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SUMMARY

The Drosophila imaginal cells that produce epidermal have determined that the branched laterals are due to the
hairs, the shafts of sensory bristles and the lateral splitting of individual laterals during elongation. In genetic
extensions of the arista are attractive model systems for mosaicsfurry was found to act cell autonomously in the
studying the morphogenesis of polarized cell extensions. wing. The phenotypes of double mutant cells argue that
We now report the identification and characterization of  furry functions independently of thefrizzledplanar polarity
furry, an essentialDrosophila gene that is involved in pathway and that it probably functions in the same
maintaining the integrity of these cellular extensions pathway as thetricornered gene We used a P-element
during morphogenesis. Mutations infurry result in the insertion allele as a tag to clone th&rry gene and found it
formation of branched arista laterals, branched bristles to be a large and complicated gene that encodes a pair of
and a strong multiple hair cell phenotype that consists of large conserved proteins of unknown biochemical function.
clusters of epidermal hairs and branched hairs. By

following the morphogenesis of arista laterals in pupae, we Key words:furry, Morphogenesis, Actin cytoskeletddrosophila

INTRODUCTION plasma membrane (Tilney et al., 1998). Interestingly the
phenotype of the double mutant is not substantially stronger
The adult cuticular surface d@rosophilais decorated with than either single mutant. Hence, the large bundles of actin
large numbers of polarized structures such as sensory bristiaments are not essential for bristle outgrowth, but they do
and epidermal hairs. The development of these structures hagpear to be important for the development of a normal length
been actively studied as a model for the morphogenesis ahd shape. Microtubules are found centrally located in
highly polarized cellular components (Tilney et al., 2000b;developing bristles and, based on their location, seem likely to
Turner and Adler, 1998). Not surprisingly, these structurede involved in bristle morphogenesis (Tilney et al., 1995); but
contain prominent cytoskeletal elements. Developing hairs angenetic data that prove this are not available.
bristles contain actin filaments and microtubules and the Epidermal hairs are outgrowths of individual cells and are
function of both is required for normal morphogenesis (Eatomuch smaller than the shafts of sensory bristles. Epidermal
et al., 1996; Turner and Adler, 1998; Tilney et al., 1995).  hairs have primarily been studied on the pupal wing, where
The large size of the sensory bristle shaft cells has madsch cell forms a single hair (Wong and Adler, 1993). Growing
them an attractive system for microscopic observations (Tilnelyairs stain strongly for F-actin and tubulin (Eaton et al., 1996;
et al.,, 1995). Developing bristles contain a series of larg@ong and Adler, 1993; Turner and Adler, 1998). There is no
bundles of actin filaments located peripherally and juxtaposeeVvidence for large bundles of actin filaments, but mutations in
to the plasma membrane (Tilney et al., 1996). The bundles agenes that encode bundling proteins suchnandf produce
assembled in modules at the distal tip of the shaft. There appeautant phenotypes (bent hairs), suggesting that actin bundling
to be two crosslinking systems that are used to assemble thas a role in hair morphogenesis. Confocal and electron
large bundles (Tilney et al., 1995; Tilney et al.,, 1998). Amicroscopy (EM) studies indicate that the microtubules are
primary bundling requires the function of tfarked (f) gene  centrally located and that F actin is peripherally located in
(Petersen et al., 1994) and a second crosslinking requires thewing hairs (Turner and Adler, 1998), however, it is not clear
function of thesinged(sn) gene (which encodes a fascin; Cantif the arrangement is as defined as in the bristles. The lateral
et al., 1994; Bryan et al., 1993). Mutations in either of thesside branches of the arista are a third type of polarized cuticular
genes results in short, twisted and bent bristlesnifdouble  structure with many similarities to hairs and bristles.
mutants, the large bundles of actin filaments are lost, althoudtlongating laterals stain strongly for actin and EM studies
a small number of actin filaments remain juxtaposed to thehows the presence of bundles of actin filaments. These laterals
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also contain centrally localized microtubules; thus, developingnd fry might function in the same process. Consistent with

laterals are quite similar to bristles shafts in morphology (Hé¢his possibility, we found théty trc double mutant cells did

and Adler, 2001). The development of the arista laterals haot show a stronger phenotype than either single mutant.

not been well studied but many mutations that alter hair an@ompelling evidence thdty results in the splitting of laterals

bristle morphology also alter lateral morphology (B. H. and Pwas obtained by in vivo observation of developing laterals. We

N. A., unpublished). have cloned and characterized thegene using a P insertion
Genetic studies on bristle and hair morphogenesis have beeltele, RT-PCR, mutant gene sequencing and cDNA clone

complemented by inhibitor studies using either in vitro orgaranalysis. We found thétty is a large and complicated gene that

culture of pupal wings and thoraces or the injection ofncodes two proteins. One protein contains 3479 amino acids

inhibitors into appropriately aged pupae (Turner and Adlerand the second is a truncated version of this. Homologs of Fry

1998; Tilney et al., 2000a; Geng et al., 2000). The inhibitiorare found in human§aenorhabditis eleganérabidopsisand

of actin polymerization by cytochalasin D (CD) has severajeast, but nothing is known about the biochemical function of

effects on wing hair development. The initiation of hairthe homologs.

morphogenesis is delayed, hair elongation is slowed, hairs end

up shorter than normal, and hair clusters and split hairs are seen

(Turner and Adler, 1998). Similarly, bristle outgrowth is MATERIALS AND METHODS

delayed, bristle elongation is slowed, and adult bristles are

short, bent and frequently split after the application of CD 0Fly culture and strains

lantrunculin A (LAT A; Geng et al., 2000; Tilney et al., 2000a).Fjies were grown on standard media. Many mutant and Deficiency-

In at least some cases, the splitting appears to be due to ectogifitaining stocks, and P-insertion mutants were obtained from the

initiation of bristle outgrowths either from ‘budding’ along the stock center at Indiana University. The GMRa stock was kindly

shaft of an existing bristle or from the apical surface of the celkupplied by Gerry Rubin’s laboratory (Neufeld et al., 1998).

CD treatment also delays and slows arista lateral outgrowth a%d

results in short and frequently split laterals (He and AdlerYtological procedures , . .
2001). The process of wing hair morphogenesis was studied as described

The application of microtubule antagonists, such agrewously (Turner and Adler, 1998). The morphogenesis of other

. . . . body regions and cell types was studied in a similar manner. Adobe
vinblastine (VB) or colchicine (CH) produces an 0Verlapp'ngPhotoshop was used to compose bitmap figures, and Corel Draw was

but distinct set of phenotypes in all three of these cell typegseq to compose line drawings. Confocal images were obtained using
The rate of wing hair elongation is slowed, but in contrast tq BjoRad confocal microscope at the Keck Center for Cellular
the results with CD, hair initiation is not delayed (Turner andmaging at the University of Virginia. Other images were obtained
Adler, 1998). VB and CH treatment leads to the formation ofising a Spot digital camera (National Diagnostics) on a Zeiss
multiple hair cells. The hairs however are not clustered aAxioskop 2 microscope.

tightly as those seen after treatment with CD. The injection of
VB or CH into pupae results in short and fat bristles (Geng
al., 2000; see Tilney et al., 2000a for a different result).

olecular characterization of  fry

“I,'hefry cDNA and mRNA were assembled by a combination of cDNA

" - : . one isolation and PCR analysis of cDNA preparations. cDNA clones
addition to this dramatic stunting VB also causes bent a ere isolated from the region from exon 3 to 14. The largest of these

occasmnally ;pllt br.|St|eS' . was more than 4 kb. This clone was sequenced and compared with
Mutations in thetricornered (trc) gene, which encodes the genomic sequence from the BDGP/Celera project (Adams et al.,

Drosophila NDR (nuclear DBF2 related) kinase, result in 2000) and from sequencing in the region that we did independently.
dramatic multiple wing hair, branched bristle and arista laterak cDNA from the 3end offry (SD10447) was identified as a genome
phenotypes (Geng et al., 2000). These phenotypes are distipebject EST clone. This was obtained from Research Genetics,
from those produced by the antagonism of the actin osequenced and the sequence compared with genomic sequence. To
microtubule cytoskeletons in thiat hairs, bristles and laterals identify the remaining exons and to ensure that all of the exons were
are not shortened and thickened as are those treated whftked up as predicted, we scanned the sequence to identify potential
inhibitors. The phenotype ¢iic bristles also differs from those ¢€0ding region and, using primers from these regions, we amplified

; i ; : : cDNA from the imaginal disc cDNA library constructed by Brown
see}n I|<n dth)Jtants for. a(t.:rt]ln bundlltng tpr%te'rtlls suchslr?gled .and Kafatos (Brown and Kafatos, 1988). The PCR products were
or forked, beécause In these mutants bristie_morphology I%equenced and the results used to pick new PCR primers to continue
abnormal all along the length of the bristle. By contrast, thene walk. Eleven overlapping regions were amplified and sequenced

morphology oftrc bristles is usually normal at ‘non-branched’ in this way. In these experiments, we only obtained evidence for the
locations along the bristle shaft. Based on these differences, WfRNA that encodes the long form of Ffgy(l mRNA). Evidence for

previously proposed thatc did not encode a cytoskeletal the alternativdry-s, mMRNA came from a cDNA clone. When we used
component required for bristle morphogenesis, but rather thatimers specific forfry-s, we were able to detect it by RT-PCR.

it encoded a protein that had a subtle interaction with thlorthern blot analysis was carried out as described previously (Geng
cytoskeleton (Geng et al., 2000). One possibility is that it i§t @l 2000). We also used tbeosophilaRapid Scan cDNA panel
involved in coordinating multiple cellular components during(Crigene Technologies) to examine the expressidnyof

morphogenesis. Generation of genetic mosaics

We_ now report the recovery and _characterlzatlons O\osaic clones were generated using the FLP/FRT system (Golic and
mutations in a new cell autonomously acting gene, ndomed | jhqquist, 1989; Xu and Rubin, 1993).
d ; ; ;

(fry) that yields atrc-like phenotype in bristles, hairs an
laterals. The phenotypic similarities seen in the adult structuredcoring of mutant wings
extend to the developing pupal epidermis suggestingtifiat Wings were mounted in Euparal (Asco Labs) and examined by bright
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Fig. 1. A map of thefry gene. A 50 kb segment is shown. The BDGP/Celera collaboration has predicted seven genes in this region. Three of
these (CG6774, CG14171 and CG6780) largely comprisieytigene. The other four are transcribed on the complementary strand and have not
been studied. The relative location and size of thiey2&ons are shown. cDNA clones have been found in two regions. One group of cDNA
clones was near thé &nd of the transcript. The longest of these was about 4 kb and it included sequences from exons 3-14. A second cDNA
was found as an EST (SD10447) and is located at #ed3of the gene. Southern blot analysis and DNA sequencing were used to determine
the locations of threfey mutations. The P insertion responsibleffgf was inserted into the first intron §. Thefry! mutation is a frameshift
mutation in exon 3. Thigy2 mutation is a nonsense mutation in exon 22.

field microscopy using approaches described previously (Wong arattempts to distinguish between the severity of the EMS-
Adler, 1993). induced alleles. In heteroallelic heterozygotes Vi, three

of the four extant EMS alleles resulted in a phenotype that was
indistinguishable from the phenotype seerfrir//Df wings.
FFhus, at least for this phenotype these alleles are phenotypic
null alleles. One of the EMS-induced allelég4) and the P
insertion allele ffy6) appeared to be hypomorphic alleles.

Statistical analysis

The Sigma Stat program (Jandel) was used for comparing differe
genotypes or treatments.

RESULTS The molecular characterization of  fry
o . We used the P insertion mutation as a tag to idefmjifipNA.
Identification and recovery of  fry mutations We analyzed the DNA region surrounding the P insertion allele

In a screen to recover new wing hair polarity mutants, wéy DNA sequencing, sequence analysis, RT-PCR, cDNA clone
recovered five EMS-induced alleles of an essential gene vamalysis and the sequencing of mutant alleles (details are
named furry (fry). Clones offry mutant cells produce a presented in the Materials and Methods). The P elemémnyfin
dramatic multiple hair cell phenotype. A more detailedwas inserted into the first intron d&fy (Fig. 1). Genomic
description of this and othéry phenotypes is provided below. Southern blot analyses showed this P was lost in all four of the
The fry mutations were uncovered BPf(3L)ACL (67A5;  fry® revertants examined (data not shown). Several partial
67D7-13) but notDf(3L)29A6 (66F5; 67B1) localizing it to revertants were examined and in each the P element remained
67B-D. We screened P insertion alleles in this region anbut was altered in structure.
identified onel(3)02240that failed to complemerfty point Evidence was obtained for two distinty mRNAs from
mutations. We confirmed that the P insertion was responsibEDNA clone and RT-PCR. One of the$ey{) was encoded by
for the fry mutation, as it was induced to revert at a high28 exons spread out over 46 kb of genomic DNA (Fig. 1). The
frequency by P transposase. In addition to complete revertanexons were clustered in three regions along the chromosome.
many partial revertants were recovered that displayed a we&onceptual translation of this mRNA resulted in a 3479 amino
fry phenotype. This P insertion mutation has been describextid open reading frame (AAG41424). We also found evidence
as being in a suppressor of the rough eye phenotype thiar a second form of this mMRNAry-s) that differed by use of
results from driving the expression sina using the GMR an alternative '5 splice site for the 14th intron ofry.
promoter (Neufeld et al., 1998). We confirmed DBL)AC1  Conceptual translation of this alternative splice form resulted
suppressed this gain-of-function phenotype, but we did not sée an ORF of 1629 amino acids, as there is a stop codon early
any suppression from the P insertion allele or with any of ouin the extended exon 14. The first 1623 of these would be
EMS inducedty alleles. identical to those in Fry-L. Based on RT-PCR analysis, this
All of the EMS-induced alleles and the P insertionsplice form shares downstream exons Wikl (but not exon
allele @ry%) were recessive lethals. The EMS alleles (asl5), but these exons are downstream of a stop codon in the
homozygotes, hemizygotes or heteroallelic heterozygotegxtended exon 14 and thus would not encode proGairen
typically died as second or third instar larvae with onlythe size and complexity of thigy transcription unit, it remains
occasional animals surviving until the prepupal periodpossible that there are additional splice forms ofthenRNA
Animals that were homozygous for tfrg® P insertion allele that we did not uncover. We sequenced the open reading frame
often died as pharate adults that displayed a stfopg from two EMS-inducedry alleles. Infryl, we found a 1 bp
phenotype. Heteroallelic combinations that contaifig®  deletion in exon 3, resulting in a frameshift mutation that
displayed a similar phenotype. scrambles the amino acid sequence after amino acid 403. In
We usediry’, a weak viable partial revertant o6, in an  fry2 we found a nonsense mutation in exon 22 that truncates



2796 J. Cong and others

with both splice forms being of similar size (or one being much
rarer than the other). We used RT-PCR to examine the
A developmental distribution of thiey mRNA (Fig. 2B). fry
1 2 3 4 5 6 7 MRNA was seen in cDNA preparations from all developmental
stages examined. It was most abundant in adult heads.
- -— 95 The BDGP/Celera analysis of thBrosophila genome
75 sequence predicted three independent genes that we have found
to comprise thdry transcription unit (Adams et al., 2000).
-— 44 These are the genes CG6774, CG14171 and CG 6780 (Fig. 1).
The genome project predicted 4 genes that are located in
introns offry. All of these predicted genes are transcribed on

A the opposite strand of DNA froffny.

-—1.35 The Fry protein is a conserved protein
Fry is a member of a conserved family of proteins found in
m — P49 - mammals,C. elegans Arabidopsisand yeast (Fig. 3). The
similarity is concentrated in five regions separated by short
regions of little or no similarity. The similarity is highest in the
~— 024 N-terminal most region that we call tfiy domain. In this
630 amino acid region, the Fry and the human CAB4244
protein are 63% identical and 79% similar. The fly, human and
worm proteins contain all five of the similarity regions,
suggesting these regions may represent functional domains.
The Arabidopsisand yeast proteins only contain the first three
similarity regions. Several additional database sequences share
similarity to part of the C-terminal region of Fry. These
Fig. 2.(A) A northern blot hybridized with'Snd 3 probes for both ~ Sequences are likely to represent partial cDNAs. The Fry-S

forms of thefry cDNA. The location of RNA size markers is protein contains the Fry domain and about half of the second
indicated. Lane 1 contained approximately [2g5of fry®/fry61-2 day =~ homology segment. It is unclear whether other organisms
pupal poly(Ay RNA. Lane 2 contained 40g of fry®/fry® 1-2 day produce a protein that is equivalent to the Fry-S protein.

pupal total RNA. Lane 3 contained approximately|&y5of 1-2 day The Fry proteins do not contain any protein motifs that are

Oregon R pupal poly(A)RNA. Lane 4 contained 40g of 1-2 day insightful with regard to function. There is no information
Oregon R total RNA. Lane 5 contained A of adult head poly(X) abo%t the biologi%al function of the homologs, as all were

RNA. The filter containing lanes 1-5 was probed simultaneously wit . - .

a probe for the Segion ofgthefry MRNA anz a probe for the y r}ound in genome or EST sequencing projects. The h_omolog
approximately 500 bpp49 mRNA as a loading control. Lane 6 from yeast (Tao3) has been found to be nonessential. Two
contained approximately 2j&y of fryé/fry6 1-2 day pupal poly(&) phenotypes have been identified with the knockout of this gene.
RNA and lane 7 contained approximately ggsof 1-2 day Oregon ~ One is altered transcription of the OCH1gene and the second
R pupal poly(A¥ RNA. This filter was probed simultaneously with a is the clumping of mutant cellsS&éccharomycessenome
probe for the 3region offry and with a probe fap49 as a loading Database).

control. (B) PCR amplification of a region of tiig mMRNA from a

panel ofDrosophilacDNAs made from a variety of developmental ~ Wing hair phenotype

stages (Origene Technologies). Lane 1 is a size marker, lane 2 We examined the phenotype of strofng alleles in mitotic
contains cDNA from 0-4 hour embryos, lane 3 from 4-8 hour clones in adult wings (Fig. 4, see also Fig. 9). Even small

embryos, lane 4 from 8-12 hour embryos, lane 5 from 12-24 hour clones induced in all regions of the wing showed a stron
embryos, lane 6 from 1st instar larvae, lane 7 from 2nd instar larvae, g g 9

lane 8 from 3rd instar larvae, lane 9 from pupae, lane 10 from male Ph€notype, indicating thdty needs to function in all wing
heads, lane 11 from female heads, lane 12 from male bodies and lag@llS- Mostfry cells formed a cluster of hairs and we could see
13 from female bodies. The fragment amplified is found in bgth ~ e€xamples of hairs that were split distally. On averagefrshe
andfry-s. clone cells produced 5.7 hairs per cell (a branched hair with
two distal ends was counted as two hairs in these experiments),
although the cellular phenotype was quite variable and some
the Fry-L protein after amino acid 2298. As fh mutation  cells formed more than a dozen hairs. Tigehairs were often
is a strong allele and does not affect the Fry-S protein, walmost orthogonal to the wing surface, appearing as dots in the
conclude that Fry-L has an important function in thelight microscope. A similar phenotype was seen in pharate
development of hairs, bristles and laterals. The data do natlults that were homozygous or hemizygous forfryfeallele
prove that Fry-S also has a function in these cell types. ThE&ig. 4C,D). Weaker versions of this phenotype were seen on
sequence data confirmed that we had identifiedrihgene. the wings offry’/fry* (wherex is any of the EMS alleles) flies.
The existence of a largey MRNA (>10 kb) was confirmed Based on the phenotype seen in clones, it appeared quite likely
by northern blot analysis (Fig. 2A). This band was reduced ithatfry acted cell autonomously, but to test this in a rigorous
amount (and perhaps slightly larger in size) in fng  way we induced clones marked by the loss of the N-Myc
homozygous pupae (P allele). Only one band was seen orepitope tag and examined these in pupal wings that were also
northern blot with either a'5or 3-specific probe, consistent stained to show the actin cytoskeleton. In all cases, only clone
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Fry Protein

Ll 1wl 2w [ 3emlld] 54k

CAB42442 human 63% (631) 30% (1059) 39% (576) 45% 25% (374)

AAF99910 C. elegans 45% (632) 25% (844) 26% (516) 33% 28% (132)

T51 397 Arabidopsis 23% (658) 20% (610) 29% (131 ~ }

Tao3p yeast 21% (453) 19% (s66) 24% @70) - -

KIAA0826 human B . 38% (5777 46% 24% (352)

B2 human . ) 38%i77) 46%
The Furry Domain Fig. 3.(Top) Diagrammatic
) i representation of the Fry-L

protein with the five

Fry segment 1 (1)
CAB42442 hunan segment 1 (1)
AAF99910 worm segment 1 (1)
Consens us (1)

81
Fry segment 1
CAB42442 hunan segment 1

(80)
(79)

AAF99910 worm segment 1 (75)
Consens us (81)

1
Fry segment 1  (159)

CAB42442 hunan segment 1
AAF99910 worm segment 1
Consens us

(153)
(141)
(161)

Fry segment 1

CAB42442 hunan segment 1
AAF99910 worm segment 1
Consens us

(239)
(232)
(220)
(241)

Fry segment 1

CAB42442 hunan segment 1
AAF99910 worm segment 1
Consens us

(319)
(312)
(300)
(321)

Fry segment 1

CAB42442 hunan segment 1
AAF99910 worm segment 1
Consens us

(399)
(392)
(380)
(401)

Fry segment 1

CAB42442 hunan segment 1
AAF99910 worm segment 1
Consens us

(478)
(472)
(459)
(481)

Fry segment 1
CAB42442 hunan segment 1

(558)
(550)

RPGE VMRNLFSCFTAQAEKKI ELVM. - ESADKNLSKLLQRGEDCQFDQLLSALCSVAEHA PSLLHTLLAWHRRQLSCM
KPGEYVLKSLFVNFTTQAERKI RIl MA- EPLEKPLTKSLORGEDPQFDQVI SSMSSLSEYCLPS| LRTLFDWKRQN- Cl
-- CQASLMCLENI F----  ERKLHI VTEEEPLEKNVLNKTLORG(DLYFDNLCHTLHCLSEI CLPPI LKVLVEWYEKYDESL
KPGE VLK LF FT QAERKI | VM EPLEK LSKSLQRGHE QFDQLI SSL SLSEHA.PSI LKTLLDWKRQ |
160
El KNDLKKPAPSGSS SQAATNKPTVDLDFCLCRREAAVEFI FCLALI El LKQLPYH- PGHECLVRSI ENLAFKHFKYKDG

EDESHEYRPFTSNKSKSDECQR----- DYLMERFRDLAI DFI FSLVLI EVLKQ PLH- PVI DELI HCVI NLAFKHFKYKEG
CLSMLSPI ATP---  ELR----------- LKLHKKLLAVNYLFCLVLI El LPQVEFHLPQCDPLI KKVLEI CFKNVCQYREP
El KP PS S NK DF L RRDLAVDFI FCLVLI EI LKQ PFH P D LI K VI NLAFKHFKYKEG

61 240
LQNNPNALNI HM ADLYAEVI GVL AQSRFASVRKRFMSELKELRCKEVSPTTTQSII SLLMGVKFFRVKM\PI EEFEASF
YLG PNTCNVHI VADLYAEVI GVLACAKFPAVKKKFNAEL KELRHKECNPYVVQSII SLI MGVKFFRI KMYPVEDFEASL
SAVG NKTNHLVVAETYGEVVGVLSSTYFTHI HRI FMTHI TELK- KDVSCTAACCI VALI NSVKFLRI NSSCQVEDFENCL

PN NI HI VADLYAEVI GVLAQSKF AVKKKFMBELKELR KEVSPT  QSII SLI MGVKFFRI KM PVEDFEASL
241 320
QFMHECGCYFLEVKDKDI KHALAGLFVEI LVPVAAAVKNEVNVPCVKNFVEL L YVCTLDASTKSKHRLALFPLVTCLL CV
QFMCECAHYFLEVKDKDI KHALAGLFVEI LVPVAAAVKNEVNVPCLRNFVESL YCTTLELSSRKKHSLALYPLVTCLLCV
KFLDDLGSLL LEVKDKDVKHAVNGLLVEI LLPVAACI KRETNI PALI SLVQKLYTTTNDM SKKCHKLAAFPLI TCLLCV
QFM ECG YFLEVKDKDI KHALAGLFVEI LVPVAAAVKNEVNVPCLKNFVE LY TTLDLSSKKKHKLALFPLVTCLLCV
321 400
SQKTFFLTNWHYFLANVCLSNLKNRDAKMBRVALESLFRLLVW/YM RI KCESNSATHSRLCSI VNSLFPKGSKGVVPRDTP
SQK(LFLNRWHI FLNNCLSNLKNKDPKMARVALESLYRLLW/YM RI KCESNTATCSRLI TII TTLFPKGSRG/VPRDVP
SQKHFFLANW/CFLNSCLSHLKNKDPCQVARVALESLYRLLVWYM RNNACGNAATRSRLDSI CCSLFPKGNRYI VPRDAP
SQK FFL NWH FLN CLSNLKNKDPKMARVALESLYRLLW/YM RI KCESNSAT SRL SII  SLFPKGSRG/VWPRD P
401 480
LNI FVKII QFI AQERLDFAVRE VYDLLCVGRSI K- LI LNPERVS| GLRAFLVVADSLQQKGEPRPRTVPVLPSGNTL
LNI FVKII QFI AQERLDFAMKEII  FDFLCVGKPAKAFSLNPERWNI GLRAFLVI ADSLQQHGEPRVPVTCAVLPSGNTL
LNI FVKII HFI SCCKLDFAFKEI FDLLCVNNRTQ- RSLYAERVNVG RALMM ACCLQQHDPPAMPKSMGPSASCGTVH
LN FVKII QFI AGERLDFAMKEIl FDLLCVGK K SLNPERWNI GLRAFLVI ADSLQQHOGEPRVPKTMAVLPSGNTL
481 560
RVKKTENKMYVLLTDDTARS| GVSTYFPHVRFVFVECI LRALDVHYGRR-MMNTQNCNKEPDEM_.SGERKPR DLFRTCV
RVKKTY-- LSKTLTEEEAKM GVBLY YSQVRKAVDNI LRHLDKEVGRCMNLTNVQWL. NKEPEDM TGERKPKI DLFRTCV
KTKRKQ YI TRFLTNEI SKSI G DCFYPQCRKAFDSI LRLLDTClI GKPLMNSSI QNRCKEPDEL | SGDAKPKLDLFRTCI
RVKKTF | SK LTDE AKSI GVB YYPQVRKAFD | LR LD | GRRMMN QN NKEPDEM SGERKPKI DLFRTCV
561 633
AAVPRLI PDTMIPHELVDMLSRLSVHVDEELRI LTHQSLTTLVI DFPDVWRCDVVHGYTQFLVRCVTDTYPQLL
AAl PRLLPDCGVSKLELI DLLARLSI HVDEEL RHI ACNSLQCLL VDFSDWREDVL FGFTNFLL -----------

similarity regions labeled.
In parentheses is the
number of amino acids in
that region of the Fry
protein. Shown below the
Fry protein is the
percentage of identical
amino acids in various Fry
homologs. For each of
these, the number of amino
acids over which the
similarity to Fry is seen is
given in parentheses. Note
for all of the proteins that
contain the 4th region, it is
approximately 110 amino
acids. (Bottom) Amino
acid sequence for Fry,
CAB42442 and AAF99910
for the first similarity
domain. We call this region
the Fry domain. Similar
amino acids are shaded and

a consensus sequence is

AAF99910 worm segment 1
also shown.

Consens us

(538)
(561)

AAl PRLLPDPMSHVDLI DLLTRLTVHLDEELRNVBG TLQTII CEFPDWRECVFI SHI SLI QSHI YDFFPQI
AA PRLLPD M5 LELI DLLSRLSVHVDEELR |'S NSLQTLII DFPDWREDVL GHTNFLL | D FPQ L

cells showed a mutant phenotype confirming fityaacted cell  regions, some bristles were indistinguishable from wild type
autonomously in all regions of the wing (Fig. 4B). We also(Fig. 5A). In the abdomen, legs, notum and triple row on the
examined the wings dfy® homozygous flies and found that wing, the most common phenotype was the presence of one or
late in hair development (>36 hours after white pupae) tha few locations where the bristle was branched (Fig. 5A,C).
phenotype resembled that seen in adult wings (Fig. 4D). ASuch bristles were relatively normal in shape and length except
earlier times (e.g. 33 hours after white pupae) the phenotyger the branching. In some cases, several branches were seen
seemed somewhat weaker, suggesting that the hair splittieg the same proximal/distal location along the shaft. Bristles
occurred progressively throughout hair morphogenesis. This gith extensive splitting were occasionally seen and these were
similar to what we had seen previouslytin (Geng et al.,, often shorter than normal. There were also some bristles that
2000). Compelling evidence for the phenotype getting morgvere bent, distorted and shorter than normal without being
severe as development proceeded was obtained for arigatensively split (Fig. 5B). This was common only on the head.
laterals, as described in some depth below. It is worth noting/le examined developing bristles fry pupae, where we
thatfry hairs stained as strongly for F-actin, as did wild-typestained the actin cytoskeleton. The phenotypes seen overlapped
hairs. those seen iriry adult bristles. The large bundles of actin

. filaments seen in wild-type bristles were preseifiyitoristles,
Bristle phenotype but some abnormalities were seen. In some bristles, the bundles
We primarily examined théry bristle phenotype in pharate appeared to become disorganized distally, so that there was no
adults of strong hypomorphic genotypes that contairn®dA  longer a series of parallel bundles (Fig. 5E). This is similar to
wide range of bristle phenotypes was seen (Fig. 5). In all bodye phenotype that is induced by treating cultured thoraces with
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Fig. 4. The wing phenotype dfy. A shows dry! clone seen in the

SEM. This micrograph was taken of an adult wing mounted on a stud
without any metal coating. The clone boundary is outlined in white.
The arrows point to hairs split distally. This is shown at
approximately twice the magnification of the adult cuticle in C.

(B) A fry2 clone in a pupal wing stained with an anti-actin antibody

to stain the developing hairs. The clone is marked by the loss of
expression of the N-Myc epitope (clone cells do not stain green). The
clone boundary is outlined in white. Note that only the clone cells
show afry mutant phenotype. A @2m size marker is shown. (C) A

wing from afry®/fry® pharate adult. Note the strofrg mutant

phenotype. (D) A confocal image ofrg®/fry8 pupal wing stained

with Alexa 488 phalloidin to stain the actin cytoskeleton (this
micrograph is shown at the same magnification as B).

the broad-spectrum kinase inhibitor stauroporine (Tilney et al
2000a). In some cases we found pupal bristles where the sh
was clearly split (Fig. 5D). In these bristles, most bundles c.
actin filaments were continuous both proximally and distallyFig. 5. The bristle phenotype dfy. All panels shoviry®

from the branch-point. homozygous animals. (A) Abdominal bristles from a pharate adult.
Both split (arrowheads) and normal (arrows) looking bristles can be
Arista phenotype seen. Note that except for the location of the branchpoint the mutant

stles have a normal shape. (B) Several large bristles on the head of

: bri
In weak fry genotypes that were adult viable, we found harate adult. These illustrate the abnormal shape seen in bristles in

. o)
frequent branched arista laterals. Except for the branching, tlﬂ‘ﬂ% region. (C) Part of the triple row from the anterior margin of the

morphology of the laterals was close to normal. In some cas&ging. Many of the stout bristles are split distally (arrowhead). (D) A
mutant laterals appeared slightly thinner than normal in distalonfocal image of a phalloidin stained head bristle. This bristle has
regions and/or slightly curled. The overall phenotype wasiready started to break down actin filaments, which now appear as
similar to that of weakrc mutants (Geng et al., 2000). In short segments. The bristle shows a branch (arrowhead) midway
pharate adults homozygous or hemizygoudrigt a stronger  along its length. Note that actin filaments can be seen running from
lateral phenotype was seen (Fig. 6B). There was extensivsoximal to distal across the branch. (E) A bristle where the actin
branching of essentially all laterals and the weak distal curlinflaments become disorganized near the distal tip (arrow).
and thinning phenotype noted above was more noticeable.
Many of the branches were very thin and only visible at higherefer to these as arms) and their distance from the central core
magnification (see Fig. 6B insert). Equivalent observationsf the arista. Substantial variation was seen in the natural
were made on developing laterals in pupae (Fig. 6D). As wasistory of lateral splitting. In this set of experiments, branched
noted for hairs and bristles above the actin staining dfterals could be put into one of two phenotypic groups. It is
developing laterals was strong and equivalent to that seen motable that branched laterals typically did not grow
wild type. dramatically more slowly than normal laterals in the same
The antenna is located at the anterior end of the pupae apdpae (either ipsilateral or contralateral).
we have found it possible to image developing laterals in vivo The most common observations were examples (15/18
by cutting a window in the pupal case. We used this approadaterals (from 17 aristae and 14 pupae)) where an elongating
to determine the timing and properties of splitting laterals idateral was normal when first seen but where it subsequently
weak fry mutants fry?) (Fig. 7). In describing these data we split at or near the distal tip (Fig. 7, right). In these cases, it is
have paid particular attention to the locations of the branctpossible that the branching was a result of an abnormality at
points and the lateral segments distal to the branch-points (wee lateral tip. This could happen at any time during lateral
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Fig. 6.(A,B) Brightfield images of adult aristae; (C,D) Confocal
projections of Alexa 488-phalloidin stained pupal aristae.

(A,C) Wild-type aristae; (B,Djry® homozygous aristae. Large

arrows point to locations of split laterals. The insert in B is a higher
magnification image of fry® homozygous arista. Note the fine
branches on the lateral. cc, the central core of the arista; |, a lateral.

double null mutant might display an additive or synergistic
phenotype.

One group of genes where mutations have multiple hair cell
phenotypes are downstream components ofzipathway in
the wing such amultiple wing hair§mwh Wong and Adler,
1993; Shulman et al., 1998). We used FLP/FRT to generate
mwh fryt wing clones and found that these had a much stronger
phenotype than either single mutanmtwh clones had 3.54
hairs/cell (Fig. 8E)fryl had 5.7 hairs/cell (Fig. 8A)) consistent
elongation. As morphogenesis proceeded, both of the resultingth these genes being in parallel pathways. The large number
arms continued to elongate, and the location of the branclef very small hairs formed by cells in these clones were
point also moved distally. The relative extent of branch-pointlifficult to count, but we estimate that on average the clone
movement (i.e. distance from the central core to the brancleells contained more than 15 hairs/cell (Fig. 8F; our actual
point) compared with arm elongation was quite varlable
Typically, the extent of branch-point movement was r
greater than that of arm elongation, as was the case
lateral shown in Fig. 7 (right side). The relative extent of
elongation was also variable. In some cases both
elongated similar extents, while in other cases one grew
than the other.

A second pattern for lateral branching was the de
formation of a new arm well proximal to the distal tip (Fic
left side; 3/18 cases — all three from separate animals). Ir
cases, it is likely that the branching is due to a fraying ¢
lateral. We sometimes saw a bend or bulge in the lateral
location of a future branch. As was seen when the brar
took place near or at the elongating tip, both of the res
arms typically continued to elongate and the location ¢
branch-point moved distally. Once again there was subs
variation in the relative extent of elongation.

fry is not part of the fz pathway but probably
functions in the same process as  trc

Mutations in a number of genes suchnadltiple wing hair
(mwh), fuzzy(fy) andultrahairA (ultA), which are thought
function in different processes result in a multiple hair
phenotype (Wong and Adler, 1993; Turner and Adler, 1
Eaton et al., 1996; Geng et al., 2000; Adler et al., 2000
addressed the possibility théty functioned in the san
pathway as several of these genes using a genetic 1
mutations were in genes that encoded components of a
pathway, then a double null mutant should not have a
severe phenotype than the most severe single n
However, if two genes function in parallel pathways, th

Fig. 7.A set of images taken of developifrg’ laterals over time. £
the developmental rate o7 animals is delayed and variable, we
note the first panel as 0 hours and report the number of hours ¢
that time. Two time series are shown — one on the right and the
on the left. The arrows point to the most distal point on the later
interest, the arrowhead to the relevant branch-point. In the pane
the right, note the dramatic movement of the branch-point as th
lateral grew. In the panels on the left, note the deformation of tr
lateral at 9.75 hours and its subsequent split by 16.75 hours.
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count was 16.35 hairs/cell). We also generdtgdl mutant  the doubly mutant cells also had a stronger phenotype than
clones infuzzyand fritz mutant wings (Collier et al., 1997; either single mutant.
Collier and Gubb, 1997). Once again we found the doubly ) ) o )
mutant (e.gfy; fry) cells had a stronger phenotype than eithef7y mutations result in the splitting of arista laterals
single mutant (data not shown). The fry phenotype in wing hairs, bristles and arista laterals
Mutations in thetrc gene result in a multiple hair cell shows striking similarities, suggesting a common mechanism
phenotype that is quite similar to thatfof (compare Fig. 8A is involved. Observations on developing pupal aristae showed
with C; Geng et al., 2000). Clonesfof! trc’ mutant cells did that infry mutants, laterals can split at a variety of stages. The
not show a stronger phenotype (Fig. 8D) than the singlsplitting can be early or late in lateral morphogenesis, near the
mutants fry! trc? clones had 5.37 hairs/cell ant? 5.74  distal tip or far from it. Observations on fixed pupal bristles
hairs/cell P=0.46,t-test)). This is in sharp contrast to what weand adult cuticular bristles suggest this is the case in this cell
saw formwh fry mutant cells. This suggests thigt andtrc  type as well. This argues thfly functions to maintain the
may function in the same pathway. As a further test of thigtegrity of these structures during their morphogenesis. The
hypothesis, we also examineavh trd clones. As expected, function offry does not appear to be absolutely essential for
we found themwh trd cells had a much stronger phenotypetheir morphogenesis, as at least some bristlrg mutants are
than either single mutant alone (Fig. 8B). indistinguishable from wild type. The situation is less clear for
wing hairs, as maniyy cells produce clusters of hairs with only
a minority of hairs being obviously split. It is possible that a

DISCUSSION lack of fry function could cause the formation of independent
o hair initiation centers in wing cells or to hair initiation centers

fry does not function in the  fz pathway, but probably that are too large to ensure a single hair is formed (Adler et al.,

functions in the same pathway as  trc 2000). It would not be surprising if the assembly and

The detailled morphology offry mutant cells is crosslinking properties of actin and tubulin might function to
indistinguishable frontrc mutant cells, suggesting they might reduce the size of an initiation center to insure that a single hair
function in the same cellular process. Consistent with thisvas formedfry mutations could interfere with this process,
hypothesis, we found that cells doubly mutantffgrandtrc leading to a larger center and hair clusters. Alternatively the
showed a phenotype that was indistinguishable from eitherlusters could be due to splitting that occurs early in hair
single mutant. Previous data has shown tltaencodes the morphogenesis or the splitting of the initiation center prior
DrosophilaNDR kinase (Geng et al., 2000). This raises theo actual hair outgrowth. This latter hypothesis provides a
possibility thatfry might encode a substrate for this
kinase or a protein involved in modulatitng activity.
A target peptide sequence for the human NDR ki
has been reported (Millward et al., 1995), but
sequence is not found in Fry. However, as Millw
and colleagues noted, this synthetic peptide doe
appear to be an optimal substrate for NDR.
Mutations in genes such aswh a downstrear
component of théz pathway in the wing, also giv
rise to multiple hair cells (Wong and Adler, 19¢
The morphology of these differs from tfrg mutant
cells in a number of ways. Notably,fity the multiple
hairs are clustered more tightly, there is much r
evidence of splitting. Furthermore, the promir
polarity abnormalities of genes such @msvh are
missing infry. We found thaimwh fry* cells had :
much stronger phenotype than either single mut
result that stands in sharp contrast to the lac
additivity for thefry andtrc. We interpret this result
mwh causing the formation of multiple independ
prehair initiation sites and each of these giving ris
a cluster of hairs due to thHey-dependent splitting
Indeed the phenotype of the doubly mutant «
approximated the multiplicative phenotype
model predicts. Similar results were also found
mwh tré mutant cells. We also carried out sim

experiment where we inducefdy clones in afy . : Lo , : :

. : . g. 8. Analysis offry in wing clones. (A) A light micrograph of a region of a
(Collier et al., 1997) ofrtz (Collier and Gubb, 1.99‘ wing with afry! wing clone (outlined in black). (B) Aawh trc clone. (C) Atrc’
mutant background. These two genes, which  ¢jone. (D) Afry? trc” clone. (E) Amwhclone. (F) Amwh fryt clone. Note the
appear to be components of tfrepathway in the  extreme phenotypes in thewh trd andmwh fryt clones. They are much
wing have a much weaker multiple hair « stronger than either single mutant. Also note thafriderc? clone does not
phenotype thamwh In both of these cases we fol  show a stronger phenotype than either single mutant.
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process (Tilney and Inoue, 1982). This is an example where
actin polymerization at the tip is believed to drive extension.
In addition, our observations do not support a simple model of
growth being restricted to the proximal base of the lateral. In
this case we would not expect the length of an arm distal to a
branch-point to grow but this was also routinely seen. These
data could be explained by growth taking place at both the
distal and proximal ends of the lateral; however, this model
. cannot explain an increase in the distance between branch-
A B c points on multiply branched laterals. Such multiply branched
laterals were rare in thiey’/fry! mutants examined, but they
Fig. 9. Three models for the growth and splitting of laterals are were seen frequently in equivalent experiment§omutants
shown (A-C). A lateral is shown before and after splitting near the where multiple branch-points are much more common (P. N.
distal tip. The expectation if subsequent growth is restricted to the  A., unpublished). The data can most simply be explained by
distal tip, the proximal end or occurs throughout the length of the  growth taking place at all locations along the proximal distal
lateral, respectively. The shaded area represents material added byayis of the laterals. An alternative hypothesis is that growth is
growth after splitting. Note that in A, the length of the arms distal to rmga)ly from the tip and that growth throughout the lateral is
the split increases but there is no change in the distance from the a consequence of théy mutation. The examination of

Fggg&h'ggt'%éoc}gfaﬁ?: ;?;?#?22 'dpar?égljso?r:mz ?ﬁengrtoimg?ind additional ‘split lateral’ mutants should determine if this latter

increases. In C, growth takes place throughout the lateral. In this caB¥POthesis is tenable. It remains to be established whether all

we predict an increase in the length of the arms distal to the branchc€llular components are added to a growing lateral (or bristle)

point and an increase in the distance from the branch-point to the in the same way. It should be possible to follow the addition

proximal end. Our observations tiy arista laterals are consistent  of different cellular components by the induction of transgenes

with C. that encode tagged proteins during lateral elongation (e.g.
GFP-actin). For example, if actin is added only at the tip

common explanation for the phenotypes seen in all three celle predict that the tip will be the principal location of

types, hence is in some ways more appealing. GFP fluorescence shortly after transgene induction. Such

The morphology of branched hairs, laterals or bristles igxperiments are in progress.

typically normal except for the region of the branch point. This

suggests thafry does not encode an integral component of This work was supported by a grant from the NIH (GM53498) to

these cellular extensions. In this wéy andtrc differ in a :

fundamental way from mutations in actin cytoskeleton
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