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Morphogenesis of Denticles and Hairs
in Drosophila Embryos:
Involvement of Actin-Associated Proteins
That Also Affect Adult Structures

W.J. Dickinson* and J.W. Thatcher
Department of Biology, University of Utah, Salt Lake City

We sought components that function in morphogenetic events downstream from
the segmentation pathway Drosophilaembryos, so we examined mutations that
affect development of adult hairs and/or bristles to identify a subset that also affect
hairs and denticles on the cuticle of first instar larvae. Mutations at 4 of 23 loci
surveyed cause distinct abnormalities in these larval structures, and two other loci
have more subtle, variable effects. In particularkedandsingedmutants produce
complex, allele-specific phenotypes. These loci encode actin-associated proteins
and, consistent with that information, mutations cause abnormalities in actin
bundles that support nascent hairs and denticles in stage 14-16 embryos. We
suggest that interactions between these and other actin-associated proteins are
important in generating the diverse shapes of the cuticular specializations seen in
both larvae and adults. Cell Motil. Cytoskeleton 38:9-21, 1997.
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sovec and Wieschaus, 1993] are determined in part b
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I_Da_ttern formation and morphogenesis are connec %teins that organize cytoskeleton in characteristic pat
but distinct aspects of development. Pattern formati Brns. Thus. it is reasonable that the genes encodin

specifies cell fgtes ir! an orderly array, and morphogeneg(s,qyeletal proteins are one important link between
molds three-dimensional shape. These processes mu erning and morphogenesis.

connected; most cell fates include morphogenetic events  ag 3 step toward examining this hypothesis, we

ranging from coordinated movements that generate larggye begun to identify relevant genes and proteins. A
scale morphology to individual changes in shape assosjrategy was suggested by the demonstration that at lea
ated with differentiation. However, little is known aboutome mutations that cause abnormal hair and bristls
the linkage of patterning to morphogenesis. Because #@rphology in adulDrosophilaidentify genes encoding
genes and molecules that control segmentatioDri;+  actin-associated proteins. For examg@ged(sn) en-
sophilaembryos have been studied in considerable detaddes a homologue of fascin, an actin-bundling protein
[Lawrence, 1992; Martinez Arias, 1993], the generatiofivst characterized in sea urchins [Bryan et al., 1993], anc
of specialized structures at specific positions on the

cuticle of the first larval instar provides a potentially
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forked(f) encodes another protein that cross links acti#BLE I. DrosophilaStocks

in bundles present in developing bristles in pupae [Hoovescus of Stock or

et al., 1993; Petersen et al., 1994; Tilney et al., 1995]. inerest Genotype source
other systems, the number of actin-bundling proteins gfunt short bristles BSYTM6 1697
modest [Matsudaira, 1991], and itis common for developrevis bst 455
mentally important genes to play roles in diverse cor‘?é'vsvtr']e %'c-)l W'ﬁ:’hsﬂ'\f 22’3
texts. Indeed, both thBrosophilafascin homologue and 5, Y firyT™M2 1132
another actin-associated protein, profilin, are involved f6rked fi 36
oogenesis and in bristle formation [Verheyen and Cooley, w ZZ bbM 1b63
1994; Cant et al., 1994] Thus, mutations in some of these &/Iffscar 157

genes and in others producing abnormal phenotypes in yuix b
adult hairs and bristles also may affect structures on thigzled f27%TM1 1676
larval cuticle. In the present study, we confirm thdtairless HYIn(3R)P 515
hypothesis and show that, as expected, definitive phelﬁaﬁgﬁn jk\‘/f 22‘13
types are foreshqdowed by'abn_ormal organization jgfe"n”ke Vi 523
actin cytoskeleton in embryonic epidermal cells. Kinked K 525
minus mi/In(2LR)bwV329 350

multiple wing hairs mwh b
Pi Sp JL L2 Pin/SM5 408
MATERIALS AND METHODS ickle o 267
Stocks Prickly Pr/In(3R)C, et 559
) ) ) Stubble SHIN(3LR)Ubxt0t 585

Table | lists theDrosophila stocks examined and ry Aldox she? c
their sources. Relevant adult phenotypes were confirmeiged w?sni? et? 1870
and descriptions are in Lindsley and Zimm [1992]. Two ‘é":ﬁ srf ﬁg
stocks with forked deletions also were utilized: srf 115
Df(1)ST985 Df(1)w7c232 y/In(1)séllsER+dl49, and Sre 116

sm? B (Nancy Petersen, University of Wyoming) and |n(1)0||1-49,18n‘2/|n(l)'\/luo| d
Df(1)B25320 B2329In(1)sc In(1)AM, andsc’ car (Mid ~ 5Mm°oh SnF PX PSS s
Am_erica_l Drosophila Stock Center, Bowling Green Stagéy”ke In(L)dI-49, tyl* 778
University). tricorner rut jvt trct cat/TM3, Seit 1135

aNumbered stocks are from tlosophilaStock Center, University of
Indiana, Bloomington.

o _ bFrom Dr. Kent Golic, University of Utah.
Eggs were collected on apple-juice plates [Wierromour own collection.

schaus and Nusslein-Volhard, 1986], washed, alloweddom Dr. Lynn Cooley, Yale University.
hatch in 0.7% NaCl, 0.02% Triton X-100 (NaCl-TX),
fixed, and cleared in a mixture of 4 parts CMCP-1@,orescent Staining of Cytoskeleton

mounting medium (Polysciences, Warrington, PA), 2 . . .
g (Poly d ) F-actin patterns were detected with rhodamine-

parts glacial acetic acid, and 1 part 85% lactic acidh loidin. Six-hour lections on leoiui lat
Larvae were stored at 45-60° in this medium (a conyBhatioran. ou egog collections on apple-juice plates
. . , . o were incubated at 22°C for an additional 10-12 h and
nient substitute for Hoyer’'s medium) until it reached a : . .

. . o . washed in NaCl-TX. Embryos were dechorionated, fixed,
viscosity approximating unmodified CMCP-10 (loosel

) . ¥ind released from vitelline membranes, basically a:
covered for 1-2 h to aIIovx_/ acetic acid to evaporate). Th%scribed by Tautz and Pfeifle [1989], except with 4%
were transferred to a slide in a dr_op of the remainingmaidehyde in phosphate buffered saline (PBS) as th
medium, covered, and placed overnight on a slide warmgrative and 80% ethanol instead of methanol (which
at 45°C to complete clearing. Cuticles were examinggherferes with phalloidin binding) to “pop” vitelline

with darkfield _and phase-contrast optics. Photographfembranes. We confirmed that embryos treated with
were made with a 100 (N.A. 1.3) Neofluar phase- ethanol had staining patterns and intensities comparabl
contrast objective on a Zeiss photomicroscope Il using hand-peeled embryos. Samples were refixed for 20 mi
Kodak technical pan film subsequently developed faf 4% formaldehyde—PBS, washed in PBS, 0.1% Triton
high contrast (Kodak HC-110 developer, dilution D). AlX-100 (PBS-TX), and stored in that solution at 4°C for up
phenotypes were confirmed on multiple specimens from 2 weeks prior to staining. Embryos were rolled
several independent preparations. overnight at 4°C in rhodamine-phalloidin (Molecular

Cuticle Preparations
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Probes, Eugene, OR) at 0.315 pM in PBS-TX (10 pl ahore subtle but similar effect can be seen in the normally
reconstituted rhodamine-phalloidin stock solution in 20&out, triangular hairs near the anterior margins of seg
pl), washed in PBS-TX (3< 10 min at room tempera- ments and in ventral bands on the thoracic segments (Fi
ture), and cleared and mounted in 70% glycerol. Embryd®). Longer hairs are close to normal but typically are not
were staged by morphological criteria [Campos-Ortegs straight, uniformly tapered, and pointed as wild type.
and Hartenstein, 1985; Hartenstein, 1993]. Features alloltogether, hairs irf3N have a slightly “softer” appear-
ing precise staging by phalloidin staining pattern ar@nce than hairs in wild type (compare Fig. 4b with 4a).
described below. Except for that shown in Figure Beveral otheforkedalleles affect denticles in a similar
phalloidin staining patterns were analyzed and photfashion but to varying degree$? is indistinguishable
graphed by conventional epifluorescence on the Zeigsm 3N, fX and f5 are intermediate, antt is a weak
photomicroscope Ill with a 100 planapo objective. allele in larvae.
Tubulin was stained following the method of Foe [1989] In contrast,f3%2 one of the most extremforked
using monoclonal anti-alpha tubulin (clone DM-1A fromalleles in adults, has an intermediate denticle phenotyp:
ICN Biomedicals) and a rhodamine-labeled affinity¢Fig. 1c) but a striking and opposite effect on nonsensory
purified goat secondary antibody (Jackson ImmunoReairs, particularly the longer ones (Fig. 3b). Hairs are
search Laboratories, West Grove, PA). Patterns weiBort, fat, often spindle shaped, and sometimes appa
analyzed and recorded on a BioRad confocal microscopeéitly branched, fused, or duplicated laterally. The sensor
as were the actin patterns shown in Fig. 7. hairs on both thoracic and abdominal segments also ar
affected but in a different way. They are approximately
normal in length and thickness but display a variety of
) branched configurations (Fig. 4e—h), often with a wide
Cuticle Phenotypes range of variation within each specimen. The effect on
In wild-type larvae, denticles on the ventral surfacdenticles is somewhat specific by row (Fig. 1c). Second-
of each abdominal segment except the first are arrangew denticles are most noticeably thin and elongate; thos:
in six rows distinguished by size, shape, and polariip the fourth row have thin hooks that sometimes look
[Bejsovec and Wieschaus, 1993] (Fig. 1a). Nonsensdifjoppy” or curve backward; and those in the fifth row
hairs cover much of the dorsal and lateral ectoderm &re smaller than normal. Rows 1 and 3 are almost norma
each segment and occur in a consistently arranged seviéh hooks that are just a little thin and straight in most
of forms ranging from short, stout, and triangular to long;ases.
narrow, and gradually tapered [Lohs-Schardin et al., To investigate the null phenotype fdorked, we
1979; Campos-Ortega and Hartenstein, 1985] (Figs. 3med two different deletions that overlap the lo@f¢1)B263-20
4a). A plane of polarity reversal, behind which hairs poirfLindsley and Zimm, 1992] and an unnamed deletion in a
forward, occurs in abdominal segments at a position thisdickground of Df(1)&c?32 recovered by Soichi Tanda
shifts anteriorly within the segment as one moves to moggniversity of Maryland, personal communication, 1996)
caudal segments. Longer, structurally distinct sensosyd temporarily designated Df(1)ST985. Although both
hairs are spaced at regular positions on each segment.afe homozygous/hemizygous lethal, male escapers de
examined these cuticular features in mutant larvae at eatfed from heterozygous mothers are relatively common
of 23 loci selected because they have adult phenotypgshe first larval instar. Identification is confirmed in the
that include abnormal hairs and/or bristles of variouatter case by gellow marker on the deletion chromo-
sorts. At least some alleles at 4 of these 23 loci produce@me. These males, which must lack any zygotic contribu
readily recognizable abnormalities in one or more larvgbn toforkedfunction, have the denticle phenotypef
features. These aferked(f), singed(sn), multiple wing and the hair phenotype 6% Likewise, female larvae
hairs (mwh), andHairless (H). Two other loci,Stubble heterozygous for either of those alleles over a deletior
(Sb) andavelin (jv), have subtle and somewhat variablgesemble the corresponding homozygote. Thus, absen
effects and can overlap the wild type. of zygoticforkedfunction produces the combined defects
described for the two most severe alleles but not complet
The forked Locus absence of hairs and denticles. Females homozygous for
Among the loci examinedforked has the most deletion do not survive, so we cannot rigorously rule out
striking effects on larvae. Interestingly, the most extremsme maternal contribution of forked product (mMRNA or
denticle and hair phenotypes are produced by differgmtotein). However, the phenotypes of male escaper:
alleles, f3N and 362 respectively. With the former (Fig. derived from mothers in which a deletion was heterozy-
1b), denticles of all rows display normal arrangement amgpbus withf362 or f3N are not obviously more severe than
polarity, but they are thin and sinuous (“goose-necked’those from mothers heterozygous for a wild-type allele,
compared with the stout hooks seen in the wild type. #0 a major maternal contribution seems unlikely.

RESULTS
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Fig. 1. Normal and mutant denticles. Each panel shows the ventral surface of a portion of the fifth
abdominal segment of a first instar larva. In this and Figures 2—6, anterior is at the top. The specimens are
wild type (a),f3N (b), f36a(c), andsr? (d). Scale bars in all figures 0.01 mm.

The singed Locus are the strongest andrf*¢ the weakest among those

Relative toforked mutations, the effects afinged examined. Nonsensory hairs have an obvious (but vari
mutations are more variable between individuals but le88!€) phenotype only ianamong the alleles examined.
so across alleles. Denticles tend to be smaller and hd@¢he most extreme cases (Fig. 3¢), some hairs approac
thinner hooks than wild-type denticles (Fig. 1d). The{he spindle shape seen 8%, but often they are just
also are less uniform and orderly along each row as@mewhat shorter and thicker than normal (Fig. 3d).
sometimes have a “weak” or “floppy” appearance simi-Other alleles have, at best, a subtle hair phenotype; longe
lar tof 362 |t is difficult to rank alleles precisely in terms ofhairs may be slightly thickened in the middle compared
severity of the denticle phenotype, ®ri*?, sr?, andsr®  with the uniform taper of the wild type. Other alleles
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clearly affect sensory hairs (Fig. 4i—k), producing vari-
able branched forms resembling those seen Wi,
although at a lower frequency.

It is more difficult to establish a null phenotype for
thesingedlocus. Thesn?is reported to be a null, at least
in pupae [Cant et al., 1994], and it has the strongest larve
phenotypes of anyn allele examined. However, like
many sn alleles, it causes female sterility. The essential
contribution occurs late in oogenesis [Cant et al., 1994],
so mutant embryos obtained from heterozygous female
may contain significant maternal product.

Other Loci

Larval phenotypes produced byultiple wing hairs
are shown in Figures 2a, 3e, and 4c. Both hairs anc
denticles are smaller, more numerous, and less orderl
than in those in the wild type. As witforked mutations,
the effect changes somewhat with the particular “target.”
For example, there are extra first-row denticles (recog:
nized by hooks that point anteriorly), and they are not in a
neat single row. The second row (hooks point posteriorly)
also is poorly aligned (sometimes intermingled with row
one) but contains few if any extra members. Rows three
and four are fairly orderly but spaced more closely to
accommodate extra elements. Thiirless mutation
affects dorsal hairs but apparently not denticles. Hairs ar
sparse compared with those of the wild type (Fig. 3f),
with all types of non-sensory hairs similarly affected. The
Sk heterozygotes have denticles that are smaller, thinne
and more variable in size and shape than those in the wils
type (Fig. 2b), but they are difficult to separate reliably;
homozygotes forsbd® (a recessive allele at the same
locus) are similar. Hairs appear normal in larvae of both
genotypes. Th@avelinzygotes have denticles that tend to
be a little thin and elongate, particularly in rows 1 and 2
(Fig. 2c), but again rather variable and difficult to
distinguish reliably from those in the wild type.

Actin Patterns

Staging criteria. Several features visible in phalloi-
din-stained specimens are convenient for recognizing
equivalent developmental stages in mutants in which
details of hair and denticle precursors might differ. (1) A
band of F-actin marks the dorsal margin of the ectodern
during closure, allowing one to visualize progress as the
converging marginal cells “zip” together during stages
14 and 15 [Martinez Arias, 1993; Young et al., 1993]. By
early stage 16, chosen as a standard point of compariso
closure is just complete, but the position of the “suture”
is still detectable (not shown). (2) In the gut at the same

Fig. 2. Additional denticle phenotypes. The phenotypes represented atage, distinct chambers [the “three-part gut” of Skaer,
mwh(a), Sb(b), andjv (c). Compare these with the wild type in Fig. 1a.1993] are clearly marked by constrictions that also stair
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Fig. 3. Normal and mutant hairs. Each panel shows the dorsal surface of the first abdominal segment of a
firstinstar larva. The specimens are wild type (&% (b), sn?(c,d), mwh(e), andH (f).

with phalloidin (Fig. 5a). (3) The ventral nervous systengrowths from anterior ganglia (presumably axons) also are
strongly stained with phalloidin from stage 13, is undergoirgfained. (4) Differentiating muscle fibers are just beginning tc
condensation [Campos-Ortega and Hartenstein, 1985; Hartgain, primarily near the ends (visible as a periodic patterr
stein, 1993] and by stage 16 forms a ladderlike pattern thatleng the lateral body walls in Fig. 5a,b). In older embryos,
approximately 70-75% of the body length (Fig. 5b). Outhe complete pattern of muscle fibers stains intensely.



Cuticle Morphogenesis Mutants 15

Fig. 4. Lateral and sensory hairs. The large panels are lateral views of the first abdominal segment in first
instar larvae of wild typed), f3N (b), andmwh(c). Sensory hairs (larger than the others) can be seen in the
lower right quadrant in each case. The small panels show sensory hairs (at approximatehigh&r
magnification) from larvae of wild type (%2 (e—h), andsn*? (i—k).
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Fig. 5. F-actin patterns. The first two panels are doraplafd ventral i) low magnification views of
phalloidin-stained embryos illustrating general features used to determine the stage of the embryos shown
in the remaining three panels and those shown in Figure 6. The other three panels are views of the ventral
surface (denticles) of the fourth or fifth abdominal segment in wild typd f¢Yd), andmwh(e) embryos.

Wild-type actin patterns. The cytoskeleton is (dorsal closure in progress). Nascent denticles are suy
involved in formation of hairs and denticles [Poodryported by prominent conical arrays of actin filaments
1980; Martinez Arias, 1993], but available description@=ig. 5c) that elongate and become more sharply define:
provide little information on developmental progressionss development progresses. Differences in size betwee
or on differences related to the variety of hairs anews are evident, but, interestingly, polarity differences
denticles ultimately produced. The following brief acare not; all cones, including those in rows 1 and 4, point
count of key events and features revealed by phalloidiosteriorly. By early stage 16 (closure just completed),
staining of wild-type embryos provides background fathe dorsal actin bundles are spike shaped, and difference
comparisons with mutants. in shape, size, and polarity that correlate well with

Orderly arrays of actin bundles are evident in botaventual differences in hair morphology are evident
dorsal and ventral ectoderm during stages 14 and (Sgs. 6a, 7e). For example, the bundles are stout an
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Fig. 6. Dorsal F-actin patterns. These are views of the dorsal surface (hairs) of the second or third
abdominal segment of wild type (€)% (b), mwh(c), andH (d) embryos.

triangular in the first couple of rows in each segmenstage 15-16 transition, and the major features of the firs
longer and thinner in the rows behind those, and reversiedtar cuticle are in place by stage 17 [Martinez Arias,
in polarity in the posterior portion of abdominal segd1993; Hartenstein, 1993].

ments. Further elongation and refinements in shape In developing adult bristles, a core of microtubules
continue at least through stage 16, but early stage 16sisrounded by actin bundles extends along the axi
convenient for mutant comparisons because details [{Dverton, 1967; Petersen et al., 1994]. Using indirect
later stages are obscured by bright staining of musdélamunofluorescence on wholemounts, we have lookec
actin. For reference to other events, stages 14-16 cof@r evidence of a similar association in nascent larval
approximately 10.3-16 h from egg laying at 25°C, wittairs and denticles. At stages when protruding actin
hatching at 21-22 h. Cuticle deposition begins near theindles are evident, we see no comparable pattern c
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Fig. 7. Confocal views of wild-type tubulin and actin patterns. Panets the upper left in c—f. The brighter bands in panel a underlie the
a, ¢, and eshow projections of two consecutive 1-p optical sections justenticle bands. Contrast the dorsal hairs clearly visible with actin stair
below the ventral (a) or dorsal (c,e) surfaces. Paheld, and f are above the dorsal surface (f) with the absence of corresponding tubulir
grazing optical sections 1 p above the same surfaces. Specimens shetaim either ventrally or dorsally (b,d). The regularly spaced bright
in a—d are stained for tubulin, e and f for F-actin. All views are centeregpots in panel ¢ mark the positions of sensory hairs. In favorable case:
on abdominal segments 3—4. Anterior is to the lower left in a and d afubulin stain can be traced into optical sections above the surface.

microtubules in denticles or nonsensory hairs (Fig. 7b,dands (Fig. 7a), but they do not extend into cytoplasmic
There are microtubules oriented in the long axis of th@otrusions (Fig. 7b,d). In contrast, microtubules are
cell bodies (circumferential and, hence, perpendicular ppesent along the axes of nascent sensory hairs, includin
the growth of hairs and denticles) (Fig. 7a,c). Microtua “root” extending below the surface (Fig. 7c).

bules are more concentrated ventrally in the anterior of  Mutant actin patterns. In addition to the wild-type
each segment, corresponding to the position of dentiglaenotype, we have examined actin pattern3tf 362
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mwh, andH, which have the clearest mutant phenotypes.  When specifically considering genes encoding actin-
All reveal abnormalities that anticipate the relevardssociated proteins, a category of particular interest if we
cuticle defects. For example, the denticle precursors iew cuticle specialization as a model for the more
f3N are thin and twisted as compared with more conicgeneral problem of morphogenesis, the degree of overla
controls (Fig. 5d). The arrangement in the rows is normdietween the sets functioning in larvae and adults may b
and, as in the wild type, polarity differences are natven greater. Both genes known to belong to this clas:
evident. Inf3%a hair precursors are small, faint, andsingedandforked) have clear larval phenotypes. More-
poorly formed (Fig. 6b). It is difficult to see whetherover, it is reasonable to expect that genes in some othe
branched or laterally fused forms are presentmiwh, classes represented in the collection of adult mutants ar
both hair and denticle precursors are smaller, mopeore stage specific. For example, a number of mutant
numerous than normal, and somewhat disorderly (Fid¥ave small, fine bristles possibly due to nonspecific
5e, 6¢). The dorsal actin bundles i are sparse and growth effects; these seem unlikely to influence the muck
widely separated (Fig. 6d). In some preparations, we cappaller larval structures. We base this conjecture or
see outlines of cells defined by cortical actin networdinute mutants. These usually are recognized by bristle
(e.g., Fig. 7€). These networks are fewer and largét inPhenotype, but the underlying cause is slow growth anc
than in wild type, so the basis of the phenotype appearst@velopment attributed to defects in ribosomal proteins

be a smaller number of hair-forming cells spread mot§ay and Jacobs-Lorena, 198Kjinuteshave a dispropor-
thinly over the surface. tionate effect on bristles presumably because those strut

tures grow rapidly over a limited time [Lindsley and
Zimm, 1992]. We have examined two relatively strong
DISCUSSION Minute;and see no def.ects.in Igryal denticles or hairs
(unpublished results). Likewise, it is clear that microtu-
Overlap Between Genes That Affect Larval bules are present and important in nascent bristle:
and Adult Cuticle [Overton, 1967; Petersen et al., 1994; Tilney et al., 1995]
Among 23 loci chosen on the basis of adult hair anout we did not detect any comparable association o
bristle phenotypes, 6 (26%) also affect morphology @fibulin with either denticles or nonsensory hairs. Thus,
denticles and/or hairs in first instar larvae. We believe thigistle mutations associated with microtubule defects
is a minimum estimate of the degree of overlap betwe@nesumably would not affect the larval structures.
the sets of genes that function in epidermal morphogen-
esis at those two stages. The larval structures are ond>@Common Elements Act in Combinations
two orders of magnitude smaller than adult bristles, and@Yield Varied Morphology?
number of the mutations examined cause only subtle  The null phenotype offorked, and probably of

phenotypes, even in the adult bristles. Comparable abngihged, is misshapen hairs and denticles, not absenc
malities in, for example, larval dorsal hairs easily coulghereof. As with adult bristles [Tilney et al., 1995], even
be overlooked. In addition, larval cuticles are subject {@ouble mutants are not obviously more defective thar
variable effects of preparation. For example, hairs agevereforked alleles alone (unpublished observations).
rather flexible and can be bent or distorted by flow of thehus, the components we have identified are not essenti
medium when mounted. Also, hairs normally display afor formation of hairs and denticles. However, each has ¢
almost continuous range of variation in size and shapele in forming a considerable range of more-or-less
making it difficult to recognize small abnormalitiesdistinct structures. These observations are consistent wit
Perhaps most important, loci represented by single allelgsombinatorial model; a modest number of molecular
probably have not been adequately sampled. Whe&y@mponents may interact in overlapping sets to generate
multiple alleles were examined, the severity of phengarger number of distinct forms.

types correlated poorly between larvae and adults, soitis  The observed allele specificity and divergent pleiot-
quite possible that the commonly available alleles @bpy are consistent with that model. These features ar
some genes (known from adult phenotypes) have little particularly evident at théorkedlocus. Allele “strength”

no effectin larvae even if their products play roles in botis poorly correlated between adults and larvae and eve
stages. Indeed, we initially scorest andf! larvae as for different features on the larval cuticle. For exampfe,
normal; only with practice and insight gained fromandf3N are weak alleles in adults, have the most extreme
additional alleles did we learn to recognize their phenadenticle phenotype we have seen, and have subtle effec
types. For mutations, like the sterile alleles sihged, on larval hairs. Converself2%2 one of the strongest adult
maintained in balanced heterozygotes, perdurance adieles, has only modestly abnormal denticles, particu:
maternal gene products also may moderate or evianly in rows 1 and 3 but has dramatic effects on both
eliminate embryonic and early larval phenotypes. sensory and nonsensory hairs. Moreover, the “direction”
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of the effect is different for each type of larval structurealthough less dramatic. Again, the “strength” of alleles as
f36adenticles are thin and “floppy”, nonsensory hairs areeported in adults is not a good predictor of strength in
short and fat, and sensory hairs are duplicated or branchiedvae, and the two phenotypes observed in larvae, thil
Effects even differ from row to row of denticles. denticles and branched sensory hairs, are not well corre
Theforkedlocus is complex by both molecular andated.

genetic criteria. It produces at least six distinct transcripts

encoding overlapping proteins [Hoover et al., 1993]ctin Organization and Cuticle Morphogenesis
Surprisingly, transcripts have been detected only in . . o
pupae. It is not clear how to reconcile that result with the It |s_clear_ that patterns of actin organization that
larval phenotypes reported here. The severe effects s&GIFr9e I epidermal cells during stages 14-16 ar

in first instar males hemizygous for a deletion but derivdf Portant determinants of the final shape of diverse

from heterozygous, phenotypically normal females clear’ ecializations present on the cu'Fine of .the first'la_lrval
demonstrate an important role for zygotic expression star. Patterns revealed by phalloidin staining anticipate

forked during the embryonic period. The expression igany IOf tthel dlff'(\e/lrences b(te;weentstrutctures preltsentdq
embryos may be sufficiently restricted (spatially and/dformal cuticies. VIoreover, these Sructures are aftered 1
temporally) to prevent detection in the mass RNA prep wutants in ways that are consistent with the definitive

rations from pooled embryonic stages that were used B normal phenotypes. Because productsooked and

Hoover et al. [1993]. Alternatively, there may be novet gedare actin-associate_d protei_ns,_it is Iikel_y that the
ict ints not detected by the f ¢ erved effects on F-actin organization are direct. Wong
embryonic ranscripts not detected by the fragments US%%Z Adler [1993] proposed that the productoivhalso is

as hybridization probes in those experiments. By indire@f . . ) . .
immﬁnofluorescgnce we did deteezt forked pr>cl)tein irectly involved in the formation of actin bundles in

: Lo . ; ir-forming cells of the wing, but the evidence is less
ga;)r;%?\%tri\ois)attern mirroring actin bundles (unpublish compelling. The phenotypes produced by this mutation in

larvae are generally consistent with the adult phenotype

Genetically, forked alleles have been placed into

left and right clusters and can be distinguished in terms'@fthat both stages form structures that are more numerov

response tsuppressor of forkednd relative effects on and smaller tha'.‘ ’.‘O”“a" so itis likely that the mecha-
macrochaetae, microchaetae, and tricomes [Green, 19%'§,ms also are similar. . .

Lindsley and Zimm, 1992], but these classifications do _The product %f theStublbIe/stube0|docus 'T ad
not correlate in any obvious way with larval phenotype?.umt'v.e trgnsmem fane serine protea}se . postulate . |
Together, these observations suggestfirkedproducts fansmit S|gn'als .that influence organization of ag:tln
are involved in the formation of several distinct cuticuIa?ytOSke'e'[on.In bristles [Appel et aI.,_1993]. Tran_scnpts
specializations in both embryos and pupae, perhaps wi I detecteq n 12._18'h embryog, an mterva_l that mcluc_je
considerable specificity in the utilization the differen € stages in which we see actin bundles in developing

forms of the protein. Alternatively, some of the mutan(ijent'des’ but the subtlety and variability of the larval

alleles may differentially affect regulation of the locus irg)henotype may make it difficult to confirm the mecha-
i Y y 9 nism. Hairlessis thought to be involved in specification
various contexts. Indeed, at least four of the alleles

used contain transposable element insertions that cha\lléigc r?kl)lu%/c?r(? ([)I?agg r : :Id hF;(i)rzali(r?né r\}a?(gsz]:{ nZO t:]hee I?;g{esr(

relative abundance of the transcripts detected in pup lines of hair-forming cells in embryos probably reflect

[Hoover et al., 1993]. It will be interesting to look MOre, "jecrease in the number of cells, assuming that fat

closely for embryonic expression fifrkedand to exam- .
J ; . ) rather than any direct effect on cytoskeleton.
ine in detail the patterns of expression of the dn‘feren%1 y y

proteins (or transcripts) in wild-type embryos and in
variousforkedmutants.
The divergent effects of individual alleles on diﬁ‘er-CONCLUSION

ent targets also suggest that the function of forked protein  Our results are consistent with the hypothesis tha
is very dependent on context. That is, because forkesbulation of expression and/or function of cytoskeletal
proteins interact with other components to produg@oteins is animportant determinant of cuticle morphogen:
diverse structures, even the “direction” of the effect of &sis, making this a necessary link somewhere in the
given allele depends on the nature of those interactiopathway between the pattern formation processes in th
(e.g., thin denticles, fat hairs, branched sensory hairsggmentation pathway and the morphological feature:
The differential effects omwhon denticle rows (disor- whose arrangement is specified by that pathway. Ac
derly in the first two rows, orderly but more closelyadditional Drosophilagenes encoding cytoskeletal pro-
spaced in the next two rows) suggest a similar pictureins are identified, particularly those for actin-associatec
Allele and context specificity also are evident 8inged, proteins, it will be interesting to study the patterns of
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expression relative to normal cuticle morphogenesis kover, KK., Chien, AJ., and Corces, V.C. (1993): Effects of
larvae and to investigate the possibility that some of them ~ ransposable elements on the expression ofafkedgene of

lat ¢ t f th tati th Drosophila melanogaster. Genetics 135:507-526.
are regulatory targets o € segmentauon pa W%y, M.A., and Jacobs-Lorena, M. (1987): Developmental genetics of

Because the cytoskeleton and associated proteins are riposome synthesis iBrosophila. Trends Genet. 3:347-351.
involved in all morphogenetic movements, such studiéswrence, P.A. (1992): “The Making of a Fly.” Oxford: Blackwell
may provide a useful model for the general problem of  Scientific Publications.

. . . Lindsley, D.L., and Zimm, G.G. (1992): “The Genome Bfosophila
connecting pattern formation to morphogenesis. melanogaster.” San Diego- Academic Press.

Lohs-Schardin, M., Cremer, C., and Nusslein-Volhard, C. (1979): A
fate map for the larval epidermis @frosophila melanogaster
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