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Molecular %lenetics of aristaless,

a prd-type

omeo box gene involved

in the morphogenesis of proximal
and distal pattern elements in a subset
of appendages in Drosophila

Kay Schneitz,! Patrick Spielmann, and Markus Noll

Institute for Molecular Biology II, University of Zirich, CH-8057 Zirich, Switzerland

Viable aristaless (al) mutations of Drosophila affect pattern elements at both ends of the proximodistal axis in
a subset of adult appendages. The al gene has been cloned and identified by P-element-mediated germ-line
transformation with a genomic DNA fragment, which rescues a lethal mutation of al as well as aspects of the
adult al phenotype. The al gene contains a prd-type homeo domain and a Pro/Gln-rich domain and, hence,
probably encodes a transcription factor. Its transcript distribution in third-instar imaginal discs closely
corresponds to the anlagen of the tissues that later become visibly affected in adult al mutants. The striking
similarity of a bimodal al expression in different imaginal discs indicates that al is under the control of a
“prepattern,” which is shared at least among antennal, leg, and wing discs. The al gene is also transcribed
during embryogenesis. Apart from a function in the ontogeny of specific larval head and tail organs, its
embryonic transcript pattern suggests a possible role in early imaginal disc development.
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An overwhelming multiplicity of species is found in the
insect world, as documented by the enormous variety of
different sizes, puzzling shapes, and intricate patterns of
their outer manifestations. A primary goal of develop-
mental biology is the description of the ontogeny of such
complex forms and patterns at the molecular level.

Two characteristics of the arthropod phylum are the
tendency toward regional specification and the seg-
mented body, with each segment bearing a pair of ven-
trally located and articulated appendages (Brusca and Br-
usca 1990). Thus, it is commonly accepted that insects
have evolved from an annelid-like ancestor, consisting of
an array of fairly similar segments, to their current spe-
cialized forms through the grouping of adjacent seg-
ments into three body parts (tagmosis) and a high degree
of specification of single segments that is reflected, for
example, by the variety in external morphology of insect
appendages {Brusca and Brusca 1990 and references
therein).

In Drosophila, the classical genetic studies on segment
identity (Lewis 1963, 1978; Garcia-Bellido 1975, 1977;
Ouweneel 1976; Kaufman et al. 1980) and the pioneering
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work on the generation of segments (Nisslein-Volhard
and Wieschaus 1980} have initiated a vast number of
molecular studies that have provided basic insights into
the gene networks and mechanisms regulating the estab-
lishment and specification of segments (for review, see
Akam 1987; Ingham 1988). However, comparatively lit-
tle is known about the nature of the processes generating
a particular three-dimensional pattern element of a seg-
ment, like a leg or an antenna. Thus, although many
genes are known that affect leg formation (Tokunaga and
Gerhart 1976; Held et al. 1986), only recently detailed
molecular studies, combined with genetic tools, have be-
gun to analyze their function. Such studies showed that
genes like the homeo box gene Distal-less (DIl), formerly
called Brista (Sunkel and Whittle 1987), and rotund {rn)
play an important role in establishing the pattern along
the proximodistal axis of appendages (Kerridge and
Thomas-Cavallin 1988; Agnel et al. 1989; Cohen and
Jirgens 1989; Cohen et al. 1989; Cohen 1990).

In an attempt to understand the events of pattern for-
mation and morphogenesis in Drosophila that follow de-
termination and specification of segments, we focused
our attention on the aristaless (al} gene for several rea-
sons. First, viable al mutants are known to exhibit char-
acteristic and localized pattern disturbances in a subset
of the appendages of the adult fly {Lindsley and Zimm
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1992). Various al mutations reduce or remove the most
distal part of the antennae and legs, the aristae and claws
(Fig. 1). Furthermore, al mutants display a shortened
scutellum, as well as minor effects on wing venation.
Second, al belongs to a particular subset of morphoge-
netic genes residing in the cytological interval 21C1,2;
21D1,2. This set includes al, expanded (ex), and
dachsous (ds) (Stern and Bridges 1926; Lewis 1945; Lind-
sley and Grell 1968; Korochkina and Golubovsky 1978).
Besides their close genetic linkage, these three genes in-
teract with a locus, defined by a closely linked yet dis-
tinct, though still poorly characterized, “/genetic regula-
tor” function R, which fails to complement al, ex, and ds
and thus behaves as an activator of the three genes {Gol-
ubovsky and Kulakov 1978; Korochkina and Golubovsky
1978). An additional property of these genes might lie in
a common origin for their adult phenotypes. Phenotypic
abnormalities associated with ex and ds mutations have
been interpreted in terms of defects in growth behavior
of the mutant imaginal discs during larval development
(Waddington 1941, 1942, 1943, 1953). An altered growth
pattern could also account for at least some of the phe-
notypic effects of al {Tokunaga and Stern 1969). Finally,
both al and ds were shown to interact with a variety of
homeotic genes (Villée 1945, 1946; Mglinets and Ivanov
1975; Mikuta and Mglinets 1978).

In a first step toward an understanding of the phenom-
ena described above, the al gene has been cloned, iden-
tified, and characterized. In particular, its expression pat-
terns are described in detail in whole-mount embryos
and late third-instar imaginal discs.

Results
The al phenotype

A limited set of particular body parts are visibly affected
in al flies {Lindsley and Zimm 1992; for a careful descrip-
tion of the wild-type adult structures, see Hodgkin and
Bryant 1978). The most prominent effects are illustrated
in Figure 1. Compared to a wild-type arista (Fig. 1A), the
mutant arista is variably reduced in size (Fig. 1D), de-
pending on the allelic combination. The other obviously
affected part is the posterior mesonotum (Fig. 1B,E), the
scutellum, which is considerably reduced in size
(Tokunaga and Stern 1969). In addition, and again de-
pending on the allelic combination, one may find super-
numerary scutellar bristles {up to a total of eight; Fig. 1E)
or the posterior scutellar bristles pointing anteriorly
(Lindsley and Zimm 1992). In adults carrying strong vi-
able alleles, occasionally a reduction or complete ab-
sence of the tarsal claws is observed (Lindsley and Zimm
1992), whereas the empodium and the pulvilli appear
unaffected (Fig. 1C,F). The remaining mutant features
include irregularities of the sternopleural bristles and of
the first and second longitudinal wing vein (Lindsley and
Zimm 1992; K. Schneitz, unpubl.). No cuticular pheno-
type was detected in embryos carrying lethal allelic com-
binations of al (see Discussion).
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Figure 1. The al phenotype. Adult cuticle preparations illus-
trate corresponding wild-type {A—C) and al mutant {D-F) struc-
tures. The region of the antenna with the arista (A4,D), the pos-
terior mesonotum and scutellum (B,E), and the distal leg with
the claw organ (C,F) are shown. (A2Zb) Zahnborsten of second
antennal segment; (Anl-An3) first to third antennal segments;
(Ar) arista; (Bc) basal capsule; (Jo) Johnston’s organ; (Asc, Psc)
anterior and posterior scutellar bristle; (Sc) scutellum; (E} em-
podium; (K| unguis (claw}; (P} pulvillus.

Cloning and identification of al

The al gene maps genetically at 0.0 map units and cyto-
logically to 21C1,2 on the left arm of the second chro-
mosome {Stern and Bridges 1926; Lewis 1945; Koroch-
kina and Golubovsky 1978). To clone the al gene, a ge-
nomic walk was initiated from a previously isolated
phage (containing position 0 of our walk and mapping
cytologically to chromosomal band 21C7,8) and ex-
tended to cover the entire Df(2L)al deficiency (Fig. 2A;
portions of the walk were generous gifts of Rick Jones
and Corrado Caggese). The al gene was localized within
the walk by in situ hybridization to In(2L)al*%° polytene
chromosomes and subsequent isolation from a genomic
In(2L)al*®*%library of a region covering the proximal
breakpoint of In(2L)al’3° (21C1,2/21E1,2; E. Lewis pers.
comm.) and, hence, containing al sequences proximal to
the distal inversion breakpoint. The 0.29-kb Xhol frag-
ment containing the distal breakpoint (Fig. 2B} was in-
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Figure 2. Chromosomal walk uncovered
by Df(2L)al and transcriptional organiza-
tion of al. (A) Chromosomal walk of the ‘

Df2L)al  —__ " T]

21C1,2/21C7,8 interval. Below is an EcoRI Ly
restriction map (scale in kb; broken lines

indicate EcoRI sites of neighboring frag-
ments whose order has not been deter-
mined) of the genomic region comprising
the 220 kb deleted by Df(2L)al. Horizontal
lines indicate the extent of phage or, in the
case of cos4-2E and cos7-2E, cosmid inserts
of a chromosomal walk. Clones A5-4C,
A8-5 to A13-4 [derived from an isogenic II
(dp cn bw) genomic library prepared in
EMBL3; the small vertical lines represent
internal Sall sites| and the cosmid clones
cos4-2E and cos7-2E are part of a generous
gift of Rick Jones (Southern Methodist
University, Dallas, TX). All other inserts
were obtained from a genomic library pre-
pared in EMBL4 {Frischauf et al. 1983). The
cytological location of the chromosomal
walk is indicated next to the open arrows,
orienting the telomere of the left arm of
the second chromosome to the left and the
centromere to the right. The extent of the
region deleted by Df(2L)al is represented
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breakpoints. Proximal and distal break-
points lie within 3.0- to 4.0-kb EcoRI frag-
ments. (B) Enlarged map of the al locus in-
dicating its transcriptional organization. A
partial restriction map of the al region is
shown in which sites also found in isolated
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the distal breakpoint of the inversion In(2L)al'®® localizing the gene. Its precise position has been determined by cloning and
sequencing (Fig. 3A). Below the map, the splicing pattern of three different classes of al-cDNAs is depicted. Only the longest cDNA
representative of each class is shown. Class I consists of alcl, alc3, alc4, alc10-alc13, and alcl7; class II consists only of alc8, class III
consists of alc2, alc7, alc15, and alc18. Sequences with an open reading frame are shown as stippled; the prd-type homeo box is shown
in black. The orientation of the al transcripts is indicated by the 5’ and 3’ ends. (E) EcoR]; (P) Pstl; {S) Sall; (X) Xhol; (Xb) Xbal.

cluded in all cDNAs isolated from this region (see be-
low). Therefore, the inversion interrupts a transcription
unit that was later confirmed by genomic rescue exper-
iments to code for the al transcript (see below). The pre-
cise location of the distal breakpoint was determined by
sequencing (Fig. 3A).

Transcriptional organization of the al gene

Figure 2B depicts a schematic overview of the transcrip-
tional organization of the al locus. On the basis of iso-
lated cDNAs, at least three different groups of tran-
scripts can be discriminated. Class I cDNAs are derived
from an mRNA that encodes the longest open reading
frame and includes a homeo domain. The longest cDNA
representing this class is the ~1.8-kb alcll [without
poly({A) tail], which lacks ~0.4 kb of untranslated leader
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sequence (Fig. 3A) as judged by Northern blot analysis
(Fig. 5, below).

Only one member has been isolated from the second
class, alc8, which deviates in its first 11 bp but shares the
last three exons with class I cDNAs. These 11 bp are
found in the genomic sequence of the second intron of
class I primary transcripts (Fig. 3A). Hence, alc8 could
have arisen from a splicing artifact or by a regular alter-
native splice event generating an altered amino terminus
of the homeo domain. Consistent with either possibility
is the fact that the 11-bp piece ends at a potential splice
donor site (Fig. 3A). Although no genomic DNA se-
quence upstream of the 5’ end of alc8 {within the second
intron of class I transcripts) could encode for the remain-
ing amino-terminal part of a homeo domain and no sig-
nal was detected upstream of the second exon after low
stringency hybridization with the homeo domain of prd,
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atttattgcactttgtgcggggcttattcaattacgcccaatcgaagaggcgcgagagagagggccatgcggagcgacagagagcggtagagagcagetecegecattatttegeteegte 120
121 gaatgctgctttcccataggccgaaccgccagaaagaggcggagtcecegtcececggecacctgecgectcacctgegacacctgegacgatcgatcgacacgectceccgatcgecatcgeteee 240
241 tctcgctctgcggcactacgaaacactaaaaacactgggaggccagaaaaccactctcgcaacattggaaaacaacaactccaaccggttgttgtttcagacccaccagagttttcacct 360

1 5'end alc11 + 5" end alc1
31 gcgcgccaactgcetcaccgtgtagtttget GCCGGCTCTGGAACAGCCCGGTCATCTCGTCGCGTTCGGTTCCGATTCCGATTCGAATAGTCGAGCTGGGGATATATTGTTGTTTCCGGG 480

4 5'end alc10

481 TTAAAGTGCGTACGATTGCGGAAGTGTCGGTATCCTGCGCGTAGTACAAAGTTATACCCATCAAAGGTGTATCGCGATCAAAGTGAACGCTTGGTACTCGGTATCTGGTTGTTGGAAGAA 600

60

GTGGACAAAAGACCGTCGGCAAAAGTTACTGTTGGTGTGAGCTACAGGGCTTATTGGCCCGGTTAAATAGGAAGAGAGAGATTCAGAAGGCCAAACATTATCAAGACCATCCGTACAATA 720

1

721 TCTGGCGATTAAGGAGGAGAAGGAAGgttagtctcagacatt. .. ca 6.3 kb ...ttatctctgtgtagCCGCTGTCTTCGAGATCAGACTAGATCGCCCTCCTGGATTATG 7140

G I S E E I K L E E L P Q EA K L AHUPDA AWV VL VDI RAZPG S S A A S A G A A 41

7141 GGCATATCGGAGGAAATCAAGCTGGAGGAACTACCGCAAGAAGCCAAGCTAGCGCACCCGGATGCCGTAGTGCTGGTGGATCGTGCCCCAGGATCGTCGGCCGCCTCCGCCGGCGCAGCG 7260

- 5'end ; alc17

L T Vv S M s Vv sS G GA P S GASGASGGTNSU?P Vs D GNSDCEAUDE Y A P 81

7261 CTGACGGTTTCGATGTCGGTCTCGGGCGGAGCGCCCAGTGGAGCAAGTGGGGCCAGTGGCGGCACCAATAGCCCCGTTTCGGATGGAAACAGCGACTGCGAAGCGGACGAGTACGCCCCG 7380
|=—mmmm e | Xhol

K R K Q R R Y R T T F T S F Q L E E L E KA AVF S R T H Y P D V F T R 115

7381 AAGCGGAAGCAGCGGCGCTATCGCACAACCTTCACCAGCTTTCAGCTCGAGGAGCTGGAGAAGGCATTCTCGCGGACCCATTATCCCGACGTGTTTACGAGgtgagtaacatatgacgaa 7500

7501 atgcgataaggtcgaagccggacaaaatgagtgccgcagaagaaaagaaatttgcataaatcgetcatcgaggegcgacaaaggctggaaagttgattettggttttacgataccaagac 7620
7621 gaatatgggaacgatcgggtgataataataatgcccataacgacgcgaccccctgagtggatcgatcgatcttattcggagecagecgtttatacccatgggtttggetgggactecteece 7740

7741 gagctagccaaaatagcagcatctcggccctaagagactctaacgatcgcaattagcatgetgcaatgtggttgaaagacageccacagtaattgccataaatttaaagtcaggcactttt 7860

Sall 4 5'end alc15
7861 gcagtcgacaagccaaagtgagcgctaattgagaccgcacgaagctgggactgaaacaaaaaccgaaataaaaaagtgagcttacaatgtcaatcgcaaccacaattagatcaacttttt 7980

7981 gccatgtcgctggcagttttcaattcattaggctgeggattcatttaaatgcagcaattaattaaggaaataaatcaattcgacaatgatctctgaataagettcaattgetttggaatg 8100

4 5'end alc8
8101 agaagcgcaggaggtaagctaaggtcagcgctttaacaacgtatgactttgcattttggtaataaaattggttcgctaaacattttgagtatagaaaagcagtttgcaggeccggttagtt 8220
KA KKK A KKK
4 5'end alc2  5'end alc12
Pstl1 E E L A MK I G L TEATRTIQ 130
8221 aaatgcctgcgccatgtccctgcagtttttcccagectaaccaaggtttetetttecattttettgecagAGAGGAGCTGGCGATGAAAATTGGATTAACCGAGGCGCGCATTCAGgtgagca 8340

8341 tttcgcaaagagggaaattcagggctcgatgctgegcagatttgtggttaattcgegtggeccacgtgecacccaacaatgttgaaaattgaaaaataatggagcatgtagctactaatga 8460

4 5'end alc7
8461 aatcgagacgggactagacggacagccagcgcagatccgcggetggagaaattcatttaattetgttttagtgecagtcattacatgeccggteggtcattttatggtcggaaagtecgeg 8580

{ 5'end alc18
8581 gcttctttttaattactgttcatgctaaacaacattatttgcctacatccatttcecgtgeggacttcaactgetegggactecccgagcaatcaggagecggettettgggaaggactee 8700

8701 atattcagattgttatgttaaaaactaattaaaggggcgttttcaataacaacgcccattaattggatgctccgegatcggagcacatatgaacaggatggtcggaacttgatgcagata 8820
4 5'end alc4

V W F Q N R R A K W R K QE K V G P Q s H P 15
8821 cagtagcctgcttgcagcacataactcataaagcccattectcacttactttccagGTTTGGTTTCARAATCGGCGCGCCAAGTGGCGCAAGCAGGAGAAGGTTGGCCCCCAGTCGCATC — 8940

Y L P G GAATMGQTV UV GAATLZP©PNUPTFTUHTILSGT F QL R KP F DA Q H 192
8941 CGTATAATCCCTACCTGCCCGGCGGCGCCGCCACCATGCAGACGGTAGTTGGGGCCGCCCTACCGCCCAATCCCTTCACTCACCTGGGCTTCCAGCTGCGCARGCCCTTCGACGCCCAAC 9060
{ 5'end alc13
A AN L A A F R Y P H L P M I P G Y F N Q F Q0 R 220
9061 ATGCCGCGAACCTTGCCGCCTTCCGCTACCCGCACCTCTCTGCGGCCCCCATGATTCCGTCGGGCTACTTTAACCAATTCCAGAGgtgagtaatcagtctatectgatttttaagaaaag 9180

4 5'end alc3
A P P H M L P H G M 23
9181 tcgttaaaaattttattaaaataataaccagatctatttatacgttatttgtaaaagttccattcttaaatttatctgcaatttcttgecagGGCTCCTCCCCATATGTTACCACATGGAA 9300

Xhol |----> dBP In(2L)al %0
A G M Y S P S S S F Q S L L A N M T A V P R G P P L G K P P A L L V G S P D L H 270
9301 TGGCTGGTATGTACTCTCCCTCGAGCTCATTTCAATCCTTGCTGGCCAATATGACGGCCGTTCCGCGCGGGCCTCCACTTGGAAAACCTCCTGCACTACTGGTGGGATCTCCCGATCTGC — 9420

s P N HMTLASZ®P©PT S P A S G HASOQH QO QHP TAUH®PUPP P QAP P QO MU©P V 310
9421 ATTCGCCCAACCACATGCTCGCCTCACCACCCACATCGCCTGCCTCCGGGCACGCCTCCCAGCATCAACAACATCCAACCGCTCACCCCCCGCCACCTCAGGCGCCTCCTCARATGCCAG 9540

Xho 1
P Q Q LV GIATLTT QO QA ASSULS®PTOQTS©PUVATULTIL S H S P 35
9541 TTGGAGTCCAGCCTGCTCAGCTTTCTCCCCAGCAGCTGGTTGGGATCGCCTTGACCCAACAGGCCTCGAGTCTATCGCCCACCCAGACTTCCCCGGTGGCCCTGACTTTGTCGCACTCTC 9660
Q L P P P S HQ AP RU HILU®PETLOQ®RUHZ®P®RTGAUP P P L P H C V EN 384
9661 CCCAACGACAACTGCCTCCACCATCGCATCAGGCTCCGCGCCACCTCCCAGAGCTGCAACGCCACCCGAGGACAGGCGCACCTCCTCCATTGCCGCACTGCGTCTGAAGGCGAGAGAGCA 9780

9781 CGAACTGAAACTGGAACTGTTGCGTCAGAATGGACATGGAAACGATGTGGTCAGCTAGCTGGTGGAGCAATTAAGGTTCAAGGATGCAATGGACGATACGAAGGTCAGCGAGGATTCCCC 9900

Pst1 ) 4 poly A (3' end alc6)
9901 AAACCCAAGTGCAAAAAGATTTCCAATTCACTGCAGTCCTAAACTAATAAGTTATTCAATTGTATTTACCTAAGCTCCAATTTTAAATAAATTCAATAAGTAAAATTacaccatattgtt 10020

10021 ttgggcaaatactgatattagccacaaataggagaaatatagcttatttgtgaactaagtataaattaactgaataaagttcatgcaatacctagttcaaaataaaactacttttaccce 10140
10141 attttgagaagaccaagcacaccaactcttcatcatctcattattgtcttctggtaattcccacaa 10206

B prd-type dBP In(2L)al130

ext. homeo-

domain
+/- ASG --NLS +/- P P/Q Q T/S P
NH, - EEERE 81 V272788877771 - COOH
1 85 144 250 384

Figure 3. (See following page for legend.)
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we cannot exclude that the 11 bp are part of a2 miniexon,
and additional exons encoding the missing portion of the
homeo domain are located in the large intron or up-
stream of the 5’ end of class I transcripts. Furthermore, it
might be noteworthy that a potential translational start
site is found 15 bp upstream of the beginning of alc8.
Starting from this ATG, translation would result in a
truncated homeo domain that is missing the amino-ter-
minal half of the canonical homeo domain but contains
the helix—turn-helix motif.

Class III transcripts exhibit a rather astonishing se-
quence. Four cDNAs of ‘different sizes belong to this
class and seem to be derived from an unspliced message
overlapping the 3’ portion (last three introns and exons)
of class I transcripts. Its longest representative is alcl5,
starting 171 bp upstream from the 5' end of alc8. No
reasonably long open reading frame could be derived
from its genomic sequence upstream from the splice ac-
ceptor site of the third intron of class I cDNAs. We do
not know whether there is any biological function asso-
ciated with class II and class III transcripts. However,
there are several ATGs in the open reading frame of the
last exon of class I cDNAs, which is identical to that of
class II and class III cDNAs (Fig. 3A). Hence, at present,
we cannot eliminate the possibility that one or several of
these ATGs is used in class II or class III transcripts to
produce a small Pro- and Gln-rich protein {Fig. 3).

Rescue of the al lethality and features
of the adult phenotype

In a first attempt of a P-element-mediated rescue of al
mutants, a 13.3-kb EcoRI fragment derived from the
right end of Y3-4 was used (Fig. 2}. This fragment is able
to rescue the lethality (Table 1) and some aspects of the
adult al scutellar phenotype associated with the inver-
sion In(2L)al**°. The rescued flies still exhibit reduced
aristae but are nearly wild type with regard to the scutel-
lar phenotype (not shown).

Interestingly, flies homozygous for the inversion
In(2L)al*3° that carry only one copy of the rescue con-

struct show new additional features of the wing pheno-
type. These animals display gaps in the most proximal
part of the second longitudinal vein (LI}, a feature very
reminiscent of the telegraph (tg) phenotype (Stern and
Bridges 1926). Because the tg mutation is genetically
closely linked to al, we suggest that these two mutations
are allelic. In addition to the effect on the LII vein, we
observe an altered wing shape in that the wing blade is
bent downward at its posterior tip. In contrast to the
mutant wing blade, the gap in LII is only rarely observed
and only in flies harboring only one copy of the rescue
construct {data not shown). The fact that the rescue con-
struct fails to rescue some of the adult al phenotypic
features in transgenic flies provides an internal control
for the homozygous In(2L)al%° genotype of the rescued
flies. In addition, the observed partial rescue of the
scutellar phenotype proves that the al phenotype of the
In(2L)al**® chromosome is caused by an effect on the
transcription unit interrupted by the inversion and not
by a mutation elsewhere on the chromosome. Homozy-
gous In(2L)al*3° flies without the genomic rescue con-
struct have never been detected, suggesting that this al
mutation is lethal.

DNA and protein sequence of al

The genomic DNA sequence of the five exons and the
last three introns of the al transcription unit represented
by class I ¢cDNAs was determined on both strands,
whereas only a small portion of the 6.3-kb intron was
sequenced. In addition, the ¢cDNA sequence was ob-
tained from both strands of class I cDNAs while only the
5' ends of other cDNAs were sequenced. The result, in-
cluding the conceptual translation of class I transcript
sequences derived from the genomic sequence, is shown
in Figure 3A. The longest class I cDNA, alcll, starts at
nucleotide 391 and has a length of 1791 bp. As judged
from the length of the major transcript detected by
Northern blot analysis (Fig. 5, below), it is not full length
but lacks ~0.4 kb at its 5’ end. Four introns of 6.3 kb, 806
bp, 543 bp, and 126 bp are found. Transcripts correspond-

Figure 3. (A) DNA sequence of the al gene and corresponding amino acid sequence of the putative Al protein. The genomic DNA

sequence between 390 bp upstream of the 5’ end of the longest class I cDNA (alc11) and 199 bp downstream of the poly{A) addition
site is shown with the exception of the 6.3-kb intron. Exon sequences found in class I cDNAs are represented by uppercase letters. The
numbering of nucleotides (indicated in both margins) following the 6.3-kb intron is approximate, as only a small portion of it has been
sequenced. Amino acid positions of the putative Al protein are numbered only in the right margin. The sequence corresponding to the
prd-type homeo box, interrupted by two introns, is underlined twice and its amino-terminal extension is underlined once. They
contain a potential nuclear localization signal labeled by a broken line. The 5’ ends of al-cDNAs are indicated above the sequence.
Asterisks mark the first 11 bp of the 5’ end of alc8. The canonical poly(A) addition signal is underlined. Note that the site of poly(A)
addition in alcl is 2-6 bp upstream of that found in alc6 and that the sequence of alcll differs from the genomic sequence at two
nucleotides that would result in an altered protein, namely at nucleotides 9372 (C —A) and 9575 (G — T). The distal breakpoint of the
inversion [dBPIn(2L)al**°) is marked by a vertical line and an arrow indicating the orientation of the inversion. Because only the
proximal breakpoint of the inversion has been sequenced, the probability that the true breakpoint is N base pairs downstream of the
one indicated is about 42N, Restriction sites shown in Fig. 2B are denoted above the sequence. (B) Schematic representation of Al
protein domains. The primary sequence of the Al protein suggests its composition of several domains: (+/ —) charged domain; (ASG)
domain rich in Ala, Ser, and Gly; {ext.) negatively charged (- —) amino-terminal extension of prd-type homeo domain; (NLS) nuclear
localization signal; (P/Q) overlap of Pro- (P) and Gln-rich (Q) domains; (T/S) Thr/Ser-rich domain. Numbers refer to amino acid
position in the primary sequence of the Al protein and mark domain boundaries. The arrow indicates the position of the distal
breakpoint of In(2L)al**°.
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Table 1.

The P-element insertion B38 carrying genomic al DNA rescues the lethality associated with the inversion In{2L)a

Molecular genetics of aristaless

1130

Cross (inter se)

(w118, In(2L)al*®°/CyO;B38/ +|

observed fraction of calculated number of

number of combinatorial progeny per single percentage
Genotypes of progeny* progeny events combinatorial event of viability®
In(2L)al*3%/ In(2L)al*3%%; +/+ 0 /16 0 0
In(2L)al*3%/In(2L)al*3°; B38/+ 39 2/16 19.5 15
In(2L)al*3%/In(2L)al*3°; B38/B38 28 1/16 28 40¢
In(2L)al’®%/CyOQ; +/+ 238 2/16 119 }126d 100
In(2L)al’3%/CyO; B38/+ 530 4/16 132.5 100
In(2L}al*®%/CyO; B38/B38 139 2/16 69.5+ 55¢

Number of progeny scored 974

2The lethal combinations involving the homozygous CyO chromosomes are not listed, and X chromosomes (carrying the w'’8 marker)

are omitted.
®Normalized to 126(d) with the exception of 40|c).

“Normalized to 69.5(*) due to the reduced viability of the homozygous B38 chromosome.

dAverage of values from rows four and five.

“Note the reduced viability of the homozygous B38 chromosome.

ing to class I cDNAs consist of a leader (interrupted by
the first intron) of at least 396 nucleotides but probably
closer to ~0.8 kb, an open reading frame of 1152 nucle-
otides (beginning with an ATG at nucleotide 7138), and
a trailer of 243 nucleotides.

The potential translational start site fits the consensus

sequence well (Kozak 1986) and predicts a protein of 384

amino acids (Fig. 3B). Its amino-terminal part comprises
a stretch of 22 amino acids rich in charged residues (8/
22), followed by 45 amino acids, including 22% Ala {10/
45),22% Ser {10/45), and 18% Gly (8/45). A short stretch
of acidic residues (5/10) is part of an extended homology
of 18 amino acids frequently abutting the amino termi-
nus of paired (prd)-type homeo domains (Bopp et al.
1986). Residues 82-89 might contain a nuclear localiza-
tion signal (Silver 1991} overlapping with this extended
homology and a prd-type homeo domain that begins at
residue 85 (see below). Three of the nine residues en-
coded by amino acids 183-191 are charged and sur-
rounded by long runs of uncharged amino acids. The car-
boxy-terminal portion of the protein, encoded entirely by
the last exon, consists of two Pro-rich regions located at
its ends {20/69 and 11/35). Between them, and partially
overlapping with the first Pro-rich region, is a stretch of
41 amino acids rich in Gln (11/41), followed by 19 amino
acids rich in Ser and Thr (9/19).

Sequence analysis of a genomic fragment containing
the proximal breakpoint of the al inversion In(2L)al*3°
shows that the inversion removes the region down-
stream of nucleotide 9332, encoding the Pro- and Gln-
rich domain, from the al transcription unit.

The al gene encodes a homeo domain belonging
to the prd class

A comparison of the al homeo domain with homeo do-
mains found in a variety of metazoa reveals a striking

resemblance to the prd class of homeo domains (Fig. 4A;
Bopp et al. 1986). Within this class, the al homeo domain
is most closely related (75% identity) to the murine
Pax-7 (Jostes et al. 1991) and Schistosoma mansoni
smox-3 homeo domains (Webster and Mansour 1992),
whereas it has diverged slightly more from the goose-
berry neuro (gsbn, formerly designated gsb-BSH4 or gsb-
p), Pax-3 (73%), and prd homeo domains (70%) (Bopp et
al. 1986; Goulding et al. 1991). The lowest degree of sim-
ilarity, found with the Xenopus Mix.1 homeo domain
(Rosa 1989), is still 60%.

With the exception of two residues, all prd-specific
amino acids (Bopp et al. 1986) are present in the al ho-
meo domain if conservative changes are neglected (Fig.
4A}. One of the two nonconservative changes of prd-
specific amino acids in the al homeo domain deserves
special comment, namely the change of a Ser (so far typ-
ical for all prd-type homeo domains) into a Gln at posi-
tion 50. This difference may be important because this
particular residue was shown to be a major determinant
of the homeo domain DNA-binding specificity in the
case of prd (Treisman et al. 1989), as well as bicoid (bcd)
(Hanes and Brent 1989; 1991). In the other nonconserva-
tive change, Ile replaces Thr at position 38. The signifi-
cance of this alteration is unclear.

A subset of homeo domains belonging to the prd class,
including that of al, Splotch (Sp), Pax-7, and the Pax-6
homologs Small eye (Sey), Aniridia (AN), and pax/zf-a],
display an extended homology of 18 amino acids at their
amino terminus (Fig. 4B), which was first described for
prd, gsb, and gsbn as an additional characteristic trait of
prd-type homeo domains (Bopp et al. 1986). Its most
striking features are its high negative charge, which may
amount to up to 7 acidic residues of 9 in the case of gsb
{6 of 10 residues in al), and the basic tripeptide Lys-Arg-
Lys at its carboxy-terminal end linked to the homeo do-
main. These amino-terminal extensions of prd-type ho-
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Figure 4. (A) Sequence alignment of var-
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AL 14
GSB 15
GSBN 16
PRD 16
SP 15
PAX-7 15

SEY/AN/ |
PAX[ZF-A]

prd-specific
amino acids

S8 11
SMOX-3 14
MIX.1 9
CEH-10 13

N-terminal
extension

ious homeo domains. Sequences of Droso-
phila homeo domains are listed above;
those of other organisms are listed below
that of the Paired homeo domain (PRD).
Amino acids identical to those of the
Paired homeo domain are shown as
dashes. The 16 residues that are conserved
in prd-type homeo domains, yet differ
from those of other homeo domain classes,
are defined as prd specific {Bopp et al.
1986) and are marked by an asterisk above
the Paired sequence; the two residues of
the Al homeo domain differing from prd-
specific amino acids are denoted by a +
above its sequence. The residues impor-
tant for DNA contacts with bases (B) or
the phosphate backbone (P) {Kissinger et
al. 1990) are marked. () The four con-
served residues of helix III. (B} Amino-ter-
minal extensions of prd-type homeo do-
mains. The 20 residues immediately pre-
ceding several prd-type homeo domains
are aligned. A gap of 1 amino acid (indi-
cated by a dot) has been introduced into
the extended homeo domain of al (AL). Se-
quences of homeo domains and their ex-
tensions were taken from the following
references: Antennapedia (Antp), McGin-
nis et al. (1984}, Scott and Weiner (1984);
engrailed (en), Fjose et al. {1985), Poole et
al. (1985); cut, Blochlinger et al. {1988);
rough (ro), Saint et al. {1988), Tomlinson et
al. (1988); bicoid (bcd), Frigerio et al.
(1986); Distal-less (Dll), Cohen et al.
(1989); orthodenticle {otd), Finkelstein et
al. (1990); gsb (formerly gsb-BSHY9) and
gsbn (formerly gsb-BSH4; for new names
see X. Li, T. Gutjahr, and M. Noll; T. Gut-
jahr, N.H. Patel, X. Li, C.S. Goodman, and

paired-
domain

octapeptide
(HSIDGILG)

o+ 4+ o+ o+
+ o+ 1+ o+

+
I

M. Noll; both in prep.), Bopp et al. 1986; prd, Frigerio et al. (1986); Sp (Pax-3), Goulding et al. {1991); Pax-7, Jostes et al. {1991); Sey
(Pax-6), Walther and Gruss (1991}; AN, Ton et al. (1991); pax/[zf-a], Krauss et al. (1991b); $8, Opstelten et al. {1991); smox-3, Webster
and Mansour {1992); Mix.1, Rosa {1989); ceh-10, Hawkins and McGhee {1990]. (C) Characteristic features of prd-type and prd-like

homeo domains (for details, see Discussion).

meo domains exhibit >60% conservation (disregarding
conservative changes) in comparison to the prd se-
quence, with the exception of the Pax-6 extension which
is, however, >60% homologous to that of gsb. The ex-
tended homeo domain homology has so far only been
observed in association with prd-type homeo domains.

It should be noted that the helix—turn-helix motif of
the al homeo box is interrupted by two introns, one in
each of the two helices, at positions corresponding to
amino acid residues 31 and 46 of the homeo domain.
Remarkably, the location of the second intron is con-
served in several homeo box genes, as, for example, in
the mouse and Xenopus homologs of the Drosophila
even-skipped gene, Evx 1, Evx 2, and Xhox-3 (Ruiz i Al-
taba and Melton 1989; Bastian and Gruss 1990), the
mouse gene S8 (Kongsuwan et al. 1988; Opstelten et al.
1991), or the four Caenorhabditis elegans genes ceh-4,
ceh-8, ceh-14, and ceh-10 (Birglin et al. 1989; Hawkins
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and McGhee 1990). The S8 homeo domain and ceh-10
homeo domain belong to the prd class (Fig. 4A; see Dis-
cussion).

Temporal distribution of al transcripts

Several al transcripts of different sizes are revealed by
Northern blot analysis (Fig. 5). The most prominent band
corresponds to a 2.2-kb transcript that first appears in 4-
to 8-hr-old embryos, peaks in 8- to 12-hr-old embryos,
and remains detectable throughout development up to
late larval stages. During the second half of embryogen-
esis, a much less abundant transcript of ~1.9 kb appears.
In addition, two bands, which are barely detectable, ap-
pear at 3 and 4.5 kb in parallel to the main 2.2-kb tran-
script. Whereas the 3-kb band might be a precursor of the
main transcript containing the second intron, the 1.9-
and 4.5-kb bands cannot be explained in this manner
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Figure 5. Developmental profile of al transcripts. Poly(A)*
RNA (5 pg/lane) of 0- to 4-, 4- to 8-, 8- to 12-, 12- to 17-,and 17-
to 22-hr-old embryos of first instar {1-2 day), second instar (2-3
day), and late third-instar {(5-6 day and 6-7 day) larvae and adult
females were analyzed by Northern blot transfer and hybridiza-
tion with a 1.7-kb genomic PstI fragment (Fig. 3A) labeled with
[«-32P]dATP (3000 Ci/mmole) by nick translation. Exposure oc-
curred for 2.5 days at —80°C with an intensifying screen. For
size calibration, the positions of HindIIl fragments of A DNA
run on the same gel are indicated at left.

and, hence, might represent transcripts processed differ-
ently and/or initiated from a different transcription start
site. No transcripts were detectable in 0- to 4-hr-old em-
bryos and in adult females.

Transcript pattern of al during embryogenesis

The temporal and spatial expression of al was examined
by in situ hybridization to whole-mount embryos, using
as probe a 1.63-kb DIG/dUTP-labeled fragment of a class
I cDNA. The al gene is transcribed successively in the
head, the germ band, and the gut in characteristic, bilat-
erally symmetrical patterns.

As shown in Figure 6A, the first signals of al tran-
scripts are detected in the head of stage 10 embryos (late
germ-band extension; Campos-Ortega and Hartenstein
1985). Two lateral spots are visible just behind the ceph-
alic furrow in the maxillary and labial segment primor-
dia. Shortly thereafter, a third, more anterior, spot ap-
pears (Fig. 6B) in what is probably the prospective anten-
nal or perhaps mandibular segment (Turner and
Mahowald 1979; Jiirgens et al. 1986; Finkelstein and Per-
rimon 1991). A complex dynamic transformation of the
head expression pattern is subsequently observed until
early stage 11 (Fig. 6C-E). Several weak spots appear in
the antennal segment, and a single patch of cells begins
to transcribe al in the mandibular segment. In addition,
al transcripts emerge as three spots (regular three-spot
icon) in the maxillary lobe while they are reduced in the
labial segment (Fig. 6D,E). At the same time, a weak
beads-on-a-string-like pattern of al staining is detected in
the embryo along its border to the amnioserosa (Fig. 6E),

Molecular genetics of aristaless

which persists until completion of dorsal closure. Dur-
ing head involution, a stripe of cells in the posterior la-
bial lobe begins to express al (Fig. 6G, pLi), whereas al
transcripts increase again in the more anterior patch of
cells in this segment (Fig. 6G, Li). Similarly, an addi-
tional patch of cells transcribing al appears in the poste-
rior maxillary lobe (Fig. 6G, pMx).

The head staining persists at least until late embryo-
genesis (Fig. 6M,N). In a more dorsal view, staining is
observed in an internal structure belonging to the anten-
nomaxillary complex (Fig. 6M, An, Mx}. This tissue con-
sists of al-expressing cells derived from both the anten-
nal and maxillary segment (Fig. 6G, An, Mx). More me-
dially, structures at the very beginning of the atrium
express al (Fig. 6M, Mn). This pattern, which can also be
traced back to earlier stages (Fig. 6G,I,K), appears to be of
mandibular origin and might consist of cells involved in
mouth hook formation. In a more ventral view, the la-
bium is stained (Fig. 6N, pMx, pLi). These cells are de-
rived from the two patches of cells expressing al in the
posterior labial (pLi) and posterior maxillary segment
(pMx) at an earlier stage (Fig. 6G), which have ap-
proached each other during subsequent stages to form
the labium. In addition, two small bilateral spots of al tran-
scripts are visible (Fig. 6N, Li}, which might correspond to
cells of the labial sense organ (Jirgens et al. 1986) and
apparently originate from those cells expressing al at
stage 13 in the center of the labial lobe (Fig. 6G, Li).

In the epidermis, a segmentally repeated pattern of al
transcripts, consisting of three thoracic and eight abdom-
inal lateral patches, appears at the beginning of the ex-
tended germ-band stage (Fig. 6C-E). Subsequently, al
transcripts accumulate to a much greater extent in the
thoracic than in the abdominal regions (Fig. 6D,E). These
epidermal cells expressing al are located immediately
anterior to the parasegmental grooves (Martinez-Arias
and Lawrence 1985), as suggested by their relative posi-
tions to the tracheal pits (Fig. 6F). However, shortly after
the appearance of these epidermal clusters consisting
solely of a few al-expressing cells, the shape of these
clusters rapidly becomes more complex (Fig. 6F—H). Par-
ticularly in the thoracic segments, it resembles that of a
horseshoe, partially surrounding a ventral cluster of cells
that do not express al {Fig. 6H). Moreover, in the second
and third thoracic segment, additional small clusters of
al-expressing cells appear more dorsally (Fig. 6H, arrow-
heads). There is no obvious correlation of this pattern
with morphological structures. Some of the al-express-
ing cells and the nonexpressing cells that they partially
enclose are imaginal disc precursor cells [as judged by
double-labeling experiments using al and DIl probes (K.
Schneitz and M. Noll, in prep.)]. This pattern is stable up
to the end of stage 15 when it begins to fade slowly. The
eighth abdominal spot, conceivably labeling the anterior
lateral sense organs (Jirgens 1987), seems to persist
slightly longer (Fig. 6]).

At late stage 15 and during stage 16, two rows of seg-
mentally repeated ventro- and dorsolateral spots are ob-
served to express al in the epidermis of the thorax and
the first seven abdominal segments (Fig. 6L). Expression
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Figure 6. Patterns of al transcripts during
wild-type embryogenesis. (A-G, L) Focus on
the lateral surface (with slight ventral or
dorsal shifts and an enlarged view in F) of
whole-mount embryos oriented with their
anterior to the left and dorsal side up. (H) A
dissected and flattened lateral epidermis of
a stage 13 embryo. (I,K) Slightly dorsally
and ventrally located transverse optical
sections. {M,N) Detailed ventral views of D
stained head structures with a more dorsal
{M) and a more ventral (N} plane of focus in
different embryos. Embryos are at stage 10
(A,B), stage 11 (C~F), early stage 13 (G,H),
early stage 15 (I), late stage 15 or early stage
16 (K), stage 16 (L), and late stage 16 or early
stage 17 (M,N); all stages are according to
Campos-Ortega and Hartenstein (1985). A
DIG-labeled 1.65-kb Pstl fragment from
alcl (class I; containing all of the informa-
tion for the open reading frame as well as
for 311-bp leader and 171-bp trailer se-
quences) was hybridized to whole-mount
embryos. Development of the stainings
was for 6.5 hr except for the embryos
shown in E and L, which were stained for
20 hr. (A1-A8) Abdominal segments; (An)
antennal segment; (cf) cephalic furrow; {gc}
gastric caecum; {hg) hindgut; (Li) labial seg-
ment; (Mn) mandibular segment; (Mx])
maxillary segment; (pv) proventriculus; (sg)
salivary gland; (st] stomodeum; (T1-T3)
thoracic segments; (tp) tracheal pit.

An

of al in the dorsolateral cells appears to be newly in-
duced, whereas the ventrolateral spots of al transcripts
could be remnants of the dorsal-most portion of the tho-
racic horseshoe pattern and the ventrolateral abdominal
pattern. Hence, this dorsal-most part of the horseshoe
pattern might be regulated independently from the ven-
trally abutting “true’” horseshoe pattern (Fig. 6H) and
reflect a function of al distinct from its potential role in
the early formation of imaginal discs. This idea is con-
sistent with the finding that the dorsal-most and the
horseshoe portions of the thoracic epidermal pattern are
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differentially regulated by some segment polarity genes
during stages 13 and 14 (K. Schneitz and M. Noll, in
prep.). Similarly, the much smaller abdominal epidermal
cell clusters expressing al are composed of differentially
regulated dorsal and ventral parts. The double-row pat-
tern disappears during late stage 16 and at the beginning
of stage 17. We do not know what morphological struc-
tures are stained and what the specific function of al in
these regions may be. By the end of embryogenesis, epi-
dermal expression of al has disappeared from the trunk.

Finally, al begins to be expressed in the intestinal tract
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at stage 13 [Fig. 6G; a detailed description of the gut
pattern will be presented elsewhere (K. Schneitz and M.
Noll, in prep.]]. Initially, a strongly stained ring is ob-
served, which consists of cells forming the prospective
proventriculus (Campos-Ortega and Hartenstein 1985;
Reuter and Scott 1990). Its location coincides with the
anterior end of the overlaying visceral mesoderm. Dur-
ing closure of the gut tube, a second, less intensely la-
beled ring is found posterior to the proventricular ring.
During the following stages, 14 and 15, this posterior
ring is visible in the endoderm of the anterior midgut
(Fig. 6I) immediately posterior to the buds of the devel-
oping gastric caeca (Campos-Ortega and Hartenstein
1985; Reuter and Scott 1990). As development proceeds,
this second ring expands anteriorly until it spans the
buds of the gastric caeca, leaving a gap of cells that do not
express al between the gastric caeca and the proventric-
ulus (Fig. 6K}. At stage 16, the first constriction marks
the posterior end of al transcripts in the midgut (not
shown|. The proventricular pattern, but not the anterior
midgut expression, disappears by the end of embryogen-
esis {not shown).

Transcript pattern of al in late third-instar
imaginal discs

The distribution of al transcripts in imaginal discs from
late third-instar larvae is shown in Figure 7. In leg discs
(Fig. 7A), al is expressed in an anterior-lateral region
corresponding to the prospective thorax (Schubiger
1968). Although not evident from this view of the disc,
the lateral staining actually extends in a narrow stripe of
cells much more posteriorly. In addition, twin spots are
visible in the center of the disc, where the prospective
claw organ has been mapped (Schubiger 1968). In a lat-
eral view, the two spots appear as two short tubes.

In the eye—antennal disc (Fig. 7B), al expression is ob-
served only in the antennal part of the disc. A laterally
staining patch of cells is found in a region from which
part of the head capsule originates (Haynie and Bryant
1986). This patch extends into a region of the folds,
which produces lateral parts of the antenna. The center
of the antennal disc, generating the arista, is marked by
a single cluster of cells expressing al.

Finally, the wing disc pattern (Fig. 7C) also consists of
two distinct regions. The first region generates at least
part of the future scutellum (Bryant 1975), but presum-
ably not the postscutellum, while the second region cor-
responds to part of the anterior compartment of the wing
pouch. Here, staining is found on the dorsal as well as
the ventral side of the future wing blade and includes the
area of the wing margin that gives rise to the anterior
triple row of bristles.

Discussion

The al protein contains a prd-type homeo domain
yet no paired domain

The al locus codes for a protein containing a homeo do-
main as a potential DNA-binding domain. Furthermore,
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Figure 7. Distribution of al transcripts in whole-mount late
third-instar imaginal discs. Panels show in situ hybridizations
{with the same DIG-labeled cDNA fragment as described in the
legend to Fig. 6; staining was developed for 2 hr) to a leg (A),
eye-antennal (B), and wing disc (C). Corresponding fate maps of
imaginal discs, drawn to the right of each in situ hybridization,
were adopted from Schubiger {1968} {4), from Haynie and Bryant
(1986) (B), and from Bryant {1975) (C). The fate maps further
indicate the orientation of each disc with respect to the antero-
posterior and dorsoventral axis of the larva. In the eye—antennal
fate map, the areas denoted with bold letters were mapped onto
the overlaying peripodial membrane. {Bt) Basitarsus; (Cl) claws;
(Cox) coxa; (Fe) femur; (Pt} thorax; (Ti) tibia; (2.-5.Ta) tarsal
segments; (Tro) trochanter. (A2Br) Large bristles on An2; (A2Zb)
Zahnborsten; (Anl-An3) antennal segments; (Ar) arista; (PalD)
distal maxillary palpus bristles; {PalP) proximal maxillary pal-
pus sensilla trichodea; (Post) postoccipital sensilla trichodea;
(Prst) proximal rostrum sensilla trichodea; (Sac) sacculus. (DCo)
Distal costa; (Dr) double bristle row (distal wing margin); (DWS)
dorsal wing surface; (Mspl} mesopleura; (Pn) postnotum; (Psc)
prescutum; (Ptpl) pteropleura; (Sc) scutum,; (Scl) scutellum; (Tr)
triple bristle row (anterior wing margin); (VWS) ventral wing
surface; (WM) wing margin.
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the primary sequence of the al protein exhibits a short
and two long stretches of charged amino acids in the
amino-terminal half, as well as Pro-, Gln-, and Ser/Thr-
rich regions in the carboxy-terminal half characteristic
of transcriptional activator domains (for review, see
Mitchell and Tjian 1989). These features of the putative
al protein strongly suggest that it is a transcriptional
regulator of target genes not yet identified.

The high degree of homology among the homeo do-
mains of al, prd, and the two gsb genes (80% between
those of al and prd if conservative changes are neglected)
indicates that the al homeo domain belongs to the prd
class (Bopp et al. 1986). This class currently consists of
the four Drosophila genes prd, gsb, gshn, and al, the
three mouse genes Sp (identical with Pax-3; Epstein et al.
1991; Goulding et al. 1991}, Sey (identical with Pax-6;
Hill et al. 1991; Walther and Gruss 1991), and Pax-7
(Jostes et al. 1991), and the human and zebra fish ho-
mologs of Sey, AN (Ton et al. 1991), and pax/zf-a] (Krauss
et al. 1991b} on the basis of the following criteria. First,
their homeo domains are highly conserved in 16 amino
acids characteristic of the prd-type homeo domains (Fig.
4A); that is, these residues differ from amino acids con-
served in other classes of homeo domains (Bopp et al.
1986). Second, their homeo domains display at their
amino-terminal end an extended homology of 18 amino
acids (Fig. 4A,B). Finally, their homeo domains are asso-
ciated with a paired domain of the prd type (Bopp et al.
1986, 1989; Burri et al. 1989), with one exception. The al
gene does not encode a paired domain and, hence, is not
a member of the PHox gene set (Bopp et al. 1989). Thus,
just as the paired domain is not always associated with a
prd-type homeo domain (Bopp et al. 1986; 1989), the prd-
type homeo domain can also occur independently of a
paired domain.

The Sey/AN/pax[zf-a] genes exhibit the lowest simi-
larity with respect to the first two criteria (12/16 prd-
specific amino acids, 6/18 amino acid amino-terminal
extension conserved). However, the relatively low con-
servation of the amino-terminal extension is increased
significantly if it is compared with that of the gsb (56%)
rather than the prd homeo domain (33%). Because the al
protein contains such an extended homology but no
paired domain, it appears that this extension is not only
associated with prd-type homeo domains in genes that
also contain a paired domain. It is unclear at present
whether or not all genes containing a prd-type homeo
domain—as defined by containing at least 12 of the 16
prd-specific amino acids {Fig. 4A}—display this amino-
terminal extension. Two additional genes, the S. man-
soni gene smox-3 and the C. elegans gene ceh-10, have
prd-type homeo domains (Fig. 4A) that might also pos-
sess an amino-terminal extension (only part of their ex-
tensions are known, which, however, exhibit at least
70% identity), whereas the homeo domains of $8 and
MIX.1 are clearly not extended (Fig. 4C). Therefore, it
might be appropriate to classify prd-type homeo domains
according to the first two criteria discussed above. On
the other hand, homeo domains that exhibit a high de-
gree of homology to that of the prd gene but display a
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lower number of prd-specific amino acids (<12) and no
amino-terminal extension might be qualified as prd-like
rather than prd-type homeo domains.

Another domain, associated with a subset of genes
containing a paired domain (Burri et al. 1989; Goulding
et al. 1991; Jostes et al. 1991) but not necessarily also a
prd-type homeo domain (Dressler et al. 1990; Plachov et
al. 1990; Krauss et al. 1991a; Adams et al. 1992), is the
octapeptide HSIDGILG (Burri et al. 1989). In agreement
with its exclusive association with paired domain genes,
the al gene does not contain this octapeptide. Thus, the
octapeptide and the amino-terminal extension have so
far always been found associated with a paired domain
and a prd-type homeo domain, respectively, or with both
of these domains (Fig. 4C). An octapeptide with only
50% identity to HSIDGILG has also been found associ-
ated with other types of homeo domains (Allen et al.
1991). The functions of the amino-terminal extension of
prd-type homeo domains or of the octapeptide are still a
matter of speculation. Their relatively small size and
association with one or even two DNA binding domains
(Bopp et al. 1989; Burri et al. 1989; Chalepakis et al.
1991; Treisman et al. 1991; Adams et al. 1992), as well as
the high negative charge of the homeo domain exten-
sion, seem to favor a role in the interaction with specific
proteins rather than DNA sequences as, for example, in
the formation of homodimers or heterodimers with
other DNA-binding or adaptor proteins (Bopp et al.
1986). It remains to be clarified whether the octapeptide
or the amino-terminal extension of prd-type homeo do-
mains constitute domains in the previously defined
sense; that is, domains exhibiting independent assort-
ment with other network-specific domains during evo-
lution (Bopp et al. 1986; Frigerio et al. 1986).

What are the embryonic functions of al?

The embryonic expression of al, as revealed by class I
transcripts, can be subdivided into distinct epidermal
patterns of head, thorax, and abdomen and an endoder-
mal pattern in the anterior intestinal tract. Here, we
have studied the wild-type epidermal pattern of embryos
and imaginal discs. A detailed analysis of the gut pattern
will be published elsewhere (K. Schneitz and M. Noll, in
prep.). Only two lethal alleles of al are available at
present, the inversion In(2L)al*3° and a large deficiency
Df(2L)al (Lewis 1945). The deficiency removes ~220 kb
of the 21C1,2-21C7,8 interval (Fig. 2A) and several other
genes, including u-shaped (Nisslein-Volhard et al. 1984,
which is responsible for the embryonic lethal pheno-
type of the deficiency and complements al alleles (K.
Schneitz, unpubl.). Essentially all homozygous or hemi-
zygous In(2L)al**° embryos escape embryogenesis with-
out apparent cuticular defects. However, as we have
been able to detect al transcripts in homozygous
In(2L)al*®° embryos (K. Schneitz, unpubl.), this muta-
tion is not a true null allele, which might explain our
failure to detect an embryonic phenotype. In the absence
of an embryonic phenotype, an assessment of possible
embryonic functions of al relies on an interpretation of
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al expression in primordial larval structures identified
only on the basis of their position and morphology.

Embryonic head expression emerges first and can be
subdivided into an early and a late pattern. The early
expression, at late stage 10, consists of the spots in the
antennal or mandibular segment, the maxillary, and the
labial segment. It is unclear whether the early pattern is
a prerequisite for the late pattern or whether it reflects
an early and independent function of a! in the head (see
below). The late pattern can be traced from mid-stage 11
through subsequent stages. Several larval head struc-
tures express al at stage 17, including the vestigial ap-
pendages of the antennomaxillary complex and the labial
sense organ (Cohen and Jiirgens 1989), as well as other
tissues like the labium and cells perhaps involved in
mouth hook formation (Jirgens et al. 1986). Expression
of al in these tissues suggests that it plays a role in the
development of this subset of larval head structures and
that they might be determined before or at mid-stage 11
of embryogenesis.

It is interesting to note the discrepancy of al expres-
sion between larval head primordia and their adult ho-
mologs. Whereas al expression in the antennomaxillary
complex might label larval structures homologous to the
arista stained later in the eye—antennal disc, no al tran-
scripts were detected in adult primordia corresponding
to the remaining larval head structures expressing al,
that is, in the labial and clypeolabral discs. Hence, al is
expressed in a more complex pattern in the late embry-
onic head than in its imaginal counterparts, a finding
that might reflect a situation explained by the idea that
during evolution of Cyclorrhaphora evolutionary pres-
sure has acted mainly on the head part of the larva
(Snodgrass 1953; Diederich et al. 1991). According to this
speculative view, al thus might have acquired a second-
ary function during evolution of the larval head in Cy-
clorrhaphora.

Early role of al in imaginal disc development

In the thorax and abdomen, al expression appears in seg-
mentally repeated small clusters of cells. Their position
relative to the tracheal pits indicates a location at or
close to the parasegmental boundaries (Martinez-Arias
and Lawrence 1985). This conclusion is corroborated by
the observation that al expression in the trunk depends
on wingless (wg) and engrailed (en) (K. Schneitz and M.
Noll, in prep.), which specify the parasegmental bound-
ary (Ingham et al. 1991). The final thoracic pattern of al
displays in each segment a characteristic horseshoe
shape and partially surrounds a ventral cluster of un-
stained cells. On the basis of their location, these tho-
racic ventral cell clusters are probably the ventral disc
cells expressing DII. The homeo box gene DIl is crucial
for the proximodistal axis formation during limb devel-
opment of the larva as well as the adult, and its thoracic
expression can be taken as marker for the embryonic
origin of the limb portion of leg discs {Cohen 1990; Co-
hen et al. 1991). In this case, al expression, which abuts
the Dll-expressing cells of the limb anlage dorsolaterally,
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might mark the proximal or body wall anlage of the leg
discs.

A similar pattern is observed in third-instar imaginal
leg discs, where al is also expressed in the anlage of the
thoracic body wall and thus flanks the anlage for the
limb proper. Therefore, it is possible that al also plays a
role in the early development of imaginal discs. If true,
the more dorsal al spots in the second and third thoracic
segments might hint at a similar function of al in wing
and haltere disc development. Furthermore, the early
head pattern could be interpreted in light of such a hy-
pothesis as well. The early expression of al in head and
thorax is also very similar to the DIl expression pattern
(cf. Fig. 6E with Fig. 1f of Cohen 1990). Hence, DIl might
activate the initial transcription of al and/or repress al in
the thoracic unlabeled cluster of cells of the horseshoe
pattern. The significance of the al pattern in abdominal
segments A1-A7 is unclear, even though the localization
of the staining might correlate with the ventral histo-
blast regions (Frayne and Sato 1991), indicating a possi-
ble role of al in histoblast development.

Bipartite pattern of al in antennal, wing, and leg discs

The primordia of all adult tissues that are phenotypically
affected in al flies express al. These include the future
arista in the eye-antennal disc, the claws and ster-
nopleurum in the leg discs, as well as part of the wing
blade and the scutellum in the wing disc. In addition, al
expression has been observed in the prospective poste-
rior head. However, the back of the head is not changed
in mutant flies in any obvious manner (K. Schneitz, un-
publ.], although effects in this part of the fly are rather
difficult to discern so that minor alterations might have
escaped our detection.

Formally, a common feature of al expression in leg,
antennal, and wing discs is a bipartite pattern in which a
proximal portion, belonging to the body proper {future
head, ventral thorax, notum), and a very distal part of the
appendage (future arista, claw, triple-row subportion of
the wing blade) express al. However, it should be noted
that in the case of the wing disc, the inner distal spot
does not correspond to the geometrical center of the disc.
The similar organization of the al pattern in these dif-
ferent discs might suggest its activation by a common
system of positional information (Wolpert 1971), which
is shared at least by leg, antennal, and wing discs. Such
an idea is consistent with recent findings demonstrating
that in the ontogeny of Drosophila, genes of the embry-
onic segmentation gene hierarchy or those belonging to
the gene networks specifying the dorsoventral and prox-
imodistal axes are used again in the development of
imaginal discs for related tasks of positional specifica-
tion (for review, see Wilkins and Gubb 1991).

In evolutionary terms, this result is not surprising
with respect to leg and antennal discs. Morphology, clas-
sical embryology (e.g., Vogt 1947), and genetics (Roberts
1964; Postlethwait and Schneiderman 1971; Postleth-
wait and Girton 1974) point to a rather close, serial ho-
mology between these two appendages. More astonish-
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ing is the similarity of these patterns to the al expression
in the wing disc. The wing is not serially homologous to
the leg, and its phylogenetic origin and primitive func-
tion are still obscure {see Brusca and Brusca 1990 and
references therein). It may either represent a secondary
outgrowth of the notum (paranotum) or, more likely,
have originated from an epicoxal segment of the euar-
thropodan leg {Kukalovd-Peck 1983). In either case, in
view of the arguments mentioned above and taking al
expression as marker, we consider it probable that a sec-
ondary adaption of the positional information system of
leg and antenna has occurred in the wing during evolu-
tion of pterygote insects.

Morphogenetic role of al

We can only speculate about the morphogenetic role of
al. Among several possibilities, we favor the view that al
is a region-specific growth control gene involved in the
regulation of localized growth pattems at various sites in
the animal. Such speculation is supported by several in-
dependent lines of evidence. First, Tokunaga and Stern
(1969) showed that the scutellar phenotype of al is based
on a distorted growth pattern in the scutellum, an effect
that could possibly also explain the reduction of the
arista and claws. In addition, al interacts, as ex and ds,
with the R locus (Golubovsky and Kulakov 1978; Kor-
ochkina and Golubovsky 1978). Interestingly, the effects
of the ex and ds genes have also been explained by an
altered growth pattern (Waddington 1941, 1942, 1943,
1953); and in the case of ds, an epistatic interaction with
the Gull mutation has been found (Lindsley and Grell
1968). Gull is a dominant allele of the tumor suppressor
gene fat, and recessive mutations in this locus cause
massive overgrowth of the imaginal discs (Bryant et al.
1988; Mahoney et al. 1991).

The postulated morphogenetic function of al is less
obvious with respect to the embryonic expression pat-
tern. However, it might be interesting to note that its
expression in the three thoracic segments corresponds
roughly to the regions of enhanced BrdU incorporation
that were taken as a sign for compensatory epidermal
cell proliferation before the invagination of imaginal
discs (Bate and Martinez-Arias 1991).

Materials and methods
General procedures

Standard procedures such as the construction and screening of a
genomic library, chromosomal walking, in situ hybridization to
salivary gland chromosomes, DNA sequencing by the dideoxy-
nucleotide method, isolation of poly|A)* RNA, or Northern
blot analysis were carried out essentially as described {Maniatis
et al. 1982; Frei et al. 1985; Kilchherr et al. 1986). A clone
containing the proximal breakpoint of In(2L)al*3° was isolated
from a genomic DNA library prepared from In(2L)al’*°/
Df(2L)S? flies in EMBL4. Fine mapping of the distal inversion
breakpoint located in the al transcript was achieved by DNA
sequencing and comparison of the mutant DNA sequence with
the corresponding wild-type sequence (Fig. 3A). DNA sequence
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analysis and EMBL data bank searches were performed by the
use of version 7.0 of the GCG sequence analysis software pack-
age (Devereux et al. 1984) on a VAX 9000-420/VMS 5.4-2.

Genomic rescue of al

The proximal 13.3-kb EcoRI fragment of the genomic clone
Y3-4 (Fig. 2B) was cloned into the plasmid vector pW6 contain-
ing the mini-white gene as marker (Klemenz et al. 1987) and
injected into w’’’® embryos according to standard procedures
{Rubin and Spradling 1982). Four independent transgenic lines
were established, of which only one, B38, carried the rescue
construct on the third rather than the second chromosome and
was homozygous viable. Transgenic flies heterozygous and ho-
mozygous for the genomic al rescue construct were distinguish-
able by their different eye colors owing to the presence of one
and two copies of the mini-white gene. To obtain the results
shown in Table 1, it was important to perform crosses under
uncrowded conditions.

Isolation of cDNA clones

A cDNA library of poly(A)* RNA from 8- to 12-hr-old embryos
was constructed using the Stratagene ZAP-cDNA synthesis kit
(Stratagene, no. 200400), generating cDNAs subcloned between
the EcoRI (5’ end) and Xhol (3’ end) site of the plasmid vector
pBluescript SK(—}. From a total of 1.3 X 10° phage clones, ini-
tially screened with a genomic 1.7-kb PstI fragment and subse-
quently with a 1.63-kb Pstl fragment derived from alcl, 18 in-
dependent al-cDNA clones were isolated.

In situ hybridization to whole-mount embryos and discs

In situ hybridization to embryos with digoxigenin-labeled
probes was carried out essentially as described (Tautz and
Pfeifle 1989). Modifications include the use of a high random
primer concentration (2 mg/ml) for the preparation of the probe
and the use of embryos for antibody preabsorption that were
treated in the same way as those used for hybridization. Fixa-
tion steps were performed with formaldehyde (4003, Merck). [In
case of a long incubation of embryos in the staining solution (>2
hr), it is recommended to exchange the staining solution once
after 2 hr.] Late third-instar imaginal discs were treated essen-
tially according to Phillips et al. {1990}, except that an 8-min
digestion with proteinase K at room temperature was included.
Embryos and discs were mounted in either glycerol or D.P.X.
(BDH Chemicals, England). For microscopy and photography, a
Zeiss Axiophot with DIC optics and Kodak Tmax 100 films
were used.

Drosophila strains and cuticle preparation

The following stocks were kindly supplied by the Bloomington
Stock Center: al b pr ¢ sp, Df(2L)al cn/CyQ, and In(2L)al*3; al
ds/Df(2L)S? [(E. Lewis, unpubl.) the inversion 21C1,2/21E1,2
was induced in a ds mutant background]. The In(2L)al?*° chro-
mosome was cleared of other lethals by two outcrosses with a
well growing Oregon-R (Munich) strain. The w’??® stock was
obtained from E. Hafen. Adult cuticle preparations were ob-
tained by boiling the flies in 1 N KOH until the eye color faded
and by subsequent dissection and mounting of the appropriate
structures in D.P.X. (BDH Chemicals, England).
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