewer than 20 neurons
each abdominal hemisegment (Fig. 5L), and a ¢
fraction of embryos (2.6%n=5) exhibited a
intermediate phenotype with 20-40 neurons (dat
shown). Overproduction of neurons was seen in
of the embryos n=143; Fig. 5K). In a contre
experiment, we confirmed that this phenotypt
neuron overproduction was indistinguishable f
that of NS embryos at 32°C (data not show
Therefore, this data showed thagbhyl acts
epistatically toN in cell fate specification of SC
daughter cells in embryos.

phyl is expressed in SOP cells and IIb

lineage and its expression is negatively regulated by in which the 11b cells were transformed to the Ila cells (Uemura
N signaling et al., 1989).

The distribution ophylmRNA was examined by whole-mount ~ Our genetic analyses suggest thiaylis acting downstream

in situ hybridization. Although weak, the expressiomploylin of Nin es organ development. We were interested in examining
wing imaginal disks was detected in the SOP cells of wingvhetherN signaling regulatephyl expression. In wild type,
margin bristles (Fig. 6A,B), notal macrochaetes (Fig. 6A,C)phyl was expressed in SOP cells in both wing disks and
and other sensory organs (Fig. 6A). In leg dighsg/l mMRNA  embryos. IfN' mutants at restrictive temperatupyl mRNA

was also detected in the precursors of the femoral chordotonahs detected strongly in clusters of cells in wing disks
organs, as well as in external sensory SOP cells (data n@tig. 6D). phyl was also expressed in many more celliNin
shown). During embryogenesis, the maternally contribute@Fig. 6K) andE(spl)-C(Fig. 6L) mutant embryos at stage 11,
phyl transcripts were ubiquitously present beforedemonstrating thatN signaling negatively regulatephyl
cellularization (data not shown). During stages 9phlylwas  expression. Consistently, when the constitutively active form
expressed in neuroblasts (Fig. 6E) and the SOP cells (Fig. 6f. N (NACT) in which the extracellular domain is deleted
From stage 12 onwarghyl transcripts diminished gradually, (Doherty et al., 1996) was expressed in the embryonic sensory
but remained detectable in a subset of PNS cells at stages D2gan lineage bgca-GAL4 the levels ophylMRNA at stage

14 (Fig. 6G). These cells were probably the b cells and theit2 were also strongly reduced (Fig. 6l).

progeny (neurons and/or sheath cells), since at the same stagelo further confirm thaN negatively regulatephyl activity
phylmRNA was no longer detectednombmutants (Fig. 6H), by repressing its expression, we tested whether misexpression
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Fig. 6.phylexpression is negatively regulated by

N signaling. Whole-mount in situ hybridization A
of phylmRNA in wing disks (A-D) and embryos
(E-L). (A) phylexpression in wild-type wing

disk. (B,C) Higher magnification of thghyl
expression in SOP cells of wing margin (B) and
macrochaetes (C). (phyl expression it
mutant wing disk. (E-G) Late third instar larvae
of NSwere incubated at 30°C for 5 hours before
dissecting. In the embryoshyl mRNA is
expressed in (E) neuroblasts at stage 9 (ventral
view), (F) SOP cells at stage 11 (lateral view), oty
and (G) a subset of PNS cells at stage 13 (lateral
view). (H) phylmRNA in PNS is no longer

detected in theumtd mutant, and (1) is reduced

in thesca-GAL4/+;UAS-RCT/+ embryo. (J) In
wild-type embryosphylis expressed in E
approximately 20-30 SOP cells in each
hemisegment at stage 11. (Kphylis expressed

in many more cells in the5¢11(K) and

E(splP32-2 90*(L) mutant embryos at stage 11. r

(M,N) Confocal images of the embryonic i
abdominal hemisegments stained with anti-Elav s

antibody (red) and anti-prospero antibody

(green). (M)sca-GAL4/+; UAS-RCT/+ embryo.

(N) sca-GAL4/+; UAS-KRCTUAS-phylembryo.

of phyl rescues the defects caused '
misexpression ofNACT. phyl is essenti
for fate specification of Ilb cells in t
embryonic sensory organ lineage. W I
UAS-phyland UAS-MCT were coexpresst ”
in embryos bysca-GAL4 the total numbe _

of PNS neurons and sheath cells (bott
progeny of Ilb cells) on average were dot
that in sca-GAL4/+; UAS-KCT/+ embryo:
(Fig. 6M,N). This result shows tt
misexpression ophyl rescues the defe
caused byNACT in the embryonic sensc
organ development.

DISCUSSION

We found thaphylis essential for two ste

in es organ development: phyl mutants

SOP cells of the adult es organs fail to form (Fig. 7B), and lIkectopic bristle phenotype caused by misexpressiophgt

cells are transformed into lla cells in both adult and embryoniSeveral lines of evidence also indicate that Ttk functions as a
es organs (Fig. 7C). Also, our genetic analyses are consisteepressor to inhibit SOP cell fate. (1) Ttk is expressed
with the model in which Phyl, in collaborating with Sina, ubiquitously in the pupal notum except in SOP cells
promotes fate specification of SOP and lIb cells by degradinRamaekers et al., 1997). (2) In embryos, overexpressitk of
Ttk protein (Fig. 7D,E). Furthermore, we showed thiaglis  inhibits the formation of es organs (Guo et al., 1995). (3)
expressed in SOP and llb cells, and its mRNA level idnjection ofttk dSRNA results in extensive increase of neurons

negatively regulated bM signaling (Fig. 7D,E). in embryonic PNS, a phenotype observed in neurogenic
. ) . mutants (Kennerdell and Carthew, 1998). All of these results

The functions and regulations of  phy/ in es organ suggest thatttk might play a negative role in the fate

development specification of SOP cells, anphyl promotes SOP fate

Our genetic analyses show thatyl functions together with  specification by degrading Ttk.

sinato promote SOP formation by antagonizittk activity. phyl is essential for formation of pupal SOP cells, but is

These results suggest that degradation of the Ttk protein ispartly required for embryonic SOP cells.denselesmutants,
major function of Phyl in the cell fate specification of SOPthe larval SOP cells fail to form, but the embryonic SOP cells
cells. Consistent with this idea, we found that misexpressioform and divide to generate daughter cells that fail to
of ttk can inhibit the formation of SOP cells and suppress thdifferentiate (Nolo et al., 2000). These results suggest that there



2708 H. Pi, H.-J. Wu and C.-T. Chien

A
\

socket hair

Proneural clusters with
Ac, Sc expression

Selection and cell fate
specification of SOP

Cell fate
b specification
of SOP progeny

glia

sheath neuron

B

=
&>
AN

socket hair  socket hair

determination between lla and llb cells in both adult and
embryonic es organs. In support of this conclusion,
misexpression ophyl in both adult and embryonic sensory
organ lineages most often resulted in a two-neuron/two-sheath
cell phenotype.

In phyl/phyP mutant embryos, most of the neurons and
sheath cells in chordotonal organs were also lost (Fig. 2B,
lateral and ventral region), indicating thwttyl is also required
for the formation of neurons and sheath cells in chordotonal
organ lineage. In weaker mutant embryplyf24%phyP249),
we often observed more sheath cells than neurons in the
regions where chordotonal organs Ich5 and vchA and B are
located. Therefore,phyl may be required for cell fate
determination between neurons and sheath cells in the

D SOP cell Epidermal cell develqpment of phqrdqtonal organs. _ _
During lateral inhibition, th& pathway is essential to single
gg;tfaigaﬁon - Protein out the.SOP_ cells. Our in situ analyses indicate fied
= 7 o signaiing egradation expression is negatively regulated bi. Also, the
f ¥ supernumerary bristles M mutants were suppressed [yl
®® l mutation. These results strongly suggest that down-regulation
@ of phyl expression is a major function & signaling to
suppress SOP cell fate.
< > In the SOP lineagéy also plays an important role in the cell
phyl phyl _ fate specification of SOP progeny. Several components of the
SOP formation SOP formation N pathway, such as Delta, Serrate (Zeng et al., 1998), Su(H)
(Schweisguth and Posakony, 1994), Hairless (Bang and
Posakony, 1992), and proteins of the Bearded (Leviten and
E b cell lla cell Posakony, 1996; Lai et al., 2000) and E(spl) (Tata and Hartley,
Protein 1995) families, have been shown to be involved in the cell fate
degradation Numb DI g;gtggauon specificgtion of all or §ubsets of progeny. We fqund foineyt
? J_ ijf N o acts epistatically tdN in the cell fate specification of SOP
Notch signaling Notch signaling ? daughter cells and is expressed in |Ilb cells. Also,
@inaXPhy) misexpression ophyl rescues the defects caused MYT,
@D, l indicating thatN regulates theghyl activity in sensory organ
< : lineage at the transcriptional level.
b formation phyl phyt b fomaton Functions of sina in es organ development
Our genetic analyses phyl, sinaandttk are mostly consistent

Fig. 7. Summary and models phylin es organ development.

with the model that Phyl functions together with Sina to
promote es organ development by degrading Ttk. In embryos,

(A) The process of es organ development. (B)Hgl mutants, SOP
fails to form although the expression of proneural genes is not
affected. Alsophylis required for cell fate specification of Ilb cells;
IIb cells are transformed to lla cellsphyl mutants (C). (D,E) Our
data suggests that Phyl is expressed in SOP and IIb cells, and
functions together with Sina to degrade Ttk. In non-SOP cells (whic
ultimately become epidermal cells) and lla cells, the levepdhpff
mRNA are down-regulated by signaling.

strong defects are only detected when both maternal and
zygotic sina transcripts are removed, suggesting that
maternally contributedinatranscript play an essential role in
the development of embryonic es organs. Consistently, no
genetic interaction between zygasioaandphyl, and between
zygotic sina and ttk was detected in embryonic PNS
development (data not shown). In adults, the bristle phenotypes
in sinamutants are weaker thanphyl mutants. One possible
reason is that the perdurance siha gene products from
are some distinctions between the SOP cell fate specificationaternal transcripts might supply activity for some adult
of embryos and larvae. bristles to develop normally. Another possibility is thhylis

Our studies showed thahyl is required for Ilb cell fate able to down-regulateitk activity in a sinaindependent
specification. Irphylmutants, more than half of the adult notal manner. In thérosophilagenome, a sequence (CG 13030) is
microchaetes and more than 80% of the embryonic dm dscated next tosina in the genome and encodes a putative
organs exhibited Ilb to Ila cell fate transformation. Cell fateprotein with 50% identity and 70% similarity with Sina. It
transformation from hair cells to socket cells also occurs imight be possible thadina functions redundantly with this
adult bristle (four-socket phenotype seemphyP clone), but  gene in bristle development.
much less frequent in embryonic dm es organs (less than 5%).
Transformation from neurons to sheath cells in es organs w$mparison of phyl in cell fate specification of
rarely seen irphyl embryos. These results suggest that unlikgohotoreceptors and es organs
numbandN, phyl is mainly required for the binary cell fate Our studies ofphyl/sina/ttkin es organ development and
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previous studies in photoreceptor differentiation indicate that (1996).Deltais a ventral to dorsal signal complementaréorate another
the Drosoph”aeye and es organs depend on the same proteinNOtChligand, _inDrosophiIaWing formation.Genes DeV10, 421-434.
complex to specify their cell fate. In both cag#syl mutations ~ Ffise; E., Knoblich, J. A., Younger-Shepherd, S., Jan, L. . and Jan, ¥. N.

t B | s t | ls. Both studi | (1996). TheDrosophila Numb protein inhibits signaling of the Notch
ransitorm neural cells 10 non-neural celis. both studies also receptor during cell-cell interaction in sensory organ line®gec. Natl.

show thatphyl expression is tightly regulated by the upstream acda. Sci. US®3, 11925-11932.
signaling pathways. The expressiorpbfylis activated by the Gho, M., Bellaiche, Y. and Schweisguth, F1999). Revisiting th®rosophila
Ras pathway in photoreceptor cells. In SOP cells, the microchaete lineage: a novel intrinsically asymmetric cell division generates

‘g o i ; a glial cell.Developmeni26, 3573-3584.
transcription ofphylis likely activated by the proneural genes Gho, M., Lecourtois, M., Geraud, G., Posakony, J. M. and Schweisguth,

ac and sc and is repressed by signaling. Interestingly, F. (1996). Subcellular localization of Suppressor of HairlesBrasophila
it has been shown that the Egrf/Ras/Raf pathway acts sense organ cells during Notch signalliBgvelopment.22, 1673-1682.

antagonistically with thé&l pathway in SOP formation of adult Gho, M. and Schweisguth, K1998). Frizzled signalling controls orientation

macrochaetes (CuIi et al., 2001) and chordotonal organs (Zurgggsynémegric sense organ precursor cell divisionBrmsophila Nature
178-181.
Lage and Jarman, 1999)' Whether these two pathwaxssnysen, A. and Dambly-Chaudiere, C(1988). From DNA to form: The

converge onphyl expression to regulate sensory organ achaete-scuteomplex.Genes Dev7, 723-33.
formation remains to be examined. Gomez-Skarmeta, J.L., Rodriguez, I., Mattinez, C, Culi, J., Ferres-Marco,
D., Beamonte, D. and Modolell, J(1995). Cis-regulation oéchaeteand
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