
INTRODUCTION

Insects bear sensory organs, such as bristles, over the cuticle
of the body. In some dipteran flies the bristles are organised
into stereotyped spatial arrays in which each bristle occupies a
defined position. A single species, Drosophila melanogaster,
has been the focus of investigation into the genetic control
of the arrangement of sensory bristles. In Drosophila
melanogasterthere are eleven large bristles, or macrochaetes,
on each heminotum and these occupy stereotyped positions.
Bristle precursor development depends upon expression of the
achaete-scute (ac-sc) genes. The ac-sccomplex of Drosophila
contains four genes that encode related basic helix-loop-helix
(bHLH) proteins, transcriptional regulators that work as
heterodimers together with the product of the gene
daughterless(Alonso and Cabrera, 1988; Ghysen and Dambly-
Chaudiere, 1988; Gonzalez et al., 1989; Villares and Cabrera,
1987). Expression of these genes provides cells with neural
potential, allowing them to develop into nerve cells. The large
bristles on the notum arise from small clusters of cells
expressing ac-sc, called proneural clusters, that prefigure the
sites of each of the future bristles (Cubas et al., 1991; Skeath

and Carroll, 1991). Within domains of ac-scexpression, single,
spaced cells are chosen to become sensory organ precursors.
achaete and sc share cis-regulatory enhancer sequences
scattered over nearly 100 kb (Gomez-Skarmeta et al., 1995;
Ruiz-Gomez and Modolell, 1987). These enhancer sequences
respond to local positional cues, conveyed by transcriptional
activators. One trans-acting factor is the product of the pannier
gene (Ramain et al., 1993). Pannier is a transcription factor of
the GATA family and acts in a selector gene-like fashion to
regulate pattern in the medial, dorsal half of the notum (Calleja
et al., 2000). It has been shown to directly activate transcription
of ac-scthrough binding to target sequences in the dorsocentral
enhancer element, that drives expression in a cluster from
which the dorsocentral bristles arise (Garcia-Garcia et al.,
1999). The genes of the Iroquois complex are required for the
bristles of the lateral half of the notum (Gomez-Skarmeta et
al., 1996; Leyns et al., 1996). 

Other species of Diptera, particularly those of the derived
cyclorraphous Schizophora (that includes Drosophila), have
different, but equally stereotyped bristle patterns. Many of
these patterns are phylogenetically old, suggesting that they are
stable over long periods of evolutionary time (McAlpine, 1981;
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In Drosophila the stereotyped arrangement of sensory
bristles on the notum is determined by the tightly regulated
control of transcription of the achaete-scute (ac-sc) genes
which are expressed in small proneural clusters of cells at
the sites of each future bristle. Expression relies on a series
of discrete cis-regulatory elements present in the ac-scgene
complex that are the target of the transcriptional activators
pannier (pnr) and the genes of the iroquois complex.
Stereotyped bristle patterns are common among species of
acalyptrate Schizophora such as Drosophila, and are
thought to have derived from an ancestral pattern of four
longitudinal rows extending the length of the scutum,
through secondary loss of bristles. To investigate
evolutionary changes in bristle patterns and ac-sc
regulation by pnr, we have isolated homologues of these
genes from Calliphora vicina, a species of calyptrate

Schizophora separated from Drosophila by at least 100
million years. Calliphora vicina displays a pattern of four
rows of bristles on the scutum resembling the postulated
ancestral one. We find that sc in Calliphora is expressed in
two longitudinal stripes on the medial scutum that
prefigure the development of the rows of acrostichal and
dorsocentral bristles. This result suggests that a stripe-like
expression pattern of sc may be an ancestral feature and
may have preceded the evolution of proneural clusters. The
implications for the evolution of the cis-regulatory elements
responsible for sc expression in the proneural clusters of
Drosophila, and function of Pnr are discussed. 
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Grimaldi, 1987). Closely related species have similar
arrangements of bristles, whereas evolutionarily more distant
ones display more diverged patterns. Ceratitis capitata is
separated from Drosophila by about 80 million years
(McAlpine, 1981). It displays a stereotyped bristle pattern with
some bristles occupying similar positions to those of
Drosophila(Wülbeck and Simpson, 2000). The scutegene of
Ceratitis is expressed in proneural clusters at the sites of each
future bristle, suggesting a similar genetic organisation of the
locus in this species (Wülbeck and Simpson, 2000). 

Throughout the cyclorraphous Schizophora there is a basic
arrangement of bristles on the dorsal notum (McAlpine, 1981).
There are four rows of bristles on the scutum: the acrostichal
(AC), dorsocentral (DC), intra-alar (IA) and supra-alar (SA)
rows. The pattern of most species of Schizophora can be
superimposed upon this basic ‘ground plan’, even though
some species display all rows and others have only a subset
(McAlpine, 1981). It has thus been postulated that the
stereotyped bristle patterns of species such as Drosophila
andCeratitis are derived from an ancestral pattern similar to
this ‘ground plan’ (McAlpine, 1981; Simpson et al., 1999).
The cyclorraphous Schizophora are subdivided into two
subordinate groups, the Calyptrata and the Acalyptrata. Both
Drosophila and Ceratitis are acalyptrates. When compared
with the Acalyptrata, Calyptrata generally bear more
macrochaetes and many species display all four rows extending
the full length of the scutum. Calliphora vicina is one such
species with a pattern resembling the hypothetical ancestral
one. It is separated from Drosophila by at least 100 million
years. 

To investigate evolutionary changes in ac-scexpression, we
have isolated homologues of these genes, and also pannier,
from Calliphora vicinaand examined their expression patterns.
We find that sc is expressed in two longitudinal stripes that
prefigure the development of the AC and DC rows of bristles.
This result suggests that a stripe-like expression pattern of sc
may be an ancestral feature and may have preceded the
evolution of the small discrete proneural clusters characteristic
of Ceratitisand Drosophila. In contrast, bristles of the IA and
SA rows of Calliphora arise from domains of sc-expressing
cells some of which resemble proneural clusters. These
observations reinforce the hypothesis that the stereotyped
patterns are derived from an ancestral pattern of four rows of
bristles on the scutum and suggest that this pattern may have
been the result of a regulated expression of sc in four stripes.
We have also examined the expression pattern of the pannier
homologue in Calliphora. We find that it is expressed in a
conserved domain in the medial dorsal notum, consistent with
a possibly conserved selector gene function. The implication
of these results for the evolution of the cis-regulatory elements
and the function of Pannier in the regulation of sc expression
in the proneural clusters of Drosophila is discussed. 

MATERIALS AND METHODS

Isolation of genes
Construction of cDNA libraries 
Construction of embryonic cDNA libraries was performed using the
cDNA Synthesis Kit, ZAP-cDNA Synthesis Kit and ZAP-cDNA
Gigapack III Gold Cloning Kit (Stratagene) according to the

instructions of the manufacturer. Total RNA was extracted with
TRIZOL (Gibco BRL) according to instructions of the manufacturer
from a 0- to 24-hour collection of Calliphora embryos. mRNA was
purified using the Oligo(dT) Beads Kit (Dynall).

RT-PCR
Fragments of Calliphora scute (sc) (729 bp); pannier(pnr) (1194 bp),
andDelta (Dl) (555 bp) were isolated by RT-PCR using the following
degenerated primers (5′ to 3′, forward then reverse): 

sc: AAYGCIMGIGARMGIAAYCG, CRTCRTCIGGIGTRCART-
CYTC;

pnr: GAYTTYCARTTYGGIGARGG, GCIGYYTGIATIACRT-
TRTGYTG;

Dl: CCIGGIACITTYWSIYTIATIRTIGARGC, RCAIGTICCICC-
RTTIVCRCAIGG.

cDNA was generated from mRNA extracted from a 0- to 24-hour
embryo collection using Superscript II reverse transcriptase (Gibco
BRL). This was then used as a template. PCR was performed
according the following general scheme: 94°C 1 minute; annealing
temperature 1 minute 30 seconds; 72°C 2 minutes; 35 cycles; 10
minutes 72°C. PCR products were cloned into pGem T easy vector
(Promega). 

RACE
The 1194 bp fragment of pnr recovered by RT-PCR was extended by
5′ RACE PCR using the 5′/3′ RACE kit from Roche. A composite
sequence of 1533 bp was generated.

Low stringency screening
Homologues for lethal of scute(l’sc; also known as l(1)sc) and asense
(ase) were isolated by low stringency screening performed at 42°C in
buffer containing 20% formamide, 5× SSPE, 0.5% SDS, 5× Denhart’s
solution. Washes were carried out at 50°C with 2× SSC, 0.5% SDS.
A genomic Calliphora library (from M. Bownes) was plated and
nylon replica filters (Amersham, Hybond-NX filters) were screened
with a fragment containing the bHLH domain of Drosophila virilis
achaete(ac) (from J. Modolell). Several phages containing either l’sc
or ase were isolated. Complete coding sequences were subcloned into
pBluescript vector (Stratagene). 

High stringency screening
To recover the full sequence of sc, the Calliphoragenomic library was
screened at high stringency with the 680 bp fragment recovered by
RT-PCR using Amersham Hybond-NX filters and conditions
according to the manufacturer. 

All sequences were submitted to GenBank. Accession numbers:
asense, AY061875; lethal of scute, AY061876; scute, AY061877;
pannier, AY061878; Delta, AY061879.

Sequence analysis
Sequences were compared using the ClustalX software. Alignments
were performed using default ClustalX parameters, and percentage
identities calculated from the resulting alignments (Thompson et al.,
1997). 

Rearing of Calliphora
Flies were kept at room temperature and fed with sucrose. Eggs were
laid in fresh meat and kept at room temperature. Larvae were fed on
fresh meat and kept at room temperature. White pupae were collected
and staged at 25°C.

Labelling of RNA probes
Digoxigenin-labelled RNA probes (DIG-UTP, Roche) were generated
using the standard protocol of Roche. The resulting RNA was
resuspended in 100:l preHyb solution (50% formamide, 5× SSC, 0.1%
Tween-20, pH 6.0). RNA was transcribed from linearised DNA
templates. 
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Tissue preparation and staining
In situ hybridisation
Wing discs and pupal thoraces were dissected in phosphate-buffered
saline (PBS) and fixed using a modified version of the protocol of
Pattatucci and Kaufmann (Pattatucci and Kaufmann, 1992) in a
solution of 4% formaldehyde, 5% DMSO in PBS. In situ
hybridisations were performed using a protocol adapted from
Wülbeck and Campos-Ortega (Wülbeck and Campos-Ortega, 1997). 

Immunostaining
Wing discs and pupal thoraces were dissected in PBS, fixed in 4%
formaldehyde/PBS for 20 minutes and stained. Mouse anti-22C10 and
anti-HRP (horseradish peroxidase) primary antibodies were used at
1:200 dilution. Biotinylated anti-mouse secondary antibody was used
and visualised using a standard ABC kit (Vector Chemicals). All
preparations were mounted in 80% glycerol, 1× PBS.

Thoraces
Adult flies were collected 30-90 minutes after eclosion before the
cuticle had tanned and darkened and stored in 70% ethanol, thereby
allowing clearer visualisation of bristle patterns. Thoraces were
dissected in 70% ethanol, transferred to 100% ethanol for 10 minutes
and mounted under raised coverslips in Euparal (Fisher Chemicals).

RESULTS

Isolation and conservation of achaete-scute
homologues 
We have searched for achaete-scute homologues from
Calliphora vicina. We were able to recover sequences specific
to scute (sc), lethal of scute(l’sc) and asense(ase) (Fig. 1). No
sequences specific to achaete (ac) were recovered. Percentage
identity with the Drosophila orthologues is as follows
(overall/bHLH only): sc, 74.3/96.7; l’sc, 74.9/95.8; ase
71.1/90.2. Comparisons with Drosophila acwere also made
(overall/bHLH only): Calliphora sc shared 68.7/87.5%
identity, l’sc 66.2/87.2%, and ase63/81.2%.

Examination of expression of these three proneural genes in
Calliphora embryos by in situ hybridisation revealed
expression of all three genes in the presumptive central nervous
system similar to that seen in Drosophila. l’sc and sc are
initially expressed in a dynamic pattern in clusters of cells,
which are then progressively restricted to individual neural
precursors; aseis expressed in single cells (not shown). 

scute is expressed in stripes and clusters of cells in
the developing notum
The bristle pattern of the dorsal notum of Calliphora is
depicted in Fig. 2D. The four rows of large bristles on the
scutum are labelled AC, DC, IA and SA for the acrostichal,
dorsocentral, intra-alar and supra-alar rows, respectively. The
transverse suture divides the scutum into pre-sutural and post-
sutural domains. The scutellar suture also separates the scutum
from the scutellum. The scutellum bears a single line of
scutellar (SC) bristles round the lateral edge. The expression
of sc in the developing notum was examined by in situ
hybridisation. Expression starts at pupariation before the wing
discs have started to evert and fuse along the midline. The
general shape and morphology of the prospective notum is
reflected in the shape of the discs, which bear strong similarity
to the well-studied Drosophila discs (Usui and Simpson,

2000). Through examination of many different stages and
comparison with Drosophila, we were able to determine the
positions at which the various bristles arise. By 3 hours after
puparium formation (h APF), two distinct longitudinal stripes
of expression, aligned with the dorsal midline, are visible in
the medial half of the future scutum at the positions of the
future AC and DC bristles (Fig. 2A,D). Both stripes are
interrupted by a band in which expression is absent; this
corresponds to the future transverse suture (see Fig. 2D). A
single stripe of expression along the posterior medial edge
prefigures the row of SC bristles. In the lateral half of the
notum expression appears in several broad domains and
smaller clusters at the sites of the future IA and SA bristles
(Fig. 2A,D). A stripe-like domain can be discerned but appears
to include bristles of both IA and SA rows. In the lateral region,
too, expression is lacking along the prospective transverse
suture. The correspondence between the domains of expression
and the future bristle rows is shown in Fig. 2D. Several clusters
of expressing cells are also present in the region of the wing
hinge and calypter, as well as on the wing blade, but we did
not attempt to correlate these with specific sensory organs (Fig.
2A,B).

Expression is first observed in the DC stripe at, or just prior
to, pupariation. It is rapidly followed by expression in the
posterior domain of the prospective AC stripe, the posterior
most IA and SA domains, and the more medial domain of the
SC stripe (not shown). Expression is then observed more
anteriorly, in the case of the AC, IA and SA domains, and
laterally for the SC domain, and is finally visible at all sites of
the prospective bristle organs by 3 hours APF (Fig. 2A). 

By 8-10 hours APF, the stripes of sc expression are less
coherent and later strong spots of high levels of expression
are seen, which probably reflect the emergence of bristle
precursors (Fig. 2B). At the same time ase starts to be
expressed in single cells, the precursors of the bristles. By 10
hours, ase expression is widespread amongst the precursors
(Fig. 2C,E). The rows of precursors arise from within each
stripe or cluster of expression. However, ase expression is
transient and the complete pattern of bristle precursors cannot
be visualised at any one time. The order in which bristle
precursors arise, as revealed by ase and high levels of sc,
mirrors the progression ofsc expression, and there is a general
trend for precursors to arise in a posterior to anterior fashion.
This holds true for the AC and DC domains, each of which
have three presutural and three postsutural precursors.
Exceptionally though, the final precursors to form in the post-
sutural domain are the central ones of each triplet. These
intercalate between the existing two, perhaps after growth of
the epithelium by cell division generates more available space.
This may also be the case for the three pre-sutural bristles in
each row. By 16 hours APF sc expression has faded from the
precursors.

22C10 is a marker of late precursors and the entire neural
lineage, and is expressed later than sc and ase (Zipursky et al.,
1984). The 22C10 antibody thus reveals neural precursors and
staining for this marker reveals a similar pattern and time
progression of precursor segregation (Fig. 2F). We also isolated
a 555 bp fragment from the Delta gene of Calliphora. Delta
has been shown to be downstream of Ac-Sc in Drosophila
(Kunisch et al., 1994; Parks et al., 1997). In situ hybridisation
with this probe, as well as staining with the cross-reacting



566 D. Pistillo, N. Skaer and P. Simpson

 * * * : * * * * * * : * : * *  . : *    : *  . *   :   : * : : : :  : *  .      : * * * * * * * * : : *  * * * * * * * * * * * * * * * * * * * * * * *
HSPSSSFNSSLSYDSPNFEQPQHQQPTVQELQQHFQQNQQTTPPHFDGNLQLKFEPYDNFTLDEEDCTPDDEEI LDYI SLWQEQ 321
HSPTSSFNSSMSFDSGTYEGVPQQI STHLDRLDHLDNELHTHS----- QLQLKFEPYEHFQLDEEDCTPDDEEI LDYI SLWQEQ 345

       ruler  0. . . . . . . 290. . . . . . . 300. . . . . . . 310. . . . . . . 320. . . . . . . 330. . . . . . . 340. . . . . . . 350. . . . . . . 360. . .

       cv  sc  
       dm sc  

   *  .  *  * * . * * * * * *  * * *       .  * *   * *  :   *   *    :  : * *  . : : *   : :   * : *    . . *  .  *  *  . : *    : .  : *   :  
GHCDSASNSSFSSSSSTGSSSPSSSYTSTNTPVYYTQPSSPLPSLMDANLQVSHLNNPYNNSTTLLSPVSLNSYSPPHNQA--- APLENTGS-  237
- LCLDES- SSHSSSSSTCSSS------ GHNT-- YYQNRI SVSPVQQQQQLQRQQFN-- HQPLTALSLNTNLVGTSVPGGDAGCVSTSKNQQTC 266

       ruler  . 190. . . . . . . 200. . . . . . . 210. . . . . . . 220. . . . . . . 230. . . . . . . 240. . . . . . . 250. . . . . . . 260. . . . . . . 270. . . . . . . 28

       cv  sc  
       dm sc  

 *  * * : * * *  * * * * * * * * * * * * * * * * * : * * * * * * * * * * * : * * * * * * * * * * : * * * * * * * * * * * * * * * * *  * * * * : * * * * * * * .   . : :    : *  :
NPDQTQS RLQDLLDDLNGGSSTQPQQQYESQAN 148
NVDQSQS

VLRRNARERNRVKQVNNSFSRLRQHI PQSII ADLTKGGGRGPQKKI SKVDTLRI AVEYI R
VQRRNARERNRVKQVNNSFARLRQHI PQSII TDLTKGGGRGPHKKI SKVDTLRI AVEYI RSLQDLVDDLNGGSNI GANN- AVTQLQ 185

       ruler  . . . . 100. . . . . . . 110. . . . . . . 120. . . . . . . 130. . . . . . . 140. . . . . . . 150. . . . . . . 160. . . . . . . 170. . . . . . . 180. . . . . .

       cv  sc  
       dm sc  

 * .        * . :  . . :   :  : .  * * * * *  : * * * : : : *  * *  *  *    * .  . . *           : * *                    * . . . * * * *
MS------- SVSCNQTNTAQQHLFPTTI VAATKMMKYPHI QPHP--- I AEDGQ---------- ARK------------------ VPANCPAPY 55
MKNNNNTTKSTTMSSSVLSTNETFPTTI NSATKI FRYQHI MPAPSPLI PGGNQNQPAGTMPI KTRKYTPRGMALTRCSESVSSLSPGSSPAPY 93

       ruler  1. . . . . . . 10. . . . . . . . 20. . . . . . . . 30. . . . . . . . 40. . . . . . . . 50. . . . . . . . 60. . . . . . . . 70. . . . . . . . 80. . . . . . . . 90. . .

       cv  sc  
       dm sc  

        ruler  

       cv  l sc  
       dm l sc  

        ruler  

       cv  l sc  
       dm l sc  

 * : * : *  *  :   * * * : : : . * . * : : : * * :  * : * * *  * *            *  * * *   *   * *  * : * * * : * *   * * : : * * * : :   * * * * . * . * * * * *
MASVCMSQNNYQQHFEI VNGNMMMLQQQQQHHQQQQMPLQVQYVNKLQPI APAQPKVLGI SNLQNI QQ-- QSEI GPMMA-- KKKFTYTNMPYG 89
MTSI CSS- KFQQQHYQLTNSNI FLLQH- QHHHQTQQH---------- QLI APKI P-- LGTSQLQNMQQSQQSNVGPMLSSQKKKFNYNNMPYG 79
1. . . . . . . 10. . . . . . . . 20. . . . . . . . 30. . . . . . . . 40. . . . . . . . 50. . . . . . . . 60. . . . . . . . 70. . . . . . . . 80. . . . . . . . 90. . .

        ruler  

       cv  l sc  
       dm l sc  

 * * : * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * : * . * * . * * * * : * * * * * * * * * * * * * * * * * * * * * : : * * . . .    : * * :     :   * *  * *
EQMPS GLQELLDSSNPAGSSSSMPQQQHYDEI SN 182
EQLPS

VARRNARERNRVKQVNNGFSNLRQHLPQTVI NNLSSGGRGASKKLSKVDTLRI AVEYI R
VARRNARERNRVKQVNNGFVNLRQHLPQTVVNSLSNGGRGSSKKLSKVDTLRI AVEYI RGLQDMLDDGT--- ASSTRHI YNSADESSN 169

. . . . 100. . . . . . . 110. . . . . . . 120. . . . . . . 130. . . . . . . 140. . . . . . . 150. . . . . . . 160. . . . . . . 170. . . . . . . 180. . . . . .

 * * * . * .    . * : * * .           . : . : * * *    * * * . * * * . * : * *   * . .  :  *  * :  : :  :  : . * .    . * *  * * * * * * * * * * * * * : *
DGSNYG-- YSSI DSP---------- VDNQSYHMTHSPTSSYSDSDI SVNGANTFVQPLKLEEPEQQDFKFDFSEQHDDEELLDYI SSWQDQ 261
DGSSYNDYNDSLDSSQQFLTGATQSAQSHSYHS- ASPTPSYSGSEI S-- GGGYI KQELQEQDLKFDSFDSFSDEQPDDEELLDYI SSWQEQ 257
. 190. . . . . . . 200. . . . . . . 210. . . . . . . 220. . . . . . . 230. . . . . . . 240. . . . . . . 250. . . . . . . 260. . . . . . . 270. . . . . . .

        ruler  

       cv  ase 
       dm ase 

        ruler  

       cv  ase 
       dm ase 

        ruler  

       cv  ase 
       dm ase 

        ruler  

       cv  ase 
       dm ase 

        ruler  

       cv  ase 
       dm ase 

 * * : * *       : * . .    *  *  . .  . . *  . * : : *    * . * . * * * * : * * * * * . . . * : * :    . *  * : * : * * * : * * * * : * : * : . * : . : :   :    
MATLSVLNYNNLSSGLNMKVNNTTTSSNGAI NATPMSKTFNKI TVQNVLSENNGNSLNI TNGNPNAI VRKI KDFGMI GSVNNASGAAI LS---  90
MAALS------ FSPSPPPKEN- PKENPNPGI KTT-- LKPFGKI TVHNVLSESGANALQQHI ANQNTII RKI RDFGMLGAVQSAAASTTNTTPI  84
1. . . . . . . 10. . . . . . . . 20. . . . . . . . 30. . . . . . . . 40. . . . . . . . 50. . . . . . . . 60. . . . . . . . 70. . . . . . . . 80. . . . . . . . 90. . .

        ruler  

       cv  ase 
       dm ase 

  .  * * * * *  *  : * * .  :   : . :   .  : *   . *   *  :        * *  *  * . .    * . . *   : *     * .  :   * * * * * * * * * * * * * * * * * * * *
MNPRKRPLEE- KKQTLKPAESKLTPPASKKPKLTKEERAAI RLAKKAAKENSNLI KVDTNVQPLALLQKPKVPGTPGRKGLPLPQA   182
SSQRKRPLGESQKQNRHNQQNQQLSKTSVPAKKCKTN------- KKLAVERP-- PKAGTI SHPHKS- QSDQSFGTPGRKGLPLPQA

VARR RNA
VARR RNA  167

. . . . 100. . . . . . . 110. . . . . . . 120. . . . . . . 130. . . . . . . 140. . . . . . . 150. . . . . . . 160. . . . . . . 170. . . . . . . 180. . . . . .

        ruler  

       cv  ase 
       dm ase 

 * * * * * * * * * * * * *  * * * : * * * * * : * . * * : *   . : *  * * : . * * : * * * : * * * * * * * * * * * * * : * * * * * * *    . *  * * *  * * : : * *  : * * * * * : .
SLERLLGFDFPVGAGQLNSS- SGEESFSLI KDEFNA 274ERNRVKQVNNGFAALREHI PEEVAEVFETQTHNTGNRGSCKKFSKVDTLRMAVEYI R

ERNRVKQVNNGFALLREKI PEEVSEAFEAQ-- GAG- RGASKKLSKVETLRMAVEYI RSLEKLLGFDFPPLNSQGNSSGSGDDSFMFI KDEFDC 257
. 190. . . . . . . 200. . . . . . . 210. . . . . . . 220. . . . . . . 230. . . . . . . 240. . . . . . . 250. . . . . . . 260. . . . . . . 270. . . . . . . 28

      * * * : * * * * * * : * :  : *     . *  * *    * . . .    * . *   * : * * . : * * * * * * * * * * * * * * * * * * * * * . * : :  *   *             
YSPTELDEQFDDSLSHYDNEEFFSASTSQQQMQLPSSSPI PSQHMDMLPNI TTLNGLQYI RI PGTNTYQLLTPDI FVGTASSPPSSTI DEEHF 367
----- LDEHFDDSLSNYEMDE--- QQTVQQ-- TLSEDMLNPPQASDLLPSLTTLNGLQYI RI PGTNTYQLLTTDLL- GDLS------------  327
0. . . . . . . 290. . . . . . . 300. . . . . . . 310. . . . . . . 320. . . . . . . 330. . . . . . . 340. . . . . . . 350. . . . . . . 360. . . . . . . 370. .

                      : : * :  : : * : : : . *  *              *                                            
NALI DTNCVSPSSSSTPGI MQQQQQQQQTTTADQQSPSPPSI NSTEVI RRRVQETAPVLTTVTNGENI NNEGTATLSLSSSSSSTSSSSSLLL  460
--------------------- HEQKLEETAASGQLS------------- R-------------------------------------------  343
. . . . . 380. . . . . . . 390. . . . . . . 400. . . . . . . 410. . . . . . . 420. . . . . . . 430. . . . . . . 440. . . . . . . 450. . . . . . . 460. . . . .

        ruler  

       cv  ase 
       dm ase 

 * * * *     * : : :        * * . : * * *            * * . : :        :  *  *    * * * * :   * * * *                 : * * * * *  . .
SPVPQNQQQQII PLLTATSSPSTSPVLHQHSQQLHTLSPATTNDQHHQQQQLHQGLRQTCAANQLQQQQFLLPNSTDQQI GTLHMI KQEYEEP 553
SPVP---- QKVV------ RSPCSSPV----------- SPVAS------ TELLL Q-- TQTCAT- PLQQQ---------------- VI KQEYVST 390
. . 470. . . . . . . 480. . . . . . . 490. . . . . . . 500. . . . . . . 510. . . . . . . 520. . . . . . . 530. . . . . . . 540. . . . . . . 550. . . . . . . 5

 .  * .     * * * *  * : * * * :  : *              . : *               : *   * :   * * : .  * * * : . : *    : * * * : . : : *  :   . : . * .
S- SNII YQQTSPPQHQQQLPHLQLYHSAMSPPLERQTPTTSTSATSASSSSHMLQQFFPHDQNSSSFYEGI VT-- MKKELNEVLLN- ASHGTN 642
NI SSSSNAQTSP- QQQQQVQNLG------------ SSP-------------- I LPAFY-- DQEPVSFYDNVVLPGFKKEFSDI LQQDQPNNTT 454
60. . . . . . . 570. . . . . . . 580. . . . . . . 590. . . . . . . 600. . . . . . . 610. . . . . . . 620. . . . . . . 630. . . . . . . 640. . . . . . . 650.

 .   : * * * * * * : * * * * * : * * : * * * : * .   . *  :
V-- MSDESMI EAI DWWDAHTPKSDGG-- SLMM 670
AGCLSDESMI DAI DWWEAHAPKSNGACTNLSV 486
. . . . . . 660. . . . . . . 670. . . . . . . 680. . .

A

B

C

Fig. 1. Amino acid sequence comparison of the three ac-sc genes isolated from Calliphora vicina(cv) with their orthologues in Drosophila
(dm). (A)scute, (B) lethal of scute, and (C) asense. The highly conserved basic helix-loop-helix (bHLH) motif is in red. The line above the
sequences indicates conserved positions with one of three symbols: (*) indicates positions that have a single, fully conserved residue. These
positions have also been shaded blue. (:) and (.) represent strong and weaker degrees of conservation respectively, according to the Gonnet
Pam250 matrix (Benner et al., 1994). 
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antibody against horseradish peroxidase, a neural marker,
confirmed the above sequence of events (not shown). 

In addition to the large bristles (macrochaetes), the notum is
also covered with numerous small bristles (microchaetes). At
about 30 hours APF a second wave of scexpression takes place
and is correlated with segregation of the precursors of the small
bristles (Fig. 3A,B). Staining is fairly ubiquitous over the
notum but is again excluded from the sutures. It is then refined
to expression in single cells. sc expression at this stage
reappears in the macrochaete precursors (Fig. 3A,B). By 33
hours APF ase staining is visible in single microchaete
precursors (Fig. 3C), and by 50 hours 22C10 staining indicates
that axonogenesis of the bristle neurons is taking place (Fig.
3D). We were unable to detect l’sc transcripts during
development of the imaginal notum. 

pannier is expressed in a conserved medial domain
of the notum
We isolated a 1533 bp fragment of the pannier (pnr) gene from
Calliphora. It shows 76.3% of overall conservation with
Drosophila pnr, and 99% in the two zinc finger motifs. This
is significantly greater than with any of the other four
DrosophilaGATA factors that display between 54% and 63%
overall identity to Calliphora pnr. In situ hybridisation
revealed expression in the wing discs at pupariation and
throughout the period of sc expression and segregation of
bristle precursors. It is expressed in a broad domain, similar
to that of Drosophila pnr, which covers the medial half of the
notum (Fig. 4A). The lateral boundary of pnr expression
appears to be aligned with the DC row of precursors (Fig.
4B,C). 

Fig. 2.Early expression of
scute (sc) and asense (ase) in
the wing disc of Calliphora
vicina. (A,B,D) expression of
sc transcripts, (C,E) expression
of ase transcripts, (F)
visualisation of 22C10 protein.
Enlargements of the thoracic
domain of the discs in A-C,
indicated by the rectangles, are
shown directly below. By 3
hours after pupariation, sc
transcripts, visualised by in
situ hybridisation (A) are
present in two broad
longitudinal stripes in the
medial half of the prospective
notum. These correlate with
the positions of the future
acrostichal (AC) and
dorsocentral (DC) bristle rows,
and are interrupted by a
mediolateral band at the site of
the prospective transverse
suture in which expression is
absent. In the lateral domain,
at the sites of the future intra-
alar (IA), notopleural (NP) and
supra-alar (SA) bristles, sc is
expressed in a series of
clusters. By 8 hours (D) to 10
hours (B) after pupariation, sc
expression is restricted to the
sites of the future bristle
organs, where small groups of
cells have accumulated higher
levels of the transcripts. A
clear expression domain is
seen in the scutellum; it is
separated by an area in which
sc is absent that corresponds to
the prospective scutellar
suture. In D a schematic
drawing of the relationship
between scexpression at 8 hours after pupariation and the morphology of the future adult thorax (macrochaetes are shown in pink,
microchaetes in blue). At this stage the disc remains a highly folded epithelium which later expands longitudinally at the midline, and laterally
and ventrally at the lateral edge of the notum. This explains the compact aspect of the acrostichal and scutellar domains, and close proximity of
the intra- and supra-alar domains at this stage. aseexpression in single cells (C,E), and visualisation of neurons with the 22C10 antibody 10
hours after pupariation (F), show that the early expression of scprefigures the sites at which bristle precursors are born. 
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The number of bristles in the acrostichal row, but
not the other three rows, varies with body size
We looked for variation in the bristle pattern between
individuals of different size in our colony ofCalliphora. Pupae
of the same age were collected, weighed, and divided into four
groups: 30 mg and smaller, 30-50 mg, 50-70 mg, and 70 mg
and larger. They were left to hatch and the number of bristles
per row on each individual was scored (Fig. 5F). The results
indicate that there is some variation amongst the DC, IA and
SA rows, and animals with fewer or additional bristles are
found. Fig. 2D depicts the pattern seen in the majority of flies;
we refer to this as the ‘wild type’. In total, 10.5% of individuals
showed differences from the ‘wild type’ in the DC row, 6.5%
in the IA row and 19% in the SA row. However, this variation
is small by comparison to that observed in the AC (58%) and
scutellar (54%) rows. Moreover, the variation in bristle number
in these two rows correlated strongly with size of the
individuals. The AC row, for example, generally includes six
bristles, three pre-sutural, and three post-sutural ones. Smaller
flies, however, may have five bristles, and larger flies seven
bristles, in this row (Fig. 5A,E). Bristles are most frequently
lost from the anteriormost position (Fig. 5E) but may also be
lost from other sites (Fig. 5D). Supernumerary AC bristles may
appear throughout the row (Fig. 5A,B). Absence of bristles in
the AC, SC, and DC rows is often associated with displacement
of the other bristles (Fig. 5B,E). This indicates that the precise
position of each bristle in the row is variable, although the

lower level of variation in the DC row does
suggest that a more robust patterning
mechanism may operate in this domain.
However, in other individuals, both
supernumerary and missing bristles can be
superimposed on top of the ‘wild-type’ pattern
such that the ‘wild-type’ bristles are not
displaced (Fig. 5A,D). Interestingly, bristle
displacement was not observed in the IA and
SA rows, where precursors arise from a more
cluster-like expression of sc.

DISCUSSION

Conserved function of the three
achaete-scute homologues of
Calliphora
We isolated three orthologues of the Drosophila
AS-C genes, which show clear homology to sc,
l’sc and ase. Despite extensive screening by
both PCR and of cDNA and genomic
Calliphora libraries we were unable to find ac,
so this gene may not be present in this species.
It was not found in the acalyptrate, Ceratitis
capitata (Tephritidae), and has so far only been
described in the genus Drosophila(Alonso and
Cabrera, 1988; Gonzalez et al., 1989; Villares
and Cabrera, 1987) [see references in Takano
(Takano, 1998)]. achaete displays closest
similarity to sc of all three species. It shares a
largely conserved expression pattern and has
been shown to be functionally redundant with
sc in Drosophila(Balcells et al., 1988; Gomez-

Skarmeta et al., 1995; Martinez and Modolell, 1991). Thus, it
may have arisen from duplication of the ancestral sc
orthologue, some time after the separation of the Tephritidae
and Drosophilidae. 

Our results indicate strong conservation of the roles of the
different ac-sc genes. In Drosophila, l’sc is essential for
development of the central nervous system, and its loss results
in lethality. We find that, as in Drosophila, l’sc is expressed
in the central nervous system ofCalliphora during
embryogenesis, but is not expressed in the developing notum.
Similarly, expression of sc in proneural domains in the
presumptive notum is conserved and expression of ase is
restricted to sensory precursors. This suggests that
specialisation of the functions of these three genes predates the
separation of acalyptrate and calyptrate Schizophora. 

Proneural clusters may have arisen from an
ancestral pattern of longitudinal stripes of scute
expression
An arrangement of four longitudinal rows of large bristles is
characteristic of the scutum of a number of calyptrate flies and
is thought to resemble an ancestral pattern or ‘ground plan’,
from which the many different patterns seen in calyptrate and
acalyptrate species are derived (McAlpine, 1981; Simpson et
al., 1999). Thus an alignment of bristles into four rows may
have been the first patterning event in a series of steps
that culminated in the stereotyped bristle arrangements

D. Pistillo, N. Skaer and P. Simpson

Fig. 3. Late expression of scute (sc)and asense (ase) in the pupal thorax of Calliphora
vicina. After fusion of the two heminota along the midline, scis re-expressed in the
pupal thorax 29 hours after pupariation. Expression is initially widespread, and is
excluded only from the sites of the prospective sutures, before becoming restricted to
individual microchaete precursors by 31 hours after pupariation (A). scuteis re-
expressed in the macrochaete precursors (B: enlargement of the boxed area in A;
macrochaete precursors are indicated by arrowheads) in the immediate vicinity of which
down-regulation of scin neighbouring cells is particularly clear. By 33 hours after
pupariation, ase expression can be detected in microchaete precursors (C), and by 51
hours after pupariation, 22C10 staining reveals that axonogenesis has been initiated (D).
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characteristic of Drosophila. The single AC and DC bristles
of Ceratitis capitata, an acalyptrate species, come from
two separate proneural clusters, suggesting a different
developmental origin for AC and DC bristles, consistent with
the hypothesis that each of them may be derived from an
independent row (Wülbeck and Simpson, 2000). Drosophila
does not bear any AC bristles, but does carry two DC bristles
that interestingly arise from a single proneural cluster in a
posterior to anterior sequence (Cubas et al., 1991; Skeath and

Carroll, 1991). This cluster is controlled by a discrete cis-
regulatory element, called the DC enhancer (Garcia-Garcia et
al., 1999; Gomez-Skarmeta et al., 1995). The origin of this and
the other positional enhancers is unknown. We have
demonstrated that the row of DC bristles in Calliphora arises
from a stripe of sc-expressing cells. It is thus tempting to
speculate that a stripe-like domain may have preceded the
cluster-shaped domain during the course of the evolutionary
history of the lineage leading to Drosophila. If so, discrete
regulatory elements may have been acquired to drive
expression of scin stripes on the scutum of a common ancestor
of Calliphora and Drosophila. Identification of regulatory
elements in Calliphora may help to resolve this hypothesis. 

It is noteworthy that the two DC bristles of Drosophilaare
situated close to one another. If they are indeed derived from
a complete longitudinal DC row present in an ancestor, through
secondary loss of some of the bristles in the row, it seems likely
that bristle loss would occur from the anterior downwards or
from the posterior upwards, or both together. The DC enhancer
may be derived from a single, discrete regulatory element that
was responsible for a stripe of expression in the ancestor. If so,
it is unlikely that bristles would be lost from the centre of the
row, since this would entail a division of the stripe domain into
two separate clusters of expression. We examined the
distribution of DC bristles in 63 species of acalyptrate flies
from 17 different families. 33% were found to have bristles
missing from the anterior end of the row (see also Sturtevant,
1970), 8% from both anterior and posterior ends, and only one
species (1.6%) had bristles missing from the middle of the row.
The entire DC row was lacking in 1.6% of this sample.
Similarly, examination of 52 species of calyptrate flies from 6
families, showed missing pre-sutural DC bristles in 9.6% of
cases. The entire DC row was lacking in 7.7% of the animals. 

The IA and SA bristles of Calliphora do not arise from
stripes of sc expression but from apparent clusters. These
resemble the proneural clusters of Drosophilaand Ceratitisand
are associated with a greater degree of determinacy of the
positioning of these bristles (see below).

Stereotyped positioning of bristles along the
anteroposterior coordinate of the scutum is a recent
feature, whereas that along the mediolateral
coordinate is of ancient origin
The pattern of four bristle rows appears to be an ancient,
widespread one that has been retained regardless of
considerable size differences between different species
(McAlpine, 1981; Simpson et al., 1999). This suggests that
bristle positioning along the mediolateral coordinate of the
scutum was fixed a very long time ago. In contrast,
anteroposterior patterning, that is the stereotyped positioning
of bristles within rows, seems to have been acquired more
recently in derived species. It is a characteristic of many
acalyptrate flies such as Drosophilaand Ceratitis, but is not a
consistent feature of more basal species that frequently display
a variable number of bristles within the rows. Such variability
is thought to be an ancestral feature. 

Calliphora appears to be intermediate with respect to this
morphological feature. The number of bristles in the AC row
of Calliphora varies between individuals: large flies may have
more and small flies fewer AC bristles. It is clear that the
precise position of each bristle is, to some extent, variable,

Fig. 4. Expression of pannier (pnr) in the wing disc of Calliphora
vicina. (A) The boundary of pnr expression in the medial half of the
developing notum at 8 hours after pupariation (arrowheads). The
lateral limit of pnr expression appears to correspond to the position
of the future precursors of the dorsocentral row, visualised in B by
22C10 staining. This seems to be a conserved feature with other
species of cyclorraphous Schizophora: a similar correlation has been
described in Ceratitis capitataand Drosophila.(C) A schematic
representation of how the expression domains of pnr (shown in pink)
in the wing disc correlate with bristle positions on the imaginal
notum of the three species. Note that dorsocentral (DC) bristles are
always positioned at the limit of pnr expression, but that the bristle
patterns differ. aDC, anterior DC; aSC, anterior scutellar; pSC,
posterior scutellar.
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since the bristles are often displaced when compared with those
on the contra-lateral side (Fig. 5B,E). The AC bristles arise
from a stripe of sc expression, so spacing of the bristle
precursors could be simply achieved through Notch-mediated
lateral inhibition (Wigglesworth, 1940; Kimble and Simpson,
1997; Simpson, 1990). The distance between bristles is a
function of the range of Notch signalling, so in larger animals
there would be room for more precursors. This view is
supported by the order in which the precursors arise within the
post-sutural AC and DC rows. Each row has three post-sutural
bristles, with precursors for the posterior and anterior-most
forming first, followed by the central precursor. Formation of
the central precursor may only be possible after growth of the
epithelium has provided sufficient space between the other two
precursors. It is also noticeable that ‘missing’ post-sutural
bristles are invariably those located between the two early
forming bristles, which are never lost, and that
‘supernumerary’ bristles are also added in the middle. 

However, in other individuals the positions of the ‘wild-
type’ bristles do not change, and ‘additional’ ones are
superimposed on top of the ‘wild-type’ pattern. This
observation leads us to postulate that there may be another
mechanism(s), in addition to the regulation of sc transcription,
which helps to position the precursors. In Drosophila,one or
two precursors are selected from each proneural cluster by
means of Notch-mediated lateral inhibition (Wigglesworth,
1940; Hartenstien and Posakony, 1990; Heitzler et al., 1996a;

Heitzler and Simpson, 1991). However the choice is often
biased to a cell at a specific position within the cluster (Cubas
et al., 1991; Simpson, 1997; Skeath and Carroll, 1991); it is
not known how this is achieved. 

The function of pannier and the origin of cis-
regulatory elements in the achaete-scute complex 
The pnr gene of Calliphora was found to be expressed in a
conserved domain, similar to that of Drosophilaand Ceratitis,
that covers the medial half of the notum. This suggests that pnr
has retained its selector gene function (Calleja et al., 2000) in all
three species. The bristle patterns and the domains of sc
expression within the pnr expression domain differ, however,
between the three species (Fig. 4). So, if the function of pnr has
been conserved, other factors must have changed in order to
account for these differences. It is not entirely understood how
the broad domain of Pnr in Drosophila is translated into three
small clusters of ac-scexpression, but this requires the activity of
three discrete cis-regulatory elements, as well as modulation of
Pnr function by at least one cofactor, the product of the u-shaped
(ush) gene (Heitzler et al., 1996b; Ramain et al., 1993; Garcia-
Garcia et al., 1999; Gomez-Skarmeta et al., 1995; Haenlin et al.,
1997; Cubadda et al., 1997). Homologues of ushhave not been
isolated in Ceratitisand Calliphora, but the AC bristles of these
species are situated within the domain where ush is expressed
in Drosophila. Changes in the regulation of genes encoding
cofactors for Pnr, such as ush, is thus a possible mechanism for

evolutionary changes in bristle
patterns. 

Conclusions
Our observations suggest a model
for the changes in gene regulation
that may have occurred during
evolution of the stereotyped bristle
patterns of higher flies (Fig. 6). An
ancestor of the Schizophora would
have had a pattern of four
longitudinal rows of large bristles
on the scutum (McAlpine, 1981;
Simpson et al., 1999). The bristle
precursors would be spaced apart
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Fig. 5. Size-dependent variation in the number of bristles in the acrostichal row
on the notum of Calliphora vicina. (A-E) Thoraces of adult Calliphora together
with enlargements of the boxed areas which are shown directly beneath. All
thoraces are to scale. Those from large flies (70 mg; A,B) regularly display more
bristles than a ‘wild-type’ thorax (55 mg; C). Conversely, thoraces from smaller
flies frequently have fewer bristles (40 mg; D,E). Variability in bristle number
extends to both the presutural (E) and postsutural (A,B,D) domains. Comparison
with the contra-lateral hemithorax reveals that an increase or decrease in the
number of bristles is sometimes associated with a displacement of the ‘wild-type’
bristles (B,E), whilst at other times the changes are superimposed on the ‘wild-
type’ pattern, leaving it unchanged (A,D). (F) Variation in bristle number between
individuals of different sizes ofCalliphora vicina. Individual flies were weighed
and their bristle patterns examined; each bristle row was treated separately. The
average, or ‘wild-type’, pattern is shown in Fig. 2D and Fig. 5C. The graph
indicates departures from this pattern. Variation was discovered in all four scutal
rows, and also in the scutellar row: both ‘additional’ and ‘missing’ bristles
occurred relatively frequently. The highest variation was seen in the bristles of the
scutellar and acrostichal rows, which were also the only rows in which variation
correlated with the size of the individual. 
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by lateral inhibition and the number of bristles in each row, and
hence their position, would be variable. Four stripes of sc
expression may have allowed the development of these rows,
and they may have been a result of the activity of four discrete
cis-regulatory elements. The two medial stripes would have
been in the domain of pnr expression, and Pnr would have
regulated activity of the two corresponding enhancers. During
the course of evolution of the lineage leading to acalyptrate flies
there has been a tendency to reduce the number of bristles
through secondary loss (Grimaldi, 1987; Simpson et al., 1999;
Sturtevant, 1970). At the same time the anterior-posterior
positioning of individual bristles has become stereotyped. The
cis-regulatory elements responsible for the stripes of sc

expression may have been retained during this process and
perhaps have been modified to drive expression in small
proneural clusters. This development may have been
accompanied by modulation of the activity of Pnr brought
about by changes in the expression of regulatory cofactors such
as Ush. 
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Fig. 6. A model for the evolution of proneural gene expression and
bristle patterns within the higher Diptera. Representations of
proneural gene expression in late larval/early pupal wing imaginal
discs of different species are depicted on the right. The
corresponding bristle pattern on the adult heminotum of each species
is shown on the left. The acrostichal (AC) bristles and corresponding
expression domains are shaded red, the dorsocentral (DC) blue, the
intra-alar (IA) green, the supra-alar (SA) yellow, and the scutellar
(SC) pink. Unshaded domains represent proneural expression not
associated with bristles of the scutum and scutellum. The top
diagram depicts a hypothetical ancestor of the cyclorraphous
Schizophora. Proneural expression on the scutum is hypothesised to
have been in four stripes, with a further stripe on the scutellum,
giving rise to five rows of bristles each containing a variable number
of spaced bristles. In Calliphora vicina, proneural expression
corresponding to the AC, DC and SC bristle rows occurs in stripes,
but that corresponding to the IA and SA rows is in proneural clusters.
The number of bristles in the DC, IA and SA row is only very
slightly variable. Bristles have a tendency to occupy more or less
stereotyped positions. However, variability is quite common in the
AC and SC rows, and a displacement of bristles from the stereotyped
positions is also observed in the DC row. In Ceratitis capitataand
Drosophila melanogasterexpression of proneural genes occurs in
clusters of cells that correspond to the positions of the bristles that
occupy highly stereotyped positions (Cubas et al., 1991; Skeath and
Carroll, 1991; Wülbeck and Simpson, 2000). The notal bristle
pattern of Drosophilais extremely robust as changes are seen in less
than 0.1% of individuals. Bristle rows are not present in many
acalyptrates like Ceratitisand Drosophila, but the stereotyped
arrangements may be derived from the pattern of rows in a common
ancestor similar to that shown at the top, through secondary loss of
bristles. Bristles are thus named AC, DC, IA or SA according to their
presumed origin. The expression of proneural genes in clusters of
cells in Drosophilais known to depend upon discrete cis-regulatory
enhancer elements in the achaete-scutegene complex (Gomez-
Skarmeta et al., 1995; Ruiz-Gomez and Modolell, 1987). One
possibility is that these elements are derived from regulatory
elements that allowed an expression of proneural genes in
longitudinal stripes in an ancestor. 



572

REFERENCES

Alonso, M. C. and Cabrera, C. V.(1988). The achaete-scutegene complex
of Drosophila melanogastercomprises four homologous genes.EMBO J.
7, 2585-2591.

Balcells, L., Modolell, J. and Ruiz-Gomez, M.(1988). A unitary basis for
different Hairy-wing mutations of Drosophila melanogaster. EMBO J. 7,
3899-3906.

Benner, S. A., Cohen, M. A. and Gonnet, G. H.(1994). Amino acid
substitution during functionally constrained divergent evolution of protein
sequences.Protein Eng. 7, 1323-1332.

Calleja, M., Herranz, H., Estella, C., Casal, J., Lawrence, P., Simpson,
P. and Morata, G. (2000). Generation of medial and lateral dorsal
body domains by the panniergene of Drosophila. Development127, 3971-
3980.

Cubadda, Y., Heitzler, P., Ray, R. P., Bourouis, M., Ramain, P., Gelbart,
W., Simpson, P. and Haenlin, M.(1997). u-shapedencodes a zinc finger
protein that regulates the proneural genes achaeteand scuteduring the
formation of bristles in Drosophila. Genes Dev. 11, 3083-3095.

Cubas, P., de Celis, J. F., Campuzano, S. and Modolell, J.(1991). Proneural
clusters of achaete-scuteexpression and the generation of sensory organs in
the Drosophila imaginal wing disc.Genes Dev. 5, 996-1008.

Garcia-Garcia, M. J., Ramain, P., Simpson, P. and Modolell, J.(1999).
Different contributions of pannier and winglessto the patterning of the
dorsal mesothorax of Drosophila. Development126, 3523-3532.

Ghysen, A. and Dambly-Chaudiere, C.(1988). From DNA to form: the
achaete-scutecomplex.Genes Dev. 2, 495-501.

Gomez-Skarmeta, J. L., del Corral, R. D., de la Calle-Mustienes, E., Ferre-
Marco, D. and Modolell, J.(1996). Araucanand caupolican, two members
of the novel iroquoiscomplex, encode homeoproteins that control proneural
and vein-forming genes.Cell 85, 95-105.

Gomez-Skarmeta, J. L., Rodriguez, I., Martinez, C., Culi, J., Ferres-
Marco, D., Beamonte, D. and Modolell, J.(1995). Cis-regulation of
achaeteand scute: shared enhancer-like elements drive their coexpression
in proneural clusters of the imaginal discs.Genes Dev. 9, 1869-1882.

Gonzalez, F., Romani, S., Cubas, P., Modolell, J. and Campuzano, S.
(1989). Molecular analysis of the asensegene, a member of the achaete-
scutecomplex of Drosophila melanogaster, and its novel role in optic lobe
development.EMBO J. 8, 3553-3562.

Grimaldi, D. A. (1987). Amber fossil Drosophilidae (Diptera), with particular
reference to the Hispaniola taxa.Am. Mus. Novit2880, 1-23.

Haenlin, M., Cubadda, Y., Blondeau, F., Heitzler, P., Lutz, Y., Simpson, P.
and Ramain, P. (1997). Transcriptional activity of pannier is regulated
negatively by heterodimerization of the GATA DNA-binding domain with
a cofactor encoded by theu-shapedgene of Drosophila. Genes Dev. 11,
3096-3108.

Hartenstein, V. and Posakony, J. W.(1990). A dual function of the Notch
gene in Drosophilasensillum development.Dev. Biol. 142, 13-30.

Heitzler, P., Bourouis, M., Ruel, L., Carteret, C. and Simpson, P.(1996a).
Genes of the Enhancer of splitand achaete-scutecomplexes are required
for a regulatory loop between Notchand Delta during lateral signalling in
Drosophila. Development122, 161-171.

Heitzler, P., Haenlin, M., Ramain, P., Calleja, M. and Simpson, P.(1996b).
A genetic analysis of pannier, a gene necessary for viability of dorsal tissues
and bristle positioning in Drosophila. Genetics143, 1271-1286.

Heitzler, P. and Simpson, P.(1991). The choice of cell fate in the epidermis
of Drosophila. Cell 64, 1083-1092.

Kimble, J. and Simpson, P.(1997). The LIN-12/Notchsignaling pathway and
its regulation.Annu. Rev. Cell Dev. Biol. 13, 333-361.

Kunisch, M., Haenlin, M. and Campos-Ortega, J. A.(1994). Lateral
inhibition mediated by the Drosophilaneurogenic gene Delta is enhanced
by proneural proteins.Proc. Natl. Acad. Sci. USA91, 10139-10143.

Leyns, L., Gomez-Skarmeta, J. L. and Dambly-Chaudiere, C.(1996).
iroquois: a prepattern gene that controls the formation of bristles on the
thorax of Drosophila. Mech. Dev. 59, 63-72.

Martinez, C. and Modolell, J. (1991). Cross-regulatory interactions between
the proneural achaeteand scutegenes of Drosophila. Science251, 1485-
1487.

McAlpine, J. F. (1981). Manual of Nearctic Diptera(ed. J. F. McAlpine).
Research Branch Agriculture Canada.

Parks, A. L., Huppert, S. S. and Muskavitch, M. A.(1997). The dynamics
of neurogenic signalling underlying bristle development in Drosophila
melanogaster. Mech. Dev. 63, 61-74.

Pattatucci, A. and Kaufmann, T.(1992). Antibody staining of imaginal discs.
Dros. Info. Service71, 147.

Ramain, P., Heitzler, P., Haenlin, M. and Simpson, P.(1993). pannier, a
negative regulator of achaeteand scutein Drosophila, encodes a zinc finger
protein with homology to the vertebrate transcription factor GATA-1.
Development119, 1277-1291.

Ruiz-Gomez, M. and Modolell, J.(1987). Deletion analysis of the achaete-
scutelocus of Drosophila melanogaster. Genes Dev. 1, 1238-1246.

Simpson, P.(1990). Lateral inhibition and the development of the sensory
bristles of the adult peripheral nervous system of Drosophila. Development
109, 509-519.

Simpson, P.(1997). Notchsignalling in development: on equivalence groups
and asymmetric developmental potential.Curr. Opin. Genet. Dev. 7, 537-
542.

Simpson, P., Woehl, R. and Usui, K.(1999). The development and evolution
of bristle patterns in Diptera.Development126, 1349-1364.

Skeath, J. B. and Carroll, S. B.(1991). Regulation of achaete-scutegene
expression and sensory organ pattern formation in the Drosophila wing.
Genes Dev. 5, 984-995.

Sturtevant, A. H. (1970). Studies on the bristle pattern of Drosophila. Dev.
Biol. 21, 48-61.

Takano, T. S. (1998). Rate variation of DNA sequence evolution in the
Drosophila lineages.Genetics149, 959-970.

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F. and Higgins,
D. G. (1997). The CLUSTAL_X windows interface: flexible strategies for
multiple sequence alignment aided by quality analysis tools.Nucleic Acids
Res. 25, 4876-4882.

Usui, K. and Simpson, P.(2000). Cellular basis of the dynamic behavior of
the imaginal thoracic discs during Drosophila metamorphosis.Dev. Biol.
225, 13-25.

Villares, R. and Cabrera, C. V.(1987). The achaete-scutegene complex of
D. melanogaster: conserved domains in a subset of genes required for
neurogenesis and their homology to myc. Cell 50, 415-424.

Wigglesworth, V. B. (1940). Local and general factors in the development of
‘pattern’ in Rhodnius prolixus(Hemiptera). J. Exp. Biol. 17, 180-200.

Wülbeck, C. and Campos-Ortega, J.(1997). Two zebrafish homologues of
the Drosophilaneurogenic gene grouchoand their pattern of transcription
during early embryogenesis.Dev. Genes Evol. 207, 156-166.

Wülbeck, C. and Simpson, P. (2000). Expression of achaete-scute
homologues in discrete proneural clusters on the developing notum of the
medfly Ceratitis capitata, suggests a common origin for the stereotyped
bristle patterns of higher Diptera.Development127, 1411-1420.

Zipursky, S. L., Venkatesh, T. R., Teplow, D. B. and Benzer, S.(1984).
Neuronal development in the Drosophila retina: monoclonal antibodies as
molecular probes.Cell 36, 15-26.

D. Pistillo, N. Skaer and P. Simpson


